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Forew ord

T o paraphrase

interconnected

the renow ned electrical engineer, C harles Steinnxetz,the N orth

A m erican pow er system  is the largest and m ost com plex m achine ever

devised by Eqan. lt @IS truly am azing that such a system has operated w ith a high

degree of reliability

T he robustness

for Over a century.

of a POW er system is m easured by the ability of the system to

operate in a state of equilibrium  under notm al

stability

and perturbed conditions.Pow er system

deals w ith the study of the behavior of pow er system s under conditions such

aS sudden changes ill load Or generation Or short circuits On transm ission lines@ A

POW ef system @IS said to be stable if the intercom lected generating units rem ain *111

synchronism .

The ability of a POW CC system to m aintain stability depends to a large extent

On the controls available On the system to dam p the electrom echanical oscillations.

H ence, the study and design of controls are Very im portant.

O f a11 the com plex phenom ena on pow er system s,POW CC system stability is the

m ost intricate to understand and challenging ttlanalyze. E lectric pow er system s of the

21st century Ahrill present an even DAOFC form idable challenge aS they are forced to

operate closer to their stability

of a

lilr its.

l cannot tllilllc DIOCC qualif ed Person than I7r.Prabha K undur to w rite a

book On POW er system stability and control. D r. K undur @IS an internationally

recognized authority On PoW er system stability.H is expertise and practicalexperience

in developing solutions to stability PrOblenAs issecond to none.I7r.Kundurnot only
has a thorough grasp of the fund@m ental concepts but also has vvorked On solving

electric tltilit)r system stability PrOblenls w orldw ide. H e has taught rnany COurSeS,

m ade excellent presentations at professional society and industry com m ittee m eetings,

(

x ix



XX Forew ord

and has w ritten num efous technical Papers On POW er system stallilit)r and control.

lt gives m e great pleasure

be of

to w rite the Foresvord for this tim ely

students

book, w hich

1 am  conû dent Ahrill great value to practicing engineers and in the f eld

of PoW er engineering.

D r.N eal 5.B alu

Program à4anager

Pow er System Planning and O perations

E lectrical System s D ivision

E lectric Pow er Itesearch lnstitute



Preface

This book @IS concerned w ith understanding, m odelling, analyzing, and

m itigating pow er system stability and control problem s.Such problem s constitute Very

im portant considerations @11l the planning, design, and operation of m odern POW er

of thesystem s.

grow th

and

The com plexity of POW CF system s is continually increasing because

in interconnections and uSe of new technologies. A t the SanAe tim e, fnancial

regulatory constraints have forced utilities to operate the system s

stability

nearly at

stability lilnits. These tANrtl factors have created nCW types of Pr0blem s.

G reater reliance *1S, therefore, being placed On the use of special control aids to

enhance system security,facilitate econom ic design,and provide

teclm olo

greater flellillilit)rof

system operation.l11 addition, advances *111 com puter gy, hum erical analysis,

control theory, and equipm ent m odelling have contributed to thç developm ent of

im proved

m otivation

analytical

for w riting

tools and better system -design procedures. The prim ary

this book has been to describe these neW deyelopm ents and to

provide a conaprehensive treatm ent of the b'ectSu J .

The text presented @111 this book draNvs together m aterial On
l POW er

taught

system

stability and control from m any

1979,

Sources : graduate COurSeS 1 have at the

U niversity of T oronto since several E PR IL
--

* 997)
research projects (RP1208,

have

r 2447,

> 3040, RP 31415- r 4000, r 849, and Ahritll w hich 1 been closely

associated, and a vast nui ber of technical Papers published by the IE E E , IE E , and

C lG R E .

This book is 'lntended to m eet the needs of practicing

industry

engineers associated w ith

the electric lltilit)r aS w ell aS those of gradùate students and researchers.

Bookson this subjectare at least15 yeafsold;Sorne well-known booksare 30 to 40
years old.ln the absence of a com prehensive text, COurSeS On PoW er system stallilit)r

xx i
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often tend to addressnarrow aspectsof the subject with em phasison special anàlytical
techniques. M oreover, both the teaching staff and students do not have ready aCCCSS

ttlinform ation on the practicalaspects.Sincethesubject requires
entering

an understanding of

a wide range ofareas,practicing engineers just thisfeld are faced with the
form idable task of gathering the necessary inform ation from  w idely scattered SOurCeS.

This book attem pts to 5 1l the gaP by providing the necessary fundam entals,

explaining

developm ents

the practical aspects, and giving

and

an integrated treatm ent of the latest
*

111 m odelling teclm iques analytical

inform ation

tools. lt @IS divided into three

parts. Pa= I provides general

of

background *111 tANrtl chapters. C hapter 1

describes the structure m odern POW er system s and identif es different levels of

control. C hapter 2 introduces the stability PrOblenA and provides basic concepts,

defnitions, and classis cation.

Pa= 11 of the book, com prising C hapters 3 to 1 1, *IS devoted ttl equipm ent

characteristics and m odelling. System stability *IS affected by the characteristics of

every m ajor elem entof thepower system .A knowledge of the physicalcharacteristics
of the individual elem ents and their capabilities is essential for the understanding of

system

m athem atical

stability. The representation
@

IS

of these elem ents by DAeans of appropriate

m odels critical to the analysis of stability. C hapters 3 to 10 arC

devoted to generators, excitation system s,prim e m overs, aC and dc transm ission, and

system loads.C hapter 11 describes the principles of active POW CC and reactive POW CC

control and develops m odels for the control equipm ent.

Part 111, com prising

stability.

C hapters

is placed

12 to 17,considers different categories ofPoW er

of thesystem

stability

Em phasis on physical understanding

Ahritll

of DRany facets

phenom ena. M ethods of analysis along control nAeasures for m itigation

of stability PrOblenls are described @111 detail.

The notions of PoW er system stability and POW er system control are closely

related.The overallcontrols ill Jtpow er system are highly distributed in a hierarchical

structure. System

each

stability @IS strongly infuenced by these controls.

ln chapter, the theory @IS developed from sim ple beginnings

situations.

and *IS

gradually evolved SO that it Can be applied to com plex practical This *IS

supplem ented by a large num ber of illustrative exam ples. W herever appropriate,

historical perspectives and past experiences are highlighted.

Because this @ISthe firstedition,it*ISlikely thatSonAe aspects ofthe subject
m ay nOt be adequately covered. It @IS also likely that there m ay be SonAe errors,

typographical

for

or otherw ise.l w elcom e feedback on such Crrors as w ellaS suggestions

im provem ents in the event that a second edition should be published.

1 am indebted to m any people w ho assisted m e in the preparation of this book.

B aofu G ao and Sainath M oorty helped m e shritlz riany of the calculations and

com puter

C hi

sim ulations included in the book.K ip M orison,Solom on Y irga,M eir K lein,

T ang, and D eepa K undur also helped m e A'ritll SonAe of the results presented.
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A tef M orched, K ip M orison, E rnie N eudorf, G raham R ogers, D avid W Ong,

H am id H am adanizadeh, B ehnam D anai, Saeed A rabi, and Lew R ubino review ed

various chapters of the book and provided valuablç com m ents.

D avid L ee review ed C hapters 8 and 9 and provided valuable com m ents and

suggestions.

num ber

' 

J.have w orked Very closely sAritll M r. L ee for the last 22 years On a

of com plex POW er system stability-related problem s', the results of our 'ointJ

effort arC reiected *111various pad / of the book.

C arson T aylor review ed the m anuscript and providçd m any helpful suggestions

for im proving the text.ln addition,nAany stilllllléttilléj

M r.

discussions 1 have had AhritllM r.

Taylor,D r.C harles C oncordia, and w ith Y akout s4ansour helped

stability

m e develop a

better perspective

Patti

of current and future needs of POW er system analysis.

Scott and C hristine H ebscher edited the frst draft of the m anuscript.Janet

K ibblew hite edited the snal draft and suggested nAany im provem ents.

l anx deeply indebted to L ei W ang and his Avife, X iaolu h4eng, for their

outstanding vvork in the preparation of the m anuscript,

gratitude

including the illustrations.

l w ish to take this opportunity $0 express m y to M r.PaulL . D andeno

for the encouragenAent he gave D C and the conûdence he show ed *111 m e during the

early part of m y career at O ntario

tltilit)p

Hydro.lt is because of him that Ijoiqed the electric
industry and then ventured illttl the DAany areas of PoW er system dynam ic

perform ance covered *111this book.

l am  grateful to the E lectric Pow er R esearch Institute for sponsoring this book.

ln particular,

and

l am  thankful to D r. N ealB alu and M r.M ark L auby for their inspiration

support. M ark L auby also review ed the m anuscript and provided nAany helpful

suggestions.

l w ish to CXPreSS m y appreciation to L iz D oherty and Patty Jones for helping

m e AAritll the correspondence and other business m atters related to this book.

Finally, l w ish to thank m y w ife,G eetha K undur,for her unfailing suppol  and

patience during the DAany m onths l vvorkçd On this book.

P rabha Shankar K undur
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G eneral C haracteristics

of M odern Pow er S Ystenns

The PurPOSe of this introductory chapter is to provide a general description of

electric pow er

characteristics

system s beginning

and

w ith a historical sketch of their evolution.The basic

structure of m odern POW er system s are then identifed. The

perform ance requirem ents of a properly designed pow er system  and the various levels

of controls used to m eet these requirem ents are also described.

This chapter, together w ith the next, provides general background inform ation

and lays the groundw ork for the rem ainder of the book.

1 1* EV O LU T IO N O F ELEC T R IC PO W ER S Y S T EM S

The com m ercial use of electricity began in th
.  

e late 1870s w hen arc lam ps w ere

used for lighthouse illlzlllilllttit)ll and street liéjlltilléj.

Thefrstcomplete electric POWersystem  (comprising
E dison

a generator, cable,fuse,

m eter,

N ew
and loads)

C ity

W aS lltlilt by Thom as the historic Pearl Street Station @111

hrork w hich began operation @111 Septem ber 1882. This W aS a dc system

consisting

w ithin an

of a

are a

steam -engine-driven

roughly 1.5 km  in

generator supplying pow er to 59 custom ers

radius. The load, w hich consisted entirely of

dc

incandescent lam ps, W aS supplied at 110 V through

*hà?itllill a few years sim ilar system s svere *111 Operatlon

an underground cable system .

in m ost large cities throughout

Spraguethe developm ent of m otors by

w ere added to such system s. This w @s the begilm ing

of the largest industries in the w orld.

w orld.W ith the Frank 41' ?-1l11884,nAotor loads
of w hat F ould

f

develop into One
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111 spite of the illitiétl w idespread uSe of dc system s,

lim itations of dc

they SVCCC alm ost

superseded by ac system s. B y 1886, the system s w ere

lncreasingly apparent. They could deliver pow er only a short distance from
2 d voltage drops tothe generators

. To keep transm ission power losses (RI ) an
acceptable levels, voltage levels had to be high for long-distance pow er transm ission.

Such high voltages w ere not acceptable for generation and consum ption of pow er;

therefore, a convenient m eans for voltage transform ation becam e a necessity.

The developm ent of the transform er and ac transm ission by L. G aulard and

J.D . G ibbs of Paris, France, 1ed to ac electric pow er system s. G eorge W estinghouse

secured rights to these developm ents in the U nited States. ln 1886, W illiam  Stanley,

an associate of W estinghouse, developed and tested a com m ercially practical

transform er and ac distribution system  for 150 lam ps at G reat B arrington,

M assachusetts.

com pletely

becom ing '

111 1889,the srst aC transm ission line in N orth A m erica w as

operation in O regon

transm itting

betw een W illam ette Falls and Portland.lt w as

put into

a single-phase line

POW er

the

at 4,000 V OVer a distance of 2 1 km .

sàritll developm ent of polyphase

B y

system s by N ikola T esla, the aC system

m otors,becam e Cven nAore attractive. 1888, T esla held several patents On aC

generators, transform ers, and transm ission

ttl these early inventions,

1890s,

should

111

and they

system s.

form ed the basis

W estinghouse bought the patents

of the present-day aC system s.

the there W aS considerable controversy OVer w hether the electric

tltilit)r

betw een

industry be standardized on dc or aC.There svere passionate argum ents

E dison,w ho advocated dc,

had

and W estinghouse, w ho favoured aC.B y the turn

of the century, the aC system W On Out OVer the dc system for the follow ing

rC a SO n S :

@ V oltage

flellillilit)r
@

levels Can be easily

different

transform ed @111 aC system s, thus providing
* @

the

for uSe of voltages for generation, transm lsslon, and

consum ptlon.

* A C generators are m uch sim pler than dc generators.

@ A C nlotors are m uch sim pler and cheaper than dc m otors.

T he ûrst

2,300

N iagara

V , 12

three-phase line in

km  line in southern

N od h A m erica w ent illttl operation @111 1893 a

C alifornia. A round this tim e, aC W aS chosen at

Falls because dc W aS n0t practical for transm itting POW Cr to B uffalo, about

30 aW ay.This decision ended the ac versus dc controversy and established victory

for the aC system .

In the early period of ac

à4any

problem  for interconnection.

A m erica, although m any other

pow er transm ission, frequency

w ere in use: 25, 50, 60, 125, and

W aS not standardized.

different frequencies 133 llz. This posed a

E ventually 60

countries use

H z W aS adopted aS standard @111 N od h

50 llz.

The

distances

increasing need

created an incentive

for transm itting larger am ounts of pow er over longer

to use progressively higher voltage levels. The early ac Z
k
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system s
kv  in 1923, 287 kv  in

energized its frst 735 kv

used 12,44,and V (RM S line-to-line). This
1935, 330 kv  in 1953, and 500

60 k rose to 165 kv @111 1922,220

kv *111 1965.
@

111 1966, and 765 kv W aS introduced @111
Hydro Quebec

the U nited States
*

111 1969.

T o avoid the proliferation of an unlim ited num ber of voltages,the industry has

standardized voltage levels.The standards are 1 15,

for the

138, 161 and 230 kv  for the5 high

classvoltage

f1,2J.
developm ent of m ercury arc valves in the early 1950s, high voltage

dc (HVDC) transm ission system s becam e econom ical in special situations. The HVDC
transm ission is attractive for transm ission of large blocks of pow er over long

distances. The cross-over point beyond w hich dc transm ission m ay becom e a

com petitive alternative to ac transm ission is around 500 km  for overhead lines and 50

km  for underground or subm arine cables. H V D C transm ission also provides an

asynchronous link betw een system s w here ac interconnection w ould be im practical

because of system  stability considerations or because nom inal frequencies of the

system s are different. The ûrst m odern com m ercial application of H V D C transm ission

occurred in 1954 w hen the Sw edish m ainland and the island of G otland w ere

and(HV)class,and 345,500 765 kv extra-high voltage (EHV)

W ith the

intercoM ected by a 96 subm arine cable.

shritlz the advent of thyristor valve converters, H V D C transm ission becam e

Cven nXore attractive. The srst application of an H V D C system using thyristor valves

W aS at E el R iver @111 1972

betw een the POW er system s

-  a back-to-back schem e providing an

of Quebec and N ew Brunswick. W ith

asynchronous

the

tie

cost and size

of conversion

steady increase

equipm ent decreasing and its reliability

in the use of H V D C transm ission.

increasing, there has been a

lnterconnection of neighbouring
*

lltllitie s usually
*

leads ttl im proved system

security and econor;y of operatlon.

Cm ergency

the

assistance that the utilities

Im proved securlty results from  the m utual

can provide. Im proved econom y results from

need for less generating reserve capacity On each system .

transfers

ln addition, the

intercoM ection perm its the utilities to naake Cconom y and thus take

advantage

recognized

tltilitie s

of the m ost econom ical SOurCeS of POW er.
*

These benests have been

from  the beginning and interconnections contlnue
k
N

to grosv.A lm ost a11 the

in the U nited States and C anada are nOw  part of one interconnected system .

suchThe result is a Very large

operation

system of enorm ous com plexity. The design of a

system and its Secure are indeed challenging PrOblem s.

1.2 S T R U C T U R E O F T H E PO W ER S Y S T EM

E lectric

a11have the

pow er system s vary

sam e basic characteristics'.

in size and structural com ponents.H ow ever,they

@ A re com prised of three-phase aC system s operating essentially

three-phase

at con stant

voltage. G eneration and transm ission facilities uSe equipm ent.
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Industrial loads are invariably three-phase; single-phase residential and

com m ercial loads are distributed equally am ong the phases so as to effectively

form a balanced three-phase system .

@ U se synchronous
@

Prlm ary

nAachines for generation of electricity. Prim e m overs conved

the SOUrCCS ofenergy (fossil,nuclear,
to

and hydraulic) to m echanical
energy

generators.

that *1S, @111 turn, convel ed electrical energy by synchronous

@ Transm it pow er over signis cant distances

area. This requires a transm ission system

different

to Consum ers spread OVer a w ide

com prising subsystem s operating at

voltage levels.

Figure

is produced

1.1 illustrates the basic elem ents of a m odern POW CF system . E lectric

PoW er
a com plex

at generating stations

netw ork of individual
(GS)and transm itted to Consum ers

com ponents, including transm ission

through

lines,

transform ers, and sw itching
@

devices.

It is com m on practlce to classify the transm ission netw ork illttl the follow ing

subsystem s:

1. Transm ission system

2. Subtransm ission system

3. D istribution system

The transm ission system intercoM ects a11 *m alor

of theload centres in the system .It form s the backbone

generating stations and m ain

integrated pow er system  and

Operates

voltages are

transm ission

theat highestvoltage levels (typically,230 kv and above).The generator
usually

voltage

@

111 the range of 11 to 35 kV . These arC

level,and PoW er is transm itted to transm ission

stepped up to the

substations w here

the voltages

kV).The

are stepped dow n to the

generation and transm ission
subtransm ission level(typically,69 kv to 138
subsystem s are often referred to aS the bulk

# OW er system .

The subtransm ission system transm its

transm ission substations to the distribution
pow er

substations.

*

111 sm aller quantities
@

from the

Large industrlal custom ers are

com m only supplied directly from  the subtransm ission

is no clear dem arcation betw een subtransm ission and

system .ln son:e system s,there

transm ission circuits. A s the

system

older transm ission

expands and higher voltage

often

levels beconae nCCCSSarY for transm ission, the

lines are relegated to subtransm ission function.

The distribution system represents the snal stage *111 the transfer of PoW er to

the individual

and 34.5

custom ers. The prim ary distribution voltage is typically betw een

kV . Sm all industrial custom ers are supplied by prim ary feeders

4.0 kV

at this

voltageG level.The secondary distribution feeders supply residential and conlnlercial

custom ers at 120/240 V .
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G S

22 W

500 W  500 kv  a?p kv

G S G S

20 kv  24 kv

T ie line to
neighbouring
system  i

I j jonI Transm  ss

Transm ission system (230 kV)
system  T ie line
500 kV) 230 kv l( .

! 345 kv

500 kv
Transm ission To subtransm ission and dlkstribution
bstétion Y ulkSu

PoW er System115 kv

Subtransm ission Subtransm ission
and

distribution
lndustrial system
stom er lndustrialcu

custom er115 kv

D istribution
substation

12.47 kv  3-phase prim al

feùder

D istribution
transform erS

m all ja;/a4; v
G S Si

ngle-phase

C om m ercial secondàry feeder
R esidential

F igute 1.1 B asic ele> ents of a PoW er system
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Sm all generating plants located near the load are often coM ected to the

subtransm ission Or distribution

lnterconnections to

system

neighbouring

directly.

PoW er system s are usually form ed at the

transm ission system level.

The overall system thus consists

layers of transm ission

that enables

netw orks.

of m ultiple generating

This provides a high degree of

SOUCCCS and several

structural redundancy

the system  to w ithstand unusual contingencies w ithout service disruption

to the Consum ers.

1.3 PO W ER S Y S T EM C O N T R O L

The function of an electric

naturally

consum ption.

available fornls to the
pow er
electrical

system is to convel energy from  one of the

form and to transport it to the points
@

IS

of

Energy *IS seldom consunaed @111 the electrical form but rather

to as energy. advantage

of the electrical form  of energy is that it can be transported and controlled w ith

relative ease and w ith a high degree of eff ciency and reliability. A  properly designed

and

convel ed other fornls such heat,light, and m echanical The

operated PoW er system should, therefore, m eet the follow ing fundam ental

requirem ents..

1. The system m ust be able to m eet the continually changing load dem and for

active and reactive POW er.U nlike other types

quantities.

of energy, electricity

adequate

cannot be

conveniently stored @111 sufs cient Therefore,

bereserve of active and reactive PoW er should m aintained and

Etspinning''

appropriately

controlled at a11 *tlm es.

2. The system should supply energy at m inim um cost and Ahritll m inim um

ecological lm pact.

3. The <ç uajjty''q

regard to the
pow er

follow ing

of supply m ust m eet certain m inim um standards w ith

factors-.

(a) constancy of frequency;

(b) copstancy of voltage;and

(c) levelof reliability.

involving a com plex array of devices are used to m eet the

above requirem ents. These are depicted in Figure 1.2 w hich identises the various

subsystem s of a pow er system  and the associated controls. ln this overall structure,

there are controllers operating directly on individual system  elem ents. ln a generatipg
V

unit these consist of prim e m over controls and excitation controlst The prim e m over

controls are concerned w ith speed regulation and control of energy supply system

variables

Several levels of controls

such aS boiler Pressures, tem peratures, and i ow s. The function of the



>eC. 1.3 Pow er System C ontrol

G eneratorF
requency T ie Gow s pow er

System  G eneration C ontrol

Schedule L oad frequency control w ith

econom ic allocation

Supplem entary
control

j-- jG enerating 
jl prjm e j 

=I U nit C ontrols
I m  Over l XQ
I and lI 

j I .Tcontro 
I aI

l I > a
! shaft j x  a1 

pow er l .: :I l 
%  oI l 
: ol E

xcitation l x =
l F ield l Ox  2
: system  o eserator l 

.QI 
and cua en l t ool I 

ll control l o  4
,l I

l V oltagoe Speed ll I

I s eedmower II p
E lectrical

pow er

T ransm ission C ontrols

R eactivç pow er and voltage control,
H V D C transm ission and associated controls

Frequency T ie G enerator

Gow s pow er

F igure 1.2 Subsystem s of a POW er system and associated çontrols
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excitation control is to regulate generator voltage and reactive pow er output. The

desired M W  outputs of the individual generating units are determ ined by the system -

generation control.

The prim ary PurPOSe of the system -generation control @IS to balance the total

system  against system  load and losses so that the

power interchange with neighbouring system s (tie fows) is
The transm ission controls include pow er and voltage

static

generation desired frequency and

m aintainèd.

control devices, such as

var com pensators, synchronous condensers, sw itched capacitors

tap-changing transform ers, phase-shifting transform ers, and H V D C

controls.

and reactors,

transm ission

The controls described above contribute to the satisfactory

frequency

operation of the

PoW er
variables

system by m aintaining system voltages and and other system

Nhritllirl their acceptable @ @llm lts. They

of the PoW er system

also hàve a profound effect on the

and on its ability to cope w ithdynam ic perform ance

disturbances.

The control

system .

possible

condition

U nder
objectives are

norm al conditions,

voltages

dependent On Operating State Of the pow er

Objective is to Operate as effciently as

the

the control

Nh?itll and

develops, neW

frequency close to nom inal values.

objectives must be m et to restore the

W hen an abnorm al

system to norm al

operation.

M ajorsystem failuresare rarely the resultof asingle catastrophic disturbance
causing

about by a com bination

collapse of an apparently

of circum stances

Secure system . Such failures are usually brought

that stress the netw ork beyond its capability.

Severe natural disturbances (such aS a tornado,
inadequate

Severe storm , Or freezing

to

rain),
equipm ent

pow er system  and eventually lead to

outages that m ust be contained w ithin

is to be prevented.

m alfunction, hum an error,and design

This

com bine w eaken the
' 
x

its breakdow n. m ay result @111 cascading

a sm allPa= of the system if a *m alof blackout

Operating states of a powtr system and controlstrategies JZ V

For PUCPOSCS of analyzing PoW er system security and designing appropriate

control system s, it is helpful to conceptually

norm al,

classify

i'l

the

illttl lve states : alert, em ergency, extrem is,

w hich

system -operating

and restorative.

conditions

Figure

place

1.3

depicts these operating states and the W ays *111 transition Can take from

One state ttl another.

ln the norm al state, all system

The

variables are Al?itllill the norm al range and no

equipm ent

to

is being

a contingency

overloaded. system operates @11l a Secure m alm er and is. able

w ithstand violating

The system  enters the alert state if the

w ithout any

security

of the constraints.

level falls below  a certain lim it

of adequacy, Or if the possibility of a disturbance increases because of adverse

w eather conditions such aS the approach

acceptable

yveakened

variables

of SCVCCC storm s. l11 this state, a11 system

are still An?itllill the range and a1l constraints are satisf ed.

H ow ever, the system has been to a level w here a contingency m ay Cause
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N orm al

R estorative A lert

In extrem is E m ergency

F igure 1.3 Pow er system operating states

an overloading of equipm ent that places the system

extrem e

@

111 an enAergency state. If the

disturbance *IS Very

the
Severe,the i'3extremis (or em ergency) state m ay result

directly from alert state.

Preventive action, such aS generation sllifting

the
(security dispatch)

lf the

Or increased

re serv e y

do

can be taken to restore the system  to norm al state. restorative steps

n0t succeed,

The

the system

enters

rem ains @111 the alert state.

system the em ergency state if a sufs ciently Severe disturbance

OCCUFS w hen the system @IS *111the alert state.In this state,voltages
*

at m any buses are

1()AA?and/or equipm ent loadings exceed short-term Cm ergency ratlngs.The system *IS

m ay be restored to the alert state by the

actions: fault clearing, excitation control, fast-valving,

run-back, H V D C m odulation, and load curtailm ent.

stillintact and initiating of em ergency
* @ @

control

generatlon trlpplng,generation

lf the above DACaSUrCS are not applied Or are ineffective, the system @IS

extremis; result is cascading outages and possibly a shut-down of a m ajor portion
of the system . C ontrol actions, such as load shedding and controlled system

separation, are aim ed at saving as m uch of the system  as pojsible from  a w idespread

blackout.

the

The restorative state

taken to recoM ect a11 the

represents a

facilities and

condition @111 w hich control action *IS

to restore system load. The system

being

transits

from this state to either the alert state Or the norm al state, depending on the system

conditions.

C haracterization of the system conditions irlttl the f ve states aS described

above provides a fram ew ork in w hich control strategies

actions identifed to deal effectively w ith each state.

can be developed and operator
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For a system that has been disturbed and that has entered a degraded operating

state, POW CC

lf the

system

disturbance

controls assist the Operator *111 returning the system to a norm al

state.

to achieve this task.

sm all, pow er system

H ow ever, if the disturbance

*

IS controls
@

IS

by them selves m ay

it is possible that

be able

actions such aS generation rescheduling Or elem ent

large,

sw itching

Operator

m ay be required for a

return ttlthe norm al state.

The philosophy
@

that has evolved to COPe AAritll the diverse requirem ents of

system control COm Pr1SeS a hierarchial structure aS shou @111 Figure 1.4. ln this

structure,

as excitation system s, prim e m overs, boilers, transform er tap changers, and dc

converters. There is usually som e form  of overall plant controller that coordinates the

controls of closely linked elem ents. The plant controllers are in turn supervised by

system  controllers at the operating centreé. The system -controller actions are

there are controllers operating directly on individual system elem ents such
7

coordinated by pool-level m aster controllers. The overall control system  is thus highly

distributed, and relies on m any different types of telem etering and control signals.

Supervisory Control and Data Acquisition (SCADA) system s provide inform ation to
indicate the system  status. State estim ation program s data and provide

an accurate picture of the system 's condition. The hum an operator is an im portant link

slter m onitored

at various levels @111 this control

prim ary function of the

hierarchy

operator is to

econom ic

and at key

system

locations On the system .

and

The

m onitor perform ance DAanage

qualityresources SO aS to ensure operation w hile m aintaining the required

Pool control centre

To other system s system  control centre Y 0 Other system s

Transm ission plant Pow er plant

D istribution centres G enerating units

F igure 1.4 Pow er system control hierarchy
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and reliability ofPOW er supply.

role by
*

coordinating
*

related

correctlve strategles ttl restore

D uring systel  em ergencies, the operator plays a key

inform ation from  diverse sources and developing

the system  to a m ore secure state of operation
.

1.4 D ES IG N A N D O PERA T IN G C R IT ER IA FO R S TA B ILIT Y

For reliable service, a bulk electricity system m ust rem ain intact and be

capable

the system  be designed and operated so that the m ore probable contingencies can be

sustained with no loss of load (except that connected to the faulted elem ent) and so
that the m ost adverse possible contingencies do not result in uncontrolled

, w idespread
and cascading pow er interruptions.

The N ovem ber 1965 blackout in the northeastern part of the U nited States and

O ntario had a profound im pact on the electric utility industry
, particularly in N orth

A m erica. M any questions w ere raised relating to design concepts and planning

criteria. These 1ed to the form ation of the N ational E lectric R eliability C ouncil in

1968. The nam e w as later changed to the N orth A m erican E lectric R eliability C ouncil

(NERC). 1ts purpose is to augm ent the reliability and adequacy of bulk power supply
in the electricity system s of N orth A m erica. N ER C is com posed of nine regional

reliability councils and encom passes virtually a11 the pow er system s in the U nited

States and C anada. R eliability criteria for system  design and operation have been

established by each regional council. Since differences exist in geography
, load

pattern, and power sources, criteria for the various regions differ to som e extent g5).
Design and operating criteria play an essential role in prevenying m ajor system

dijturbances follow ing severe contingencies. The use of criteria ensures that
, for all

frequently occurring contingencies, the system  w ill, at w orst
, transit from  the norm al

of w ithstanding a w ide variety of disturbances
. Therefore, it is essential that

state to the alert state,tather than to a nAore Severe state such aS the em ergency state

Or the extrem is state. W hen the alert state *IS entered follow ing a contingency
,

Operators Can take actions to return the system to the norm al state
.

The follow ing exam ple of design and operating criteria related to system

Coordinating Council (NPCC) g6).
lt does not attem pt to provide an exact reproduction of the N PC C criteria but gives

an indication of the types of contingencies considered for stability assessm ent
.

stallilit)r is based on those of the N ortheast Pow er

N orm al design contingencies

'>

The criteria require that the stability of the bulk

during

to reclosing

signiscant

and after the m ost Severe of the contingencies
pow er

specif ed

system be m aintained

below ,

basis

w ith due regard
thatfacilities. These contingencies

*

are selected on the they

com prising

have a
probability

system .

norm al

the

of occurrence glven the large num ber of elem ents

PoW er
The design contingencies include the follow ing'

.
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(a) A perm anent three-phase
transform er or bus section,

reclosing

fault On

w ith norm al

any generator,

fault clearing and

transm ission circuit,

w ith due regard to

facilities.

(b) Sim ultaneousperm anent phase-to-ground
transm ission circuits on

faults on different phases of each

a m ultiple-circuit tow er, cleared

of

two adjacent
norm al tim e.

@

111

(c) A perm anent phase-to-ground fault on any transm ission circuit, transform er,
or bus section w ith delayed clearing because of m alfunction of circuit breakers,

relay, Or signal channel.

(d) Lossofany elem entwithouta fault.

(e) A perm anent phase-to-ground fault On a circuit breaker,cleared *111norm al
tim e.

(f) Simultaneous perm anentlossof both polesof a dcbipolarfacility.

The criteria rzquire that, follow ing any of the above contingencies, the stability of the

system

applicable

be m aintained,

lim its.

and voltages and line and equipm ent loadings be Ahritllirl

These requirem ents apply to the follow ing tAA?tl basic conditions'.

(1) A11facilities @111service.

(2) A critical generator, transm ission circuit,
and

Or transform er Out of service,

betweenassum ing that the area generation POWer Pows are adjusted
outages by uSe of ten m inute CCSCrVC.

E xtrem e contingency assessnlent

The extrem e

PoW er
contingencies.

system Can

contingency

be subjected
objective is to

in order to

assessm ent recognizes

to events that exceed in

that the interconnected bulk

severity the norm al design

The determ ine the effects of extrem e contingencies

strength

though

perform ance

O n

system

determ ine

obtain an indication of system and to

the extent of a yvidespread

1()A4?contingencies

assessnAent

do have Very

contingencies,

system

probabilities of

disturbance Cven extrem e

OCCurrCnCe. A ftir an analylis

appropriatrc

and

of extrem e nxeasures are to be utilized, w here

to reduce the frequency of OCCurrenCC of such contingencies Or to m itigate the

Consequences that are indicated aS a result of sim ulating

the follow ing:

for such contingencies.

The extrem e contingencies include

(a) Loss of the entire capability of a generating station.
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(b) Loss of a1llines em anating from a generating station,switching station Or
substation.

(c) Loss of a11transm ission circuits On a COnUnOn right-of-way.

(d) A perm anent three-phase fault On any generator, transm ission circuit,
transform er,

reclosing

or bus section,w ith delayed fault clearing and w ith due regard ttl

facilities.

(e) The sudden dropping of a large-load 0rm ajor-load centre.

(f) The effectof severePOWerswingsarising from  disturbances outside the NPCC
interconnected system s.

(g) Failure or m isoperation of arejection, load rejection, or special protection system , such as
transm ission cross-tripping schem e.

a generation

System design for stabilip

The design
*

of a large interconnected

m inim um cost ls a very com plex prbblem .The

system  to ensure operation at

econom ic gains to be realized through

stable

the solution to this problem
*

Very

are enorm ous. Frona a control theory

operating

point
@

f vi'ewO , the

pow er
changing

system
@

is a hlgh-order

B ecause

m ultivariable

envlronm ent. of the high
PrOCCSS,

dim ensionality

assum ptions

system

is

and

ln a constantly

com plexity of the

system , it essential to naake

PrO
good grasp

individual

blenAs using the right

characteristics

degree

sim plifying

of detail of

to analyze specis c

representation. This requires a

and

of the of the overall system aS w ell aS of those of its

elem ents.

The PoW er
@

IS iniuenced by

System

system

a w ide

@

IS a highly nonlinear

array of devices

system

w ith

w hose dynam ic perform ance

different reSPOnSe rates and

characteristics. stability m ust be view ed

term s of its different aspects.The next chapter

not as a single problem , but rather in

describes the different form s of pow er

system stability

C haracteristics

blem s.PrO

effect On system
of virtually every m ajor elem ent of the power

stability. A  know ledge of thege characteristics is

system have an

essential for the

understanding

characteristics

aspects

special

presented

of varlous

and

and

study of

m odelling w ill

pow er system

be discussed in Part

stability. Therefore, equipm ent

II.Intricacies of the physical

analysis, and

nAeasurès

categoriès of the system  stability, m ethods of their

for enhancing stability perform ance of the pow er system

111.

w ill be

in Part
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Introd uctio n to the

Pow er S Ystenn S tability Problem

This chapter presents a general introduction to the POW CC system

of related

stability

problem

A nalysis of elem entary

illustrates som e of the

including physical concepts, classis cation,

conf gurations

and deûnition ternls.

POW er system by nAeans of idealized m odels

stability proped ies of pow er system s. ln addition,

a historical review  of the em ergence of different form s of stability problem s as pow er

system s evolved and of the developm ents in the associated m ethods of analysis is

presented. The objective is to provide an overview of the power system  stability
phenom ena and to 1ay a foundation based on relatively sim ple physical reasoning.

This will help prepare for a detailed treatm ent of the various aspects of the subject in
subsequent

fundam ental

chapters.

2 .1 BA S IC C O N C EPT S A N D D EFIN IT IO N S

P ow er

system

operating

subjected

that

system

enables it

stabilis
to

conditions and

m ay as property pow er

rem ain in a state of operating equilibrium  under norm al

to regain an acceptable state of equilibrium  after being

be broadly defned that of a

to a disturbance.

Instability in a pow er system  m ay

depending on the system  cons guration and

problem has been One of m aintaining

m any w ays
operating m ode. Traditionally, the stability

synck onous operation. Since pow er system s

be m anifested @111 different

17
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rely on synchronous m achines for generation of electrical pow er, a necessary

condition for satisfactory system  operation is that a11 synchronous m achines rem ain

in synchronism  or, colloquially, GEin step.'' This aspect of stability is infuenced by the

dynam ics generator rotor pow er-angle

Instability m ay also be encountered w ithout loss

of angles and relationships.

a system

through

voltage.

consisting of

a transm ission

a synchronous generator

of synchronism . For exam ple,

feeding an induction m otor load

line Can beconae unstable because of the collapse
@

of load
M aintenance of synchronism @IS nOt an issue ill this instance; lnstead, the

Concern @IS stability

@loads Coverlng an

and control of voltage. This form  of instability

extensive area supplied by a large system .

Can also OCCUF *111

In the evaluation of stabilit)rthe Concern is the behaviour of the PoW er system

w hen

Sm all
subjected
disturbances

fO a transient disturbance. The disturbance m ay be sm all Or large.

form  of load changes take place continually, and the system

adjusts itself to the changing conditions. The system  m ust be able to operate
satisfactorily under these conditions and successfully supply the m axim um  am ount of

load. lt m ust also be capable of surviving num erous disturbances of a severe nature,

such as a short-circuit on a transm ission line, loss of a large generator or load, or loss

of a tie betw een tw o subsystem s. The system  response to a disturbance involves m uch

of the

in the

equipm ent. For exam ple,

relays

a short-circuit On a critical elem ent follow ed by its

isolation by protective

bus

Ahrill CaUSC variations *111POW Cr
*

transfers, m achine rotor

speeds, and

transm ission

voltages; the voltage variations A,;11l actuate both generàtor
@

and

system voltagç regulators;the speed variations Alrillactuate Prlm e m over

governors; generation controls; the changes

in voltage and frequency w ill affect loads on the system  in varying degrees depending

on their individual characteristics. In addition, devices used to protect individual

equipm ent

perform ance.

the change in tie line loadings m ay actuate

m ay respond

any given

to variations @111 system variables and thus affect the system

111 situation,how ever,the CCSPOnSCS
@

of only a lim ited am ount

of equipm ent m ay be signis cant. Therefore,

sim plify the problem  and to focus on factors

problem .

classiû cation

T he

m any assum ptlons are

iniuencing the specif c

usually naade to

*

IS greatly

type

facilitated

of stability

understanding of stability problem s

of stability into various categories.

by the

The follow ing sections w ill explore different form s of pow er system  instability

and associated concepts by considering, w here appropriate, sim ple pow er system

conf gurations. A nalysis of such system s using idealized m odels w ill help identify
X

fundam ental properties of each form  of stability problem .

2 .1.1 R otor A ngle Stability

R otor

a PoW er
of the electrom echanical

angle stability is the ability of interconnected synchronous

system  to rem ain in synchronism . The stability problem  involves

naachines of .

the study

factoroscillations inherent *111PoW er system s.A  fundam ental
*

111 this problem

as their

@

IS the m anner @111 w hich

Vary

characteristics

rotors oscillate. A
pow er

brief . discussion

the outputs of synchronous nAachines

of synchTonous m achine
*

IS helpful aS a first step in developing the related basic concepts.
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Synchronous m achine characteristics

The characteristics and m odelling of synchronous rnachines w ill be covered @111

considerable

characteristics

A  synchronous m achine has tw o essential elem ents: the f eld and the arm ature.

N orm ally, the feld is on the rotor and the arm ature is on the stator. The feld w inding

is excited by direct current. W hen the rotor is driven by a prim e m over (turbine), the
rotating m agnetic feld of the seld w inding induces alternating voltages in the three-

phase arm ature w indings of the stator. The frequency of the induced alternating

voltages and of the resulting currents that ;ow  in the stator w indings w hen a load is

connected depends on the speed of the rotor. The frequency of the stator electrical

quantities is thus synchronized w ith the rotor m echanical speed: hence the designation

(dsynchronous m achine.''

W hen tw o or m ore synchronous m achines are interconnected, the stator

voltages and currents of a11 the m achines m ust have the sam e frequency and the rotor

m echanical speed of each is synchronized to this frequency. Therefore, the rotors of

a11 interconnected synck onous m achines m ust be in synchronism .

The physical arrangem ent (spatial distribution) of the stator arm ature windings
is such that the tim e-varying alternatiqg currents i ow ing in the three-phase w indings

produce a rotating m agnetic feld that, under steady-state operation, rotates at the sam e

speed as the rotor (see Chapter 3, Section 3.1.3). The stator and rotor selds react with

detail @111 C hapters 7=n 4, and 5.llere discussion @IS lim ited to the basic

associated w ith synchronous operation.

an torque tw o

to align them selves. In a generator, this electrom agnetic torque opposes rotation of the

rotor, so that m echanical torque m ust be applied by the prim e m over to sustain

rotation. The electrical torque (or power) output of the generator is changed pnly by
changing the m echanical torque input by the prim e m over. The effect of inzreasing

the m echanical torque input is to advance the rotor to a new  position relative to the

revolving m agnetic Seld of the stator. C onversely, a reduction of m echanical torque

or pow er input w ill retard the rotor position. U nder steady-state operating conditions,

the rotor û eld and the revolving Seld of the stator have the sam e speed
. H ow ever,

there is an angular separation between them depending on the electrical torque (or
power)

each other and electrom agnetic results from the tendency of the S elds

output

ln

of the generator.

a synchronous m otor, the roles of electrical and m echanical torques are

reversed

rotation

com pared to those

w hile m echanical

*

11l a generator. The electrom agnetic torque sustains

load OPPOSCS
@

rotation. The effect of

m echanical load *IS to retard the rotor posltion w ith respect to the

increasing

revolving f eld

the

of
the stator.

ln the above discussion, the ternls torque and # OW er have been used

interchangeably. This is com m on practice in the pow er system

since the average rotational velocity of the m achines is constant
stabilit)?

though

literature,

Cven there

m ay

unit values

be sm all nAonlentary excursions above and below synchronous speed
. The Per

of torque and POW er are, *111 factj Very nearly equal.
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Power lvrsllf angle relationshè

A n im pod ant

relationship betw een

characteristic that has a bearing

and

On PoW er system stability

the

is the

interchange POW er angular positions of rotors of

synchronous

consider the

m achines. This relationship

show n

*

IS highly nonlinear. T o illustrate this 1et US

sim ple system

by

and

naachines

@

111

connected a transm ission
Figure 2.1(a).
line having

It consists of tw o synchronous

an inductive reactance X z but

negligible

generator

resistance capacitance. L et US aSSUDAC that m achine 1 represents a

feeding PoW er

transferred

to a synchronous

from  the

nAotor represented by
*

m achine 2.

The POW er

(ô) between

generator to the m otor ls a function of angular

separation

to

the rotors of the tw o m achines.

three com ponents: generator

f eld
internalangle ôc (angle

This angular

by w hich the

separation is due

generator rotor

leads the revolving

voltages

leads that of the

of the generator

m otorl;

angular difference betw een the term inal

and m otor (angle by which the stator feld of the generator
and the internal angle of the m otor (angle by which the rotor
feld).

of the statorl;

lags revolving stator

be used to determ ine the
the Figure 2.1(b)shows a m odelof the system thatCan

POW Cr Versus angle relationship.A  sim ple m odel com prising

an internal voltage behind an effective reactance is used to represent each synchronous

m achine. The value of the m achine reactance used depends on the purpose of the

study. For analysis of steady-state perform ance, it is appropriate to use the

synchronous reactance

basis for such a m odel

w ith the internal voltage
@ @ '

equal

associated

theto excitation voltage.

presented

The

and the approxlm atlons w ith it are *111

C hapter 3.

A  phasor diagranA identifying the relationships betw een generator

the

and nAotor

voltages *ISshown @111Figure 2.1(c).The PoWertransferred from generator to the
nzotor *IS given by

#
X EMsinô (2

. 1)
X v

w here

X v X +X +XG L M

The corresponding

som ew hat

PoW er Versus angle relationship @IS plotted in Figure

the idealized m odels used synchronous
2.1(d). W ith

m achines, the

PoW er
accurate

varies aS a sine of the

for representing the

angle: a highly nonlinear relationship. sô?itll nlore

m achine m odels including

angle

the effects of autom atic voltage regulators, the

variation *111 PoW er

how ever,

w ith w ould deviate

relationship; the general form  w ould be

signif cantly from  the

sim ilar. W hen the angle

sinusoidal
@

IS Z ero , n O

POW er
*

m a x lm u m .

*

IS transferred. A s the angle *IS increased, the

A fter a certain angle,nom inally 90O5
pow er

a further '

transfer increases UP to a

lncrease @111 angle results *1T1

a decrease @111PoW er transferred.There is thus a m axim um steady-state

of the
PoW er

@

that can

be transm itted betw een the tAArtl m achines. The m agnitude m axlm um POW CC @IS
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M achine 1 M achine 2

L ine

G M (a)Single-line diagranA

X G X o X M

f s E  I ET1 D  E
M (b)Idealized m odel

E o

IX o

E v1

ôs IX

Lô
s 

E nô

Iô
v

IX u

E u

(c)Phasor diagranl

6 = ô + 6 + 6G L M

P

(d)Power-angle Curve

Figure 2.1 Pow er transfer characteristic
system

of

a tw o-m achine
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directly proportional to the m achine

reactance betw een the voltages,

internal voltages and inversely proportional to the

w hich includes reactance of the transm ission line

coM ecting the rnachines and the reactances of the m achines.

W hen there are nAore than tsA?tl m achines,

sim ilar

their relative angular displacem ents

affect the interchange of POW ef @111 a m aM er. H ow ever, lilllitirléj values of

pow er
distribution.

transfers and angular

M angular

separation are a com plex

separation of 90O betw een

function of generation and load

any two m achines (the nom inal
lilzxitilléjvalue fora two-m achine system ) in itself hasnO particular signiscance.

The stability p henom ena

Stability *IS a condition of equilibrium betw een opposing forces. The

m echanism by w hich

w ith One another *IS

synchronous m achines m aintain synchronism

tk ough restoring forces, w hich act w henever there are forces

or decelerate one or m ore m achines w ith respect to other

interconnected

tending to accelerate

m achines. U nder steady-state conditions, there is equilibrium  betw een the input

m echanical torque and the output electrical torque of each m achine, and the speed

rem ains constant. If the system  is pel urbed this equilibrium  is upset, resulting in

acceleration or deceleration of the rotors of the m achines according to the law s of

m otion of a rotating body. If one generator tem porarily runs faster than another, the

angular

resulting

position of its rotor relative to that of the slow er m achine Ahrill advance. The

angular
@

difference transfers pa= of the load from the slow m achine to the

fast m achlne, depending On the pow er-angle relationship. This tends to reduce the

speed difference and

discussed above, is

separation

separation

system

result

hence angular separation. The pow er-angle relationship, as

nonlinear. B eyond a certain lim it, an increase in angular

the

highly
@

IS accom panied

further

by-'a decrease in pow er transfer; this increases the angular

and leads to instability. For any given situation, the stability of the

depends On w hether Or not the deviations @11l angular positions of the rotors
*

111 sufs cient restoring torques.

m achinesvhen a synçhronous

the

loses synchronism ççfalls out of step''or w ith the

rest of system , its rotor runs at a higher Or loqver speed than that required

stator

to

generate

(corresponding
in the m achine

voltages at system frequency. The i i j * 55S IP betw een rotating
@

111

f eld

to system frequency) and the rotorfeld results large
protection

iuctuations

POW er output,

m achine

current, and voltage;this Causes the system

to isolate the unstable from the system .

betw eenL oss of synck onism Can OCCUF One m achine and the rest of the

system

m aintained

Or betw een grOuPS of m achines. 111 the latter CaSC synchronism m ay be

Alritlzill each group

operation

after its separation from  the others.

The synck onous of interconnected

W ays

other

to several Cars speeding

bands.

synchronous m achines is in som e

around a circular track while joined to eachanalogous
by elastic links Or rubber The

rotors and the rubber bands are analogous
@ *

cars represent

to transm ission lines.

synchronous

% en a11 the

the m achine

C ars ru n

side by side,the rubber bands rem aln lntact.lf force applied to one of the cars Causes

it to speed UP tem porarily, the rubber bands coM ecting it to the other Cars AArill
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tretch;s

reaction

of the

this tends to slow dow n the faster Car and speed UP the other Cars.A chain

results lzlltil al1 the Cars run at the Sanle speed OnCC @agaln.If the pull On One

rubber bands exceeds its strength, it Alrill break and One Or m OrC Cars sArill pull

aW ay from the other Cars.

slJitll electric POW er

perturbation

system s,the change in electrical torque

com ponents:

of a synchronous

m achine follow ing Can be resolved illttltAA?tl

16 T L6 +FpAY (2.2)

w here

Tsh &

perturbation

*

IS the com ponent of torque change

the

@

111 phase Ahritll the rotor angle

A ô and @IS referred to aS synchronizing torque com ponent; Ts
*

IS the synck onizing torque coeff cient.

FoA œ
@

IS

@

IS the com ponent of torque @111 phase

com ponent;

w ith the speed
*

deviation A œ and

referred to aS the damp ing torque TD IS the dam ping torque

coefû cient.

System  depçnds on

the synchronous m achines.

instability through

suff cient dam ping

stability the existence of both

L ack of suff cient

com ponents

synchronizing

of torque for each of

torque results @111

an aperiodic drift
*

111

ill rotor angle.

instability.

On the other hand, lack of
torque results oscillatqry

andFor convenience @111 analysis for gaining useful insight illttl the nature of

stability problem s, it is usual to characterize the rotor angle stability phenonaena @111

ternls of the follow ing tw o categories:

(a) Small-signal (or small-disturbance) stability is the ability of the power system
to m aintain synchronism  under sm all disturbances. Such distgrbances occur

continually on the system  because of sm all variations in loads and generation.

The disturbances are considered sufsciently sm all for linearization of system

equations

can be

to be pernlissible forPUCPOSCS

increase

of analysis.

in rotor

lnstability that m ay result

of two form s:(i)steady angle
*

due to lack of suffcient

synck onizing torque, or (ii) rotor oscillations of lncreasing am plitude due to
lack of sufftient dam ping torque. The nature of system  response to sm all

disturbances depends on à num ber of factors including the initial operating, the

transm ission system

generator

strength, and the type of generator

large

excitation controls

used. For a connected radially to a PoW er system , @111 the

absence of autom atic voltage regulators (i.e., with constant seld voltage) the
lack of suff cient synchronizing torque. This results in

non-oscillatory

instability is due to

instability through a

continuously acting
#

IS

m ode,aS shown @111Figure 2.2(a).
* @

sàTitlz

voltage

suff cient

regulators,the sm all-disturbance stablllty problem

One of ensuring dam ping f 'O system

am plitude.

oscillations. Instability *IS

norm ally through oscillationsof increasing Figure2.2(b)illustrates
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AôS0 =lStable@PositiveTs@PositiveFDA*AF 'AFD I eIlIIlI AôI=.AF
A ô

0 = t

N on-oscillatory

Instability

@ N egative Ts

@ Positive FD

A

g T  - - . - . - - A T-ej - 'D

I

l
l a ô
l >

-

h Ts

(a)ss?itllconstantfeld voltage

AôS0 r'fStable*PositiveTs@PositiveFDAYAF 'AFD I elIIIII AôI=AF
A ô

0 = t

O scillatory

Instabilip

@ Positive Ts

* N egative Tn

A œ  a r  a ô

I
l
1
I
I
I
I
I

A F  ----------- 'h TD 
e

(b)shritllexcitation control

F igure 2.2 N ature of sm all-disturbance reSPonse
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the nature of generator reSPOnSe Apritll autom atic voltage regulators.

ln today's practical gower systems, small-signal stability is largely a problem
of insufs cient dam plng of oscillations. The stability of the follow lng types of

oscillations is of concern:

@ f ocal m odes or m achine-system  m odes are associated w ith the sw inging of

units at a generating station w ith respect to the rest of the pow er system .

The term  local is used because the oscillations are localized at one station

Or a sm all pa= of the PoW er system .

@ Interarea m odes are associated w ith the sw inging ofDAany nlachines in one

part of the system against nxachines

Or m ore groups of closely

parts.

coupled m achines being

in other T hey

intercoM ected

causedare by tw o

by w eak

ties.

@ C ontrol m odes are associated Alritll generating units and other controls.

Poorly

com pensators

tuned exciters, speed

arC the usual
governors,

causes of instability

H V D C converters and static Var

of these m odes.

@ Torsional m odes arC associated snritll the turbine-generator shaft system

rotational com ponents.

interaction w ith excitation

Instability of torsional m odes m ay be caused by

controls, speed governors, H V D C controls, and

series-capacitor-com pensated lines*

(b) Transientstabilip is the ability of the PoWersystem to m aintain synck onism
when subjected to a severe transient disturbance. The resulting system response
involves large excursions of generator rotor angles and is iniuenced by the

nonlinear pow er-angle relationship. Stability depends on both the initial

operating
*

state of the system

that

and the severity of the disturbance. U sually,
@

the

system

from  that prior

alteredIS SO

the

the post-disturbance steady-state operation dlffers

to disturbance.

D isturbances of w idely varying

the

degrees of severity and probability of

OCCUCCCnCC Can OCCUC On system . T he system *1S, how ever,

of

designed
@

and

operated

contingencies

SO RS to be stable for a selected set contingencles. The

usually considered are short-circuits of different types: hase-to-P

assum edground,

to

phase-to-phase-to-ground,

on transm ission

Or three-phase. They are usually

O,CCur lines, but occasionally bus 0r transform er faults are

also considered. The fault *IS assum ed to be cleared by the opening

high-speed

of

appropriate

reclosure

breakers to isolate the faulted elem ent.I11 Sonle CaSCS,

m ay be assunzed.

Figure

unstable

2.3 illustrates the behaviour of a synchronous m achine for stable and

situations.It show s the rotor angle

In the

FCSPOnSCS for a stable Case and for

twO unstable CaSeS. stable Case (Case 1),the rotorangle increases ttla
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F igure 2.3 Itotor angle reSPOnSe to a transient disturbance

m axim um ,

reaches

then decreases and oscillates Alritll

a steady state.ln C ase 2,

form  of instability

deçreasing am plitude

angle continues to increase

lllltil it

the rotor steadily

lllltilsynchronism @ISlost.This *ISreferred to as flrstmswing
instability

@

and @IS caused by insufscient synchronizing torque.In Case 3: the

syytem

oscillations

ls stable in the srst sw ing but becom es unstable aS a result of grow ing

aS the end state is approached.This form
OCCUCS w hen the postfault steady-state condition

of instubility generally

itself is ttsm all-signal''

unstqble, and not necçssarily RS a result of the transient disturbance.

111 large PoW er system s, transient instability m ay not alW ays OCCUC aS frst-

instability; it could be

of oscillation causing large

the result of the SuPerPOsition of several m odes

excursions of rotor angle beyond the frst @Sm ng.

111 transient stability studies the study period of interest @IS usually lim ited ttl

3 to 5 seconds follow ing the disturbance, although it m ay extend to about ten

sçconds for Very large system s Alritll dom inant interarea m odes of oscillation.

The ternl dynam ic stability has also been w idely used @111 the literature aS a

class of rotor angle stability.H ow ever,

authors.

it has been used to denote different aspects

been

of

the phenoraenon by different In N orth A m erican literature, it has used

m ostly to denote sm all-signal stability in the presence of autom atic control devices

(prim arily generator voltage regulators) as distinct from  the classical steady-state
stability without autom atic controls (1,21. In the French and Germ an literature, it has
been used to denote w hat w e have term ed here transient stability. Since m uch

confusion has resulted from  use of the term  dynam ic stability, both C IG R E and IE E E
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have recom m ended thatit not be used (3,41.

2 .1.2 V oltage Stability and V oltage C ollapse

Voltage stability is the ability of a pow er system  to m aintain steady acceptable

voltages at al1 buses in the system  under norm al operating conditions and after being

subjected to a disturbance. A system  enters a state of voltage instability when a
disturbance, increase in load dem and, or change in system  condition causes a

progressive

tlltl

and uncontrollable drop in voltage.

m eet

The m ain factor causing
@

instability @IS

inability of the PoW er system to the dem and for reactlve POW er. The heal

of the PrO

S ow

blenl is usually the voltage drop that occurs w hen active

POW CC

(5-7J.

through inductive reactances associated Ahritll the
pow er

transm ission

and reactive

netw ork

A  criterion for voltage

system , the bus voltage

sam e bus is increased. A

stability

bus in the

at the

at a given operating condition for every

m agnitude increases as the reactive power injection
system  is voltage unstable if, for at least one bus in

is that,

the system ,

at

the bus voltage
@ *

m agnitude (l) decreases aSthe reactive PoWerinjection
((?)
sensitivity

the San;e bus IS lncreased.In other words,a system *ISvoltage stable if V-Q
is positive forevery bus and voltage unstable if V-Q sensitivity is negative

for at least One bus.

Progressive drop in bus voltages can also be associated

out of step.

betw een

For exam ple,the gradual
@

loss of synck onism

w ith rotor angles going

of m achines as rotor angles

tw o grOuPS of m achlnes approach Or exceed 1800 w ould result @111 Very l()A4,

voltages

contrast,

at internzediate

the type of

points

sustained

@

11lthe network (see
thatfall of voltage

C hapter 13, Section

is related to voltage
13.5.3).
instability

ln

OCCUCS w here

V

rotor angle

oltage instability

stability
@

* ,

IS nOt an @1SSue.

IS essentially a local phenom enon; how ever, its

consequences m ay have a w idespread im pact. Voltage collapse is m ore com plex than

sim ple voltage instability and is usually the result of a sequence of events

accom panying voltage instability leading to a low -voltage proû le in a signif cant part

of the pow er system .

V oltage instability

Can be illustrated by
m ay occur

considering the

voltage
@

*

111 several different W ays. 111 its sim ple form it

tsA?tl term inal network of Figure 2.4 (51.
series

lt

consists of a constant Source (05s)
inapedance

served
(Zzx).This ls representative

system

supplying a load (Zzo) through
of a sim ple radial feed to load or a

a

load area

by

T he

a large

expression

through a transm ission

I in

line.

for current Figure 2.4 *IS

E
I

Z
(2.3)

+ZLN LD

where I and Esare phasors,and

ZLN zoxzo, Z .=LD Zzozè
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ZzxZ0 FR

E

J 'x +jQpI
ZzozY

F igure 2.4 A sim ple radial system for illustration

of voltage stability phenonaenon

The m agnitude of the current *IS given by

E s
I

0+z cosèlz+tz sino+z sinèlz(Q xcos os sx zo

This m a# be expressed RS

1I ES (2
.4)OJ  

zw

w here

F
Z  2 Zzp 

g zo (: -4)1 + + cos
X N X N

The m agnitude of the receiving end voltage *IS given by

Fa Z ILD

(2.5)1 Z
Lo

JF zo xEs

The POW er supplied to the load @ .IS

PR qkfcoss

Z  E  2LD S

F  Zzx

(2.6)
cosè



Sec.2 .1 Basic C oncepts and D efinitions 29

Plots

with tano =10.0 and cosp =0.95.

Fof f, Rnand # R arC show n @111Figure 2.5 aS a function of zzx /zzo,for the Case

T o m ake the results applicable to any value of Zzx, the

values of f, VS,and # R are appropriately norm alized.

first

thus

A s by decreasing Zzo, P R increases rapidly at

and then slow ly before reaching a m axim um , after w hich it decreases. There is

a m axim um  value of active pow er that can be transm itted through an im pedance

the load dem and @IS increased

from a constant voltage Source.

1.0
I
I

l IIII SC
l

I I I
l I i

I I l 17 //7I l I R RMAX
I I I

I c  I
l Mo  l
I I IQ  
I I ->  I

o  j I d  j
->  l 1 >  lO

d j o I F LE m In x j R s jo I
.-  IX  

I -  jI >  x
l I I

l -  I Q Id 
I l I w IO I 

. ao I j j I j- I
o 1 - r l m  IZ  I 1  ' <  I

I I I
I I l

0

0.8

0.5

ZLN/;rLD
1 2 3

F igure 2.5 R eceiving end voltage, current and PoW er aS a function

of load dem and for the system of Figure 2.4

(1 =F,/zox;SC cosè=0.95 lag ;tano = 10.0)

The POW er transm itted is m axim um w hen the
@

111 m agnitude to FRn that @IS w hen Zzx /

at high values
@

Zzo = 1 . A s

voltage

Zzo is

drop

decreased

in the line is equal

gradually, f

increases and VR decreases.Initially, of Z the increase in 1 dom inates
over the decrease @111 V#,and hence P R lncreases rapidlyLDn

w ith decrease in Zzo.

than that of the

A s Zzo

approaches

decrease

ZL #,

V

the effect of the decrease in I is only sliéjlltl)r greater

VR*1I1 R.

and

W hen Zzo @IS less than Zzx, the decrease *111 dom inates Over the

increase in f, the net effect @IS a decrease ill JRR.

The critical operating condition

the lim it of satisfactory operation.

corresponding

For higher load

to m axim um POW CC represents

dem and, control of POW CC by

varying

W hether

load w ould be unstable; that is,a decrease in load im pedance

the

reduces POW er.

voltage Arpill progressively decrease and system AArill beconae unstable

depends

characteristic,

On the load characteristics. sôTitll a constant-im pedance static load

the

values. O n the

system  stabilizes

other hand, w ith a

at pow er and voltage levels low er than the desired

constant-POW er load characteristic, the system
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becom es unstable of the load bus voltage. W ith other characteristics,

the voltage is determ ined by the com posite characteristic of the transm ission line and

load. If the load is supplied by transform ers w ith autom atic underload tap-changing

(ULTC), the tap-changer
of reducing the effective

through collapse

action Alrill try to raise the load voltage.
@ *

This has the effect

ZLD aS Seen from the system . Thls 1C1 turn loNvers VR still

further and leads to a progressive

instability.

reduction of voltage.This is a sim ple and Pure form

of voltage

From  the view point of voltage stability,the relationship betw een PR and VR is

of interest. This @IS show n @111 Figure

0.95

2.6 for the system under consideration w hen the

load PoW er factor @IS equal to lag.

From  E quations

on the pow er-voltage

2.5 and 2.6, w e

effect

see that the load-pow er factor has a signiû cant

characteristics of the system . This is to be expected since

the voltage drop

V oltage stability, in fact,

traditional form s displaying

*

111 the transm ission line is a function of active aS w ell aS reactive

PoW er

and

transfer. depends On the relationships betw een # ,

F.The these relationships are show n in Figures 2.7

and 2.8.

Figure 2.7 show s, for the POW er system of Figure 2.4,

locus

CUrVCS of the VR-P P

relationship

points

above

for different values of load PoW er factor.The of critical operating

is show n by the dotted line in the

the ctitical points

factor

represent

l gure. N orm ally, only the operating points

satisfactory operating conditions. A  sudden

reduction

a stable
power (increase in QR) can thus cause the system  to change from

operating condition to an unsatisfactory, and possibly unstable, operating

*

111

condition represented by the loqver pa= of a V-P Curve.

V /

1.0

0.8

C ritical voltageU
sU XWXWWOOOWWWOOOOWOXWWWWXWWWWOOX'

0.4

0.2

0.0 ,----w P /#w xxR
0.0 0.2 0.4 0.6 0.8 1.0

E s

F igure 2.6 Pow er-voltage

the

characteristics of

system of Figure 2.4

(cosè = 0.95 1ag ;tano = 10.0)
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F igure 2.7 VR-P R

Figure

characteristics of the system of

2.4 w ith different load-pow er factors

IR IPRMdx
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0.00

- 0.25
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N ote: Pu xx is the m axim um  pow er

transfer at unity pow er factor
1.0

. 

'

0.9
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Figure 2.8 VR-QR characteristics of the system of

Figure 2.4 Alritlldifferent PR /#w xx *ratloê .
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The iniuençe of the

com pensating

reactive POW CC characteristics of the devices at the

receiving

show s a fam ily

end (loads and devices) *IS D3ore apparent *111Figure 2.8.lt
of curves applicable to the POW CC system of Figure 2.4, each of w hich

represents the relationship betw een VR and for R.

voltagestable in the region where the derivative dQRIdVR positive.
lim it (critical operating point) is reached when the derivative is zero. Thus the parts
of the Q-V curves to the right of the m inim a represent stable operation, and the parts
to the left represent unstable operation. Stable operation in the region where dopldvp
is negative can be achieved only w ith a regulated reactive pow er com pensation having

suffcient control range and a high QIV gain with a polarity opposite to that of the

*

IS The stability

norm al.

The above descrijtion of the voltage
intended to help classifcatlon and understanding of different aspects of

stability. A nalysis has been lim ited to a radial system  because it presents

Thea Sxed value of P system @IS

stability phenonaenon is basic and

pow er system

a sim ple,yet

clear,picture of the voltage stability problem . 111 com plex practical P0W er system s,

m any factors contribute to the process of system  collapse because voltage

instability: strength of transm ission system ; pow er-transfer levels; load characteristics;

generator reactive pow er capability lim its; and characteristics of reactive pow er

com pensating devices. In som e cases, the problem  is com pounded by uncoordinated

action of various controls and protective system s.
For purposes of analysis, it is useful to classify voltage stability into the

follow ing tw o subclasses:

of

(a) f arge-disturbance
control

generation, or clrcult contingencies. This

load characteristics and the interactions

concernedvoltage stability

large

@

IS AAritll a 5system  s ability to

voltages
*

follow ing
*

disturbances such

ability is

as system

determ ined by
*

faults, loss of

the system -

discreteof both contlnuous and

controls and protections. D eterm ination of large-disturbance

the exam ination of the nonlinear dynam ic perform ance of a system  over a

period of tim e suffcient to capture the interactions of such devices as U L TC S

and generator feld-current lim iters. The study period of interest m ay extend

from  a few  seconds to tens of m inutes. Therefore, long-term  dynam ic

stability requires

sim ulations are required for analysis.

A criterion

disturbance

for large-disturbance voltage

and follow ing system -control

steady-state

stability

actions,

is tllftt, follow ing a given

reachvoltages at all buses

acceptable levels.

(b) Small-disturbance voltage stability
sm all

*

IS concerned Alritll a system  s ability to

control

system  load. This form  of stability

continuous controls, and discrete

follow ingvoltages perturbations such as increm ental changes @111

is determ ined by the characteristics of load,

controls at J given

how

instant of time.This
concept

respond

@IS useful @111 determ ining, at any instant, the system voltage Arrill

to sm all system changes.



Sec.2 .1 Basic C oncepts and D efinitions 33

The basic PCOCeSSCS contributing to sm all-disturbance voltage
*

essentially

used to

instability are

can be effectively

exam ine

of a steady-state nature. Therefore, static analysls

determ ine stability m argins, identify factors iniuencing stability,

a w ide range of system  conditions and a large num ber of

and

P0St-

contingency scenarios (81.

A  criterion for sm all-disturbance voltage stability

bus

is that,

condition for every
*

bus in the system , the voltage

increased.

at a given operating

m agnitude increases as

system  is voltage-

voltage m agnitude (D

the reactive PoW er

for
lnjection at the
least

SanAe bus @IS A

unstable if, at One bus in the system , the bus

decreases RS the reactive POW er

voltage-stable
* * @ @

injection ((?)at the Sanle bus *ISincreased.I11
otherwords,a system *IS if V-Q

*

sensitivity

for at

*

IS positive for every

busand unstable if V-Q sensltlvlty ISnegatlve leastOnC bus.

V oltage instability does not alw ays occur in its pure form . O ften the

voltage instabilities go hand in hand. O ne m ay lead to the other and the

m ay
is im portant understanding of the underlying causes of the problem s in order to

develop appropriate design and operating procedures.

A  m ore detailed discussion of voltage stability, including analytical techniques

and m ethods of preventing voltage collapse, is presented in C hapter 14. A

comprehensive treatm ent of the subject, with an in-depth analysis of the problem , is
presented in the com panion book Power System  Voltage Stabilip  by C .W . Taylor.

a distinctionH ow ever,
K

betw een angle stability and voltage stability

for

angle and

distinction

not be clear.

2 -1.3 M id-Term and Lon9-Term Stability

The ternAs long-term stability and m id-term stability are relatively new  to the

literature

deal

on pow er system  stability.

w ith problem s associated w ith

They svere introduced aS a result of the need to

the dynam ic response of pow er system s to Severe

upsets

and
(9-13j.Severe system upsetsresult

POW er
@

iow s that thereby
@

invoke

in large

the actions

excursions of voltage, frequency,

of slow PFOCCSSCS, controls,

characteristic

and

protectlons

tim es of the

not m odelled ln conventional transient stability studies.The

PrOCCSSCS
from

and devices activated by the large voltage and frequency shifts

slrill range a m atter of seconds (the CCSPOnSCS(the of devices such aS generator
@

aScontrols and protections) to severalm inutes CCSPOnSCS of devices such Prlm e
m over enefgy

f ong-term
supply 'system s and load-voltage regùlators) (10,14j.

stability

dam ped

analysis

Out,

RSSUDACS that inter-m achine synchronizing

frequency
PoW er

oscillations have the resultbeing uniform system (3,1 1,15j.
is on the slow er and longer-duration phenom ena that accom pany large-scale

system  upsets and on the resulting large, sustained m ism atches betw een generation

and consum ption of active and reactive pow er. These phenom ena include: boiler

dynam ics of therm al units, penstock and conduit dynam ics of hydro units
, autom atic

generation control, pow er plant and transm ission system  protection/controls,

transform er saturation, and off-nom inal frequency effects on loads and the netw ork.

The focus
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T he m id-term reSPOnSe represents the transition betw een short-term and long-

ternl CCSPOnSCS. 111 m id-term stability studies, the focus is On synchronizing POW CC

slow eroscillations betw een m achines, including the effects of Sonle of the

phenom ena, and possibly large

Typital ranges of tim e

voltage Or frequency excursions.

periods are as follow s:

Short-term or transient: 0 to 10 seconds

M id-term : 10 seconds to a few  m inutes

L ong-term : a few m inutes to 10's of m inutes

lt should, how ever,

prim arily

beoasednoted thatthe distinction betw een m id-term and long-
ternl stability *IS On the phenonaena being analyzed and the system

representation used, particularly w ith regard to

öscillations, rather than the tim e period involved.

fast transients and inter-m achine

G enerally, f/itllong-term and m id-term stability p roblem s :re associated w ith

inadequacies

equlpm ent,
equipment responses,pO0r coordination of control and protection

Or insufflcientactive/reactive poWer FCJCrVCJ.
L ong-term stability is usually concerned w ith system rCSPOnSC to *m aJ 0r

disturbances that 'lnvolve contingencies beyond the norm al system  design

the

criteria.This

m ay

islands

entail cascading and slllittilléj
*

111

of poW er system illttl a num ber of separate

w ith the generators each island rem aining in synck onism . Stability this

CJSC iu% J question

equilibrium

of the island

of whether Or noteach island ;#j//reach JD acctptable state
operating with minimal loss of //JJ lt @IS determ ined by the overall
reSPOnSe
m otion

RS evidenced by its DAean frequency,

system

rather than the relative

of m achines. ln an extrem : Case, the and unit protections m ay
*

Or lncom pound

part.

applications of long-term  and stability analysis include

dynam ic analysis of voltage stability requiring sim ulation of the effects of transform er

the adverse situation and lead to a collapse of the island aS a w hole

O ther m id-term

tap-changing, generator overexcitation protection and reactivè

therm ostatic loads. ln this case, inter-m achine oscillations are

im portant.

dynam ics.

PoW er lim its, and

not likely to be

H ow ever, Care should be exercised not to neglect SunAe of the fast

There is lim ited experience and literature related

and m id-term stability.

sim ulation

A s nlore experience is

to analysis of long-term

gained and im proved analytical

dynam ics

the

techniques

distinction

for of slow aS w ell aS fast beconae available, the

betw een m id-term and long-term stability beconaes less signif cant.

2.2 CLA SSIFICA TIO N O F STA BILITY

Pow er system stability IS a single problem ;how ever, it is im practical to study

it aS such. A s Seen *111 the previous section,

by a w ide range

instability of a POW er system Can take

different fornAs and can be iniuenced of factors.A nalysis of stability
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roblem s,P

f m ethods of im provingo

tability into appropriates

identif cation of essentialfactors that contribute to instability,and form ation

operation are greatly facilitated by

categories. These are based on the follow ing

stable classif cation of

considerations..

@ The physical nature of the resulting instability;

@ The size of the disturbance considered;

@ The devices,PCOCCSSCS, and tim e Span that m ust be taken into consideration *111

order to determ ine stability; and

@ The m ost appropriate m ethod of calculation and prediction of stability.

Figure 2.9 gives an overall picture of the pow er system  stability problem ,

identifying its classes and subclasses in term s of the categories described in the

previous section. A s a practical necessity, the classif cation has been based on a

num ber of diverse considerations, m aking it diffcult to select clearly distinct

categories and to provide defnitions that are rigorous and yet convenient for practical

u Se .

voltage W ith appropriate m odels for loads, on-load transform er tap changers

and generator reactive pow er lim its, m id-term /long-term  stability sim ulations are

ideally suited for dynam ic analysis of voltage stability. Sim ilarly, there is overlap

betw een transient, m id-term  and long-term  stability: al1 three use sim ilar analytical

techniques for sim ulation of the nonlinear tim e dom ain response of the system  to large

disturbances. A lthough the tk ee categories are concerned w ith different aspects of the

stability problem , in term s of analysis and sim ulation they are really extensions of one

another w ithout clearly desned boundaries.

W hile classif cation of pow er system  stability is an effective and convenient

exam ple,For there is Sorne overlap betw een m id-term /long-term stabilit)r and

stability.

m eans to deal w ith the com plexities of the problem , the overall stability of the

should alw ays be kept in m ind. Solutions to stability problem s of one category

not be

system

should

at the CXPCnSC of another. It is essential ttl look at a1l aspects
*

of the

phenonaena

developm ent

degree

and at each aspect from nlore than One vieqvpolnt. This req

stability

uires the

and w ise uSC of different kinds

of overlap *11l the phenonaena being
of analltical tools. ln this regard,

analyzed ls in fact desirable.

SO D AC
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Pow er System  Stability

A bility to

Equilibrium

rem ain in operating equilibrium

forcesbehveen opposing

A ngle Stability V oltage Stability

-  A bility to m aintain - A bilil to m aintain
synchronism  steady acceptable

-  Torque balance of voltage

synchronous m achines - R eactive pow er

balance

# *

Transient M id-term  L ong-term  L arge-
@m@m@.@4*.@+*s@s1s@v@.@.@. .*.V.*.@.@.* @.@ V.* @.*.*.@ * =*œ*R + @ * * @ @ @ @ * @ * * @ @

Stability Stability Stability D isturbance

V oltage
-  Large disturbance - Severe upsets; large voltage stability
-  First-sw ing and frequency excursions

aperiodic driA - Fast and slow  - U niform  system  - L arge
-  Study period dynam ics frequency disturbance

up to 10 s - Study period - Slow  dynam ics - Sw itching events

to several m in. - Study period - D ynam ics of

to tens of m in. U LT C , loadsS
m all-signal

-  C oordination ofSt
ability

protections and

controls

N on-oscillatory O scillatoa  Sm all-

lnstability Instability D isturbance

V oltage
-  Insufscient - Insufficient Stability

synchronizing dam ping torque

torque U nstable control action Steady-state

L ocal Plant Interarea C ontrol Torsional

M odes M odes M odes M odes

P/Q - Frelations
StbiliT m argins,
Q reserve

* W ith availability

of fast and slow

of im proved analytical techniques providing unised approach for analysis

dynam ics, distinction betw een m id-term  and long-term  stability has

*becom e less signlfcant.

F igure 2.9 C lassiscation of PoW er system stability
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2 .3 H IS T O R IC A L R EV IEW O F S TA BILITY PR O BLEM S

Pow er system stability

engineers

nderstandingu

for rnany years.

is a com plex

A  review  of the
subject that has challenged power system
history of the subject is useful for a better

*

11I 1920

of present-day stability problem s
.

The stability of pow er system s w as srst recognized as an im portantg161. Results of the frst laboratory tests on m iniature system s w ere problem
reported

@

11l

conducted
1924 g 1 7 j ;

@

the srst f eld tests On the stability On a practical PoW er system svere

1111925 (18,19J.
E arly stability problem s w ere associated

stations feeding into m etropolitan load centres

econom ic

w ith rem ote hydroelectric

O V er

generating

transm ission. For
CCaSOnS, such system s svere operated

occurred

close

long-distance

to their steady- state stability
@ *llm lts.

occurred nxore

In a few instances, instability during steady-state operation
, but it

frequently following short-circuits and othersystem disturbances g20)
.

stability problem  w as largely iniuenced by the strength of the transm ission

system , w ith instability being the result of insufs cient synchronizing torque
.  T he fault-

The

clearing tim es svere slow ,

of anal

being
*

*

111 the order of 0.5 to 2.0 seconds Or longer
.

developm entsThe m ethods YSIS and the m odels used Nvere dictated by

in the art of com putation

calculators

and the stability theory

the

of dynam ic system s. Slide rules and
m echanical svere used;hence

, m odels and m ethods of analysis had to
be sim ple.In addition,graphicalteclm iques

techniques

such as the equal-area criterion and circle

diagram s w ere developed. Such w ere adequate for the analysis of the

sim ple system s that could be treated effectively as tw o-m achine system s
. Steady-state

and transient stability w ere treated separately
. The form er w as related to the slope and

peak of the pow er-angle curve; it w as taken for granted that dam ping w as positive
.

A s pow er system s evolved and intercoM ections betw eep independent system s

w ere found to be econom ically attractive
, the com pletity of the stability problem s

increased. System s could no longer be treated as tw o-m achine system s
. A  signif cant

step tow ards the im provem ent öf stability calculations w as the developm ent in 1930

of the network analyzer (or the ac calculating board). A network analyzer is
essentially a scaled m odel of an ac power system  with adjustable resistors, reactors
and capacitors to represent transm ission netw ork and loads

, voltage sources w hose

magnitude and angle can be adjusted to represent generators, and m eters to m easure
voltages, currents,

P0W er-
*

SW lng

flow
pow er

analysis of m ultim achine

ahd anyw here *111 the netw ork
. developm ent perm itted

the equation of m otion or the

This

system s;how ever,
equation still had to be solved by hand using

The theoretical w ork carried out in the
step-by-step num erical

1920s
integration.

and early 1930s laid the
foundation for the

phenom ena.

this

The

industry's basic understanding of

principal developm ents and know ledge

C am e

the PoW er system stability
* @

of PoW er system stabillty 111
early period about RS a result of the study

@

of long-distance transm ission
,

rather than aS an extension of synchronous m achlne theory
. The em phasis W aS on the

netw ork; the generators svere view ed

reactances, and loads svere considered

as sim ple

as con stant

voltage Sources behind fxed

lm pedances. Th i s W aS a practical
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necessity

solution

since the com putational
@

tools available during this period svere suited for

of algebraic equatlons, but not differential equations.

Im provem ents
@ @

to system stability Cam e about by W ay of faster-fault clearing

and contlnuous-actlng voltage regulators w ith no dead band. The benefts of an

excitation system  w ith a high degree of response for increasing steady-state stability

w ere in fact recognized in the early 1920s; how ever, initially this region of (ûdynam ic

stability'' w as not recom m ended for norm al operation but w as treated as additional

m argin in determ ining operating lim its. W ith the increased realization of the potential

beneûts of

instability

faster-responding

as w ell as increasing

excitation

nAore com m onplace. H ow evet,

dam ping

system s in lim iting frst-sw ing transient

steady-state pow er transfer lim its, their use becam e

the use of high-response exciters in som e cases

resulted *111 decreased of POW Cr sw ings. O scillatory

instabilitya Cause for Concern,w hile steady-state m onotonic

instability thus becam e

w as virtually elim inated.

m achineThese trends required
*

better analytical

be

tools.

system

for

representatlon

longer tim e periods.

had to D3ore detailed

Synchronous

and sim ulations

and excitation

had to be carried out

111 the early 1950s, electronic analog com puters

of the

svere used for

specialproblenAs

and

requiring detailed m odelling

sim ulations

synchronous

suited

m achine,

analysis of

excitation

system ,

effects

speed
. 

'

governor. Such SVCCC for a detailed study of the

of equlpm ent characteristics rather than the overall behaviour of m ultim achine

system s. saw  developm ent of digital com puters: the f rst digital

com puter program  for pow er system  stability analysis w as developed about 1956. The

m odels used in the early stability program s w ere sim ilar to those of netw ork analyzer

studies.

The 1950s also the

lt W aS SOOn recognized that

im provem ents

could

Over netw ork analyzer

m odelling

digital

m ethods in

com puter

both the
program s
size Of the

w ould 1tl1()5h?

netw ork that

be sim ulated and the of equipm ent

study

dynam ic
@ *

characteristics.

w ould provide
@

111

the ideal DAeans for the of stablllty problen:s

They

associated w ith

grow th interconnections betw een form erly separate

ln the 1960s,m ost of the PoW er system s
pow er

in the U nited States

system s.

and C anada svere
'

oinedJ

other

aS pa= of one of tw o large interconnected system s, One *111 the east and the

in the w est.ln 1967,low  c>pacity H V D C ties w ere also established betw een the

east and w est system s.

one large

reliability

A t present,the pow er
. 
system s in the U nited States and C anada

form virtually system .

through

problerns

and

W hile interconnections result in operating econonAy

increasedincreased m utual assistance, they also contribute to

com plexity

northeast

of stability and increase the Consequences

abundantlyblackout of N ovem ber 9, 1965 naade this

instability. The

clear; it brought the

of

problem

of engineers

of stability and the im portance

attention of the

of PoW er
@

system reliability

regulatory

beyond the
@

focus

and to the publlc

interest
and of the agencles (251.

A4uch of the industry effort and related to

1960s has been concentrated On transient stability. Pow er

system  stability since the

system s are designed and

to criteria concerning transient stability. A s a consequence, the principal tool

for stability analysis in pow er system  design and operation has been the transient

stability program . V ery pow erful program s have been developed, w ith facilities for

representing very large system s and detailed equipm ent m odels. This has been greatly

operated
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facilitated

There developm ents *111 equipm ent m odelling and testing,

particularly for synchronous m achines, excitation system s, and loads. In addition,

significant im provem ents in transient stability perform ance of pow er system s have

been achieved tk ough use of high-speed fault-clearing, high initial-response exciters,

series capacitors, and special stability aids.

by developm ents ill num erical m ethods and digital com puter technology.

have also been signif cant

system s

transient

A ccom panying the above trends

to exhibit oscillatory instability.

has been an increased

H igher-response

tendency of pow er

exciters, w hile im proving

stability,

modesof oscillation

adversely affect

by introducing

sm all-signal
*

negatlve

stability associated w ith local p lant

dam ping. The effects of fast exciters are

com pounded

of generating

stabilizers

source oscillàtory instability problem  has been the form ation,

as a consequencç of grow th in interconnections am ong pow er system s, of large groups
N

of closely coupled m achines connected by w eak links. W ith heavy pow er transfers,

by

stations.

the decreasing strength of transm ission system s relative to the size

Such problem s have been solved through use of P0W er system

(see Chapter 12).
A nother of the

such system s

situations, the
exhibit interarea modes of oscillation of 1()A4?frequency. 111 D3any
stability of these m odes has beconae a Source of concern.

Present
@

111 new  kinds

trends in the plaM ing and operation of pow er

of stability problem s. Financial and regulatory

system s

cönditions

have resulted

have

thenA closer

caused

electric utilities ttl lllliltlPOW er
*

system s w ith less redundancy and

to transient stability lilnlts.Interconnections arC continuing

transm ission.

to

operate

grow  w ith m ore

h4ore

uSe of

neW technologies such aS m ultiterm inal H V D C extensive uSe *IS

being m ade of shunt capacitors. C om position and characteristics

changing. These trends have contributed to signis cant changes in

chafacteristics

of loads àre

the dynam ic

of m odern POW Cr system s.
*

s4odes of

increasingly nAore com plex ahd requlre a com prehehsive

instability are becom ing

consideration of the various

aspects

interarea

of system

oscillations

stability. I11 particular, voltage instabilit)r and low -

have beconae greater SOUrCCS of Concern than

frequency

in thç past.

novv beconaeW hereas these PrOblenAs used to OCCUr ill isolated situations,

the

they have

EROCC com m onplace.
* @

The need for analyzing

follow lng m alof

also

upsets and ensuring
*

Proper

long-term  dynam ic

coordination of protection and
reSPOnSe
control

system s *IS being recognlzed.

Signif cant research and developm ent w ork has beeù undertaken in the làst few

years to gain a better insight into physical aspects of these new  stability problem s and

to develop analytical tools for their analysis and better system  design. D evelopm ents

in control system  theory and num erical m ethods have had a signis cant iniuence on

this w ork. The follow ing chapters describe these new  developm ents and provide a

coraprehensive treatm entof the subjectofPOWCrsystem stability.
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S Ynchronous M achine T heor!t

and M odelling

SynchTonous generators form  the principal Source of electric energy @111POW er

system s. large loads are driven by synchronous m otors. Synck onous

condensers are som etim es used as a m eans of providing reactive pow er com pensation

and controlling voltage. These devices operate on the sam e principle and are

collectively

s4any

referred to RS synchronous nAachines. A s discussed *11l C hapter 2, the

PoW er
naachines

system stability problem is largely One of keeping interconnected synchronous

accurate

synchronism . Therefore,

m odelling of their dynam ic

@

111 an understanding of their characteristics and

perform ance are of fundam ental im portance to

the study of

T he

challenge.

has

pow er system  stability.

m odelling qnd analysis of the synchronous m achine has alw ays been a

The problem  was worked on intensely in the 1920s and 1930s (1,2,31, and
thebeen subject of several nAore recent investigations (4-91.

@

The theory and

perform ance

(10-141.

of synchTonous nlàchines have also been covered ln a num ber of books

ln this chapter, W e Aprill develop

review

@

111 detail the m athem atical m odel of a

synchronous

characteristics.

m achine and briefy its steady-state and transient perform ance

4 5
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ç-axisA
xis of phase b &

&
&
&
l

l
&

' Field w indingA rm ature w indin
&

& aî

t (:).
lC

* * @ @

S o  b' J
- axis

b 0  O r R otor
- -

.  0
A ir gap . --- 

w# 9  - - w 
xz @  c - A xis

z
Z  /

z a
z ' Stator

A xis

of phase J

of phase C

Figure 3.1 Schem atic diagranl of a three-phase synchronous m achine

3 .1 PH Y S IC A L D ES C R IPT IO N

Figure 3.1 show s the schem atic of the CCOSS section of a three-phase

synchronous

essential

m achine w ith 0ne pair of f eld poles.

f eld w inding carries

alternating voltages in

The m achine consists of tAA,tl

elem ents'.the f eld and the arm ature.The direct current

and produces a m agnetic feld w hiG induces the arm ature
w indings. -t

, 

''N
< -.<..-

N

3 .1.1 A rm ature and Field Structure

The arm ature w indings

and thus

usually operate

they requirethan that of the feld

at a voltage that is considerably higher

m oré space for insulation. They are also

subject
Therefore,

to high

norm al

transient currents and m ust have adequate m echanical strength.

practice @IS to have the arnlature On the stator. The tk ee-phase

w indings

rotation

of the arnAature are distributed 1200 apart *111

m agnetic f eld, voltages displaced by

produced in the windings. Because the arm ature is subjected
iux, the stator iron is built up of thin lam inations to reduce

of the
sp ace so

1200 in tim e

that, w ith uniform

phase Ahrill be

to a varying

current

m agnetic

eddy losses.
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W hen carrying balanced tk ee-phase currents, the arm ature Alrill produce a

m agnetic
@

f eld @111 the air-gap rotating at

shown ln Section 3.1.3).
synchronous speed (this will be form ally
by the direct current in the rotor w inding,

On the other hand,

The f eld produced

revolves w ith the totor. For production

speed.

of a steady

the rotor m ust

torque, the

felds of stator and rotor m ust rotate at the Sanle Therefore, ruh

at precisely the synchronous speed.

The num ber of û eld poles is determ ined by the m echanical speed
@ *

IS

of the rotor

and electric frequency of stator currents. The synchronous speed glven by

W (3
. 1)

P;

where is the speed in rev/m in, /is the frequency in Hz,andPfis thenum berof seld
oles.P

There are tw o basic rotor structures ûsed, depending On speed. H ydraulic
poles

poles

turbines Operate

to

at 1()54, speeds and hence a relatively large

rotor w ith salient or

num ber of aCC

required

concentrated
produce therated frequency.A projecting and
w indings is better suited m echanically to this situation. Such rotors often

have dam per w indings or am ortisseufs in the form  of copper or brass rods em bedded

in the pole face. These bars are connected to end rings to form  shört-circuited

w indings

3.2(a).
also

sim ilar to those of a squirrel Cage induction m otor,

The

aS show n @111 Figure

They

non-continuous,

intendedare ttl dam p Uut speed

only

oscillations. dam pet w indings m ay

be being w ound about th: pole pieces às show n @111 Figure

3.2(b).The Space harm onics of the arm ature m agnetom otive force (> m 9 contribute
to surface eddy current lbsses; therefore, pole faces of salient pole nxachines are

usually lam inated.

Steam and gaS tufbines,

(or

On the other hand, operate at high speeds. Their

generators

have
have round cylindrical) rotors naade

tAA?tlor four f eld poles,form ed by distributed
up

w indings

of solid steel forgings. They
*

placed in slots m illed 111

the stllitl rotor and held *111 place by steel w edges. They often do nOt have special

o o 6 o
o  O  O  oO  O  

oo

o o o o
o o  O o

ù O O o

(a)Continuous dam per (b)Non-continuous dam per

Figure 3.2 Salient pole rotor construction
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dam per

effects

w indings, but the solid steel rotor offers paths for eddy currents w hich have

equivalent to am ortisseur currents. Som e m anufacturers provide
*

for additional

dam ping

the

effects and negative-sequence current capability by uslng m etal w edges @111

f eld w inding

by

the
cage,
illustrates

O r

slots RS dam per bars and interconnecting them to form a dam per

providing separate COPPCC rods underneath the w edges. Figure 3.3

rotor structure.

U nder steady-state

s eld

conditions, the only rotor current that exists @IS the direct

current ill the w inding. H ow ever,

and

under dynam ic conditions eddy

dam per

currents are

induced on the rotor surface slot w alls, and *111 slot w edges Or w indings

(if used to produce
turbine

additionaldam ping).Figure 3.4 showsthe rotorcurrentpathsof
a steam generator.

#

&
&
N
N

h

Stator
N
s W edge
N

R otor surface

O  D /m per
. w lndlng

. R otor
Field w inding

* slot w all

#
#

/

(a)Itotor structure (b)Itotor slotand windings

F igure 3.3 E; (llitl round rotor construction

Eddy current

l 
- - - - - - > - - - -  1 aI
I 1 lI

II $ l I
l ,

C ylindrical rotor

D am per/W edge current

R otor surfaceO  -  
eddy currentO

*

O  .

Slot w all
eddy current

O  .

Field current

(a)Currentpaths (b)Components of currents associated
w ith an individual rotor slot

F igure 3.4 C urrent paths *111 a round rotor
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3 .1.2 M achines w ith M ultiple Pole Pairs

M achines Apritll DAOCC than One pair of S eld poles

For

Ahrill have

nnade

convenient

ofUP a corresponding

consider

m ultiple set of - lsCO1 . PUCPOSCS

stator w indings

of analysis, it is

to only
@

a single
@

areassociated w ith other pole palrs

angles

pair

ldentical

of poles recognize that conditions

for the pair under consideration.

and

to those

Therefore,

covered

are norm ally naeasured in electrical radians Or degrees. The angle

one pair is 2a

betw een angle 0 ln electrical units

is

by pole
@

radians

and the

or 360 electrical degrees. relationship

corresponding angle èm in m echanical units

The

0
2
0 (3.2)

3 .1 .3 M M F W aveform s

In practice,the arm ature w indings and round rotor m achine s eld w indings are

distributed @111 Diany slots SO that the resulting m m f and ;ux w aveform s have nearly

sinusoidal SPaCC

concentrated

distribution. l11 the Case of salient pole m achines, w hich have f eld

w indings

harm onics

at the poles, shaping of the pole faces @IS used to m inim ize

in the

First,

;ux produced.

let us consider the m m f w aveform due to the arnlature w indings only.

The m m f produced by

theFigure
*

111

3.5, *111w hich

current f ow ing in only one çoil in phase a is illustrated in

cross section of the stator has been cut open and rolled out

order to develop a vie:v of the m m f w ave.

M M F

D istance alongM M F

periphery in

electrical degrees
- - *

C oil sides

F igure 3.5 M M F w aveform due to a single coil
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M M F M agnetic axis

I

I 

.D lstance
* * * * *

I

F igure 3.6 M M F w aveform due ttl a num ber of coils

B y àdding m ore coils,

that

the m m f w ave distribution show n in Figure

from

3.6 m ay be

obtained. W e SCe the m m f w aveform @IS progressing a Sqiare W ave tosvard

a sine W ave aS coils are added.Through uSe
harm onics Can be naade

and,

phase

said to

for m ost analyses
(12j.

of m achine

sm all M achine

of fractional-pitch w indings, the space

design aim s at m inim izing harm onics

perform ance, it is reasonable ttl aSSUDAC that each

w inding produces

be sinusoidally

a sinusoidally distributed m m f w ave.The w indings are thçn

distributed. The harm onics

from  the vieo oinf

current

m ay
ln addition to

be considerçd aS secendary

losses,

of m achine perform ancç.

harm onics contribute to arm ature

causing rotor surface eddy
leakage reactances.

Rotating m agnetic # e/#

L et us nOW determ ine the net m m f w ave due to the three-phase w indings @111
N

the statpr.Figure 3.7 show s the m m f w ave of phase a.

the peripherysàritlly representing the angle along of the stator w ith respect to

the ceptre of phase J,the m m f w ave due to the three phases m ay be described aS
follow s:

M M F J K i cosya

M M F. K icosty 2a)
3

2aM M F
C

f i
c costy + )3
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Phase J Phase Phase C
l I l

l I

I I I

I I I

I I I

I I l

I l I

l I l

I I I

@

a -c b -a c -b a -c

Spatial m m f w ave

l

I I I I

of phase J

0 2a

F igure 3.7 Spatial m m f w ave of phase J

w here *Iq' ib

E ach

and ..h%%
;
are the instantaneous values of the phase

w hose

currents and K *IS a

constant. w inding produces a stationary m m f W ave m agnitude changes

as the instantaneous value of the current through the w inding changes.The tk ee m m f

W aVCS due to the three phases

W ith balanced phase

are displaced 1

currents, and tim e

20 electrical degrees
@

origin arbitrarlly
space.

chosen as the instant

apart *111

w hen @i lsJ m axim um , W C have

@

Ia fmcostœs t)

2a*
1e I costesf- )3 (3

.3)

2a*
IC Imcoslost+ )3

where Y = 2a/= angular
The

frequency of stator currents @111 electrical rad/s.

total m m f due to the three phases is given by
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M M F total M M F  +M M F . +J M M F
C

2c 2aK l
m fcoslustlcosx +costesf- lcosty - ) +3 3

2acostosf+ lcosty3 21+
- -

(3.4))1

3

3

2
KI costy -Ysf)

This equation of a travelling w lvc. A t any instant in tim e, the total m m f has a

sinusoidal spatial distribution. It has a constant am plitude and a space-phase angle œ s/,

w hich is a function of tim e. Thus, the entire m m f w ave m oves at the constant angular

velocity of œ y electrical rad/s. For a m achine w ith ry f eld poles, the speed of rotation

@

IS the

of the statöt f eld is

2@
s* @s m ech.rad/s (3.5a)

PJ

O r

60Y W r/lxlill (3
.5b)2

a PJ

This *IS the San;e aS the synchronous speed of the rotor given by Equaiion 3.1.
Therefore,

Alritll

for balanced operation the m m f w ave due to stator currents *IS stationary

respect ttl the rotor.

The stator and rotor nAnlf xvaves are show n

structure, again slritll both stator and rotor CCOSS

in Figure 3.8 relative

sections rolled out.

to the rotor

The m agnitude of the stator m m f w ave and its relative

respect to the rotor m m f w ave depend

electrom agnetic torque on the rotor

selds

on the synck onous

acts in a direction

angular position w ith

m achine load (output). The
so as to bring the m agnetic

into alignm ent. lf the rotor seld leads the arnAature f eld, the torque acts *1l1

opposition to the rotation w ith the m achine acting as a generator. O n the other hand,

if the rotor seld lags the arm ature ûeld, the torque acts in the direction of rotation

w ith the m achine acting as a m otor. In other w ords, for generator action, the rotor

feld leads the arm ature seld by the forw ard torque of a prim e m OVCr; for nAotor

action,

shaft

the rotor f eld lags behind the arm ature s eld due to the retarding torque of

load (m echanical).
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m m ftfeld)O
r

O=  m m ftstator)

Stator

O r

S N  S N

Itotor

0 2a
elec.rad

F igure 3.8 Stator and rotor m m f w ave shapes

3 .1 .4 D irect and Q uadrature A xes

W e See that the m agnetic circuits and a1l rotor w indings are sym m etrical w ith

axis and the inter-polar axis. T herefore, for the purpose of

m achine characteristics, tw o axes are defned as show n in

respect

identifying

to both polar

synchronous

Figure 3 . 1 :

@ The direct(ur axis,centred m agnetically in the centre of the north P0le;

@ The quadrature (ç)axis,90 electricaldegrees ahead of the J-ax1- s@

The

betw een

position of the rotor relative

the J-axis and the m agnetic axis

to the stator *IS nzeasured by the angle 0

of phase a w inding.

J-axisThe selection of the @:-aXIS

IE E E

aS leading the @IS

convention *IS based On the standard defnition g151,

purely

and is

arbitrary. This

w idely used.

Alternatively,the @@raX1Scould be chosen to lltéjthe J-axisby 90 degrees (16,17j.
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3 .2 M A T H EM A T IC A L D ES C R IPT IO N O F

A S Y N C H R O N O U S M A C H IN E

ln developing equations of a synchronous m achine,the follow ing assum ptions

are nAade:

(a) The stator windings are sinusoidally distributed
m utual effects w ith the rotor are concerned.

along the air-gap as far as the

(b) The stator slots Cause nO appreciable variation of the rotorinductances AA?itll
rotor position.

(c) M agnetic hysteresis is negligible.

(d) M agnetic saturation effects are negligible.

Assumptions (a),(b), and (c)are reasonable.Theprincipal justiscation CODACS
from

actual

shritll

çom parison perform ances based on

m easured perform ances. Assumption (d) is m ade for
m agnetic saturation neglected, w e are required to deal

the of calculated these assum ptions and

convenience @111 analysis.

coupledw ith only linear

circuits, m aking superposition applicable.

and m ethods of accounting for their effects

be

H ow ever, saturation effects

separately in an approxim ate

are im portantj

m anner w ill

discussed @111 Section 3.8. The m achine equations w ill be developed srst by

assum ing linear Gux-current relationships.

Figure 3.9 show s the circuits involved *111 the analysis of a synchronous

m achine. The stator circuits consist

alternating

f eld

currents. The rotor circuits

three-phase

com prise s eld

of direct

of arm ature w indings carrying

and am ortisseur w indings. The

w inding
*

is coM ected to a Source current.currents 111the am ortisseur (solid rotorand/ordamper purposes
windings) m ay
@

IS

For of analysis,

be

the

assum ed to

; ow  in tw o sets of closed circuits-.0ne set w hose ;ux *1l1line w ith that of the s eld

along

along

fornls

the #-axi s and the other set w hose ;ux @IS at right angles to the feld axis Or

the

and

ç-axis. The am ortisseur circuits,

distinct, electrically independent

aS discussed

circuits m ay

previously,

not exist. In

take different

m achine design

a large num ber of circuits are used to represent am ortisseur effects. For

system  analysis, w here the characteristics of the m achine as seen from  its stator and

rotor term inals are of interest, a lim ited num ber of circuils m ay be used. The type of

analysis,

rotor construction and the

represent

system  stability

rotor circuits in

the m achine

frequency range over w hich the

characteristics determ ine the num ber

m odel should

of rotor

accurately

circuits. For

studies, it *IS seldom ,nCCeSSary to represent

the

nlorè than tAArtl Or three

each @aXIS. In Figure 3.9, fpr sake of sim plicity only

equations

O n e

am ortisseur circuit is assum ed in each axis,and W e Alrill v ite the m achine

based On this assum ption.

the

H ow ever,

k is

W e im plicitly consider an arbitrary num ber of

such circuits; subscript used to denote this.
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R otation

elec.14 rad/s
J-axi s

@

l

*

:-aXIS efd

0
*

I*

A xis of phase a

*

#

ib

es #,
#c

e i1-c a  a

C

J

C
*

1o

Itotor Stator

G b, C @@

kd

@

*

Stator phase

Field w inding

J-axi s

w indings

@

@ am ortisseur

aG ortisseur

circuit

kq @* *Y-aXIS

1

circuit

k 52, @*@n*5 nO.of am ortisseur circuits

0 A ngle

of phase

Itptor

by w hich
@

J-axis leads the m agnetic axis

J w lnding, electrical rad

C r angular velocity, electrical rad/s

Figure 3.9 Stator and rotor circuits of a synchronous m achine

In Figures 3.1 and 3.9,

centrelinç of phase a w inding

w ith

0 is desned as the

ill the direction

angle by

of rotation.

w hich the J-axis leads the

Since the rotor *IS rotating

respect to the stator,

angular velocity o r and

angle 0 is çontinuously increasing and is related to the rotpr

tim e t as follow s:

0 O tr

The electrical perform ance equatipns of a synchronous m achine Can be

developed

W e attem pt
*

w rltten .

by w riting equations of the couplçd circuits idçntif ed in Figure

to do this, it is upeful to review  hpw  the equitions of sim ple

3.9. B efore

circuits m ay

be
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3 .2 .1 Review of M agnetic C ircuit Equations

Single excited circuit

C onsider srst the elenlentary circuit of Figure

of r. It is assum ed to

3.10, com prising

exciting

iux-m m f relationship.

ctlil.The coilhas N  turns and a resistance

a single

have a linear

ytccording to Faraday's law ,the induced voltage ei@IS

dtei (3.6)

w here V is the instantaneous value of flux linkage and f is tim e.The term inal voltage

C1 is given by

d l
## + r i (3

.7)
d t

#i

e l

r

+  >
*

l

e i

1*

F igure 3.10 Single-excited m agnetic circuit

The Sux linkage m ay be expressed in ternls of the inductance f of the @ @clrcult:

# Li (3.8)

The inductance, by defnition, is equal to ;ux linkage Per unit current. Therefore,

*L N
@

I (3.9)
N lP

w here

P Perm eance of m agnetic path

* ;ux (M M F) P N iP
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Coupled circuits

L et US next consider the circuit show n *111 Figure 3.11, consisting of tAArtl

agneticallym coupled w indings. The w indings have turns 1 1

to

and Chr2,and resistances

r r2,1

elationship.r

and respectively;

The w inding

the m agnetic path *IS assum ed have a linear G ux-m m f

currents i1and iz are considered positive into the w indings,

aS show n in the S gure.The terrninal voltages are

d l
##M  

+ r il1 (3.10)
d t

# #M
+ez rz iz (3.11)

d t

The m agnetic f eld is determ ined by currents in both w indings. Therefore, v j and v a

are the ;ux liA ages w ith the respective w indings produced by the total effect of both

currents. Thus

#1 N3(+m1++uj+N3+mz (3.12)

#2 Nzllmz+luj+Nzlmg (3.13)

w here

* ml m utual ;ux linking both w indings due to çurrent in w inding 1 acting alone

* 11 leakage ; ux lilnlcilléj w inding 1 only

* m2 m utual ;ux liA ing

leakage

both w indings due to current in w inding 2 acting alone

* ;ux lilplcilléj w inding 2 only

d 1

è =è +èm ml m2

z N ! z Nr , , ) l , j ! rz
.1. I I * lI I I

I l I
- -  

j j j+  I I I +
. l 1 I g I .

l 1 ' j ' I Iz1 
1 I I
I I I I I
l I
l I I

I I 1 2 I I lI l
1 I l
l I I I l

II 
j 1 1 jI 

I j 1

m
l , I j t I
x z $ . xjg - - - . - - - - - Q

ez

F igure 3.11 M agnetically coupled circuits
,
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The ;ux
@

linkages
@

Can be expressed *111 ternls of self and m utual inductances w hose

CXPCCSSIOnS are glven bçlow .

Self inductance, by

fhe

desnition,

self inductances

@

IS the ;ux linkage per unit current in the sam e

Qf w indings 1 and 2 are, respectively,w inding.A ccordingly,

f11 Nkllmg+*ullit (3.14)

Lzz #2(*-c+*/c)/ic (3.15)

O r

f11 L +Lml 11 (3.16)

Lzz L +Ltz
m 2 (3.17)

w here Lml and Lm2 are the m agnetizing inductances, and f 11 and f 12 the leakage

iqductances, of the respective w indings.

M utual inductance betw een tAA?tl w indings,

the

by

w inding.

defnition, is the flux linkage

m utualw ith One w inding Per unit current *111 other Therefore, the

inductances betw een w lndings 1 and 2 @re

f12 Nqlmzlig (3.18)

and

G 1 Nzlmglij (3.19)

lf P *IS $he Perm eance of the m utual ;ux path,

* #1ï1P (3.20)

*m2 #aïaP (3.21)

i

Frona E quations 3.18, 3.19, 3.20 and 3.21,W e See thaf

f12 G 1 N #zP1 (3.22)

Substitution of E quations 3.16 to 3.19 in E quations 3.12 and 3.13 gives the follow ing

for ; px linking w indings 1 and 2 in term s of self and m utual inductançes:expressions
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#1 Z1ii1+kijzfz (3.23)

#z fzlil+fzzic (3.24)

ln the

m utual

above equations,

linkages

it is im portant to recognize
*

the relative directions of self and

Sux by the uSC of an approprlate

if positive

sam e direction

algebraic sign

in the tw o

for the m utual

inductance. The m utual inductance is positive
@

1l1

currents w indings

addproduce

otherw ise
self and m utual iuxes the 'e(1. ., the Ruxes up),.

is negative.

E quations 3.10 and 3.1 1

it

for voltage together w ith E quations 3.23 and 3.24 for

:ux linkage give

l11

the perform ance equations
*

of the linear static

Figure

w indings are used as param eters. A n inductance represents the proportionality betw een

a ;ux liA age and a current. A s seen from  E quations 3.9 and 3.22, an inductance is

directly

ln developing the equations of m agnetic circuits

explicitly specif ed units of system  quantities. These

consistent system  of units.

3.11. this form of representatlon, the self and m utual

coupled circuits of

inductances of the

proportional to the Perm eance of the associated ;ux path.

in this section, W e have not

equations are valid ill any

notation

Finally, before w e turn to synchronous

used is appropriate. ln circuit analysis,

fux

m achine

the

equations,

sym bol l is

a com m ent about

com m only used to

denote linkage, w hereas in m ost of the literature On synchronous nlachines and

POW er
practice,

in later

system
@

stability

111 order to

the sym bol v  is

correspond w ith the

used. Ylere W e have follow ed the latter

published literature and to avoid confusion

chapters w here W C uSe l to denote eigenvalues.

3 .2 .2 Basic Equations of a S ynchronous M achine

The sam e general form  of the equations derived in the previous section applies

to the coupled circuits of Figure 3.9. W e w ill, how ever, use the generator convention

for polarities so that the positive direction of a stator w inding current is assum ed to

be out of the m achine. The positive direction of s eld and am ortisseur currents is

assum ed to be into the m achine.

In addition to the large num ber of circuits involved, the fact that the m utual

and self inductances of the stator circuits Vary AAritll rotor position com plicates the

synchronous

variations

m achine equations. The variations *1l1 inductances are caused by
*

the

perm eance alr-gap.
This is pronounced in a salient pole m achine in w hich the perm eances in the tw o axes

are signiscantly different. Even in a round rotor m achine there are differences in the

tAArtl

*

111 the of the m agnetic ;ux path due to non-uniform

RXeS due m ostly to the large num ber of slots associated w ith the feld

The ;ux produced by a stator w inding follow s a path through
O

a 1r-

the

w inding.

stator iron,

aCrOSS the air-gap,tk ough the rotor iron,and back across the gap.

be

The variations
*

111 Pernleance of this path aS a function of the rotor position Can approxim ated aS
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P Po+ P cosza2 (3.25)

In the above equation,

Figure

is the angular distance from the J-ax1- s along the periphçry

as shou @111 3.12.

A  double frequency variation is produced, since the Perm eances of the north

and south poles are equal. H igher order CVCn harm onics of Perm eance exist but are

sm all enough to be neglected.

i i
I

I
l I
I I
I I

I l
l l
I I

l l
l l

- 900 00 90O 1800 2700

J-axis @:-aXIS

P

- 900

fh

@

00 90O 1800 2700

F igure 3.12 V ariation of Perm eance Alritll rotor position

W e w ill uSe the follow ing notation ill ANrritilléj the equations for the stator and

rotor circuits:

to neutrale eVa e:: c instantaneous stator phase voltages
@

I el *I
bn c instantaneous stator currentsVa in phases J, b, C

e df
*

I

s eld voltage

iu gikq/#, seld and am ortisseur circuit currents

R d,R u ,R k
q/

l

rotor circuit resistances

l , lcl ' bb c
c

self-inductances of stator w indings

l l , lab ' b
c ca

m utual inductances betw een stator w indings

l l l m utual inductances betw een stator and rotorafd '

l d,l#

R
J

akdn J:C w indings

lW ' m self-inductances of rotor circuits

arnlature resistance per phase

# differential Operator dldt
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Stator circuit equations

The voltage equations of the three phases are

##
eJ -  -R  i

dt a a

J ## *- R IJ JJ (3.26)

eb p%b-Raib (3.27)

eC ## -X iC J C (3.28)

The flux linkage in the phase J w inding at any instant is given by

#J -1 i -1 i -1aa a ab b *IGC C+1 i d+lafd / iv+l u ïuakd a (3.29)

Sim ilar expressions

hec ys,
@

IS

w ebers,

apply to Sux linkages of w indings and C. The units used are

and am PCrCS. The negative sign associated Alritll the stator w inding
currents due to their assum ed direction.

A s show n below , al1 the inductances in Equation 3.29 are functions of the rotor

position and are thus tim e-varying.

Statorxett-inductances

The self-inductance

the current @l ,J Alritll

l is equal to the ratioJJ

currents in all other circuits

of ;ux linking phase a w inding

inductance

to

directly

harm onic

proportional to the Perm eance, w hich

equal to zero. The

as indicated earlier

@

IS

has a second

variation. The inductance laa w ill be a m axim um for 0 =00 a m inim um for

0 =9005 a m axim um again for 0 =1800 and SO On.

@

1l1

N eglecting

space w ith its

W ave is equal
@

space harm onics, the m m f of phase a has a sinusoidal distribution

peak centred on the phase a axis. The peak am plitude of the m m f

to N aia, w here N a is the effective turns per phase. A s show n in Figure

3.13, thls

on the

can be resolved into tAA?tl other sinusoidally distributed m m f S, One centred

J-axi s and the other on the @:-aX1S.

com ponentThe peak values of the tw o YVaVCS are

peak M M F U N  i coso
J J

(3.30)

peak M M F J
ç

N iJ costo +900)& - N i s m' 0JJ (3.31)

The rCaSOn for resolving the m m f into the d- and *;-aXIS

on specis c

the

air-gap geom etry of deûned conf guration.

com ponents

A ir-gap S uxes

is that each acts

Per pole along

tAArtl aXCS are
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*

;-aXIS J-axis Phase a axis
l
l
I

I
l
I

I
I
I

l l I V
I 1 x a
I I I
I *  -  I e  *  *  wA  N 

A  N

.X  x l A A l MzY NGq 
x l z l z l x
x I z I z l x
x z z xl z I I xx z

Iz I x
z

x z z j I xz l xx 
z

x z I z I I x
xx z l .z l e I xx Fx 

x  -  x  
w  

I 
.  

y  wj , a d
I I

l 0 +900 ll
l I

N  i cosoJ J
dI

,111111:EEEEEE1411EEE2:1111111- 11111,
.

11111,

*

I -N  i sino
I J J

M M F J

F igure 3.13 Phase J m m f w ave and its com ponents

*gad (Naiacosu) P# (3.32)

* (-##J# i sin0)PJJ q (3.33)

ln the above, Pd

addition

and P are the

to

Perm eance coeff cients of the d- and @@-aXIS?

respectively.

relate

I11 the actual Perm eance, they include factors required to

fux per pole

total

w ith peak value of the m m f w ave.

The air-gap ;ux lilzlcilléj phase J @IS

- J

* #JJ *  w coso -T *

N  i (P cos20+P s1 20)aa d 
q (3.34)

N
P# + P Pa - P

j q + gcosze
J J 2 2

The self-inductance l&JJ of phase J due to air-gap ; ux @IS

N +
J #Xl

#JJ *I
a

P#+ P P - P2 
q # q zeN

a  
+ c o s

2 2

(3.35)

L p+# L acos20
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The total self-inductance laa is given by

z w hich represents the leakage ;ux not
al

adding to the above the leakage inductance

crossing the *alr-gap :

lJJ L +1al gaa

L /+Z p+Z.acos20a # (3.36)

L +L acos20, 0 =

Since the w indings of phases b and C are identical to that of phase a and are displaced

from it by 1200 and 2400 respectively, W e have

21l V cp+Zx2COS2(0 - )3 (3.37)

2aN  
%%

L p+fuuacoszto +aa ) (3.38)
3

The variation of laa w ith 0 is show n @111 Figure 3.14.

l

J J

J J

00 0
90O 1800 2700 3600

F igure 3.14 V ariation of self-inductance of a stator phase

ln E quafiops

harm onic

3.36,3.37 and 3.38,the stator self-inductances have a sxed plus

second

designed

distributed

term s. H igher order harm onic term s have been

m achine in w hich the stator and rotor w indings producç

neglected. In a w ell

nearly sinusoidally

m m f and ;ux W aVCS, these higher ordçr harm onic ternls are negligible.
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Stator m utual inductances

The m utual inductance betw een

harm onic variation because of

greatest

centres

absolute value w hen

any tw o stator w indings also exhibits a second

the rotor shape. It is alw ays negative, and has the

the north and south poles are equidistant from  the

of the tw o w indings concerned.For exam ple,l has m axim um absolute valueab

w hen 0 =-300 Or 0 =1500.

The m utual inductance lab Can be found by evaluating the

w e w ish to f nd

air-gap S ux

lil: lcilléj

phase

phase

due

w hen only phase J @IS excited. A s the ;ux

O  ba#

linklng

to m m f of phase J,0 @IS replaced by 0-2a/3 @111 E quation 3.34.

2a* gba shl(0 2/* 
w costo- )-*# 3 )#J# 3

N iJ J 2a 2aP
ycosocosto - ) +P-sinosinto - )3 @ 3

P# + P P# - P 2 a
.  q + çcostzo - )

4 2 3

(3.39)

N iJ J

The m utual inductance betw een phases a and due ttl the air-gap ;ux is

l
N  *  b

a6 &' 
.

zba @I

J (3.40)
1

= - - L +.0
2

2aL
ab2COSG 0 - )3

w here f o has the sam e m eaningg aS in the expression for self-inductance

Very sm all am ount of m utual ;ux

l aa given byg

around the ends ofE quation 3.35. There is a

w indings w hich does not

inductance betw een phases

CCOSS the air-gap. shTitll this ;ux included, the m utual

a and Can be w ritten aS

2al
sJ lba -L .+L wcos(20& )3

(3.41)
-

L x-L wcos(20+- )a 3

Sim ilarly,

l lbc cb -V Oabo L wcostzo -a) (3.42)

l -LCa a C - L wcostzo -- )abo a 3 (3.43)
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yrom  equations, seen that f abc =L aaz. This is to be expected

ince the sam e variation in perm eance produces the second harm onic term s in self ands

utual inductances. lt can also be seen that f abo is nearly equal to f aaoll.m

The variation of m utual inductance betw een phases a and b as a function of

the above it can be readily

0 is illustrated @111Figure 3.15.

lbJ

O O

b2 J#0J

F igure 3.15 V ariation of m utual inductance betw een stator w indings

M utual inductance bebveen stator and rotor w indings

ssritll the variatioùs *111 air-gap due to stator slots neglected, the rotor circuits

SCe a constant perm eancç. Therefore, the situation in this Case *IS nOt One of variation

of Perm eance; instead, the variation @11l the m utual inductance is due to the relative

m otion

tsA?tl

w indings them sçlves.

W hen a stator w inding is lined up w ith a rotor

w indings is m axim um  and the m utual inductance

betw een the

w inding,
* @

IS

the ;ux lilzlcilléj the

m axlm um . W hen the tAN?tl

w indings are displaced

inductance is zero.

by 90O5 no ;ux links the tw o circuits and the m utual

ss?itlla sinusoidal distribution of m m f and ;ux W aVeS,

lJ/J Z ycosoaf (3.44)

lcâ# L ecosoJ (3.45)

lckv L u costo+J 2) (3
.46)

- Z sinoa*

For considering

0 is replaced by

the m utual inductance betw een phase b w inding and the rotor circuits,

w inding 0 is replaced by 0+2a/3.0 -2a/3;for phase C
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W e nOW

yoltage

3.29,

have expressions

O n substituting the@

the for a11 the inductances that appear in the stator

equations

w e obtain

expressions for these inductances into E quation

# *-1J (Z.p+fxacoszol +ibfLJ +f.acos(20+- ))ab0 3

(3.47)@+
1(L ,p+Zxacos(20 -- )1 +iydLc 3 cze Coso

+ù fuwcoso-f L sZ0

Sim ilarly,

# aï
u

(fusp+Z.ccos(20+- )J -igfL--n+L--ncoszlo - )13 G GGW **= 32a

2a
+icfLaw +Laazcosllo -a)) +iydLaydcoslu ) (3.48)

3

*

+ 1
2% 2aL 

wcostoW a )-f L us1(0-- )* 33

and r

#c i (f bo+J J f.acos(20-- )) +i3 ,(L x+Zuc2cos(20-s)1

21 2c
- ï (Z o+LC JJ cos2(0+aa2 3ll+ifczacosto + )3 (3.49)

2a+i
u
Laucoslu + )-fnZ-nsin(0 + )3 H GH 32a

R otor @ *clrcult equations

The rbtor icircult voltage equations aCC

e #f ## +R : igfd / (3.50)

0 p%v+M iw (3.51)

0 p%.+% ikq (3.52)

The rotor circuits See cunstant Perm eance because of the

of the statör.Therefore,the self-inductances of rotor zircuits

cylindrical structure

and m utual inductances

betw een each other do not Vary
@

w ith rotor position. O h1y the rotor to stator m utual

inductances vary periodically w lth 0 aS given by Equations 3.44,3.45 and 3.46.
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The rotor circuit ;ux linkages m ay be :xpressed aS follow s:

2a#z# Lgdiyd+Ly iu -Laydfiacoso +f#costo - ) +f3 costo 2a+
- - - )1 (3.53)3

2a#
-

Ly iyd+Lku iu -Lau fiacosè +fhcosto - ) +ï3 costoC 2a+
- - - )1 (3.54)
3

2a 2a#
u L i +Lkk  k

q
(ïusino +i,sin(0 - ) +fcsinto + ))akq 3 3 (3.55)

3 .3 T H E dq0 T RA N S FO R M A T IO N

E quations 3.26 to 3.28 and E quations

3.50

3.47 ttl 3.49 associated w ith the stator

circuits,

com pletely

together sAritll E quations

electrical

to 3.55 associated Alritll the rotor circuits,

describe the perform ance of a synchronous m achine.H ow ever,

these equations contain inductance term s w hich vary w ith angle 0 w hich in turn varies

w ith tim e. This introduces considerable com plexity in solving m achine and pow er

system

obtained

problem s. A m uch

by appropriate

sim pler form  leading to a

transform ation of stator variables.

clearer physical picture *IS

W e See from E quations 3.53 ttl 3.55 that stator currehts com bine into

convenient fornls ill each axis. This suggests the transform ation of the stator phase

currents into neW variables aS follow s:

idkagfcoso +ibcosloJ 2a)+i3 2acosto + )c 3 (3.56)
@

I -kçg 2a 2afusino +ï,sin(0 - ) +ï-sin(0 + )3 U 3 (3.57)
k are arbitrary and their values m ay be chosen toC

sim plify num erical coeffcients ln perform ance equations. In m ost of the literature on

synchronous m achine theory (3,10,11,12,13,191, kd and kq are taken as 2/3, and this
choice w ill be follow ed here. A n alternative transform ation w ith kd=kq= 2/3 is
discussed in Section 3.4.8.

The constanis and

W ith kd and kq equal to 2/3, for balanced sinusoidal conditions, the peak values

of id and i are equal to the peak value of the stator current as show n below .
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For the balanced condition,

*

Ia I sin o t
m  S

2a*
.h
ghqt f

w sintosf- )3

21
O

*

>e I sintosf+ )3

Substituting @111 E quation 3.56 gives

@

Idkagz 2a 2a 2a 2ashœ-lcoso +f-sinto-/ - )cos(0- )+f-s1(Y-/+ )cos(0+ )m > m ' 3 3 m ' 3 3
3V -f

m sintosl-ol2

Forthepeak value of id to be equal to Im, V should equal 2/3.
Sim ilarly from  E quation 3.57, for the balanced condition

3@
I -k - 1V 2 costesf-o)

A gain,

stator

k =212 results in the m axim um value of iq being equal to the peak value of

current.

T o give a com plete degree of freedom ,

that the three-phase currents arC

a third com ponent

transform ed into tk ee variables.

m ust be desned SO

Since the tAN?tl

current com ponents id and iq

original set of phase currents,
*

a 1r-

together produce a f eld identical to that produced by the

the third com ponent m ust produce no space feld in the

gap.
associated

Therefore, a convenient third variable is the Zero Sequence current i0,

w ith the sym m etrical com ponents:

1
3o*>o (i @+1+ic) (3.58)J

U nder balanced conditions @I . + t. .;+lb ca and,therefore, i =:.0

The transform ation from the abc phase variables to the dq0 variables Can be

w ritten *111 the follow ing m atrix form :
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coso costo 2a 21)
id 3 coste. )3

*

lJ

2

3

2a 2a*
I -shl0 -sin(0 - )3 -sin(0 + )3 ib (3.59)

*
&%
q%t
$ 1

2

1

2

O1

2

The inverse transform ation @IS given by

coso -sino 1
*

la *I

costo 2a)
-

sù&(e 2a d) 1
*l 3 3 *I (3.60)

=

*

>e 2a 2acosto + )3 -s1 (0 + )3 1 io

The above transform ations also apply to stator ;ux linkages and voltages.

Stator # = linkages dq0 components

U sing the expressions for V J,
and

and

3.49,

3.59),
the

transform ing

and

the ;ux linkages

v c given by E quations 3.47, 3.48 and

currents into dq0 com ponents (Equation
involvingAnritlz suitable reduction of term s trigonom etric term s,W C obtain

follow ing expressions'.

## -(Z +Zaa0 ab0 3+
- Z 4id+Laa22 i d+aJd / L - ï-J

# 3
- (Z p+JJ L +J 2L a) i +luu fuJJ q

#0 -(Z -2= p io*0 a

D efning the follow ing neW inductances

La = .Z o+L wa
a  a

3
+- L
2 aa2

(3.61)
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3&* L +L --aa0 co
2
Laa2 (3.62)

fo L -2Z
aa0 J#0 (3.63)

the ;ux linkage equations beconAe

% & -Z id+Ld i #+afd / L -ï-& (3.64)

# -Z *I+Z iq Jk k (3.65)

#0 -Z i0 0 (3.66)

The dq0

of stator

com ponents

and

of stator ;ux linkages are Seen to be related to the com ponents

rotor currents tk ough constant inductances.

Rotor # = linkages dq0 components

Eitlll stitlztit)ll of the expressions for itt,iq in E quations 3.53 ttl 3.55 gives

#y: 3L 
y
fya+iw fa -- iuyyf:#  

2
(3.67)

3#
-

L f:+ZaaïF f -- L a j,
2

(3.68)

Q* Lkqikq 3-
- Z
2 a*  q

(3.69)

A gain,

rotor

a1l the inductances r e Seen to be constant,

noted

@

1.e .,

the

they arC independent of the

position. lt should, how ever, be that saturation effects arC nOt

considered here. The variations @111 inductances due ttl saturation are of a different

nature and this w ill be treated separately.

lt @IS

equations.

produce

interesting to note that io does not appear in

This is because zero sequence com ponents of

the rotor ;ux linkage

doarm ature current not

net air-gap.

n ile the dq0 transform ation has resulted in constant

rnrnf across the

inductances in E quations

3.64 to 3.69, the m utual inductances betw een stator and rotor

Asritll

quantities are

the fux linking

not

reciprocal. For exam ple, the m utual inductance associated

û eld w inding due to current ia G ow ing in the J-axis stator

the

w inding from E quation
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; 67 is (3/2)f ayd, whereas from  Equation 3.64 the m utual inductance associated with
gux linking the J-axis stator w inding due to ûeld current is f ayd. A s discussed in

tion 3.4, this problem  is overcom e by appropriate choice of tie per unit system  forSec
he rotor quantities.t

Stator voltage equations dq0 co+ ponents

E quatipns 3.26 to 3.28 are basid equations

applying

of transform ed

and

for phase vbltages in ternAs of phase

3.59,

linkages

thePux

follow ing

linkages currents.B y dq0 transform ation of E quation the

expressions in ternAs com ponents of voltages, ;ux

and currents result..

ed ###-# #0-R ï:J (3.70)

e ## +# #0-# id a (3.71)

eo ##c-& % (3.72)

The angle 0,

The

aS defned *111Figure 3.9,*IS the angle

fepresents

conditions p è =(o,=œ ,=2a60 =377

betw een the axis of phase

velocityJ and the J-axis@ term  pn *111the above equatlons the angular

@ r

electrical

of the rotor. For a 60 H z system  under steady-state

rad/j.

The above equations have a form sim ilar to those öf a static coil, except for

the

a rotating

synck onism

andv # 0 w # 0 term s. They result from  the transform ation from a stationary to

refefence fram e, and represent the fact that a ;ux W ave

slritll the rotor Ahrill create voltages @111the stationary arm ature

rotating in

coil. The

v p è

and

and v##0 terntsarereferred to as speed voltages (due to flux change in space)
transforher voltages (due to Sux change ih tim e).theternlsPTaandP% RSthe

The speed voltage

conditions,

ternls are the dom inant com ponents of the stator voltage.

Under steady-state the transform er voltage ternAs#V#andP% are in faèt
equalto zero;there are m any transient condition: w here the transform er voltage term s

the stator voltage equations w ithout causing errors of anyCan be drbpped from

signiûcance.

discussed

H ow ever, @111 other situations they could be im portant. This Ahritl be
futther in Sections 3.7 and 5.1.

The signs, associated w ith the speed voltage teràAs in E quations

voltage

3.70 and 3.71
are related to the ;Slgn conventiöns assum ed for the and tlux linkage

relationship

assum ed

ahd to the assum ed relative positions of d- and q-
*

aXeS. Since W e have

that the g-axis leads the J-axis by 900,the voltage e ln the g-axis is induced

a ;uxby

lagging

the ;ux *111 the J-axis* Sim ilarly,
' 

e the1. .,
*

IS

the

the voltage
*

e @IS inducedd

Therefore,

by *111 ah axis

J-axis by 90O5 negative

and
6-aX1S.

in the

the voltage induced *111

the @Y-aXIS due to rotatioh +OV# that J-axis @IS -(op .
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E lectrical # /N dr and torque

The instantaneous tk ee-phase POW er Output of the stator @IS

# t e i +ebis+e
c
icJ J

lïlilllillfttilléj phase voltages and currents in ternls of dq0 com ponents, W e have

P t 3
- (e2 ia+e i +2ec io)q q (3.73)

U nder balgnced operation, ca =1*:=0 and the expression for POW er @IS given by

3

2
#t (e ia+ed i)qq

The electrom agnetic
@

torque m ay
*

be determ ined from the basic consideration

of forces actlng On conductors aS belng the product of currents ''--'(jjj;22(((rjiiIIj1,-,an the flux.

A lternatively, it can be derived

across the air-gap.

by developing an expression for the PoW er transferred

;ux

U sing E quations 3.70

linkages and currents,

to 3.72 to CXPCeSS
* *

the voltage com ponents @111 ternls of

by recognlzlng O r aS the rotor speed #0/#f, and

rearranging, W e have

# t 3

2
((i:J7 lt+i ##:+2f, #p# q

+(#:iç-#çiJ*r

- (f2d *+12 zi 2)R j+ 0 a (3.74)

(Rate of change of O atc e m agnetic energy)
+l ower
- tn= atc e

la feaed aCCOSS l e al -gap)
resistance loss)

The air-gap torque
'

e(1. .,
radians

POW CC

Fe is obtained

corresponding to the

second.

by dividing the POW CC transferred

speed voltages) by the rotor

across air-gap

speed in m echanical

the

Per

3 OrF
e (1@ i -# id)d q q o

mech (3.75)
3 #

- l%diq-%qid)2 l
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The

ircuits,c
@

Gux-linkage equations

together w ith the voltage

3.64 to 3.69 associated w ith the stator and rotor

equations 3.70 ttl 3.72 for the stator,

3.75,

the voltage

equatlons 3.50 to 3.52 for the rotor, and the torque equation describe the

electrical
*

dynam ic perform ance of the m achine in term s of the dq0 com ponents.These

equatjons are usually referred to aS Park's equations ill honour of R .H . Park w ho

developed the concepts on which the equations are based (3j. The dq0 transform ation
iven by E quation 3.59 is referred to as Park's transform ation. It is based on the tw o-g

action theory originally developed by Blondel (1) and the further exposition of there
Onceptc by Doherty and N ickle (21.

Physic'linterpretation of dq0 transform ation

In Section 3.1.3,

phases

W e saw  that the com bined m m f w ave due to the currents @111

the

rad/s.

three arnlature travels along

of the

the periphery

rotor.

of the stator at a velocity ofO s

This @IS also the velocity

m m f w ave

Therefore, for balanced synchronous

operation,

a sinusoidal

the arm ature

Space distrl'bution.

appears stationary

Since a sine function

w ith respect to the rotor and has

can be expressed

be resolved

as a sum  of tw o

sine

distributed

functions, the m m f due to stator w indings Can into tAArtl sinusoidally

hasm m f w aves stationary Alritll respect

peak

to the rotor,
*

@-aX1S.

SO that One its peak

O V CC

interpreted

J-axisthe and the other has its OVer the Therefore, ivi m ay be

as the instantaneous current in a s ctitious

at tlltl San;e speed aS the rotor, and rem ains *111

arm ature w inding

such a position that its

Nvhich rotates

axis alW ays

coincides w ith the J-axi s* The value of the current *111 this w inding is such that it

results @111 the San;e m m f On the J-axi s aS do actual phase

i ,q

currents G ow ing *111 the

arm ature w indings. A sim ilar interpretation applies to except that it acts on the q-

axis instead of the J-axis@

The m m fs due to id and @I are stationary Anritll respect
* @

ttl the rotor and act On

paths

constant.

of constant Perm eance.Therefore,the correspondlng lnductances f d and f are

For balanced steady-state conditions, the phase currents m ay be w ritten RS

follow s:

*

>G f
.
sin(Y/+è) (3.76)

I N1 s1 (Y
s

f+è- )m 32a (3
.77)

=

* 

-
2af

m
sintes/+è + )3 (3.78)

where œs =za/is the angular frequency of stator currents.Using the dq0 transform ation,

id I s1 (% f+è -0) (3.79)

*

I -f cos(% f+è-0) (3.80)

*
:N

u$2
b

0 (3.81)
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For synchronous operation, the rotor speed o r is equal to the angular frequency

O of theS stator currents. H ence,

t * /

Therefore,

*

l I s1 è coM tO t

*

l -1 cosè coM tant

For balanced steady-state operation, id and i are constant. In other Nvords,alternating

ih the dq0phase

reference

currents *111 the abc reference fram e appear aS direct currents

fram e.

The dq0 transform ation m ay be view ed

quantities to the rotor side.This is analogous to

as a m eans referring the stator

referring secondary side quantities in

of

a transform er to the prim ary side

transform ation (Equation 3.60) Can

by m eans

sim ilarly be

of the turhs @ratlo. The . (InVCCSC

view ed aS referring the rotor

quantities to the stator jide.

The analysis of synchronous

than

m achine equations ill ternls of dq0 vafiables *IS

considerably sim pler in ternls of phase quantities, for the follow ing reaSOnS*.

* The dynam ic perform ance equations have constant inductances.

* For balanced conditions, Zero Sequence quantities disappear.

@ For balanced steady-state

For other m odes of

operation,

operation they

the stator quantities have constant values.

vary w ith tim e. Stability studies involve

belowslow variations having frequencies 2 to 3 H z.

@ The parahletersterrnlnal tests. associated with d-and 6-aXeS nAay be directly nAeasured from

W e Alrill show in Section 3.6 that,under balanced steady-state conditions, the

to use of phasors to reprejent alternating stator

phase quantities. In m any w ays, the advantages of using 4 q variébles are sim ilar to

those of using phasors (instead of dealing difectly with tim e varying sinusoidal
quantities) for steady-state analysis of ac circuits.

dq0 transform ation *IS equivalent the
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3 .4 PER U N IT REPRES EN TA T IO N

ln pow er system analysis, it *IS usually convenient to uSC

norm alize

hm s, w ebers, henrys,o

lim inating units ande

variables.system C om pared

the

to the uSe of physical
a perunits (unitsystem to

am peres, volts,

etc-), Per
system

unit

expressing

system

quantities

offers com putational sim plicity

as dim ensionless ratios. Thus,

by

(lllltlltit)r m Per Y t acm al qur tity

base value of (IlTltlltit)r

A w ell-chosen

valuation,e

Per System  Can Com putational effort,

and facilitate understanding Of system  chr acteristics. Som e base

unit m inim ize sim plify

quantities

m ay
depending

be chosen independently

on fundam ental

and quite arbitrarily, w hile

relationships betw een system

the

others follow autom atically

variables.N orm ally,the base

values arC chosen SO that principal variables Anrill be equal to One PCr unit under

rated condition.

In the Case of a synchronous m achine, the Per unit System m ay be used to

rem ove arbitrary constants and sim plify m athem atical equations so that they m ay be

expressed in term s of equivalent circuits. The basis for selection of the per unit system

for the stator is straightforw ard, w hereas it requires careful

Several alternative per unit system s have been proposed

selection

consideration for the rotor.
@

111 the literature for the

of base rotorquantities (18,191.Only OnC system Alrillbe discussed here aS
it offers several advantages

tlié?

over others and has found w ide acceptance. This system
@

ISreferred ttlaS f d-baseJ recborocal #er unitsystem .
In this section, for the

relationships

quantities. W e w ill
x , 
how ever,

sim plify the notation.

purpose of defning per unit values and show ing their

in natural units, a superbar w ill be used to identify per unitto the values

drop this convention for subsequent general uSe to

3.4 .1 Per U nit System for 1he Stator Q uantities

The uhiversal practice @1>- to use the m achine ratings aS the base values for the

stator quantities. l11 the m achine equations

instantaneous

developed SO far, the stator currents and

voltages

quantities,

have been expressed aS values;

of

w here they svere sinusoidal

they have been expressed ill ternAs the peak values and sinusoidal

functions of tim e and

L et us choose

frequency.

the following basequantitiesfor thestator(denoted by subscript
s) :

es:r e peak value of rated line-to-neutral voltage, V

iJhr e

fbase

peak value of rated line current, A

rated frequency, H z
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The base values of the rem aining quantities are autom atically set and depend On the

above aS follow s:

Obue 2 zfbue ,elec.radians/second

O bm  X d * ,- -(),) ,mech.radians/second
Z
sba e

eNe e

ohnls
*

Isba e

Z b
L
Jhr e 5

henrys
O bu e

#s- e L i'#re sbae

e
shlse

5 w eber-turns
C base

3-phase V A  =base 3E  swefaw huseRus

3 e ix:r e sba e

4 4
3

- e

2

*

l e  ,sbae s e volt-am peres

3-phase V A
T Orque base base

O  base

2
2(*2 ). i ,sbae shœçeneMon-meters

13.21.1! Per U nit Stator V oltage Equations

Frona E quation 3.70,

ed ###-# Cr-Raid

D ividing throughout by e base,s and noting that e base =isbasezs base =o sssev x base,s W e get

e d

eJhr e

#: # Or Ra ï:1 q

* b.e #,,=e #x,=e Obase Zx- e isbue
(3.82)
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ressedExP @111Per unit notation,

e d
1 = - - - -

#K -# Or-Raia
:c'e

(3.83)

The unit of tim e in the above equation is seconds.

value

T im e can also be expressed

in Perunit(or radians)
electrical

w ith the base equal

speed'.

to the tim e required for the rotor to

m OVe One radian at synchronous

1 1t
21/,.:base (3.84)1

:> e

ssritll tillle *11I Per llllit, E quation 3.83 m ay be w ritten aS

ed ###-# Y -R Iq r a d (3.85)

C om paring

equation

Equation 3.70 and E quation 3.85, W e See that the form of the original

is unchanged, w hen al1 quantities involved arC exprçssed illPer unit.

Sim ilarly, the Per unit fornAs of E quations 3.71 and 3.72 are

e = ## +#:Or-X lq J# (3.86)

e0 # -R I# 0 a 0 (3.87)

The Per unit tim e derivative # appearing illthe above equations is given by

d

d t
#

1 d 1
-

#
O

(3.88)
O d tH e base

:1.21.:3 Per U nit Rotor V oltage'-Equations

From  E quation

unit

3.50,dividing throughout by e dbase =O :J
.çe
Vy#:Jxe =zfdbase ifdbase,f

the Per s eld voltage equation m ay be v itten aS

e #f ##:+R gy:z z (3.89)
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Sim ilarly, the Per unit fornls of Equations 3.51 and 3.52 are

0 ## +# 1* (3.90)

0 ## +X i (3.91)

The above equations show the form of the rotor circuit voltage equations. H ow ever,

W e have not yet developed a basis for the choice of the rotor base quantities.

13.21.21 Stator Flux Linkage Equations

U sing the basic relationship v sbase-Lsbase isbase, the per unit form s of E quatitons

3.64, 3.65 and 3.66 m ay be w ritten aS

#: -Z i +L i +L id d u/# fd c- - (3.92)

#ç L 1- +L 1-q q JQ q (3.93)

--j;i!!ELj,, $à'f''-0 0 (3.94)

w here by defnition,

L aJ/ L # Ldbuecz
Lse e

(3.95)
*

Isba e

LL J:# i- b. e

Ly:e
e

(3.96)
*

Isba e

L uJ
Z i b 

eakq *  m

Lye
e

(3.97)
iwe

e

1,.81. E$ Rotor Flux Linkage Equations

Sim ilarly, *111Per unit form E quations 3.67, 3.68 and 3.69 beconle

V Z i +L i -L i## fd > - fda d (3.98)

L-g#- @I +Z i -L 1*fd W  W e  d (3.99)
>

Tu L 1- -L 1-m  * kqa q .f (3.100)
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where by defnition,

L .z 3 Z a isbp ec/

2 L a,cse Ldbuez (3.101)

L
L ù w e

L db
asef

(3.102)
i a,- ef

fpu 3 L uJ sbae (3
. 103)

2 Lv ba
se 
i- h- e

Lv;
L i aw eF  f

Z- ,. e i
(3.104)

W b@ e

LQ J 3 Z i b eq*  s m

2 L #. ,
(3.105)

i ,. e*

By

rotor :ux

appropriate choice of Per unit system ,

have

W e have elim inated the factor 3/2 *111 the

equations.H ow ever,W C pot yet tied dou the values of the rotor base

voltages and currents, w hich W e snrill proceed to do next.

11..1. ($PerUnit àystem forthé Rotor

The rotor circuit base quantities Alrillbe chosen SO aS to m ake the ;ux linkage

equatiohs sim ple by satisfying the follow ing:

(a) The Per unit m utual inductq ces between different windings
synchronous

are to be

reciprocal;

m odel

for exam ple,

to be represented

L # = Ly.  .af

by equivalent

This sA?ill allow the m achine

circuits.

(b) A1lPerunit m utualinductancet betgeen
exam ple,

statör and rotor circuits in each axis

are to be equal; for Z = Z .afd ce

I11 order to have L equal

is

ttl Luy jo that reciprocity @IS achieved, from

Equations 3.102 and 3.104,it necessary to hate

L ù e e
, 

'

L ah-e Ldbuef

L i :,. rF  f

Z- ,- e i- b. e

Or

L- bu eiv base2 L
dbàse

iz 2
fdba e

(3.106)
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Ikltlltillllrilléj by O base gives

Y  L iH
e W base H e e

2 2
O b. eLrab

u e
iidbu e

Since O baseLbase *Ibase=e:JXC'

e- bu eiH e e e a,useïza,
= ef

(3.107)

Therefore, @111 order for the rotor circuit m utual inductances to be equal, their volt-

am pere bases m ust be equal.

For m utual inductances L dJ/ and L ./ to be equal, from E quations 3.95 and

3.101,

L : Ldbasecz
L ,. e

3 Z d i b.e6
./ s

l L gh- e ig b. ez*Isba e

O r

2L 
ahuxe

izahavef 3

2
L ixhre sbase2

Istlllltillllrilléj by O base and noting that f 1 =eO ,W e get

3
2e d,-ei,usef *e lshresbae (3.108)
3-phase V A base for stator

Sim ilarly in order for L = LJ'/ kdc and Z = Z ,a*  Q J

3
- e2e iUe e Wbae @Isbke (3.109)sbase

and

3
- e2e baseik kqb

k e

*

Isbke x:re (3.110)
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ThCSC equations

base *111 a1l

im ply that in order to

rotor circuits m ust be the
satisfy requirem ent(a)

the

above,the volt-am pere

three-phaseSanle and equal to stator V A

base.
So far,

circuits.

w e have specif ed

nextthe

current

rotor The

only the product of base voltage and base current for

step is to specify either the base voltage or the base

for these circuits.

The stator self inductances Ld and L are associated w ith the total Sux

linkages

inductance

due to iét

todue

i , respectively. They can be

flux that does not link any rotor

and slllit into tw O PaX S:

m utual

the leakage

circuit and the inductance

due to ;ux that links the rotor circuits. A s shou @1f1 Figure 3.16,

and air-gap

the stator leakage

:ux *IS naade UP of the slot leakage, end turn leakage leakage.The stator

E nd connections
N/ N

- 1I l z - - - - - - - - - ! 1
I I h * j II Il I

l I I II I I I
I I I j
I I I

I I l I
I I

I# # %
l II I I $ I

I I I I
II I I 1 

I l

1 1 $, 1 1/ I
I I x .  -  .  - j

II I

l lll 
- - -N -  K J

N = . >  >  . . #

N
N

N

< -

(a)Leakage ;ux within the slot (b) Leakage
the

;ux around

end connection

- - - - - - - o * * œ œ * * * œ œ * e * e œ e * * œ - ' W*X œ - - - - - * œ œ œ œ * - œ * œ

#
l

* >

1
I

1 I
I I
l I

l l

, x  x  x  jI
I 1
l I
l I
1 I

' X  X  X  'I 1
I I
j e - - - - - - - - e - - œ - - œ œ œ j

I -  - - . . - . . 1 I -  - - - - . . 1 1I
; l ; : 'I

i

I I
I j

l * *  I
l 1
1 I
I
I

I

I @  * I
I

II

II
1l

I1

(c)Leakage
stator

;ux follow ing zigzag path betw een

and rotor t00th faces along the *a1r-gaP

F igure 3.16 Stator leakage ;ux patterns
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leakagr '

and
lnductancesin the two axîs are ne/ly equal. Denoting the leakage inductance h

the m utual inductances by L and a!i *.
. t)tp

Ld L +Ll cd (3.111)

r d

Lq L +Ll a
q

(3.112)

111 order to naake al1 the Per unit m utual inductançes betw een the stator and

rotor circuits *111thç J-axi s equal, from E quations 3.95 and 3.96 it follow s that''

L
Lw

Z
sba e

L #ef
L a iydys fqf

Lshr e *Isbu e

LJ:#
iu yp v

Lwe e

L wJ

*

Isba e

Therefore,

i d,.vef
L
ad

- j
L
c/#

(3k 1 13)sb@e

ù ,-e L i 
saseL

J:#

(3.114)

Eiilllilétrllr, for the @:-aXIS m utual inductances LJ# and ttlbe equal,

L
M J

L
i e e *Isbue (3.1 15)

akq

This com pletes the choice of rotor base quantities.

A s stated before,the Per unit system used here is referred

reciprocal

defned

Per unit system . . ln this system , the base current

as that w hich induces in each phase

tk çe-phase

a Per unit voltage

to as fw -base

in any rotor circuig is
equal td per unit Lad,

the

that *1S,the Sanle voltage aS balanced unit-peak arnlature currqnts.
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3 .4 .7 Per U nit Pow er and TOrque

Frorn E quation 3.73,the instantaneous PoW er at the m achine ternainal *IS

P 2(e
2

id+e i +2ecfc)d q q

p ividing by the base three-phase

be w ritten as

VA =(3/2)cs baseisbase, theexpression for per unit m ay

P t e I +e I +2d Id d 
q q 0 0

(3.116)

Similarly,with basetorque- 2
a ( ) ) #i ,sbae JhrethePerunitformof Equation3.75*IS

Fe ## I q -#< l # (3.1 17)

11.:1. t) A lternative Per U nit S ystem s and T ransform ations

Several different alternative Per

literature for the analysis

also

of synchronous

system s

m achines (4,13,161.

unit have been proposed

analysts,

*

111 the

Som e notably

Lewis (20j, have suggested the use of an alternative form of transform ation from
the abc reference fram e ttl the dq0 reference fram e, w hich is sim ilar to that of

Equation 3.59,

coeff cients

but w ith

SCQUCnCC
given

factors kd andequal to 1/V2 .k equal toq
The alternatlve*

instead of 2/3 and w ith ZerO-

transform ation equations are

by

2a 2a
coso costo - )3 costo + )3

l #I
# J

@

l

2a
-
sino -sin(0 - )3 -shy(e 21+

- - - )3 ib (3.118)

*
.h
*ç:à

@

IC
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and the inverse transform ation by

coso -sino
e

Ia *I
d

ib 2c 2acosto- )3 -sin(0 - )3 @I (3.119)

=

* 

e o*>o

2c 2a
costo + )3 -sin(0 + )3

Such a transform ation

equalto lts transpose.

is orthogonal; i.e., the inverse of the transform ation m atrix

This also m eans that the transform ation is pow er invariant:

@

IS

# t e i +ebib+e
c
icJ J

edid+e i +% ïcq q

I11 additioh, w ith this transform ation,

ill

a1l m utual inductances w ould be reciprocal.

H ow ever,

a transform ation

discussedRS reference 19 by H arris, L aMœenson

has several fundam ental disadvantages w hich

Stephenson,

appear to override

and such

the

advantages. The orthogonal transform ation does not correspond to any particular

m eaningful physical situation. W ith kd and kq equal to 2/3, the equivalent #- and q-

axis coils w ould have 3/2 tim es the num ber of turns as abc coils. This rem oves the
unit-to-unit relationship betw een abc and dq0 variables that exists w ith the original

transform ation of E quation 3.59.

R eference 19 provides a thorough and com prehensive analysis of the

alternative Per unit and transform ation system s. It concludes that the transform ation

of E quation 3.59 together Ahritll the f s baseJ reciprocal Per unit system leads to a

system

the

w hich rei ects

inductances @111

m ost closely the

the resulting equi

physical features of the m achine. In addition,

valent circuits correspond to those norm ally

calculated by m achine designers. ln view  of these

utility industry and generator

advantages, this system @IS w idely

used by the electrical m anufacturers.

:1.21.6) S um m ar!t of Per U nit Equations

lJase quantities

Stator base quantities..

3-phase V A b
a se

volt-am pere rating of m achine, V A

eJ:r e peak phase-to-neutral rated voltage, V
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fbase rated frequency,Hz
i ,cs:S peak line current, A

3-phase V h b. e

(3/2) eJ:re

e
Z  ,. sbase

a:r e

5

Obase 2 zfb.  ,elec.rad/s

2
O  base O b

a se 5 m ech.rad/s
Pf

Z
ie eL 

,= 5
H

O ba e

#s- e L i ,sbae shre R 'turns

Rotor base quantities..

L

Z #
af

L

i a,usef *I ,
sba e

A

iv base *l ,
sbase

A
L uJ

i ,.,e
L
M J

L
ckç

*

I ,sba e A

3 -phase V A b
a se

f V
i as- ef

Z/#H
e

e g-
ef

>i
/#H e

3 -phasç V h b
a se

*I2

fdbk e

3-phase

2i
U e e

V A
ZU e

e

base

3-phase V h bue
Z  ,

. e* 5@l2
kqba e

L a,-
ef

ZF e
e

5 H
O b

u e
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L- bu e
ZU e

e

5 H
O base

L ,
. e*

Z  b e
5 H

1 :, 6

1t

base 5R
b# :

S

3 -phase V A
F base N .m
base

O  bu e W

Complete setof electricalequations #dr unit

In view of the f y-baseJ Per unit system chosen, @111Per unit

Lc/# %. f-& Lhu Z#J

LQJ V;A

Lv;

ln the follow ing equations, tAArtl @:-aXIS am ortisseur circuits are considered, and the

subscripts

am ortisseur

1

circuit

lq
*

IS

and r e used (in
considered,

Illlit,

place of

and it is '
kq) to

ldentif ed

identify them . O nly One J-axis

by the subscript 1#. Since alI

quantities are ixl Per W e drop the superbar notation.

P er unit stator voltage equations..

ed = ##:-# œr-Raidq (3.120)

e ## +%dor-Raiq (3.121)

en ##c-& ij (3.122)

P er unit rotor voltage equations:

e #f ##ya +%d i (3.123)

0 p%td+Rjdikd (3.124)

0 ##1:+#1çi1ç (3.125)

0 p%zq+h qizq (3.126)
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Ferunit stator .#Nx linkage equations:

## -(Lad+Lt) f#+Zwfya+L #ï1, (3.127)

#: -(Laq+%4 iq+Laqikq+Laqizq (3.128)

#o -Lo io (3.129)

Perunit rotor W&x linkage equations..

#yd L ,%+Zp:i1,-L:ï,# (3.130)

#1d Lgdigd+Lbtditd-f fw i: (3.131)

#1ç Z i +L i -11ç 1ç aq q L iJç q (3.132)

#2: L f1 +fax izq -Laq iqJ# q (3.133)

P er unit air-gap torque:

Te ##i -# id (3.134)

111A&rritilléj Equgtions 3.137 and 3.133,We have assum ed that the Per unit m utual
inductance f 12ç is equal to f aq. This im plies that the

axis a11 liA  a single m utual fux tepresented by

stator and rotor circuits in the q-

rotor circuits represent the overall rotor

physically

pow er system  stability analysis, the m achine equations are norm ally solved

w ith q11 quantities expressed in per unit, w ith the exception Qf tim e. U sually tim e t is

exprçssed in seconds, in w hich çase the per unit p in E quations 3.120 to 3.126 is

f aq. This is acceptable because

body effects, and actual w indings

do not exist.

the

w ith

nAeasurable voltages and currents

For

replaced by (zlebasejp.

P er unit reactances

If thç frequency of the stator quantities is equalto the basç

the

frequency,the PCr

Forunit reactance of a w inding is num erically equal to Per unit inductancç.
>'

exam ple,

Xd 2a/1: Q
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Dividing by Zsbase-lzfbase Lsbase,

X: 2zf

2l/,.e Lsbue

La

Zsba
e

lflf

synchronous

-fbase, perunit values of Xa and
m achines, sym bols

f d are equal. For this reason, in the literature on

associated w ith reactances are often used to denote

Per unit inductances.

3 .5 EQ U IV A LEN T C IR C U IT S FO R D IR EC T

A N D Q U A D RA T U R E A X ES

W hile E quations 3.120 to 3.133 can be used

m achine perform ance, it is a com m on practice to

directly to determ ine synchronous

use equivalent circuits to provide a

visual description

B efore

of the m achine m odel.

W e develop an equivalent circuit to represent

characteristics of the m achine,

com plete electrical

;ux linkage. Figure

3.17 show s an equivalent

let us frst consider only the J-axis

circuit w hich represents the J-axis stator and rotor ;ux

linkage equations 3.127, 3.130 and 3.131.ln this f gure,the currents appear as' loop

currents.

A sim ilar equivalent circuit Can be developed for the *:-aXIS flux

it is helpful to introduce the follow ing

linkage and

rotor circuitcurrent relationships. A t this point,

per unit leakage inductances:

L, L ga-Ladf

i: i iz:
1#

Ltka-Lpd Vd-Zz,,

## Lad

#1d #z:

F igure 3.17 The J-axis equivalent circuit illustrating v -ï relationship
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La/ L :-f ga# f (3.135)

L3d L -11# Z ldz (3.136)

bs4 Z1 -Z1ç aq (3.137)

X q L -L22: aq (3.138)

Equivalent
@

Cq

:ux

uatlon s,

circuits

are

representing the

show n in Figure 3.18.

com plete

In these

characteristics, including the voltage

w ellequivalent circuits, voltages aS aS

linkages appear. Therefore, fux linkages are shou @111 ternls of their tim e

derivatives.

R * # h Lyga-LadJ r q
-  +

+
+ j ii

g ba ya Lzd

L 3d
+

ed P%d Lad + RJd

+R
3d e ##zJ##

1a yd

(a)#-axi sequivalentcircuit

R Y ## hJ r
+

+  +

i I1: izqq

Z 1 Lg
q. q

e ## Lq q aq 
+  +

R 3
q & q ##2:P%

q

(b) @Y-RXISequivalentcircuit

F igure 3.18 C om plete d- and *:-aXIS equivalent circuits
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111 $he #-axis equivalent

f eld
circuit,theseriesinductance V ,-Ladrepresentsthe

*

IS;ux lilxlcilléj both the w inding and the am ortisseur, but not the arnl/ture.It a

Very Com m oq

linking the dam per

the

racticeP
@

to neglect
@

this series inductapce on the grounds

the

that the flux

clrcuit IS Ver
. 
y nearly

J. .
equal to that lilzlcirléj arm ature, bççause

dam per w indings

circuits w ere fully

paths, apprpxim ation is
k

em phasis on lncluding

are near the air-gap. This w ould be true in practice if the dam per

pitched. For short-pitched dam per circuits and solid rotor iron

this not strictly

series
valid (19j.111recent

Sorne the inductance L 7#-f L #,J
years,

particularly

there has been

for detailed

studieswhere the identity of the seld circuit*ISttlbe retained (5,211.
andIn the Case of the @6-aXIS, there @IS no s eld w inding the am ortisseurs

represent

T herefore,

axis

the overall

reasonable

effects of the dam per

it@IS to aSSUDIC (as
and the related equations)

w indings and eddy current paths.

has been done in thç developm ent of the q-

equiyalent circuit of Figure

a1l

3.18 that the arm ature and

dam per circuits lilllk a single
@ *

ideal m utual

ln the
*

literature, it ls a w ldely accepted

;ux represènted by f aq.

practice to sim plify the d- and *:-aXIS

equivalent clrcuits aS show n *111Figure 3.19 w hich do notshow the stqtor resistance

% L g:-Zwf

+ id i fs
1g L 

#JZ
14

### Lad Xy:

R  +bd
ey#

(a)J-axisequivalentcircuit

h

+ j j
. q f1 lq

q

Z 1q

## L# aq

# 1q

V*

%*

(b) *Y-RXISequivalentcircuit

F igure 3.19 C om m only used sim plif ed equivalent circuits
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voltage
determ ining

drops and the speed voltage ternAs.These equivalent circuits are adequate for

V # and V ç,including

in Figure 3.19 represent rotor ; ux liA age and voltage

stator is concerned they m erely establish v #, v ç in term s of

their tim e derivatives.

The equivalent circuits

uations.eq

%,

So far aS the

iq and rotor variables.

Exam ple 3.1

A

follow ing

555 M V A , 0.9 p.f., 60 H z, 3

inductances and resistances

24 kV , phase, 2

associated

pole generator

w ith the stator and feld w indings:

synchronous has the

l 3.2758+0.0458c0s(20) m H

lbJ -1.6379-0.0458c0s(20+//3) m H

l dJ/

Z d#

RJ

40.0 cos0 m H

576.92 m H

0.0031 fl

*/ 0.0715 fl

J. Ileternxine f d and f q in henrys.

b. lf the stator leakage inductance *IS 0.4 129 m H , determ ine Lad and Laq *111

henrys.

C. U sing

determ ine

the m àchine rated values aS the base values for the stator quantities,

the Per unit values of the follow ing *111the f w -base reciprocal Per

unit system '.

Z,, L
ad ,

L ,aq LWa L , Z d,c/ L d,# L d,f R ,J

Solution

J. From E quations 3.61 and 3.62,

Ld 3Z 
o+L x +- ZuwJJ a 

2

2x0
.04583.2758+1.6379+

2

4.9825 m H

3L
q

L +Z xaa0 a L 2
2

3.2758 +1.6379 3
x0.0458

2

4.8451 m H
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b. L Za-Z/

4.9825 -0.4129

4.5696 m H

LJ# L -Z,q

4.845 -0.4129

4.432 m H

C. The base values of stator and rotor quantities are aS follow s:

3-phase V A base 555 M V A

fs- e(RM S) =24/): 13.856 kv

esbaae (Peak) 4 x13.856 19.596kv
555x 106

Ile e(> S)
3x 13.856x 103

13,351.2 A

isbase (peak) 4 x13,351.2 18,881.5A
Z,e e 13 856y103

* 1.03784 D
13,351.2

* e e 2a60 377 elec.rad/s

1.03784L 
e eS

103X 2
.753 m H

377

L

Z :af

4.56?6

i db.e/ i b.e

x18,881.5
40.0

7158.0 A

555 106
e gh-ef 257.183 kv

2158

Z d-
e/

257.183

2158.0
119.18 (1

119.18L d- eT 103X 316
. 12 m H

377

The Per unit values are

Lt 0.4 129

2.753
0.15 Pu

4.5626
2.753

Lu 1.66 Pu

%  yA 4.432
2.753

1.61 Pu
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Ld Zw +Z/ 1.66 +0.15 1.81 Pu

L L +LtJ#

L d Ld-ecz
L hcae it- e

1.61+0.15 1.76 Pu

L daf

40.0

2.753

2158
X- 1.66 Pu
18,881.5

576.92

316.12
Z d# 1.825 Pu

Zyd L a-iwF

1.825-1.66 0.165 Pu

0.0031R
J 1.03784 0.003 Pu

R  #J 0.0715

119.18
0.0006 Pu

3 .6 S T EA D Y -S TA T E A N A LY S IS

The perform ance of synchronous nxachines under balanced steady-state

sum m arizedconditions m ay

3.4.9.

be readily analyzed by applying thè Per unit equations
@

111 Section

3 .6 .1 V oltage, C urrent, and Flux Linkage RelationshiPS

A shasbeen show n *111Section 3.3,the dq0 transform ation applied to balanced

steady-state

of stator

arm ature phase currents results in steady direct currehts.This is also true

voltages and ;ux linkages. Since

steady state, all tim e derivative ternls

rotor quantities are also constant

drop out of m achine equations. ln addition,

under

Zero-sequence com ponents are absent

sàlitll# V ternAs set to ZCCO ill
C r=o s Pu.

E quations 3.124, 3.125

and =1

and 3.126,

Rjditd R1 i3q & qizq 0

Therefore,al1 am ortisseur currents are Zero.This

state,

to

the rotating m agnetic f eld due to the

is to be expected since, under steady

stator currents is stationary w ith respect

circuitsthe rotor.A s the am ortisseurs are closed w ith no applied

are induced in them only w hen the m agnetic feld due ttlthe

voltage, currents

stator w indings or the

seld w inding is

The Per

beconae

changing.

unit m achine equations (3.120 to 3.134),underbalanced steady-state
conditions,
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e -0,#q-R iad (3k139)

e Or% -Rai (3.140)

Td R , igf (3.141)

#a L 1* +dd L # igJ (3.142)

#ç -Z *I (3.143)q

#z: L aja-iuy:# (3.144)

#1# L afyy-fugf,# (3.145)

Xx: #2: L 1-Gq q (3.146)

F ield current

Frona E quation 3.142,

% +Ldid%
L dJ

Eitlllstitlztilzéj for V # in ternls of ed, *:Nu l
jN
from E quation 3.140,

e +R i +* Ldq# 6 9 ri 
dz O

r
L

R eplacing

reactan ce

the product of synchronous speed and inductance f by the corresponding

A

e +R  i +X :f:9 6 q
ïy# (3.147)

X ad

The above equation is useful in com puting the

any specif ed operating condition. The

steady-state

inductances/reactances

value of the f eld current

for appçaring @111

E quations 3.139 to 3.147 r e saturated values. This Aprill be discussed @111 Section 3.8.
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3.6 .2 Phasor Representation

For balanced steady-state operation, the stator phase voltages m ay be w ritten

JS

eJ Emcoslost+a) (3.148)

2a
e Emcoslost- +a)3 (3.149)

2a
CC Emcoslost+ +a)3 (3.150)

w here O is the angular frequency and a is the phase angle of eJ Alritll respect to the

tillltl @ @Orlgln.

A pplying the dq transform ation gives

e fmcostosf+a -0) (3.151)

e F.s1 (Ys/+a -0) (3.152)

The @ngle 0 by w hich the J-axi s leads the axis of phase J @IS given by

0
. O f+0cr (3.153)

where1%
sô?itll

is the value of 0 at f=0.

O r equal

yields

to 0 , at synck onous speed, subsfitution for 0 @111 Equgtions

3.151 and 3.152

ed fmcosta -Qp (3.154)

e Fmsinta -0c) (3.155)

In the above equations, E m is the peak valge

andanalysis,
*

W C arC interested @111 W S values

of phase voltqge. In

phase displacem ents

stçady-state

rather than

lnst/ntaneous

term inal

Or peak

and

values. U sing
@

E tto denote Per unit U S valuç of arnlature

voltage noting thqt ln Per unit V S and peak values are equal,

e4 E costa -0 )t 0 (7.156)

e G sinta -0p (3.157)

The dq com ponents
* e @

of the trlgonom etrlc

of arm ature voltage are scalar quantities. H pw ever, in view

relatlonship betw eep thep , they can be expressed as phasors in Gx
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@

Y-RXIS *;-aXIS

q l t
I
I
I
l
l

ô . It I
I
I
I

Ia -0 I0 

.I yoaxlsI
>

e d

E t

* Il
I

è 'j
I
I

I J-axi sI

Id

(a)Voltage com ponents (b)Currentcomponents

F igure 3.20 R epresentation

voltage

of dq com ponents of arm ature

and current aS phasors

a com plex plane having d- and g-axes

and is conceptually sim ilar to phasor

sinusoidally

expressed in

as coordinates.This is illustrated in Figure 3.20

w ith respect to tim e.

representation of alternating quantities varying

Thus the arm ature term inal voltage m ;y be

com plex form aS

Et @ed+le (3.158)
q

B y denoting ni as the angle by w hich the @#-aXIS leads the phasor E ,t E quations 3.156

and 3.157 beconae

ed E sh ôjt (3.159)

e E cosôjt (3.160)

Sim ilarly,

phasors.

the dq çom ponents of arnAature term inal current It Can be expressed RS

lf # @ISthe PoWerfactorangle,We Can write

*

Id frsintôf +è) (3.161)

ffcostôj+è) (3.162)
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r d

I @ **ld +Jl (3.163)

FronA the above analysis, it *IS clear that ill phasor form w ith dq RXCS aS

eference,r the V S arm ature phase current and voltage Can be treated the SaDXC W ay

Thisas

provfdes

quantities

done*IS Anritll phasor representation of alternating

values

voltages

dq

and currents.

the lilllc betw een the steady-state of com ponents of arnAature

and

The

phasor representation used in

relationships betw een dq com ponents

deûned

the conventional ac circuit analysis.

voltageof arm ature terrninal and

current are by E quations 3.139, 3.140, 3.142 and 3.143.Thus

ed -0 # -R j:r : J

Z 1* -Or q q R i:J (3.164)

X i -R  i:a

e Or#J-R ia q
(3.165)

- X di +# w js -R iJ #

reactances X d and X q are called the direct- and quadrature-axis

synchronous reactances, respectively. They represent the inductive effects of the

arm ature m m f w ave by separately accounting for its d- and g-axis com ponents. These

and

The

other reactances of a synchronous m achine sl/ill be discussed irldetail *111 a later

section.

sve have nOt yet developed a m eans of identifying the d- and g-axis

voltage

positions

relative ttl E  .t In order to assist US in this regard, 1et US desne a E aSq

E ' +(Ra+jxt )/,q
(3.166)

(e#+/e:) +(Ra+jXq4(i+ji )d q

Substitution of E quàtions 3.164 and 3.165, follow ed by reduction of the resulting

expression,

reference'.

yields the follow ing expression for E
q
in phasor form AAritll RXeS RS

E /(Xc#i-(X:-#:) i:1 (3.167)

corresponding phasor diagram  is show n in Figure 3.21. W e see that the

phasor / lies along the g-axis. The position of the g-axis with respect to h can be
identii ed by com puting E  ? the voltage behind R a+JX q.

The
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, 
*

;-RXIS

E q 
-

X Iq t

E  R I
t J t

I

ài

J-axis

Figure 3.21 Phasor E illdq com plex plane

3 .6 .3 Rotor A ngle

U nder np-load

3.142

Ot

3.139, 3.140, and

open-circuit

3.143 yields

conditions, . * 0ld=l = . Substituting @111 E quations

#: L i:J f

N

#ç 0

e 0d

e fw fy:

Therefore,

E t @ed+le

(3.168)
=  jX i* fd

U nder no-load conditions, E t has only the . *:-aXIS

the

cosaponent and hence ô.=0.l

the

A s the

m achine is loaded, öiincreases. Therefore, angle ô,. is referred to RS internal

rotor angle or load anglei The relationship betw een pow er output
is nonlinear and is of fundaï ental im portance in pow er system

and the rotor angle

stability studies.
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The angle &i represents the angle by w hich the g-axis leads the stator term inal

voltage phasor E ,t and it is given by

h 90O -(a -00) (3.169)

where
@ *

OC1g1n.
felds.

@

Therefore,

is the phase angle of e and& 0n

angle

is the value pf 0

the

w ith respect

and

to the tim e

öi depends 0n the betw een stator rotor m agnetic

For any given m achine PoW er Output,either a or 0: m ay be arbitrarily chosen,

butnot both.

1).t$.:1 Steady-state Equivalent C ircuit

If saliency is neglected,

X d X X

w here X s is the synchronous reactance. Therefore,

E ' +(Ra +jxslltt (3.170)

w ith X d=X q,from E quation 3.167,the m agnitude of E isq given by

E
q

X # ig& (3.171)

The corresponding equivalent

and

circuit *IS shoMm @111 Figure 3.22. The resistance R a *IS

usually Very sm all m ay be neglected.

R
J

XS

E  Z0Ot
It

s  gsiq

E  = X  # iyd: J

X d = X  = X

F igurè'3.22 Steady-state equivalent circuit Anritll saliency neglected



1O O Synchronous M achines T heory and M odelling C haP.3

The voltage

m agnitude

current.

E  m ay be considered as theq

to X adig  and hence represents

effective internal voltage. lt @IS equal

the

*

11ï

the excitation voltage due to Jield

The synchronous

thecurrents,

equal

@

1.e .,

X q
@

to and

reactance accounts produced by the stator

effect of arm ature reaction. For a round rotor m achine, X d is nearly

therefore the above equivalent circuit provides a satisfactory

& forthe Sux

representatlon.

For salient pole

signif cant

nAachines, X d

far

is not equal

relationships

to X  .q The effect of saliency @1S,

how ever, nOt Very SO aS the betw een term inal voltage,

arm ature current, pow er and excitation over the norm al

T he approxim ate

O nly at sm all excitations w ill the effect of saliency becom e signif cant.

approxim ation also neglects the reluctance torque due to saliency. W ith m odern

operating range are concerned.

insight into the steady-stateequivalent often provides sufs cient

characteristics.

The

com puting
* @

facilities,there is little

approxlm atlon associated w ith

in accounting for saliency; therefore, the

round rotor theory is not used in detailed calculations.

diffculty

A ctive and reactive # O< dr

E It t

(c#+/e:)(i#-#:)

(e id+e i ) +J-le id q q q N i)

Pt edid+e *I (3.172)

IN e *I-e *I (3.173)#

Steady-state torque *IS given by

F
e ##ïç-#çï#

(e id+eqiq) +Ra (ï#d 2 2)+i (3.174)

2P  +R  I
t a t

3 .6 .5 Procedure for C om puting Steady-state V alues

For

m achine

stability analysis, it is necessary

variables as a function of specis ed

to 5nd the initial steady-state values of

term inal Q

lt is

uantities. The follow ing steps

sum m arize

a re

the procedure for

expressed in per unit.

com puting these values. assum ed that all quantities
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(a) N orm ally,
voltage

factor

term inal active PoW er P reactivetn

E t are specif ed. The corresponding

follow s'.

pow er
term inal

Qt,and m agnitude
It

of

current and PoW er

angle are com puted aS

It

2 2P t +Qt

E t

è #-1 t
C O S

E It t

(b) The next step is to com pute the internalrotorangle &i.Since E liesalong the
*

:-aXIS, aS illustrated in Figure 3.23,the internal angle @IS given by

h X I cos: -# frsinè-1 q t Jt
an

Et+Rahcosk+xqhsWk

*

:-aXISE

I
I
I

-  è IX  I 
' I X I cosèq t I q t
I

- Iô E  I
i t

%
. è -
N
. R It Rah sinèJ
N -
N

.  T
A A t
N
.
. t
N
N k I cos:a t X ffsins
J-axi s

Figure 3.23 Steady-state phasor diagranA

(c) sh?itllöiknown,the dq com ponents
k

of stator voltage and current are given by

ed F fsinôj

e E  cosôft

*

Id It sin(ôj+è)

*

l zrcostôj+è)
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(d) The rem aining m achine quantities are com puted aS follow s:

#a e +R i# a q

#ç -e R 1*d a d

e +R  i +X  i:9 a ç
-  #

X dJ

e #f R  # iyd/

#y: ILU +Lyd4iyJ-L ï:fad

#1: L (iy:-iJad

#1ç #2ç L 1*dq q

T
e

2#  +R  I
tt J

So far W C have not discussed the effect of m agnetic saturation. It @1S, how ever,

im portant to recognize that the inductances f d,
-t;!

L ,aq L #, f1 and the corresponding

reactances

state

vary
m achine

w ith saturation and should be accounted for ln com puting the steady-

quantities. The m ethod of accounting for saturation w illbe discussed

ill Section 3.8.

E xam ple 3.2

The follow ing

0.9

are the param eters @111 Per unit On m achine rating of a 555 A , 24

kV , f.,P. 60 H z, 13600 R PM  turbine-generator :

Laa = 1.66 L = 1.61Gq Lt =0.15 R  =0.003J

L d =0.165J # : =0.0006J Zja =0.1713 R 3d = 0.0284

Z1 = 0.7252 R3q =0.00619 Lg =0.125q &  = 0.02368q
fw  is assum ed to be equal to Lad*

(a) W hen the generator @IS delivering rated M VA at 0.9 f.P. (lag) and rated
te= inal voltage,com pute the follow ing:

1 This generator is sam e as that of E xam ple 3
. 1,except that am ortisseurs arC considered

here. W e w ill consider this generator illm any other exam ples throughout the book to illustrate

different aspects of generator characteristics and stability perform ance.
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(i) Intem alangle niin electricaldegrees

(ii) Per unit values of e eWa Po *I ,d *I

and in ne< on-m eters

i1:, il ,i , id,f e a,f #ya, # 1:, # 1: 5 #2ç

(iii)Air-gap torque Fe *111Perunit

ytssunle

educe Laar

that the effect of m agnetic saturation at the given operating condition is to

and Lïaq to 83.5% of the values given above.

(b) Com pute the intem al angle and feld current iya
condition, using the approxim ate equivalent circuit of Figure 3.22. N eglect Ra.

ôj for the above operating

Solution

(a) W ith the given operating condition,thePerunit valuesof terminalquantitiesare

# =0.9, Q = 0.436 , E = 1.0,t I = 1.0,t è =25.840

The saturated values of the inductances are

Lu 0.835x1.66 1.386

%  yA 0.835x1.61 1.344

La Lad+Lt 1.386 +0.15 1.536

L
q

L +f, 1.344 + 0.15 1.494

Follow ing the procedure outlined @111Section 3.6.5,

(i) ni -1 1.494x1.0x0.9 - 0.00311.0x0.436jgn
1.0 + 0.003X1.0x0.9 + 1.494x 1.0x0.436

tn-1(0.812) 39.1 electricaldegrees

(ii) ed E sihôft 1.0s1 39.1 0.631 Pu

e E  èosôft 1.0 tos39.1 0.776 Pu

*

I 6sintôf+è) 1.0s1439.1+25.84) 0.906 Pu
@

o* Itcoslni +è) 1.0cos(39.1+25.84) 0.423 Pu

e +R  i -x aidq J #
i dz

X u

0:776+0:003x0.423+1:536x0.906

1.386

1.565 Pu
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e af R  yjy,f 0.0006x1.565

0.000939 Pu

#yd (Lu+%d4 i-f-i,

(1.386+0.165)x1.565-1.386x0.907

1.17 Pu

#1d Ladliya- ia)

1.386x(1.565-0.906)

0.913 Pu

# 1: #2q L 1-aq q -1.344x0.423

- 0.569 Pu

U nder steady state,

i3d *I1ç i:tq 0

(iii) Air-gap torque

Fe 2P  + I
t 
R a

0.9 +1.02x0
.003

0.903 Pu

A  x106b
aseFH

e O
m ba e

555y106 1 
472x106

@ N .m
2a 60

Therefore,

F 0 903x1.472x106
@

1 329x106
@ N .m

(b) Using the saturated value of Xad,

E X w fya 1.386 ï d/
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and

X Xw +X t 1.386+0.15 1.536

From the equivalent circuit of Figure 3.22,Alpitll E tas reference phasor,

E q E  +J'X  It s t

1.0+/1.53640.9 -j0.436)

1.670+/1.382

2.17/39.60 Pu

öi 39.60

Therefore,

E

X w
Ld 2.17

1.386
1.566 Pu

The values of öi and
*

111 good agreenlent
i #f

w lth

com puted using the approxim ate representation are seen to be

the accurate calculation. This is to be expected, since X  isq

nearly equal to X d and w e are considering rated operating condition.

3.7 ELECTRICA L TRA N SIEN T PERFO RM A N C E C HA RA CTERISTICS

This section exam ines the fûndam ental electrical transient characteristics of a

synchronous m achine by considering the response to a three-phase short-circuit at the

term inals. Such an analysis, in addition to providing insight into the m achine transient

perform ance, is useful in identifying som e of the approxim ations necessary for its

representation in large scale stability studies. W e w ill f rst consider a sim ple R L

circuit, as it helps in understanding of the nature of transient response of a

synchronous m achine.

3.7 .1 S hort-c ircuit C urrent ill a S im ple R L C irc uit

C onsider the RL circuit show n in Figure 3.24,Anritll

e f.sin(*/+a) (3.175)
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L R

*

I

+

e S

F igure 3.24 R L circuit

lf the sw itch s is closed at tim e f=0,the cûrrent @lis given by

e L di
dt+Ri (3.176)

Solving fot *ln

R t

+*I K e L
E

Z

k . /
rv

-

sintel+a -è) (3.177)

w ith

Z 2+* 21 2R

tall-1 ( ys#j
I11 E quation 3.177, K  is such that *l at f=0+ *IS the Sanle aS that at f=0-.lf i is equal

to at f=0-

K
E

j - msjat: -4)0 
z

(3.178)

From  E quatiön 3.177 the short

unidirectional com ponent and a

the

circuit current has tw o com ponents: a transient

steady-state alternating com ponent. Th: Presence of

unidirectionul com ponent of the short circuit current ensures that the current does

ùot change instantaneously. The unidirectional com ponent decays to zero w ith a ti> e

constant of L/R.
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3.7.2 Three-phase S hort-c ircuit at the Term inals of a Synchronous M achine

If a bolted three-phase fault is suddenly applied to a synchronous m achine,the

k ee Phaset currents are RS show n in Figure

irl

3.25.

In general, the fault current each phase has tw o distinct com ponents:

(a) A fundam entalfrequency
a few cycles)
value.

and then

com ponent,

relatively slow ly
which decays illitiltll)rVery rapidly (in
(i11severalseconds)to a steady-state

(b) A
several

unidirectional com ponent (ora dc offset),which decays exponentially @111
cycles.

This IS sim ilar to the short-circuit current in the CaSC of the sim ple RL circuit

considered

the am plitude
@

@111 the previous section. H ow ever, in the CaSC of a synchronous m achine

of the ac com ponent is not constant because

is a functlon of the rotor ;ux linkages,is n0t constant.

the internal voltage, w hich

The initial rapid decay of the

*
Ay
;  1
*

Phase a

T '1m C

@

l

Phase b

*

IC

phase c
>  .  '

F igure 3.25 Shoh -circuit cnrrents in the three phases
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ac com ponent

subtransient circuits

of the short circuit current is due to the rapid decay of flux linking the

of the aC
(ld and 2q in Figures 3.18 and 3.19). The slowly

com ponent is due to the relatively slow  decay of Rux linking

decaying pa=

the transient

circuits (feld and lç).
The dc com ponents have different m agnitudes in the three phases

@

and decay

w ith a tim e constant F the arm ature tim e constant.This tim e constanta'

arm ature

ls equal to the

ratio of the effective inductance (Asritll the unidirectional currents @111the
arnAature)

dc com ponents, the short circuit

arm ature currents contain second harm onlc com ponents, w hich depend on subtransient

saliency (X '' -#J') (101. The amplitudes of these components are very small apd are1
usually of llttle signis cance.

The currents during short-circuits (either balanced or unbalanced) or any other
disturbance can be com puted by solving E quations 3.26 to 3.51 in term s of the phase

(abc) variables, or the corresponding Equations 3.120 to 3.133 in term s of the
transform ed dq0 variables. The fundam ental frequency com ponents of phase currents

are rei ected as unidirectional com ponents in the transform ed currents id and iq. The

dc offset associated w ith the phase currents is rei ected as fundam ental frequency

com ponents in id and i .q

The f eld current follow ing the short-circuit is show n in Figure 3.26. lf consists

of a unidirectional com ponent and an alternating com ponent, çorresponding to the ac

com ponent and the dc com ponent in the arm ature phase, respectively.

theto arnAature resistance.

ln addition to the fundam ental frequency
@

and

i gpz

*

IJd

Field current

'directional com ponentU n1

*  *  *  W  W  W

N orm al fleld current
1m e

F igure 3.26 Field current CCSPOnSC follow ing a stator short-circuit

3 .7 .3 Elim ination of D C O ffset irl S hort-c ircuit C urrent

T he analysis

frequency

of PoW er system perform ance Arritll the effects of both

fundam ental and unidirectional com ponents of phase currents included

w ould be com plex and com putationally Very involved. For Eqany

of dc offset

classes of POW CC

system  problem s,

current are either

com putation is m uch sim pler if the effects

neglected Or treated separately. This also nlakes

in the phase

it easier to
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distinguish betw een the im portant and the unim portant factors iniuencing the dynam ic

erform anceP of PoW er system s.

dcThe effects of offset *111 the stator phase currents m ay be elim inated by

neglecting

3.120
the transform er voltage ternls T vy, pkéq) illthe stator voltage equations

and 3. 12 1 :

ed ###-Or#ç-& ï#

e ##:+% ##-R iJ#

The

from  changing

transform er voltage ternAs represent

It

the stator transients and

is this
prevent v :

dc offset in the

and V

currents.

related

term s, w e are not assum ing that v : and v ç rem ain constant; on the contrary, w e

assum ing that they change instantly follow ing a perturbation.

If the stator transients (accounted for by the rv term s) are neglected,

phaseinstantaneously.

O m ission of p y d, # v ç ternls

fact that produces the

w ould therefore elim inate the dc offset and its

effects On the dynam ic perform ance of the m achine. B y neglecting the # V

are

the

resulting arm ature short circuit current is as show n @111 Figure 3.27.

@

I . *a Subtranslent perlod

' t eriod Steady-statex Translen p
N

J  -

œ  œ e  œ  œ e  * o œ  œ œ e  G œ œ e  œ œ  * œ *  e œ œ  œ R œ  œ * *  + œ œ  œ œ e o  e œ œ  œ e

T im e

œ œ * e œ A e œ œ œ œ œ e œ œ + e e œ e œ œ e * œ œ e œ e e œ œ * e o œ œ œ œ e eJ

A

' Extrapolation ofZ

Extrapolation of steady-state current

' t envelopetranslen

period

F igure 3.27 Fundam ental frequency com ponent of arm ature current

W e See that the resulting current cohsists of .pnly

be

the fundam ental

. com ponent.

periods'.

The w aveform of the current m ay divided into three

frequency

distinct tim e

the subtransient p eriod, lasting only for the frst few  cycles, during w hich the

am plitude decays rapidly; the transient p eriod, spanning a longer tim e, during w hich

the am plitude decays qonsiderably m ore slow ly; qnd snally the steady-state period,
during w hich the am plitude of the current rem ains constant. T he param eters of the

synchronous m achine th at determ ine the am plitudes of the short-circuit waveform
during the three tim e periods and the rates of decay during the srst tw o periods w ill

be discussed in the next section
.
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T o sum m arize the results of this section, w e have discussed the response of-the

electrical circuits associated w ith a synchronous m achine by considering a three-phase

short circuit.W e have 'ldentif ed the signif cance
*

ternAsI V#, #Vç) in the statorvoltage

of neglecting

equatlons. T his provides

the transform er voltage

valuable guides to the

representation of synck onous m achines

in understanding the basis for and the

identify the m achine param eters.

@

111 pow er
signifcance

system analysis. lt *IS also helpful

usedof paranleters w idely to

The need for and the effects

P0W er system stability studies Alrill

of neglecting the transform er

be discussed in C hapter 5.

voltage ternls *111

3 .8 M A G N ET IC S A T U RA T IO N

ln

analysis

iron

developm ent of basic

of its characteristics so far,

the

saturation. A s noted @111 Section

equations of the synchronous m achine and the

w e have ignored the effects of stator and rofor

3.2, this w as done to m ake the analysis sim ple

and m anageable. A  rigorous treatm ent of synchronous m achine perform ance including

saturation effects is a futile exercise. A ny practical m ethod of accounting for

saturation effects must be based on sem i-heuristic reasoning and judiciously chosen
approxim ations,

availability, and

w ith due consideration to sim plicity of m odel structure, data

accuracy of results.

B efore W e discuss the m ethods

it is useful to brieiy review  the

of representing saturation in stability studies,

characteristics of synchronous m achines w ith stator

term inals Open r d shod ed.

3 .8 .1 O pen-c ircuit and S hort-c ircuit C haracteristics

M agnetic circuit data essential to the treatm ent of saturation arC given by the

open-circuit characteristic.

U nder no-load rated speed conditions, aS Seen ill Section 3.6.3,W e have

*

l *ld #ç e 0d

and

Et e #: Ladiyd

Therefore,

characteristic

the open-circuit

of the J-axis.

;

characteristic (OCC)relating Et and iyd gives the saturation

A  typical O C C *IS show n in Figure 3.28. The straight line

line indicating the seld current (
air-gap.

of the

tangent to the loqver

pa= Curve is the air-&J# Orm m 9
fromOvercom e the reluctance of the The depal ure

@

of the O C C

required to

the air-gap

line @IS an indication of the degree of saturation ln thçlwrotor and stator *lron.
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1.0>
=

W

O

3
3
>

Q

Q
O

A ir-gap

line

O C C

I I >
l =
I W

I I -

! I sc c <.I l
I I k
I 1 >
l I - - --- -- 1.0 o
I I ' j
I I OI 

-I I 
j >I I 
I %l l j

l l O
I I I :l I I

l I uI I 
II I X
!l I 
jI I 
jl I 

Ip I 
II l 
j

I I ifNL fSC fd

IfNL(ag)

Figure 3.28 Openacircuit and short-circuit charactefistics

The short-circuitcharacteristic (SCC)isatso shown @111Figure 3.18.Thisisa
plot

speed in the steady state and
t j

.term lnals. The SC C is l near

of the arm ature currentvs. the held current,w ith the
w ith a three-phase

and

generatorshort-circuit placedoperating at rated
0à the arm ature

thefe is Very little Or no

up to

saturation in the iron under rated

w ell beyond the rated arm ature ckrrent, since

short-circuit conditions duè

to the dem agnetizlng effect of the arm ature reaction.

From  Figurz 3.22, it can be seen that the internally

product

sm aller

the

generated

reactance (Ra
the short-circuit

voltagè is equal

is m uchto of the short-circuit current and synchronous

much than &
thls

and hence Can be neglected).W hen current is
one per uhit, voltage is proportional to 1fSC aS show n in Figure 3.28.H encè,

K I scz 1.01  (uuat)J

Corresponding to the Une per unit voltage on the air-gap line,

K I xo(u#)f 1.0
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Therefore,theunsaturated value of & *ISgiven by

f c/f

f xz(u
#)f

X
.ç(u> J/)

(3.179)

The saturated value of X S corresponding to rated voltage is given by

I

I xzz
Xslsatj (3.180)

w here fyxz and

voltage on the
ksc
O C C

are the values of s eld current required to give rated

respectively.

term inal

and rated arnlature current on the SC C ,

The short-circuit ratio (SCR) @IS desned aS the ratio of the feld current
required

required to

condition.

to produce rated voltage at rated speed

under

and no load to the f eld current

produce

T hat is,

rated arm ature current a steady tk ee-phase short-circuit

SC R
I

I scz

1

X
(3. 18,1)

slsatj

If there svere no saturation, the SC R w ould be equal to the reciprocal of the

unsaturated value

and therefore

and its cost.A

of synchronous reactance. The SC R  rei ects the degree of saturation

has signifcance w ith respect to both the perform ance of the m achine

low er SC R  is indicative of a larger change in û eld current required to

m aintain constant term inal

w ith a 1ow SC R requires

m aintain

a n

voltage

excitation

for a given

system

change in

that is able to provide

load.Therefore, a m achine

large changes of

f eld current to system stability.

theO n the other hand,

sàritll

w hen SC R is low er,

excitation

the size, w eight and cost of the

m achine are loqver. im provem ents

trend

*

111 system s and the associated

controls,

consequently,

there has been a tow ard the uSC of generators of loqver SC R .and,

loqver cost.

3 .8 .2 Representation of S aturation in S tability S tudies

In the representation of m agnetic saturation for stability studies,the follow ing

assum ptions arC usually naade:

(a) The leakage
in air for a

are independent of saturation. The leakage Suxes are

considerable portion of their paths so that they are not signis cantly

affected by saturation of the iron portion. A s a result, the only elem ents of the

equivalent circuits of Figure 3.18 that saturate are the m utual inductances f ad

and f .aq

inductances
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(b) The leakage iuxes do not contribute to the iron saturation.The leakage Suxes
are usually sm all and

a sm allpart of its path.

their paths coincide w ith that of the m ain flux for only

B y this assum ption, saturation is determ ined by the air-

gaP ;ux linkage.

(c) The saturation relationship between the resultant air-gap ;ux and the m m f
under loaded conditions *IS the San;e aS under no-load conditions. This allow s

the saturation characteristics to be

Curve, w hich @IS usually the only

represented by the

saturation data readily

open-circuit saturation

available.

(d) There *IS no m agnetic
introduced

coupling betw een the d- and :-aXeS RS a result of

nonlinearities by

that

saturation;

lilllc

@

1.e., currents *111 the w indings

other

of one

axis do nOt produce ;ux w ith the w indings of the *aXIS.

sàTitll the above assum ptions, the effects of saturation m ay be represented aS

Lad K #Zw.S (3.182)

V  ;* K L (3.183)

w here f adu

Ksd and

w ill

and f qu are the unsaturated values of f ad and f aq. The saturation factors?

identlfy the degrees of saturation in the d- and g-axis, respectively. W e

first

K J2

dlscuss how  J-axis saturation is represented and then consider saturation of

the @6-aX1S.

According to assum ption (c)
determ ined from  the O C C . R eferring to

by point

above, the degree of J-axi s saturation @IS

Figure

factor

3.29,

X d iS

for an operating

by

point desned

ii 55a on the O C C , the saturation given

K dS
#u,

#c,p
(3.184)

It can be show n by jim ple proportion that lcsd ip also given by

K dS
I2

I
( 3 . 1 8 5)

l11 our representation of saturation, w e w ill use the expression

3.184. This gives the degree of saturation for any specif ed value

given by

of air-gapEquation

;ux linkage

O ur

or voltage.

next step is to identify a convenient W ay of m athem atically representing

the deviation of O C C from  the air-gap @ ullne.
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V oltage
k

O r

;ux llnkage A ir-gap

line b

I

I O CC#
z 1

,

l .

Ygj - - * * * * * S
I I

I #usI L 
=I I duJ

I II 
I

l I
I I

! I #u,I I L 
=I I 

c:I 
I II 
j

I I
I 1
I I
l I
l I
I I
I I

I
k-.,

f0 f i :J or * M F

F igure 3.29 O pen-circuit characteristic show ing effects of saturation

D efning

#z #us-#u, (3.186)

the exprçssion for the saturation factor beconaes

lpu,ll

sd #
c,+#z

(3.187)

The

nonlinear

saturation Curve m ay

and

be divided into three segm ents'. unsaturated segm ent

values

1,

segm ent ll,

boundaries

fully saturated linear segm ent 111.The tk eshpld V T7

and V def ne the of the tk ee12 segm ents aS shou in Figure 3.30.

For segm ent l deûned by trc/skrr?

#z 0 (3.188)

segm ent

m athem atical function.

For 11 defned
llere

hy Vw?<V
@

<v rJ,at- V z Can be expressed
@

@

by a suitable

W C A,?$11 uSC an exponential functlon.

#z d #=J#,r-#rJ) (3.189)œeze
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V oltage or
;ux liA age

Slope = L duJ

l
I
I

1 l11
I l

I IjT.

1.0

11

1TF1 ------ 21
L =ratio

L1 incr

@

ldf Or M M F

F igure 3.30 R epresentation of saturation characteristic

w here A and B arC constantssat11 portion.sat depending On the saturation characteristic *111 the

segm ent

W hen

in a sm all

vu/=v p , from  Equation 3.189, vg=Asat. H ence, this representation results

discontinulty at the junction of segm ents I and II. However, Asat is norm ally
Very sm all and the discontinuit)r is inconsequential.

TatYknn ,For segm ent Illdefned by

#z #sc+&c,o(#c,-#=)-#u, (3.190)

w here L /o,rat aS deûped

slope

above

the

in Figure 3.30,

llI

is the ratio of the slope of the air-gap line to

increm ental of segm ent of the O C C .

W ith the m ethod of repfesentation, the saturation characteristic for any

given m achine IS com pletely

of K sd,

specifed by V rl,V FJ,V GJ,W B andsatnis com putedsat L io.rat

as a functionThe value

of the corresponding

any given operating condition,

air-gap ;ux linkàge given by

for

T/c, .,. 2 2#c:+#uç (3.191)

where Vcj 
k 
#Jç are

linkages, ldentls ed in Figure

and the d-
)

3.31.

and @@-aXIS com ponents of @a1r-gaP Or m utual ;ux
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L, Z,

= id i ïz,
1#

L ,d Zya

## #w  Lad

#1, #ya

r i iz
q ï1 q

Z1 X q
# # Lf aq &V

#1: #2ç

(a)J-axis (b) *Y-aXIS

F igure 3.31 E quivalent

elem ents

circuits

and

identifying nonlinear

air-gap ;ux linkages

The d- and @Y-aXIS air-gap ;ux linkages are given by

#- %d+Llid (c +R i )+lgf,q &# (3.192)

#cç #ç+ Lti (-cq - R j,) + Ljiqd a (3.193)

Therefore, V af*111Per unit @IS equal to the @alf-gaP voltage

E
J : + (Ra+jx,)(t (3.194)

The saturation factor K sd can thus be determ ined, any given values

voltage and current, by urst computing k and then using Equations 3.187
3.189

for of term inal

and 3.188,

Or 3.190.

does

For salient pole m achines,

not vary signif cantly w ith

because the path for g-axis

of the iron pod ion

conditions.

Sux is largely in gir, f aq

saturation of the path.Therefore,

lcsq is assum ed to be equal to 1.0 for a11loading

In the CaSC of round rotor nlachines,there is m agnetic saturation in both axes.

The saturation factor K sq can

H ow ever,

be determ ined from  the no-load saturation characteristic

of the *;-aX1S. @g-aXIS saturation data is usually
@

assum lng

not available; hence,l:sq @IS

assum ed to be equal to K sd. This

m agnetic path is hom ogeneous

m odelling

*

IS equivalent to that the reluctance of the

around the

using

loaded

*

6-aXIS saturation characteristics

rotor periphery. Im proved saturation

derived from  fnite-elem ent analysis

Or tests On nAachines is discussed illthe follow ing section.
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3.8 .3 Im proved M odelling of Saturation

The m ethod

based On a
loading conditipns

saturation
@

num ber

representing saturation described in the previous section is

of idealizing assum ptions. For accurate representation under al1

these assum ptions are not strictly valid. Several im provem ents in

of

lim itatlons.

m odelling have

These include

proposed in

consideration of the

been the literature to Overcom e these

follow ing effects'.

(a) Powerand
(4,7,221.
load

angle

This variation

load dependency of the direct and quadraturv axis saturation

OCCUrS because of higher saturation of rotor iron under

and variation *111 PernAeance

no-load

@

111

iuxes *111 the stator at and

air-gap w ith

loaded conditions

the load angle.

sim ilar

The m utual

are because the

stator voltage is close to rated value under both conditions.O n the other hand,

due to large excitation under loaded conditions, particularly w hen overexcited,

the rotor ;ux is considerably m ore dense and hence saturation is considerably

higher than under no-load. For a given stator term inal voltage and active

pow er output, f ad is sm aller w hen overexcited and larger w hen underexcited.

In contrast, L aq is sm aller w hen underexcited since the corresponding load

angle is higher. A ccurate representation of saturation effects including pow er

and load angle
*

effort,w hlch

dependency requires

cannot be justised for

a signis cant am ount

stability studies.

of com putational

(b) Cross coupling between d- and @-aXeS (6,9,231. Due to the nonlinearity
introduced by

*

saturation,the perm eability

@J-axi s@ Thls results @111

pattern is not sym m etric around the

;ux linkages; that is, J-axis currents

produce
@

111

*

Y-aXIS

invalidates

;ux

dissym m etry ln

linkages and vice versa. The CFOSS coupling phenoraenon

Park'sfact the fundam ental assunxption On w hich dq0

transform ation *IS based. H ow ever, the

of a synchronous m achine including

use of a rigorous

nonlinear effects is

m athem atical m odel

neither practical

and

n O r
-

ustif ed.J

represented

The cross-èoupling

approxim ately or

effects are of a secondary nature m ay be

neglected altogether.

(c) Quadrature-axis
show n

saturation (5,6,9,241.For rovnd rotor m achines,
that the *Y-aXIS

of rotor teeth

saturates appreciably nAore than the

experience has

J-axis. This is due

to the Presencç in the m agnetic path

s eld

of the

prediction

necessary to account for the g-axis saturation characteristic as distinct from  the

J-axis characteristic. The errors introduced by assum ing the g-axis saturation

g-axis. For accurate

excitation, it w ould beof stead
. 
y-.state rotor angle and

to be Sanle aS the J-axis open-circuit CUCVC are show n *111 Figure 3.32. The

s gure

angle

generator at the Lam bton coal-ûred generating (51. The error
in f eld current is greater in the overexcited region w ith the highest error being

on the order of 4% ; the error in rotor angle is higher in the underexcited

region with the highest value being as htgh as 100.

show s t h e differences betw een nleasured K d com puted values of rotor
and seld current aS a function of reactive pow er output

station in O ntario

of a 500 M W
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(b)Internalangle error

F igure 3.32 Field current and internal angle errors

Anritlz conventional saturation representation

The *:-RXIS saturation characteristic

m anufacturers.ItCO ,

and

how ever,be easily

is not readily

determ ined from

available from  the generator

steady-state nAeasurenAents

of seld current rotor angle at different values of

provide

ternAinal

reactive pow er

characteristics under load,

saturation

output. These nAeasurenAents also

voltage,

the J-axis

active and

saturation

w hich

3.3)

should be m ore accurate

Curves. Figure show s the d- and @;-aXIS

than using the

saturation

Open * @-clrcult

characteristics

derived from steady-state nleasurenAents on the Lam bton unit(51.
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Figure 3.33 L am bton

i eld

saturqtion Curves derived from sfeady-state

current r d rotor angle nleasurenlents

M accurate m ethod of Saturation representation including the effects of cross

ön fniie elem ent analysis, is presented in
of

coupling

references

and @g-:XIS saturation,

The

based

6 and 9. overall effect

stability is assessed in reference 8.

the

im proved

The benesci>l çffect of
this representation on system

using such a representation

aPPCRCS
general, very com plex saturation m odels based on specially developed data

are not jqstised fnr stability studies. The approach described in Section 3.8.2 using
readily available data should be adequate in m ost situations. ln critical cases, the best

bettl only m arginal for Case investigated.

Jll

approach is to uSC d- dan *:-aXIS saturation characteristics based On
pAeasurenlent

3.33.

under stçady-state on-load conditions, such aS those show n *111

sim ple

Figure

Use of Potier 1reactance

Thç voltage

identify the

em pirical allow aqce

Ep behind the Potiçr reactance (#s) is often used in placesaturation level. The use of Xp, instead of A , is believed to of Ea to
naake an

for the difference betw een the load saturation and open-circuit

1 For a description of the Potier reactance @nd its physical significance
, see references 12

and 14.
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characteristic. A n im portant factor causing the discrepancy betw een the load and nO-

load saturation is the difference in the f eld leakage

this

Sux under the tw o conditions.The

Potier reactance accounts for difference and *IS higher

under

than the stator leakage

reactance due to the appreciably higher seld leakage loaded conditions.

The use of E because of the m annerAa

values of s eld current under steady-state

in w hich Xp is com puted, gives

loaded conditions. H ow ever, its

accurate

uSe to

represent

included,

therefore,

saturation under transient conditions, w hen the am ortisseur effects are

leads to uc ealistic results @111 Son;e situations. lts use *1l1 stability studies *1S,

not recom m ended.

E xam ple 3.3

The open-circuit saturation

3.1 and 3.2 is show n in

Curve of the 555 M V A  generator considered in Exam ples

inductances

associated w ith the

Figure

stator circuits

E 3.1. The Per unit resistance and

are as follow s:

Ra 0.003 Lt 0.15 Ladu 1.66 lïaq. 1.61

(a) lf the feld current required to generate rated Eton the air-gap line @IS 1300
am peres,
C om pare

determ ine the base values of the seld current and feld voltage.

w ith the values com puted in Exam ple 3.1.

(b) lf segnaent
defned

11 of the saturation Curve @IS to be represented by

B

the function

by Equation 3.189,determ ine the constants A andsat sat.

(c) sàritllthe arm ature terminalvoltage
generator output conditions

at value, for each of the follow ing

expressed in per unit of the M V A  rating:

rated

(i) #t= 0 ,Qt = 0

(ii) # = 0.4 ,f Q,=0.2 (overexcited)

(iii) P =0.9,t Q, =0.436

(iv) # =0.9,t Qt = 0

(v) # = 0.9 ,t Q = -0.2l (underexcited)

com pute

and

the air-gap voltage E ,J saturation factor K sd,internal rotor angle 8/,

thefeld

saturation

id. A ssum ef
characterlstics of both

current that the open-circuit
@

:-aXIS.

CUVVC represents

d- and C om m ent On the effect of

reactive PoW er output on öi and i #.f

(d) How would
differs from

of (c) change if the g-axis saturation
that of the J-axis as show n in Figure E 3.2?

the results characteristic
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Figure E 3.2 The d- and g-axis saturation characteristics
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Solution

(a) As discussed in Seçtion 3.8.1,underno-load rated speed conditions,

E t e Zuafy,

The slope of the air-gap linç represents the unsaturated value of L #.a

line

Them fore, the

feld current required to produce 1.0 per unit E t on the air-gap @IS

1.0i 

g/ L
adu

Per Y t

1.0
k 1.66 Per unit

Since this is equal to 1300 am peres,the base feld current @IS

)

i ah-ef 1300 x1.66 2 158 A

V A  rath g 555x106
e z- ef V

i d- ez 2158

257.183 kv

A s is to be expected, this agrees w ith the valuç com puted in Exam ple 3.1.

(b) From Equation 3.189,

#z = # Baatçkat-%vltYze

W e w ill com pute A andsat B  tSJ by considering tw o points On the saturation Curve

corresponding

Apéitll

tp v a/= 1.2 and

v z=2.3 -1.3 =1.0.

1.3 in Figure E3.1.W ith V  /=1-2,J vz=1.7 - 1.2 =0.5,and

V  t = 1.3,a Therefore,

0.5 = # #a.(1.2-0.8)
Yz e

and

1.0 A eSat B (1.3-0.8)sa(

Solving gives

#
s4t 0.03175

B 6.931sat
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(c) From the steady-state equations sum m arized *111Section 3.6.5,

2 2P t + Qtf

, E
r

P
- 1 tCO S

I Et t

E +(R +t aEJ /#,)f,

Q  *% EJ

From Figure E3.1,V r?=0.8 and V rJ= 1.3.For 0.8<v u/< 1.3,

#z 0.03125,6.9314*.-0.8)

#K
d %sA at#

+#zat

X w K  X  ;sd H v X d X w +X t

XJ# K  X ; X X +J# Xt

VN X I cosè-Rufrsinè- 1 q t

Et+Rahcosk +xçfrsin:
eq E  cosôfl

id 4sintôj+è)
i zfcostôj+è)

e +R  i +X #f:q J ç

Ld X
w

Table E3.1 sum m arizes the results for the given operating conditions.

T able E 3.1

Pt Q, Ea (Pu) Ksd ôf (deg) La (pu)

0 0 1.0 0.889 0 0.678

0.4 0.2 1.033 0.868 25.3 1.016

0.9 0.436 1.076 0.835 39.1 1.565

r0
.9 0 1.012 0.882 54.6 1.206

0.9 -0.2 0.982 0.899 64.6 1.089

J

From the results, the reactive power outjut is seen to have a signifçant effect
as w ell as ig . The reason for this is readily apparent from  the phasor diagram s

O n

show n
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111 Figure
@

E 3.3. These diagranls are based On the sim plif ed m odel of Figure 3.22,

w hlch neglects saliency.

(d)
saturation

C onstants

Cu rv e

approxim ating the nonlinear podion (segm ent
of Figure E3.2, determ ined by considering tw o

ll)
*

of the *Y-aXIS

polnts on the Curve

corresponding xp yt= 1.0 and 1.2, are

#
Satq

0.077

9  sotl 3.465

The threshold value desning the beginning of segm ent 11 is

#w; 0.46q

C orresponding to any air-gap voltage E  =v cf, the g-axisa saturation factor *IS

#%
sA

at

# +#zçat

w here

3.4654*.,-0.46)# 0
.077eIq

The J-axis saturation representation is sam e asin (c).

Table E 3.2 sum m arizes the results obtained w ith distinct d- and @Y-aXIS saturation

representations.

T able E 3.2

#, V  Ea (pu) Ksa Ksq ôj (deg) ig (pu)
.
' 

.

0 0 1.0 0.889 0.667 0 0.678

0.4 0.2 1.033 0.868 0.648 21.0 1.013

0.9 0.436 1.076 0.835 0.623 34.6 1.559

0.9 0 1.012 0.882 0.660 47.3 1.194

0.9 -0.2 0.982 0.899 0.676 55.9 1.074

B y com paring w ith the results of Table E 3.1, the effect of increased g-axis satur>tion

is seen to be quite significant, padicularly in the underexcited operating conditio'n
.
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E J E

E

x x , < ,

q X

X K  yx w .

E
q

X uafy,

(a)Sim pliled steady-state m odel

E q

jX f,

ô = 39.60i

25.80 E t

It

X 0.835x1.66 1.386

X 1.386+0.15 1.536

ft 0.9-/0.436
1.0Z -25.80

E 1.0+/1.536(0.9 -/0.436)
2.17/39.60

Ld 1.564
%  'x 39.60

(b) Phasor diagranl Nvith P =0.9 ,Q = 0.436 ,E = 1.0t

E

jX

ô = 55.50j

E-  f
It

Is t

X w 0.882 x1.66 1.464

X 1.614

It 0.9/00

E 1.764/55.50

1.205

öi 55.50

(c) Phasor diagranlApritllP = 0.9 ,Q = 0 ,E = 1.0t

Figure E 3.3 Phasor diagranls show ing the effect

of vaa ing

(Continued

Q 0n i d/ and VN

on nextpage)
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E

jX f,S

I8 
=  65.50 ti

E t

12.50

X u 0.899x1.66 1.492

X 1.64

It 0.92 / 12.50

E q 1.62 Z65.5O

i d/ 1.086

öi 65.50

(d)Phasordiagram Al/itllP = 0.9 ,e = -0.z,E = 1.0t

Figure E3.3 (Continue+ Phasor diagranls show ing
the effectofval ing Q On i gf and öi Mhh

E xam ple 3.4

For the generator

current and seld current, w ith the term inal voltage m aintained at rated value

of Exam ple 3.3, determ ine the steady-state relationship betw een

aM ature

and w ith:

(a) Active pow er constant at 0,0.25 Pu,0.5 Pu and 0.9 Pu

(b) Powerfactorconstantat 0.6 lead,0.8 lead,1.0,0.8 lag,and 0.6 11t1;

A ssum e that the d- and g-axis saturation characteristics are aj show n in Figure :3.2.

D iscuss the characteristics determ ined.

Solution

(a)
value of Q,the It,

3.3.in Exam ple

current for # =0,

e , i , are asxy, q y

C urves show lng the relatlonship betw een arm ature current and feld

0.25, 0.5 and 0.9 pu are in Figure E 3.4. These are know n as V curves

E  , K sd, Ka ôj, id, and ig  values com puted described

because of their characteristic shape.

W ith P equal to the specifed value,Q is varied between -0.6 and +0.6.For each

(b)
corresponding values of Q, P and ig are com puted using the sam e approach
The loci of constant pow er factor are show n as dashed lines in Figure E 3.4.

slritll PoW er factor at specifed value, It @IS varied betw een 0.0 and 1.5. The

as in (a).
These are

com m only referred to as comp ounding C&rVdS.
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For a givçn P, alo atuye current It a m inim um at unity power factor (UPF). Under
such a condition the seld provides a11 the m agnetizing current required and the

arm ature cua ent is associated w ith only active pow er. The generator neither supplies

nor absorbs

*

IS

reaçtive POW Cr.

lf the seld current is increased beyond the value coa esponding to U PF, not a11 of the

seld current is required to m agnetize the generator.

a reactive com ponent in addition to the active com ponent, increases and lags the stator
k

term inal voltage. The reactlve power output Q is positive and the power factor is
lagging. The generator under such a condition is said to be overexcited.

The stator current,w hich now  has

1f,on the other hand,

the U PF condition,

the ûeld current is decreased beyond the value corresponding

to the feld current is insuffcient to m agnetize the m achine, and

the balance

is connected.

of m >gnetizing

This inductive

current *IS draw n from the System to w hich the m achine

com ponent of stator current absorbed by the generator

increases aS the feld current is reduced. The m agnitude of the tptal stator current

therefore Q output is negative. The stator
current leads the stator voltage and hence the pow er factor is considered to be leading.

The

increases.The m achine absorbsQ;' e the1. .,

gçnerator under these conditions is said to be underexcited.

Poqver factors 0.6 lead 0.8 lead 1.0 0.8 lft1;
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3 .9 EQ U A T IO N S O F M O T IO N

equations of central im portance in pow er system  stability analysis are the

rotational inertia equations describing the effect of unbalance betw een the

electrom agnetic torque and the m echanical torque of the individual m achines. In this

section, we will develop these equations in per unit form and defne param eters that
are used to represent m echanical characteristics of synchronous m achines in stability

studies.

The

3 .9 .1 Review of M echanics of M otion

B efore W C develop

quantities and relationships

sum m arized in Table 3.1. Since

the equations of m otion of a synchronous m achine,

m echanics

it is

useful to review the associated sAritli the of

m otion. These are it *IS easier ttlvisualize quantities

associated w ith rotation by analogy w ith those associated w ith the m ore fam iliar linear

m otion, the latter are also included in the table.

3 .9 .2 S w ing Equation

A s w e are introducing

tem porarily resort

W hen there

new  per equations and param eters, once again w e

to the use of superbars to identify per unit quantities.

is an unbalance betw een the torques acting on the rotor, the net

unit

torque causing acceleration (ordeceleration) @IS

F
J

F - Fm C (3.195)

w here

FJ accelerating torque ill 1iT.1z1

F m echanical torque ill l$;-1z1

F
e

electrom agnetic torque s N111 1$1-111

In the above equation, F and Fe are positive

of the

for a generator and negative for a m otor.

The com bined inertia generator and @Prlm e
*

m over is accelerated by the

unbalance in the applied torques.H ence,the equatlon of m otion *IS

d@*
J--- F

J
F  - F

m  e
(3.196)

d t
w here

J com bined m om ent of inertia of generator and turbine,kg'm 2

@* angular velocity of the rotor,m ech.rad/s

t tim e, S
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T able 3.1

L inear M otion R otation

Sym bol/ Sym bol/Q
uantity j

o n  
M K S unit Quantity jon M K S unitEquat Equat

A ngulàr
Length s m eter (m ) djspjacem ent 0 O dian (rad)

M om ent of z k 
.m 2M ass M  kilogram (kg) jueuja J=Jr dm B

m eter/second A ngularV
elocity v=A ldt js) velocil  O =d0/df r&d/S(m

z A ngular 2
Acceleration a=dvldt m /s j tjon l =dO Idt rad/sacce era

neM on-m eterF
orce F=M a neM on @ ) Torque T=Ja .m ) or J/rad@

Work w=jF, joule (J) Work w=jTdu J, or W's
P=dW ldt watt (w ) Power P=dW ldt WPower

= F v =Fœ

The above equation can be norm alized in ternAs ofper unit inertia constant H ,defned

aS the kinetic energy *111w att-seconds at rated

* 0-

constant

denoteto rated angular velocity @111

speed divided by the V A  base. U sing

m echanical radians per second, the inertia

is

2

H 1

2 V

Jlcm (3
. 197)

h bue

sThe m om ent of inertia J in ternls of H  is

2:/J
- Y

2
h base

Oû*

Substituting the above in E quation 3
. 196 gives

5
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2//
- V A

doM

2 base
T  -Tm e

d t

R earranging yields

21/d %
=

dt % .

F -F
m  e

Vh buelh m

N oting that Tbase =V A ,cxe/œ 0,,,the equation of m otion *1l1pèr unit form *IS

21/
dœr

T -T (3.198)
d t

ln the above equation,

@*
O r

s /p

oolpy

O r

1;# %

w here @ < @IS angular velocity of the rotor in electrical rad/s,0 0 is its rated value,and

Pf *IS num ber of l eld poles.

lf ô ig the angular position of the rotor *111 electrical radians w ith respect to a

synchronously rotating reference and+% @ISitsvalue atf=0,

Y l-Ocl+ôcr (3.199)

Taking the tim e derivàtive,W e ùave

d6
dt O - Or 0 Aœr (3.200)

aàd

2ôd

J f2

dor

d t

#(A% )

d t
(3.201)

=dœ
r

dlhör)
0 :- --dt èO d

t
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Substituting for dö Idtr given by the above equation in Equation 3.198,W e get

2H d l6 T 
- Tm e (3.202)

O c d tl

ft is often desirable to include a com ponent of dam ping torque,not accounted for @111

the calculation of Fen
*

separately. This is accom plished by adding a terrn proportional

to speed deviation ln the above equation RS follow s:

2ô2#  d
T -T -Km e AYD r (3.203)

dtl

Frorn E quation 3.200,

Aœr
AOr 1 d6

* 0 d t

Equation

conAnAonly

3.203 represents the equation of m otion of a synchronous m achine. It is

referred to aS the sw ing equation because it represents sw ings *11l rotor

angle during disturbances.

Per unit m om entof inertia

Sub stitlltilléj *111 E quation 3.203 gives

2ôIH  d

O c d t2

- - s d6T 
- T  - - -m e

Y d t0

K (3
.204)

ln Equations

speed

3.203 and 3.204, K o is thç dam ping factor or coeff cient in pu torque/pu

deviation.

lf it is desired to uSe PCr unit value of tim e t,Equation 3.204 beconles

d 262
1/R

-2d t

T  -T -Km e D #ô

d t
(3.205)

Som e aathors

J .

(forexample,reference 19)referto 2:/*0aSthe Perunitm om ent of
inertia
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3 .9 .3 M echanicalS tartin9 T im e

Frona E quation 3.198,

do
r

d t

1 -
'

- FJ
21f

lntegrating snritll respect to tim e gives

O
r

t
- j /u#rZH o1 (3.206)

L et FM

speed.

be the tim e required for rated torque tllacçylerate the rotor from standstillto

rated Frona E quation 3.206,w ith Y  = 1.0 ,
r

T
J

=  1.0 and w ith the starting value

of Y  = 0 ,r W e have

1.0 TM
-

2 H  
$ 1 ' 0 d t1 FM21/

Therefore,

F 21/ SM

and Tu *IS called the m echanical starting tim e. The sym bol M is also used *111 the

literature to denote this tim e.

3 .9 .4 C alculation of lnertia C onstant

A s defned @111 Section 3.9.2,the inertia constant @IS given by

H stored energy at rated speed in > .s

M V A rath g

Calculation of H from of inertia M KS units

Stored energy kinetic Cnergy

1 2
- Jo om
2

W .s

1
- J
2

2O O-X10-6 M W 's
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w here

J m om ent of inertia in kg'm 2

07* rated speed @111nlech.rad/s

M2
a -

60

Therefore,

1 2 -6JY c.x 10
H

2 M V A rating

J(2aR#M /60)2x10-61
2

(3.207)M VA
rathlg

5.48x10-9 J(> 2K

M V A rating

Calculation of H from WR 2 English units

Som etim es the m om ent of inertia of the rotor is given 2in term s of W R 
, w hich

is equal to the w eight of rotating parts
2in lb.ft

m ultiplied by the square of radians of gyration
h t of inertia in slug'ftz= W R l/32

.2.T en, m om en@

The follow ing relationship betw een M K S units and E nglish units is useful in
converting n l to J.

.

1 m 3.281

1kg 2.205 1l)(m ass) 0.0685 slug
1 2slug'ft 1 1

.
356 2kg'm

0.0685x3.2812

The m om ent of inertig J in kg'm 2 *IS related to n l aS follow s-
.

u 2
J x1.356

32.2

Substituting the above expression for J in E quation 3
.207 gives
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H y.5 48x10-9 1.3564+R 2)4r & 2

M V A rating x 32.2
(3.208)

2 31x10-10(< R2)(r & 2* @
m M W .S/M V AM V A

rath g

Typ ical values

Table 3.2 gives the norm alrange Arritllillw hich the inertia constant H  lies,for

therm al and hydraulic generating *unlts.The values

rating of the

turbine.

generator, and represent the

of H  given are in M W .s per M V A

com bined inehia of the generator and the

T able 3.2

Type of generating unit H

Therm al unit

(a) 3600 r/m in (2-pole) 2.5 to 6.0
(b) 1800 r/m in (4-pole) 4.0 to 10.0

H ydraulic unit 2.0 to 4.0

E xam ple 3.5

lf the WRlof the rotor(including the turbine rotor)of the 555 M VA generating unit
of Exam ples 3.1and 3.2 is 654,158 lb.# ,com pute the follow ing'.

(a)
(b)
(c)
(d)

M om entof inedia A k .m 2

lnedia constant M M W 'S/M VA rating
Stored energy,M W .s at rated speed

The m echanical stad ing tim e,S

Solution

(a) From the relationships developed *111Section 3.9.4,

J

1

' 2
32.2 x1.356 654,158x1.356

32.2

27,547.8 k .m 2
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(b) Inedia constant

H -95
.

48x10 Y(O & 2

M V A rath g

5.48x10-9x27,547.8x36002

555

3.525 G 'S/M VA

(c) Stored energy at rated speed

E S XM V A rating 3.525x555

1956.4 M W .s

(d) M echanicalstading tim e

F 21/ 2x3.525M

7.05 S

3.9 .5 RePresentation irl System Studies

For analysis of pow er system  dynam ic perform ancejthe com ponent

12.1)

m odels are

expressed

forrn.

in the state-space fornl (see Chapter 12,Section or the block diagranx

state-space

of frst order differential

The form  requires
*

the com ponent
@ *

m odùls to be expressed RS a set

equatlons.The SW lng equatlon 3.203,çxpressed às tw o ûrst

order differential equations, beconaes

d hö r

dt

1 - -
- (F -F -Km e21/ s -lY )D' r (3.209)

d n
dt Aœ (3.210)r

ln the above equatiöns,tim e t is @ .111seconds,

w hen w e use the above

rotor angle is in electrical radians, and

œg is equal

superbars

to be in

to 2a/ In later chapters, equationp
variables A œ

w e w ill not use

to identify per unit quantities.W e w ill assum e the F and Te
Per llllit.H ow ever, t w illbe expressed in seconds and œ 0 Ln D;i

n electrlcal radians

Per second.

The block diagram  fotm  representation of Equations 3.209 and 3.210 is show n
in Figure 3

.34.
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F
e

T

-  

j a ; o+ r M  
ôZ 2H

s+ K o s

F igure 3.34 B lock diagranA representation of sw ing equations

In the block diagram ,

noted

S *IS the L aplace Operator; it replaces

often

#/#f of E quations

place3.209 and 3.210.A s earlier, sym bols FM and M  are used *111 of 2S .
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synchro nous M achine Param eters

The synchronous

and

m achine equations developed *111 Chapter 3 have the

inductances

referred to

resistances of the stator and rotor circuits RS paranAeters. These are

as fundamental
ç-axis equivalent circuits show n in Figure

com pletely specify the m achine electrical

or basic p aram eters and r e identised by the elem ents of

tlltld- and 3.18. W hile the fundam ental

param eters

directly determ ined

traditional approach

derived

characteristics,

the

they

Therefore,

cannot be

frbm naeasured

to assigning
responses

m achine data has been

of m achine. the

to CXPrCSS thçm in ternAs of

terrninals

param eters

under suitable

that arC related to observed behaviour RS view ed from the

test conditions.I11this chapter, w e w ill defne these derived

paranleters and develop their relationships to the fundam ental paranleters.

4 .1 O PERA T IO N A L PA RA M ET ER S

A  convenient m ethod

ternAs of operational

of identifying

param eters relating the

the m achine electrical characteristics @ *IS ln

arnlature and seld terrninal quantities.

Referring
@ *

to Figure 4.1,the relationship
@

111

betw een the increm ental values of term inal

quantltles m ay be expressed the operational form aS follow s:

A ##@) Glslheyjs) -Z#@)Aia@) (4.1)

A #:@) -L @)Aïe/p (4.2)

13 9
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+

J-axisL i
d a :A #: ya

netw ork

+

g-axisL i
A # qq

netw ork

F igure 4.1 The d- and @:-aXIS netw orks identifying term inal quantities

w here

C7(J)
f js4
1ç(:)

is the stator to s eld transfer function

is the J-axis operational

operational

inductance

is the @C-aXIS inductance

ll1 the above equations, S *IS the fam iliar L aplace operator and the prefx A denotes

increm ental Or perturbed values.

E quations 4.1 and 4.2 are true for any num ber of rotor circuits. 111 fact,R .H .

Park *111 his original

the num ber
Paper

of rotor circuits.
E11

considered aS a distributed

statpr equations w ithout specifying

W ith the equations in operational form , the rotor can be

param eter system . The operational param eters m ay be

expressed the ;ux

determ ined either from design calculations Or nAore readily from  frequency
I

reSPOnSe
m easurem ents.

W hen a snite num ber of rotor circuits are assunzed,
*

111

the operational param eters

of theCan be expressed aS a ratio of polynom ials S. The prders num erator and

denom inator

assum ed *111
polynomials of f Xs) and f qls) are equal to the numberthe respective axes, and G(s) has the sam e denom inatorof rotorcircuits

aSLgs),buta
different num erator of order One less than the denom inator.

W e Arrill develop here the expressions for the operational paranleters of the

m odel represented by the equivalent circuits

considered adequate for stability

of Figure 4.2. This m odel structure is

studies and is w idely used in large scalegenerally

stability

a dam per w inding in the J-axis and tw o dam per

inductances Lp d and f ad are assum ed to be equal; this

in the J-axis equal. In the next section w e w ill consider

sim plifying assum ption.

The rotorProgranls. characteristics are represented by the

w indings in the

s eld w inding and

ç-axis. The m utual

m utualnaakes a11 inductances

the effect of not m aking this
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L, &
+

ld
L :

L /
1:

# L d #d a 
y:

R1d #1: + #y:

%  
.j.

+
%

i
q

Z1 X qq

# Lq J#

R,q #1ç & q #2ç

I

F igure 4.2 Structure of com m only used m odel

hàTitll equal

in the

m utual inductances, E quations 3.127, 3.130 and 3.131 for J-ax1- s

:ux linkages operational form beconae

##@) -Ldid(s) +L :fy,(x) +L i1#@) (4.3)

#y:@) -Laaidlsj +Zw fy:@) +Lu i3d(s) (4.4)

#1a@) -Lu i#@) +Ladiydls) +Z11:i1#@) (4.5)

The operational fornls of E quatiins 3.123 and 3.124 for rotor voltages arC

egls) ##y:@) -#y:(0) +hdiglsj (4.6)

0 ##1d@)-#1:(0)+X1:ï1:@) (4.7)

where vX0),rV 0) and V1X0) denote initialvalues ofthe ;ux linkages.It *IS
preferable to express the above equations in term s of increm ental values about the

initial operating condition so that the initial values drop out; this m akes it m ore

convenient to m anipulate the operational equations. Substituting for the ;ux linkages

in term s of the currents, the rotor voltage equations in increm ental form  becom e

Ae (s) NA #y#@) +Rydhigdls)
(4.8)

-

sL Aiad a@) +(Ryd+sLs4LLd(s4 +NL#Ai1#@)
N
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0 NA #1J@) +Rkdhigdls)
(4.9)

- sLadhidls) +NZw A fs @) +(R3d+sL3qd)L f1#@)

O ur

C a n

efd

express
be achieved by elim inating the rotor currents

and %. Accordingly, solution of Equations 4.8

objective is to the J-axi sequationsin the fornAof Equation
of the

4.1,and this
*

111 ternAs term inal quantities

and 4.9 gives

1A  i
g (s) ((R1:+#Z11JAeya@) +sLadlRta+sLtdlhialsljD@) (4.10)

1L i
jdlsj ( -sLaa Aeya@) +sLu lRgd+sLyalh iD @) a(s)) (4.11)

w here

1)4,) 2 L L -=2 )+s(L # +i R )+s ( 11a gd u: 11# id ># 1d R,dR;d (4.12)

G iven that

Ld L d+LtJ

Z d# L y+fy:J %>

f 11# L :+Z 1:J

substitution of Equations 4.19 and 4.1 1 *111the increm entalform of Equation 4.3 then
gives the relationship betw een the J-axis quantities *111the desired fornA:

A #:@) Glslheydls) -L @)Aia@)d

The expressions for the J-axis operational paranleters are given by

Lals) La 1+(F +F )x+F F x24 5 4 6

1+(F +F )x+F T sl1 2 1 3
(4.13)
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(1 +sTQf7(#) G
o T )s+T T sl1+(F1+ a 1 a

(4.14)

where

Lad
G c F

L

9s&

F1
L a+fy:J L #+J Z 1#

F
R #f 2 9s&

(4.15)

Fa A
a  , - ( L yfy:JZ1#+Laa+hd F4 1 L-L,- Zd+/ L +zRd ad If

T5/, , ( L :ZfJZ1#+Lu+Lt 4 AR , , ( L yiyai;JZju+Xgg Xj Xvuy Zyg Xxyy Zj
Equations 4.13 and 4.14 Can be expressed in the factored form :

Ldls) (1+xFJ )(1+NFJ)L
d(1+xL;)t1+xL;) (4.16)

(7(:) (1+SQ )G
o(1+x4;)(1+NFa;) (4.17)

The exptession for the g-axis opeyational inductance m ay be v itten by inspection ahd

recognizing the

form , it is given

sim ilarities betw een d- and @q, -aX1S equivalent circuits.Ih the factored

by

L
(1+NF')(1+NF '')q q
(1+NF 'c)(1 +sTq'L)qLqls) (4.18)

The tim e constants asbociated Anritll

factored form aS Seen *111 the
expressions for f Xs),

follow ing section represent
the Lqls)

@

and (J(s) @111the
lm portant m achine

paranzeters.
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4 .2 S T A N D A R D PA RA M ET ER S

show n

Follow ing a disturbance, currents are induced in the m achine

in Section 3.7 for a short-circuit, som e of these induced rotor

rapidly

rotor circuits.A s

currents decay

nAore than others. s4achine paranleters

com ponents

decaying

sustained

are called the subtransient param eters,

that rapidly decaying

w hile those infuencing the slow ly

ini uence

com ponents

com ponents

are called the transient paranleters and those iniueaçing

are the synchronous paranleters.

The synchronous

(or reactances)

m achine characteristics of interest are the effective

inductances aS Seen from the ternxinals of the m achine and associated

w ith the fundam ental

conditions. I11 addition

frequency currents during

to these inductances, the

sustained,

corresponding

transient and subtransient

tim e constants w hich

determ ine the rate of decay

synchronous

of currents and voltages form the standard p aram eters

used @111 specifying
*

m achine electrical characteristics. These standard

param eters,

operational

aS dlscussed below , Can be determ ined from the expressions for the

paranleters

con stants

LXs),(7(J)
The T '#@

relationships

and f qls).
and FJ' areF ''#0'FJ the four principalJ-ax1- stim e constants

of the m achine. Their to fundam ental paranleters arC determ ined by

equating

Thus,

the respective nunlerators and denom inators of E quations 4.13 and 4.16.

(1 +NF2a)(1 +NF2c' ) 1+N(F 2(F F )+Fz) +s 1 a1 (4.19)

(1 + sTL )(1 +sT;' ) 1+x(F +F )+N2(F F )4 5 4 6 (4.20)

The expressions

above

for the four tim e constants can be determ ined accurately by solving

Sim plerthe equations. H ow ever, such expressions
*

w ould be very com plex.
@ *

expressions Can be developed by m aklng Son;e reasonable approxlm atlons.

Param eters based on classicaldef nitions

The solution of

recognizing that the value

E quations 4.19

of R jd is very

F1,

and 4.20

m uch larger

is considerably sim plifed by

than Rya. This m akes Tz and F3

Very m uch sm aller than and F5 and F6 Very nauch sm aller than F H ence4*

(1 + NFJc)(1 +sTâ' ) NN (1+NF1)(1+NFa) (4.21)

(1 + sTL )(1 + sTL' ) N (1 + NF4)(1 + sh ) (4.22)
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< e thus have the follow ing approxim ate relationships

dn
F1

F /'do Fa (4
.23)

F  /d F4

F  /'d NN F6

The

Equation

expressions

4.15.

F1 to F6 in term s of the fundam ental param eters

These tim e constants are in per unit (radians). They have

for are given by

to be divided

by rated angular frequency

*0=376.991 (usually
(œ: =2aX  to be converted to seconds. For a 60 Hz system ,

approxim ated to be 377) radians per second.
W ith the stator term inals Open (Aj#=0),from Equations4.1and 4.17,We have

A ##@) 1 + s FeG
o 

A eg(1+xF2c)(1+xF2â) (4.24)

The above

the term inal

indicates that,

respond

for open-circuit conditions,

in ûeld

the J-axis stator flux and hence

voltage to a change

than
f

voltage AAritll tilzleconstants FJo and
F /'du

- circuit

F //#0*

associated

Since R 1# *IS nauch larger
@

Rp ,

and

W  '/
i #0

*

IS

@

IS m uch sm aller than T ' Thus @IS
Alritll the initlal change referred to aS the dœJ

- axis Open

subtransient time constant. The tim e constant FJ0 represents a slow change
@ *

corresponding

transient

ttl the transient period and @IS referred to as the J-axis Open-clrcult

tim e constant. The tim e

subtransient short-circuit tim e
constanfs FJ and FJ'

constants, respectively.

represent the transient and

Let usnow examine the effectivevaluesof f p ) understeady-state,transient,
and subtransient conditions.

U nder steady-state conditions, w ith s =0 E quation 4.16 beconaes

G (0) Ld (4.25)

This represents the J-axi s synchronous inductance.

During a rapid transient,aSStendsto infnity,the lilllitilléjvalue of LXs) *IS
given by

d Za(x)

F ? F ?'d d
Ld 

? p #L c do

(4.26)
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This representk the effective

the

inductance Av:/hid im m ediately follow ing a sud4en
change and @IS çalled

abpence

J-axi s subtransient inductance.

In the of the dam per w inding, the lilzlitilléj value of inductance *IS

L /d Q (x)

,-( wwy)0 (4.27)
This is referred to aS the y-axi s trqnsient inductance.

Substitution of the

4.23 in E quations 4.26

fJ

expressions of the fim e

and 4.27 give: the follow ing

constants from  E quations 4.15 and

alternative expressionsfor f J' and
*

111ternls of the m utual and leakage inductances.

L '/d & L azyyij:J+ (4
.28)

L. Lyd+LU L LJ+LydL Ld

and

L #d Z / Laahd+ (4
.29)

L #+Zsa

The expressions for the subtrgnsiens and transient inductances can aljo be

derived from  the principle of constant ;ux liA ages, w hich sfates that the ;ux linking

an inductive cirçuit w ith a fnite resistance and em f cannot change instantly.

Follow ing

conditions

a disturbance,

im m ediately

the rotor ; ux linkages

a disturbance,
N

do not therefore

follow ing

;ux

the equivalent

with increm entalrotor linkages (Avy#,Av1y)setto Zero,
ill Figure 4.3.

above

change instantly. For

circuit of Figure 3,17,

reduces tp that show n

L,

A #:

L ld

L : L jdJ

A V  = 0
A #1# = 0Z d/

F igure 4.3 E quivalent circuit for '

im m ediately follow ing

lncrem ental va1ues,

a disturbance
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FronA Figure 4.3,

given

the effective inductance A v s/h id representing

dam per

L /!d

absent

*

IS Seen to be the

Sâm e

effectïve

aSthat by Equation 4.28.shTitllthe winding (Z1:-*),the
inductance corresponds to fJ given by Equation 4.29.

The expression for the ç-axis param eters m ay be readily v itten by
z

recognizing

the
n-circuitOPe

sim ilarities *111the structure. of d- and *:-aXIS equivalent circuits. Thus,the *Y-RXIS

transient and subtransient tim e constants are given by

L +L
aq 1çT '

ç0 (4.30)9
vA

F/;V0 *
. - ( L Z1aq #X +q L +Laq 1: (4.31)

and the subtransient and transient inductances arC given by

h + l L, L,qJ: q
L f 1 +Z
aq q

L # (4.32)
X +Z1Jxaq q

L Z 1a
9 9

L +Z 1aq q
L # Lt+ (4.33)

The *6-aXIS synchronous

L .

expressions

@

IS

iqductance *ISgiven by the steady-state value of f @), which
equal to

The derived above for the m achinç standard paranleters are based

on the assum ptions that during the subtransient period Ryd=R jq =0 and that during

transient period R kd=R zq =* . These assum ptions have been used in the classical theory

on synck onous m achines (2,31. However, in recent years there has been som e
concern (4,5) that signifcant errors could occur between the values of parem eters
calculated

(.

the

using the above assum ptions and those derived from test nleasurenlents

such as those described in IEEE Standard 115.1983.Expressions

derived

Nvhich nlore closely

reiect the defnition of the standard paranleters are below .

Accurate expressioqs for standard param eters

Thr exact

by
valuesof TLo and F '' are givenJ0 by the polesof f p )and thoseof TL

and F '/d theZerOSof f js4.I11otherwords,Weneed to uSetheexactsolutionsof
Equations4.19 and 4.20.FronAEquation 4.19,the polesof f p )are given by

F1 + Fz 12 
+ s +S 0 (4.34)

FIFa FIFa
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H ow ever,

diff cult to handle.

the exact expressions for the poles

sim plif ed considerably w ithout

2is m uch less than (F1 +F2) .

of Ljs) beconae cumbersome and

of accuracy if it

The expressions can be

is recognized that 4F1F3

roots

m uch loss

hàritll this

sim plif cation, the of E quation 4.34 reduce to

1
S 1

F1 +Fz

F  +F1 2
Sz

F1Fa

The open-circuit tim e constants are equal to the negatives of the reciprocals of the

roots.

F ##0 F1 + Fa (4.35)

F1Fa
F  ??#0

F1 + Fa
(4..36)

Similarly,by solving for therootsof thenumeratorof LXs),Wehave

F #d F4 + Fs (4.37)2

F4F6
F  ##d F4 + F5 ,(4.38)

The transientand subtransient inductances are given by substituting for the above tim e

constants @11l E quations 4.26 and 4.27.Thus,

F + Ts4
L 'd Ld

F1 +Fz
(4.39)

L /'d
T T

FIFa
V$ (4.40)

The accurate and approxim ate

in Table
(classical) expressions forthe standard paranleters arC

sum m arized 4.1.These expressions apply to a

equivalent circuit of Figure 4.2 w hich

synchronous m achine

considers tw o rotor

m odel

represented by the

in each axis w ith

circuits

equal m utual inductances.
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lt should be noted that m ost stability Progranls assunle that the input data @111

terfns

assum ptions

of transient and subtransient paranAeters are based On the sim plifying

from classical theory. H ow ever the data provided by Sorne generator

m anufacturers

values

and those obtained by standard

of these paranleters. There could thus

test procedures correspond to the exact

be som e inconsistency associated w ith

tlltl defnition and uSe of standard paranleters.
@ @

A s illustrated @111

discrepancies
- axis

betw een the tw o desnltlons are likely to be signif cant

Exam ple 4.1, the

prim arily for the

paranAeters.

I11 this book, unless otherw ise specif ed, W e Al?ill assun;e the classical

defnition.

Param eters including unequalm utualeffects

that

ln deriving the expressions

a11 m utual inductances in the

for the standard

J-axi s are

param eters

equal. The reciprocal

above, it @IS assum ed

Per
and betw een

unit system

chosen naakes the m utualinductances betw een the arm ature and f eld the

arm ature and dam per equal. The m utual inductance betw een feld and dam per,

how ever, could be different from these m utual inductances.

good

calculating

A lthough

results in

the assunzption
@

of a11 J-axis m utual inductances

calculatlng

f eld

arnlature quantities, it could lead to

being equal gives

signil cant errors in

current during transient

The J-axis equivalent circuit including

and

the conditions E61.
unequal m utual effects and the various

m utual leakage Guxes involved are show n *111 Figure 4.4.

Lt L tp èud

L #
L f
1#

P%d X d afd

s j, +
e d

- f

1I - - -

I I ! IA rm ature A '-- !
I & l I
j *  œ  * j

A

j e  -  -  -  I
I - - -  ! 1I !

l I ID am per 
, ,

' o

l I II ty g ... x x
e  -  -  j

. l I j l IFleld F
I I t I l
I $ * -  - - l l

-  - - ji J

ztir gaP

Y1:

èz:

#,,

(a)Equivalentcircuit (b)Flux paths

F igure 4.4 U nequal m utual effects *111 J-axi s
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T able 4.1

Expressions for Standard Paranleters of Synchronous M achine

Param eter C lassical E xpression A ccurate E xpression

TdL F1 F1 + F2

F2 F4 F4 + Fs

TdL F3 Fa(F1/(F1 +Fz)1

FJ F: F6(F4/(F4 + F5))

ZJ Q (F4/F1) Q (F4+Fs)/(F1+Fa)

ZJ' Z#(F4F6)/(F1Fa) Q (F4F6)/(F1Fa)

w ith

Laa+hd iw+i1,wj = ro =
R d - R 3dz

1 L
adhd 1 LadLtFa = L 3d+ F4 = Lra+

# 1: Lad+Lg  #ya - Lad+L,

1 LULt 1 LadLthdT5 = Z 1#+ F6 = Z 1#+

R3d L #+ZI R3d ZUJZI+ZC#ZP+ZAZ,

N otes: 1.Sim ilar

2.A 11

expressions apply to g-axis

paranAeters are in per unit.

param eters.

3.Tim e constants ill seconds arC obtained by dividing the Per unit values

given illthe table by

4.A 11 m utual inductances
œn =2a/.
in #-axis assum ed equal.
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The series inductance,

thç

f =f 7y-f ad, correspond spl f to the peripherAlleakage ;ux

(#,/)which links 5el4 apd dam per,buf not the arnAature.
A ssllm ing

transient period,

dard param eters m ay be w ritten by inspectionstan

that Ryd=o during the subtransient period and that R jd=w  during

follow ing the gpproach used previously, the expressions for

the

the

of the equivalent circuit as follow s:

Ld L d+LtJ

1L ?
d

Z,
L #(fs +is)

+ 6L t+
1 1

- +
L #+J L d+L ;/ p

Z #J L d+/ L lP

L /'d f / L,d%aLad+L, 1,Z,,f-+L#Ly#f,f+ 
-

L- L;d+L- L t,+L ,aL;d+L ,dLpl+L;dLpl

T /#0
Lu +Lg +L

p, (4.41)*
@

F11#0 A
R  , - ( hd ( X a d 6 V j )Z + !1gL t+hd+Lad#

T '
, d z,,( L #f,JLd+L /+f # s +1> l
F #d A

s  , - ( LaaLp&d+L&dLad+Ll%dLsZ1#+L;dL#+L;dL,+Lphad+Lphl+LadLl
The above eypressions are based On the approxim ations

@

qssociated Alritll the

classical deûnitipn Qf the paranleters. A ccurate CXPCCSSIOnS applicable

each

to a nAore

com plex m odel

#-axis m utual

structure consisting of these rotor circuits @111 axis and unequal

inductances are given in reference 7.

Parameters of salient pole machines..

In the discussion of standard paranAeters

each

SO far,W C have considered a m odel
structure w ith tw o rotor circuits k111 @aXIS

. This *IS Applicqble fo a round rotor

m achine. dam per w inding is the

only rotor circuit in the ç-axis; therefore, only one g-axis rotor circuit (denoted by the
subscript 1ç) is applicable. The param eters of yhis rotor çircuit are such that it
represents rapidly decaying subtrqnsienf effects. The second rotor circuit (denoted by
subscripy 2q) is ignored 4nd no distinction is m ade between transient and synck onous

H ow ever, for a lam inated salient pole m achine, the
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(steady-state)
pole

conditions.H ence,the expressions for the g-axis paranaeters of a salient

m achine are aS follow s:

L h +Laq

L## h + L Z1aq q
L +
Jç

(4.42)
f 1

L +La
q 1çF #

qo *x:

The transient paranleters L /and F ' areç0 nOt applicable in this Case.

In the #-axis,it is appropriate

previously
to considertwo rotor circuits(feld and dam per)

and the expressions derived are applicable to salient pole m achines.

R eactances:

ln per unit,the subtransient,

inductances.

transient and synchronous

practice

reactances are eq

synchronous

ua1 to

the corresponding H ence, Com m on *IS to identify

m achine paranleters in ternls of the reactances, instead of the inductances.

Typicalvalues of standard parameters:

T able 4.2 gives ranges
@

Anritllill w hich

Frona the CXPCCSSIOnS

that

for m achine

generator param eters norm ally

param eters sum m arized in T able

lie.

4.1, it *IS

readily apparent

Xd > X V X ? > X ?d V X /? > X ## (4.43)

T '#0 > F /d > T /'J0V T #d 7 F (4.44)

T 'qo > T  ' > F  ??qo7 F # (4.45)
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T able 4.2

Param eter H ydraulic U nits Therm al U nits

hronous X d 0.6 - 1.5 1.0 - 2.3Sync

R eactance x  o
.4 . 1.o 1.o - 2. .3q

ient XL 0.2 - 0.5 0.15 - 0.4Trans
R eactance x ' 

-  o.3 - 1.:q

btransient XL' 0.15 - 0.35 0.12 - 0.25Su
R eactance x '' o

.2 . :.4j :.12 . 0.25

ient OC FJ0 1.5 - 9.0 s 3.0 - 10.0 sTrans

Tim e Constant r y . :.j - 2.0 s
q

ient OC FJh 0.01 - 0.05 s 0.02 - 0.05 sSubtrans

Tim e Constant p ,j 0.01 - 0.09 s 0.02 - 0.05 s

Stator L eakage X
t 0.1 - 0.2 0.1 - 0.2I

nductance

Stator R
a  

0.002 - 0.02 0.0015 - 0.005R
esistance

N otes: 1.R eactance values r e @111Per

rated values.

unit w ith stator base values equal to the

corresponding

T im e

m achine

2. constants are @111 seconds.

Exam ple 4.1

The föllow ing are the per unit values of the standard param eters

f.,P.

of the 555 M V A ,0.9

60 H z turbine generator considered in the exam ples of C hapter 3:

Ld = 1.81 L = 1.76q

L ' = 0.65

F ' = 1.0
:0

L ' = 0.3

Lt =0.15 R  = 0.003J

L ?z = g ggd * g ?z = :.:5
q

r zz .g.gg
qo

T ' = 8.0dn S S F zz = g.gg#0 S S
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The transientand subtransientparanleters are based on the classical deflnitions.The
param eters given correspond to unsaturated values of f a and Laq.J

(a) A ssum ing
param eters,

that L =L a,>  a

elem ents

determ ine the Per
@

Y-YXIS

unit values of the fundam ental
@

1.e., of the d- and equivalent circuits.

(b) U sing the fundam ental param eters com puted in (a) above, and without m aking
the sim plifying assum ptions of the classical desnitions, calculate the accurate

values of the transient and pubtransient param eters. H ow  do they com pàre

w ith the values based on the classical defnitions?

(c) If, at the rated output conditions, the effect of m agnetic saturation
L dJ

values

and

is to reduce

f aq to 83.5%

of the standard

of their unsaturated values, 5nd the corresponding
@

param eters based on the classical defnitlons.

Solution

(a) W e firstcom pute the unsaturated m utualinductances

Lu Z#-f/ 1.81-0.15 1.66 Pu

:  oA Z -Lt 1.76-0.15 1.61 Pu

W e then com pute the rotor leakagç

sgbtransient

classical

inductances from  the expressions for transient and

inductances.From Equation 4.29,the expression forfJ based On the
defnition @IS

L # L,
V fy:+
Laa+ Lyd

Substituting the respective pum erical values gives

0.3 1.66 xhd0
. 15+

1.66 +1 df

Solving for Lyd yields

#:d 0.165 Pu

Sim ilarly, from the expm ssion for L 'given by E quation 4.33,Nve obtain

0.65
1.61xZ 1:

0.15+
1.61+z 1:

solvipg for f 1ç gives
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L bq 0.7252 Pu

From E quation 4.28

L #d
Zuafyyf l:

Lu% + ZwZ1#+ LyaLqdLt+

Substituting the respective num erical values gives

1.66x0.165x1 1,
0.23 0.15+

1.66x0.165 +1.66x1 1:+0.165x1 1:

Solving for L jd, w e have

L 3d 0.1713 Pu

Sim ilarly, from the expression for L '' given by E quationq 4.32, w e obtain

0.25 0.15 +
1.61x0.7252xZ.

1.61x0.7252+(1.61+0.7252)1.

and solving for f zq yields

Lzq 0.125 Pu

N ext, w e

constants. From  E quations 4.15

the classical defnitions, are

com pute the rotor resistances from  the expressions for the open-circuit tim e

and 4.23,the expressions forTLo and F/'#@ based On

F ?:0
zw +zs

Pu%d

and

F /#do zwsy,X  z +
Ld z +LR  

: w  yd/

Pu

Substitutlng the num erical values and noting that the tim e constant in per unit is equal

to 377 tim es the tim e constant in seconds, w e obtain

1.66+0.165

8.0xj77

0.000605 Pu
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and

R 3d 1 1.66x0.1650
. 1713+

0.03x377 1.66+0.165

0.0284 Pu

Sim ilarly,

resistances,

using Equations 4.30 and 4.31 ttl com pute the *;-aXIS rotor circuit

W e obtain

FNA 0.0062 Pu

and

& q 0.0237 Pu

The follow ing is a Sum m ary of the Per unit values of the fundam ental paranleters:

R  = 0.003J Lt =0.15 Lu  = 1.66 L = 1.61aq

# 1: = 0.0284L d =0.165f R  # =0.0006f

# 1 = 0.0062

L Ld =0.1713

L3 = 0.7252 X  =0.125 &  = 0.0237q

(b)
sum m arized

The accurate expressions for the J-axis transient and subtransient constants arC

111Table 4.1.

Substituting

tim e constants

the fundam ental param eters com puted above expressions

seconds, w e obtain

forin the the

F1 to F6 and dividing by 377 to convert to

F1 8.0 S F2 0.171 S Fa 0.03 S

F4 1.326 S T5 0.0288 S F6 0.023 S

The accurate value of the #-axis transient inductance @IS

L ?d La
F  +F5!

F1 + Fa

1.326 +0.02881
.81

8.0 +0.171

0.3 Pu

The accurate values of transient and subtransient open-circuit tim e constants are
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T '#0 Tj +Fz 8.0+0.171

8.171 S

F #/#0
F1 Fa

Fj +Fz

8.0x0.03

8.0 +0.03

0.0294 S

Sim ilarly,for the g-axis, w e obtain

F1 1.0 S F2 0.1943 S Fa 0.07 S

F4 0.3693 S T5 0.0294 S F6 0.0269 S

The accurate value of the g-axis transient inductance *IS

L + Fs
Fj + Fz

L /
q &*

0:3693 +0.02941
.76

1.0 +0.1943

0.5875 Pu

The accurate values of the *Y-aXIS open-circuit tim e constants are

T '
:0

F1 +Fz 1.0+0.1943

1.1943 S

F1
F  z'
:0

Fa
F1 +Fz

1.00
.07

1.1943

0.0586 S

There are no approxim ations associated w ith the classical desnitions of the

subtransientinductances;hence,accurate values of fJ and L //q are the Same aSthe
given values.

The follow ing *IS a com parison of the accurate and approxim ate values of the

paranleters.
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V alue based onP
aram eter c jassical D es nition X CCQr2tf V zlue

fJ 0.3 0.3

FJo 8.0 8.171

FJg 0.03 0.0294

f ' 0.65 0.5875q

T ' 1.0 l .1943qu

F'g 0.07 0.0586q 
.

The differences are signifcant only for the g-axis.

(c) At the rated outputcondition,the saturated values of m utualinductances are

%> 0.835x4.. 0.835x1.66

1.386 Pu

LJ: 0.835x1aqu 0.835x1.61

1.344 Pu

The corresponding values of the standard param eters, based On the tlassical

defnitions, are

>

Z# 1.386+0.15 1.536 Pu

Lq 1.344 +0.15 1.494 Pu

L /d 1.386y0.1650
. 15+

1.386 +0.165

0.2974 Pu

1.386x0.165x0.1713L //
d

0.15 + .
1.386x0.165+1.386x0.1713+0.165x0.1713

0.2292 Pu

1.344x0.7252L / 0
. 15 +

1.344 +0.7252

0.621 Pu
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1.344x0.7252x0.125L /?

1.344x0.7252 +1.344x0.125+0.7252x0.125

0.24$8 Pu

T 'J0 1:386+0.165

0.0006x377
6.86 S

F #/:0 1 1.386x0.1650
. 1713+

0.0284 x377 1.386+0.165

0.0)98 S

1.344 +0.7252T '
ç0 0.885 S

0.0062x347

F #/
ç0 0 

.02 31 x 377 (0 ' 12 5 + ) '. 111 ) 0: *.42,552,
0.0667 S K

4.3 FREQ U EN C Y -RES PO N SE C H A RA C T ERIST IC S

lt is of interest ttl exam ine the frequençy-response

standard

characteristics of the

operational param eters and relate them  to

rovide useful insight into the dynam icP

readily

param eters.

characterissics of the

Such characteristics

m achine and m ay be

sketched using

W ith the rotor

approxim ation.

effects represented by tw o circuits

the asynlptotic

in the J-ax1' s5

show s
Lls)
the

and (;(s4
arC given by E quations 4.16 and 4.17,

The

respectively.

transient and

Figure 4.5 m agnitude

of f Xs) qs a functiop of frequency.
inductances have been used to

subtransient tim e constanty and

identify

for theapproxim ation.

general

synchronous m achine.

The plot

frequency

shou @IS

corner points

generator considçred

the for the asynzptotic
*

1I1 Exam ple

applicable
*

4.1.T he

shape of the reSPOnSe
@ *

characteristic, how ever, @IS to @ny

The effectlve lnductançe is eqpal to the

inductance

synchronqus lnductancç

Ld

2
atfrequencies below 0.02 Hz,the transient fJ *111
H z, and the subtransient inductance L ppd beyond 10 H z. l11

range
stability studies,

thç 0.2 H z t:

the

frequency range of interest *IS corresponding

m agnitude of G(s)

that to L 'd.

Figure 4.6 show s the aS a function of frequency for the

sam e m achine,

the effective

G ? norm alized so that it is equal to 1.0.

gain drops off considerably at high frequçncies.

Ahritll From  the plot w e see that

This indicates that high-

freqgency

hence

variations *111 feld voltage arC nOt reiected *111 the stator ;ux linkage and

other stator qugntities.
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A rm ature tim e constant

A s discussed @111Section 3.7.2,the arm ature tim e constant, F , givesJ the rate of

decay
three-phasea

of the unidirectionalcomponent (dc offset) of arm ature phase currents following
short-circuit at the term inals.

The unidirectional com ponents
*

of currents,w hich have unequal m agnitudes in

This induces fundam ental frequencytk ee phases, produce a statlonary m m f w ave.the

rrents in the rotor circuits, keeping the ;ux linking w ith these circuits constant. Thecu

gux path due to the direct current in the arm ature is sim ilar to those corresponding

ttl
ith respect to by the direct currents in the stator, the m m fW

ave alternately sees conditions corresponding to f J' and f q''. Hence, the effectiveW
inductance seen by the direct currents in the arm ature lies between f J' and f q''. lt will

inductancessubtransient L lf# d L /'an . Since the rotor m OVeS at synchronous speed

the m m f w ave produced

be shou later that this @IS also the inductance f 2, Seen by the negative Sequence

currents applied ttl the stator w indings. Therefore,

Fa
L '' + Z ''1 d 

qR 2J Per Y t (4.46)

The value of Ta lies betw een 0.03 and 0.35 S.

4 .4 D ET ER M IN A T IO N O F S Y N C H R O N O U S

M A C H IN E PA RA M ET ER S

The conventional m ethod of determ ining synchronous m achine paranleters @IS

from short-circuit tests On unloaded m achines. The test procedures are speciû ed

F '' and F ''#0 # '

ln addition,

*

111

IEEE Standard 115-1983 (81.These
They do not, how ever,

they do not include

consequently

procedures

provide @@-aXIS
tests provide Xd, Xq, XJ, Xd1 FJo FJ,
transient and subtransient constants.

m easurem ent û eld circuit during the shol -circuit tests, and

the seld circuit is not specif cally identiûed. The lim itations of these

for providiùg dafa suitable for stability studies have been recognized for

of the

SODIC tim e.

Severalalternative testing

m odèls:

and analyticalm ethods have been proposed and used

to obtain better

@ Enhanced sudden short-circuit tests;

@ Stator decrenaent test;

* Frequency-response tests

Standstill frequency response,

O pen-circuit frequency response,
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On-line fiequency reSPOnSe;

@ A nalysis of design data; and

@ Quadrature axis saturation nleasurenlents.

The speciat
of these

references

features of theses m ethods are briei y discussed below .A  detailed

description

refer

m ethods is, how ever,beyond the scope of this book. R eaders m ay

to the provided for additional inform ation.

E nhanced short-circuit tests

lm proved m ethods of tltiliirilléj results from sudden short-circuit tests to

determ ine nAore accurate J-axis paranleters are described in references 9 and 10.The

m ost im portant feature of these m ethpds @IS the utilization of rotor current

nAeasurenAents during the short-circuit tests to identify the S eld-circuit characteristics

m ore accurately.

Alnong
*

the disadvantages of the short-circuit

provide Y-aXIS paranleters accurately and the

approach are the

necessity of exposing the

inability to
) -

nAachine to a

Severe shock. <.

llecrennent tests

These tests are sim ilar in approach ttlthe sudden short-circuit tests

are naeasured

in that the

tim e CCSPOnSeS of m achine variables follow ing à sudden disturbance to

identify m achine characteristics. R eferences 10, 11 and 12 uSe this approach.

ln this approach, Ahritll operating

(ïç-0),
arC

iow ing

voltage

the

conditions arranged cur ent is

the resulting t inal

for a m odel in m uch

such that

only

and

@

111 the direct axis the unit @IS tripped

param eters

A  sim ilar test

and

feld current decay used to extract

San Ae

current

w ay as

P ow ing only

Ahpitll sudden shoft-circuit data. *IS

in the quadrature axis (ï#-0)to obtain @:-aXIS

perform ed w ith

data. T o m aintain

unsaturated conditions, these tests are conducted at partial

data.

load and reduced voltage.

These tests provide both d- and *Y-RXIS H ow ever, they

or im possible to

the testing and the

som ew hàtare

difl cult and expensive to conduct.For m ost m achines, it is diff cult

attain unsaturated conditions w hich unfortunately com plicates

analysis

w hich

of results.The tests require rescheduling
*

of generation and several unit triPS,
@

IS often not practlcal.

F requency-resp onse tests

J.Standstill k equency response (SSFR) :

In the SSFR technique, al1tests are conducted with the unit atrest (rotor
stationary)
particular

aùd disconnected the system . The rotor m ust be aligned to

exclted

tw O

positions w ith respect to the stator during the tejts.sàTitllthe stator
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1ow (+60 A, +20 V) source over theby a
the follow ing responses are m easured:1 G Z,
W ith the stator w inding excited and f eld

level range of frequencies from 1 m H z to

shorted

sG(s) A ig ls)

A ï
(4.47)

d @)

r d

Aev (*Z
dls) Aï (4.48)

d @)

W ith the statorwinding excited (ûeld condition im m aterial)

A e (s)Z
q
ls) (4.49)

h i
q
ls)

The lattertwo,Zls)and Zqls),arethed-and @:-aXISoperationalimpedances
s view ed from  the arm aturea

subtracting

term inals.

the arnAature resistance

The operational inductances

from  these im pedances:

are com puted by

Ldls) Z#@) -Ra (4
.50)

S

and

Z (s) -RaqL
q
lsj (4.51)

S

where R a is

The

the dc resistance of one arm ature phase and @S =7O .

aram etçrsP of the J-axis

runction approxim ations for the

equivalent circuit are obtained using transfer

functions f js) and sG(s). The function sG(s) rather
Lhan (;(s)isused because theform er can be m easured
k

.h 412:feld shorted. The *Y-RXIS paranleters arC obtained
at the same time as ZXs), with
using the transfer function for

ïqlst.
lssum ed

The order of the transfer function depends On the num ber of rotor circuits
*

111 the respective

the

aX e S.

B ecause tests are conducted at Very 1()AAr;ux levels, the results m ust be

lorrected to bring them

is

from the <ç 5:tOe of the saturation Curve to norm al unsaturated

evels. This done by m inor

This technique has
adjustm ent of the m utual reactance in each axis.

been used in references 7, 13, 14, and 15. ln addition, it is
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tttrial use''nOW a standard of the IEEE (161.SSFR testing is relatively
a unit.

easy to perform

either in the factory or during a m aintenance outage on

Besides the required adjustm ent for unsaturated conditions,there are tsvo other
lim itations to this type of testing, both of w hich involve rotational effects. syRlere

dam per

good

w edges

windings are em ployed, they are often just
coM ection at standstill. In addition, the extent

overlapped and m ay not form  a

to w hich rotation causes the slot

ttl form a 1()A!r

A t low  and high

im pedance path to the rotor is

frequencies, the data obtained

largely unknow n.

are

m id-frequency range

dam per w indings or the

*

ISit to be good

dam pers

for m ost

expected to be good. ln the

m achines w ith nQ. specii cexpected

equivalent, short and non-m agnetic retaining rings

(171.
D etails of m odels developed

14.

from SSFR tests On three largegiven in references7 and The measured L;s),:47(:)andLqls) generators
characteristics

are

for

One of these generators (500
4.7,

M W , 3800 H M generator at L am bton G S @111

are show n *111 Figures 4.8 and 4.9. Second- and third-order transfer
Optario)
function

approxim ations

generator, second-order transfer functions are seen to be good approxim ations

d- and g-axis. H ow ever, this m ay not alw ays be the case; depending on

to the m easured characteristics are also shou in the sgures.For this

for both

the rotor

construction,

(7,141.

third-order transfer functions m ay be nAore appropriate @111 SonAe CaSCS

b.Open-circuit k equency response (OCFR) .. N

O pen-circuit

data

frequency-response testing allow s conûrm ation

SSFR in the m iddle of the frequency range for the J-axis only

of som e the

g7j. For t ' test,
the unit @IS operated On Open

s eld-to-stator

@ *

- clrcult at reduced voltage.The f eld is excited atvarious

frequencies

betw een

and the frequency-response nAeasured. The difference

this

indication
response

of rotational

O d the equivalent One from the standstill tests gives SonAe

effects.

The

effects.

test norm ally at m ore

B y conducting the test w ith various

@

IS done one voltage

signal am plitudes,

than to exam ine saturation

slot w edge conduction

effects Can be assessed.

C.On-line k equency response (OL FR) .'

ln riany respects,on-line frequency CCSPOnSC (OLFR)testing is the ii yoof juP
the pudding'' as far as sm all-signal veris cation of m achine

the m achine is tested under the sam e conditions as those

m odels is concerned.llere

under w hich the m odel @IS

expected to yerform, although over
For thls test, the m achine is

substantial

a restricted operating range.

operated near rated (or at reduced)load preferably
Over a inapedance

*

to the system . The excitation @IS m odulated by either

sinusoidal or random  nolse.C om ponents are rejolved on the tw o axes and data sim ilar

to those of the SSFR  tests are used to derive a m odel.The frequency range

SSFR

of usable

data @11I this dase is m ore lim ited than that of the SSFR tests, but the data are
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expected

of the

to be good at the

frequency range

frequency extrem es. The O LFR  testing allow s the m iddle

to be l lled in w ith data for both axes w hich include rotational

effects. The disadvantage of this test *IS it testing on an operating unit

special system  or unit conditions. ln addition
,

that requires

connected to the system ,

it does

possibly

signal

under

nOt provide large reSPOnSe inform ation.

D etails of O L FR  m easurem ent techniques and m odelidentif cation procedures
@

are given ill reference 1 8 .R esults of O LFR tests On tw O large units andreferencelm proved
m odels developed

for

from the tests are given *111 references 7 and 19.ln 20,

bym odels three generators

results of sim ulations

large based On SSFR and O L FR tests are validated

com paring

sw itching.

tests

the w ith rneasured CCSPOnSCS involving line

For one generator, m odels derived from short-circuit tests and decrernent

arC also validated.

Calculation of m achine param eters from design data

generator design are

in reference 21. R eference 22 presents m ore recent w ork using Snite elem ent

W ork done on tw o and tk ee dim ensional snite elem ent m odels ih

Im proved m odels developed fro> inform ation described

anallrsis.

state has show n good agreem ent w ith m easured results.ln addition,tw o

e steady

d ensional

fnite elem ent m odels have been developed w hich provide frequency CeSPOnSC data

that Com pare w ell w ith rneasured results. The degree to w hich conduction OCCUrS

aCCOSS slot w edges appears ttl have a signii cant effect On the m odel. at higher

frequencies.

am plitude

The signiscance of rotational

m odel require additional '

effects and the effect of disturbance

on the lnvestigation.
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synchronous M achine R ePresentation

ilq Stability S tudies

The Per unit equations sum m arized ill Section 3.4.9 describe com pletely the

electrical

ànalysis

stability

synchronous

dynam ic perform ance of a synchronous
@

m achine.

of Very sm all system s,

chapter the

in stability

these equatlons cannot be

H ow ever, except

used directly for
for the

studies. ln this

naachines

sim plif cations required

studies are discussed. A lso

system

for the representation of

considered are various

degrees

m inim izing

of approxim ations

data requirem ents

that Can be raade to sim plify the m achine m odel,

and com putational effort.

5.1 S IM PLIFIC A T IO N S ES S EN T IA L

FO R LA R G E-S C A LE S T U D IES

from

For stability Analysis of large

Equations 3.120 and 3.121 for

system s,

stator

it is necessary to neglect the follow ing

voltage..

@ The transform er voltage term s, p kpd and P M q.

* The effect of speed variations.

The rCaSOnS for and the effects of these sim plif cations are discussed below .

16 9
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5 .1.1 N eglect of Stator# W T erm s

A s discussed *111 Section 3.7, the # V #

stator

and # V ç
@ '

ternAs

transients. sà?itllthese ternls neglected, the quantltles

represent stator

contain only fundam ental

the

frequency

This

com ponents anL the stator voltage
allow s the u$e of steady-state

equations appear as algebraic equations
.

relationships for representing the intercolm ecting

transm ission netw ork.

The transients associated w ith the netw ork decay very rapidly and there is little

'ty studies. The network transientsjustifcatioh
caqnot

w ould

for m odelling their effects *1l1 stabill

be neglected

have

unless m achine statör transients are

an inconsistent set of equations

also neglected; otherw ise w e

the various elem ents of the

POW er

system

sim ulated.

system . lnclusion of the netw ork

representing

transients increases the order of the overall

m odèl considerably,

addition,

and hence lim its the size of the system that Can be

I11 a system representation w ith m achine

transientj contains high frequency transients. This requires
@

stator and net '-- rk

sm all tim e steps or

num ericalintegration, resulting in an enorm ous increase ln

tim e respoùses of system  variables èontaining high frequency

to

com putational costs.A lso,

com ponents :re diff cùlt

analyze ahd interpret from the vieqvpoint of system stability. For these reûSOnS,

stability

hundreds

analysis of practical

of generators

pow er system s consisting bf thousands of buses

w ould be im possible w ithout the sim plifcation resulting

aùd

from

the neglect of m achine stator transients. W hile W e have identif ed the need for

(llzlittilléj

establighed

the stator # V

com puted

ternAs from

m achine

com putational considerations, W e hake nOt yet

that the

for thè
responsehas àeen 'Alritll tllissim plifcation is acceptable

W e sArill

study of system  stability. Thisdiscuss the results of one ofthe CaSCS lnvestigated
considered in referencù

in references 1 to 3, and

1.

Figure 5.1 show s the system studied. lt consists of a jalient-pole generator

The disturbance appliedcohnectèd to an insnite bus through

at

tw o transm ission lines.
*

IS a three-phase short-circuit the sehding end of one of the lines,cteared in 0.09 S
by

and

isolating

w ithout

the faulted @ *clrcult. The reS#OnSeS of generator vafiables com puted w ith

inclusion of the statorp v  tetm g are com pared in Figures 5.2, 5.3 and 5.4.

are om itted, w e see from  Figure 5.2 that id and iqW hen the stator # V ternAs

have only unidirectional com ponents; thesè correspond
@

to the fundam ental frequency

andcom ponent of phase currents.

in m agnitude; it is due to the

The resulting alr-gap torque

stator resistance losses.

is unidirectional sm all

O n the èther hand, w hen the # V ternAs are ihcluded,

fundam entalfrequency (60 Hz)componentg,which correspohd
T hese

id and i contain

to the dc offset in the

phase

com ponents

currenis (discussed @111 Section 3.7). *111 turn result *111 the following
of air-gap torque :

@ A fundam ental frequency bscillatory com ponent, due to interaction Arritll the
rotor f eld.

@ A unidirectional com ponent, due ttl rotor resistance losses caused by the

fundam ental frequency currents induced in the rotor.
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The unidirectional
*

qulte

///V&d,'

high and has a

com ponent

braking effect.

reduce

of torque,

Therefore,

due to rotor resistive losses, Can be

it *IS referred to RS the dc braking

its effect is to the acceleration of the rotor follow ing the disturbance.

The

cycle

effect of the oscillatory cpm ponent is to decelerate the rotor during the firsthalf

and to accelerate it to near its initial speed during the second half cycle,
*

and SO

OD

reduction

during subsequent

of

cycles. The net effect of the oscillatory torque

effect

IS therefore a

the m ean speed of the rotor (41. The overall of these two
Com ponents

illitiltll)r

senefcial

Ca u se

for a close-up

retardation of the

sim ultaneous three-phase

a back sw ing.

fault could be large

rotor Or This could have a

enough to

signif cant

effect On system

and

stability RS Seen from plots of speed deviation and rotor

angle in Figures 5.3 5.4.

the
estim ated

Since, large-scale stability

effects of the unidirectional (dc)

for studies, it is necessary

braking torque and the

to neglect the p kj

oscillatory torque

5

term s,

m ay be

and included in the calculations. R eferences 1,3, and 6 give m ethods of

stim atinge the unidirectional braking torque, and reference 4 gives a m ethod ttl

account

tk ee-phase

for the oscillatory torque. These w ould be applicable only to sim ultaneous

faults and need to be considered only for m achines Very
*

close to the fault.

H ow ever, *111 practical studies

braking and oscillatory torque are nOt
pow er

norm ally '

systemof stabillty,

for

the effects of dc

lncluded the follow ing reaSOnS:

(a) M ulti-phase
single-phase

phase

faults r e m ostly

develop

involved

sequentially developed; that @1S, they start aS

faults and illttl tw o-phase Or tk ee-phase faults. lf each

Nvere to beconae aS its voltage

1ag

reached the peak

w ould

of the voltage

startW ave,

a sinusoidal

the short circuit current w ould by 90O and therefore aS

W ave beginning at kero on the sine W ave.ln such a Case,there @IS

nO requirem ent for dc offset @11I the fault current. R ecords of oscillogram s

offset

of

actual short circuit currents appear to show

currents.Therefore,One cannot depend
very

on the existence

little dc *1l1 the

of dc braking

phase

to assist
*

111 stability.

(b) Even if som e dc offsetexists,ignoring itseffect introduces a slightdegree of
conservatism .

W ith the

and 3.121

stator transients neglected,

appear as algebraic equations:

the Per unit stator voltage E quations 3.120

ed -% Y -R iq r a d (5.1)

e # * -R id r a q (5.2)



174 Synchronous M achine RePresentation i n Stability Studies C haP.5

5 .1.2 N eglecting 1he Effect of S peed V ariations On S tator V oltages

A nother sim plifying

in the stator

assunzption norm ally
@

m ade is that the PCrunit value of e3,
is equal to 1.0 voltage equatlons.

speed

This @IS not the Sanle aS saying

not

that

speed is

signil cant

constant; it aSSUDIeS that changes arC sm all and do have a

effect on the voltage.

ofThe assunAption Per unitOr=1.0 'e(1. .,O =*0r rad/s) *111the stqtor voltage
equations does not contribute to com putational sim plicity in itself. The prim ary reason

for m aking this assumption is that it counterbalances the effect of neglecting rvy, p%
I

term s so far as the low-frequency rotor oscillations are concerned (7,81. W e will
dem onstrate this in Exam ple

unit

5.1.

shritll PCr œ =1.0,r the stator voltage equations reduce to

ed -# -R jq a d (5.3)

e ##-X iJ (5.4)q

A11other equations (3.123 to 3.134) sum m arized @111Section 3.4.9 rem ain the SanlC.
O rganization of the m achine equations in a form  suitable

stability studies is described in C hapters 12 and 13.

for sm all-signal and transient

Relationsh# bebveen #dr unit Pe and Te

The term inal electric POW CC illPer unit *IS given by

C edid+e iq q

Eitlllstitlltilléj for e andd e fromq E quations 5.3 and 5.4 gives

C (-#ç-R i& ) id+l%d-Raiq) iqd

2 2(%diq-%qidj-Ralid +iq ) (5.5)

2F -R  I
t: J

The air-gap PoW er,naeasured behind Ra,*IS given by

2# +R  f

ft a (5.6)

Fe
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The PCr
@

unit air-gap pow er #

r d IS equal

N orm ally, P e=& rTe. H ow ever, the assum ption of o r=1.0 pu in the stator voltage

com puted

ttlthe #er unit
SO6

alr-gap

is in fact the PoW er at synchronous speed

torque Fe*

uationeq *IS also reiected @111 the torque equàtion, m aking # =F .e e This fact is often

overlooked.

Exam ple 5.1

shritll Zero arm ature resistance, show that for sm all peA rbations the effect of

neglecting the speed variationj (i.e., assum ing or=ov) in the stator voltage
is to counterbalance the effect of neglecting p v d, # v ç tenns.

equations

Solution

W ith Ra=ù and tim e f in seconds, the stator voltage Equations 3.120 and 3.121 becom e

ed A ## Ov-# (E5.1)
0 0

e
1

- ## +%d-
0 0

(E5.2)

w here l r and ::: are expressed in rad/s.

For sm all pedurbation,

1 A Y r
Led #(A # j- A è - è ;d' + q + q

0 0
(E5.3)

1 s * rA
eq = #(A #ç)+A #:+ #

O c
dn (E5.4)

Since

ed G sinô (E5.5)

e = E cosôt (E5.6)

from EquationsE5.1,E5.2,àt steady state (derivative term sabsent) vve have

6dn Ffsinôo -#qo

e o E cosôc #J0

N

à H ence, for sm allpedurbations, E quations E 5.5 and E 5.6 becom e
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Led (Ffcosôcllô #:0Aô (E5.7)

Leq -(Sfsihôc)Aô # Aôç0 (E5.8)

From EquationsE5.3,E5.4,E5.7,and E5.8, with hor=plhö),We m ay write

##oAô A ,(a#z)-a# -#
qo

/ plhs)
O t

(E5.9)l
o

# Aôç0 A ,(a# )+a#,+#
Y  q

0

A s(aô)
do 0

0

(E5.10)

W e Alpill Com pare the expressions for

E 5.8,w ith and w ithout the effects

h ed and h eq, as given

of #A v  and p h ö term s.

by E quations E 5.7 and

(a) W ith b0th p(l/) and #(AY terms included..

R eaa anging Equation E 5.9,W e have

A ô

1
- #(A#:)-A#:
O c

(E5.1 1)#
qn*:0+ #

0 0

From  E quation E 5.10,

A#d Y#0 Z  1# ;(#
N;- pjh6 . p q g

O c O c
(E5.12)

Substituting E quation E 5.12 in E 5.l 1, rearranging and sim plifying,w e get

#:oAô = -A# (E5.13)

Sim ilarly,from Equation E 5.10,

A ô

A ,(a#
ç
)+a#a

O c

(E5.14)
# #do
ç0 #

and from  E quation E 5.9,
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A#q #vo aô 
+ + s(a#

a)-(#:0+ #)
0 0 O c

(E5.15)

Substituting Equation :5.15 in E5.14,rearranging and sim plifying,W e 5nd

# ,Aô = A#:q (E5.16)

#) With b0th p(A/? and #(lY terms neglected..

EquationsE5.9 and E5.10,w ith pAv =phvq# =phö =0,sim plià  to

#:oAô = -A# (E5.17)

# ,Aô = A#:q (E5.18)

These are sam e as Equations E 5.13 and E 5.16.

W ith only /4 /) terms neglected..

From E quation E 5.9,w ith the # V # ternl neglected, W e have

#doAô -A# #qo aô)
-  #(l

o

H ence,

A ô
A#

#do #
+ M #

M ultiplying both sides by v #o gives

#ao#
,o Aô = -A#q 

#ç0#
:0+ #

(E5.19)

Sim ilarly from  E quation E 5.10,w ith the # V ç ternl neglected, W e Can show  that
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#v0
# oAô = A#:q 

#dn#
:c+ #

O c

(E5.20)

The above > 0 equations differ from  Equations E 5.13 and E 5.16.

(4 W ith only #(lY terms neglected..

W ith p â ö =0,from E quation E 5.9,w e havç

# Aô#0 A #(a#
O c

)-A#d q (E5.21)

and from Equation E 5.10, w e have

# Aôç0 i ,(a#
<
)+A#,

* 0
(E5.22)

O r

A#d A ,(a#
ç)# 0Aê -q 

o 0
(E5.73)

Substituting E quation E 5.23 into E quation E 5.21 yields

# Aôdo A #(# Aô #
ç0 A# )-A#q q

G rouping term s involving A8 and rearranging, W e have

2 21+# Ioo
#aaAô = -A# ##cq

A##o-#ço
0 0

(E5.24)

Sim ilqrly,

2 21+# Ioo
# aAô = A#, #çcq

A#ço+##:

(E5.25)
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A gain,the above equations differ from E quations E 5.13 and E 5.16.

W e SCC thatthe expressions for hed 'e(1. .,v#oAô) and Ac 'e(1. .,vçoAô)Aléitllboth
pl included equal those with both term s neglected, but not those
with only one of these term s neglected. Therefore, the effect of neglecting #(Aô) term s
is to counterbalance

Av) and #(A8) term s

the effectof neglecting #(Av) te= s.

5 .2 S IM PLIFIED M O D EL W IT H A M O RT IS S EU RS N EG LEC T ED

The frst order of

neglect

parazneters

the am ortisseur

sim plif cation to the

effects. This m inim izes

related to the am ortisseurs are

synck onous m odel is to

data requirem ents since the m achine

often not readily available. In addition, it

m achine

m ay
m odel

contribute to reduction @111 com putational
@ *

and

W ith the

allow ing larger integratlon

nejlected, the
equatlons (3.123

steps

reducing the order

ln tim e-dom ain sim ulations.

effort by of the

am ortisseurs

unchanged. The rem aining
stator voltaje Equations 5.3 and
to 3.133) slm plify as follows.

5.4 are

Flux linkages'.

## -Ldi+L ajsd a (5.7)

#ç -L iq q (5.8)

#y# -L #fy+fw fy,J (5.9)

Rotor voltage :

e #f ##y:+&#iy#

0r

P%p e # -Rg ïsf (5.10)

Equation

characteristics

5.10 @IS nOW the only differential equation
*

associated Alritlz the electrical

of the m achine. l11 the above equatlons a1l quantities, including tim e,

r e @1l1Per unit.

Alternative form of m achine equations

111 the literature on synchronous m achines,

follow ing variables:

E quations 5.7 to 5.10 are often

w ritten in ternzs of the
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f z L , ig
J

L
ad

L ##

voltageproportionaltoLd

E  #
q

#y, voltage proportional to #yJ

Lu

E #z %R 
#J

voltage proportional to e #f

1n ternls of the neW variables, E quation 5.7 beconaes

## -Z i +Ed d I (5.11)

M ultiplying

variables, w e

Equation 5.9 by f adlLgd tk oughout and expressing in ternls of the neW

get

E  ?

2L
dJ .

-  I+Egd (5.12)
L ##

Since, from E quation 4.29,

L ?d & L azy:J+
Laa+hd

(Q -Zw) Ladhd+
L +Z #ad /

zL
adL

d t
fd

then

L -L 'd d

2L
dJ

Z d#

Eitlll stittltilléj in E quation 5.12 gives

E # Eg-(Ld-L ' ) id d (5.13)
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JkltTltilpllrilléi E quation 5.10 by f adILgd throughout, W e have

p ( -o' ., )fd L Rc#-L#R , Lydf e dfR-MzidH/L :#
Expressing this in ternAs of the new  variables gives

1E '
P q (fya-fz)T

d

L (5.14)

where FJ0
The

is the open-circuit transient tim e constant deûned *111 Section 4.2.

follow ing @IS a Sum m ary of the alternative form of m achine equations:

## -Ldid+Eg

#: -Z iq q

E # E -(Ld-Ld' ) idI

E 'P  
q

1 (f
ya-fz)T

d'L

The above form *IS used

program s,
instead Of

particularly the

to represent synchronous m achines

older program s. ln this form ulation, E q'

@

111 Diany stabilit)r

is the state variable

:ry#.In a W ay,this is a Carryover
*

from the tecu iques

of the phasor

used @111the netw ork

analyzer
*

:-aX1S

days.A s Seen in the follow lng developm ent

transient reactance

diagram ,E  !is the

com ponent of the voltage

E ' as the state variable allow s aq

behind X 'd.Therefore,the uSe of

sim ple eA ancem ent to the classical m odel to account

for the feld circuit

f d,

saturation.
fJL ,q and

dynam ics. It should, how ever, be recognized that theFJ0 which appear in this formulation are functions ofparanleters
m agnetic

Phasor diagram for transientconditions:

A s W e account for only the fundâm ental frequency com ponents stator

transient conditions. ln

of

quantities,

order

W e Can uSC phasor representation to illustrate the

to do this it is srstnecessary

voltage

to CXPCCSS E ':5E1and E in ternAs of d- andq @:-aXIS

com ponents of term inal and current.

Since *111per unit X d=L d,from E quations 5.4 and 5.7,

e #a-X iaq

- X ai +#  dig -R
a
iqd a

- x aid+E g-R
a
iq
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T herefore r

f z e +X :f +R  id a q

lklllltillllrilléj by j,W e have

jEg @Je +J'X iq d +J'R id a q

1n ternls of phasor notation,

EI e +/Jf r rI+X Idd aq (5.15)

Fronl E quation 5.13,w ith X d' =L '#,

E  / e + X aid + R
a
iq - X aid + X d' f#

q

e + X  ' i + R  i

IstllTltillllrilléjby7 gives

jE 'q 'e +J'X ' i +J'R iJ q # d a q

ln phasor notation,

E  ' . , T rJ +JXd I:+#uI:q (5.16)

We s!e that the phasors f and h'
that E q also lies along the g-axis.

both 1ie along the *;-aX1S.ln Section 3.6.2,W e SaW

R earranging E quation 3.167 and slzllstittltilléj E g for X ad ip ,W C get

EI E . r+JIXd-X ) 1:
q q

(5.17)

Figure

5.15,

5.5 show s the phasor diagram representing R '> ç5E and E g given by E quations

5.16 and 5.17.
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R ia q (X:-Xç) id

A i X i:

Y  ' ;
n # *d

*

I e E  # E E I *Y
- a X IS

I g I I Ij I I I
I I I I

I I l * *
I J)I II I

q tI I I

z I I 1
I I I l Id 

-  -  -  -  -  -  -  
1 I I -

F I l E î- A t I I
e d j

l * I . ?E  I JX  Il 
d ttI

l
l
I -

J-axis R  Ia t

E t @ed+le e + ed q

S? E +(R +t a X ')I7 d t

E  # *;-aXIS com ponent of E '

-  T  . , T

e + R  I +JX J 1,
q J #

E V oltage behipd R  +J'XJ q

: +(Ra +jxqlI(t

e +R
J

rI . r+J): 1
,

EI - . TE +g(x:-x ) 1:

F igure 5.5 7Synchronous

in ternas of

m àchine phapor diagranA

E  ,Ef:and E  'q
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5 .3 C O N S TA N T FLU X LIN KA G E M O D EL

5 .3 .1 C lassicalM odel

For studies @111w hich the period
*

IS

of analysis

sim pliû ed
@ @ @

*

IS sm all *111 com parison to T ' thed>

m achine m odel of Section 5.2 often by assum ing

throughout the study period.

associated w ith the electrical

This assum ptlon ellm lnates the

characteristics of the m achine.

only
E ' (or vyy)C
dlfferential

con stant

equation

A  further

to ignore

approxim ation,

transient saliency by

w hich sim plif es the m achine m odel signil cantly,

the

*

IS

assum ing X ' =#

circuit

X ' and to assun;e that ;ux linkage

rem ainsV

con stant.

(associated with the1ç *:-aXIS
*

rotor corresponding

ss?itll these assum ptlons,

has

aS show n below , the voltage
to X ') alsoF
behlnd the transient

inapendence R +JXLJ
d-

a

The and *Y-RXIS

constant m agnitude.

equivalent circuits w ith only One circuit @11l each axis arC

show n *111 Figure 5.6.

The Per unit ;ux linkages identised in the J-axis are given by

#- -Z iad +L ajsd a (5.18)

#a # d-LlidJ (5.19)

#y, %ad+hdiyd (5.20)

Frona E quation 5.20

#y#-#wL
d (5.21)

L #J

Z/ h

) - id j jy: %d
## #w  Lad

I $ .,- # # Lq JV aqI 
.1-

F igure 5.6 The d- and *Y-aXIS equivalent circuits

w ith One rotor circuit in each axis
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Substituting *111 E quation 5.18 gives

#- -L diJ +M (#a-#w)d 
o f
z:

Rearranging to CXPCCSS&?c# *111ternls ofT d,We ûnd

#u# #zdZ ' 
- i +

cl d r

ufd

(5.22)

w here

1L ' L / 
- Zd l

1 1 (5.23)
- + -

L dJ Z d/

Sim ilarly, for the @:-aXIS

#aq #1çZ ? 
- i +a

q q z 1
:

(5.24)

w here

LJ
ç

L ? -Ld l

FronA E quation 5.1,the J-axi s stator voltage @IS given by

e -R j:-o #a q

- R f:+Y (=,j:-#u:)J

w here O =0 =O :r =1.0 Pu.Eillllstitlltilléj for V fromaq E quation 5.24 gives

ed R  1*
J

#1:
+ O L i - O Z ? -i +d l 

q aq q z 1
ç

-Raid+ Y(&+Zuç) fç- BLl :-( 0.----) (5.25)
- R  ja + X  ' i + E  ?d 

q q d
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w here

E /d #1ç
- o L '

Jç L 1
ç

(5.26)

Sim ilarly, the *Y-aXIS stator voltage @IS given by

e * .-X  Ia q X  ' i + E  'd d 
q

(5.27)

w here

E ?-o,(s,,-) (5.28)
sà?itlltransientsiliency neglected (XJ =X  ') ,the statorterminalvoltage @IS

ed *+Je (F ' +J'E ' ) - R (id+ji ) +Xa' (f -jid q a q q

(fJ +jEq')-Ra(id+jiq) -.x ? (jJ d +d /ï:)

U sing phasor notation, W e have

Et E' - (# +J @ -X ' ) I7 d t (5.29)

w here

E ' E  ? + *zj!qjjr i'J
q

#1ç #y#L / 
-  + l*  
L ' z
1ç fd

Thç correspondingW iih rotor equivalent
;ux linkages

show n@IS @111 Figure

r'lç)

5.7.

(vy# >nd constant,FJ and FJ are constant.
Therefore,

aX C S

rotate

the m agnitude of E  ' is constant. A s the rotor speed changes, the d- and q-

m pve w ith respect to any general reference coordinate system  w hose R -I axes

at synchronous speed, as shou  in Figurç 5.8. Hence, the components EL and
E;change.
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j

M odel 18 7

E t

X ' R  Id 
a t

S ?

F igure 5.7 Sim plif ed transient m odel

f

E ' S #I 
- -  

j
- * 1 :

. - *  

& #-* &
- e  &

E ' &I &
q I %

I

ô , E  'd
I

I Rl

* r

E  ?R t

Figure 5.8 The R -I and d-q coordinate system s

The m agnitude of E ' Can be determ ined by com puting its pre-disturbance

value.

E' : c+ (Ra+jxa')(,t

Its m agnitude is then assum ed to rem ain constant tk oughout the study period. Since

Ra is sm all, it is usual to neglect *1t.

shritllthe components FJ and E ?each having a constantmagnitude,E'will
have constant orientation w ith respect to d- and :-aXeS, aS the rotor speed changes.

Therefore,the angle of E 'w ith respect to

of the
synck onously rotating reference aXCS(R-P

Can be used aS a nxeasure rotor angle.

com putationalThis m odel offers considerable sim plicity;it allow s the transient

electrical

of fxed

perform ance of the m achine to be represented

m agnitude behind an effective reactance. lt is

m odel,

by a sim ple voltage Source

com m only

stability

referred to RS the

classical since it W aS used extensively in early studies.
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5 .3 .2 C onstant Flux Linkage M odelIncluding

the Effects of S ubtransient C ircuits

Ss?itll the subtransient circuits included (see
in the

Figure 5.9), the expression
changesdeveloped

follow s:

for the direct axis air-gap tlux linkage previous section AS

#u# L 1* +J d fuafyy+f i3dad

- luaj,
Lad

+ - - -

L
aa(#y#-#

u#) + (#1#-#w )
J

(5.30)

#ya #1,L iz 
-  j + +

L # L jdf

w here

L /? 1

# l1 1 1 (5.31)
- + - + -

Lad L dz L 3d

Z2 %
c

id i iy#
1#

L ,d Zy#

## #w  Lad

#1# #y:

= i i i
,qV 1

L3 X q
# # LV aq J#

#1ç #2:

F igure 5.9 E quivalent circuits Ahritll subtransient circuits

Sim ilarly, for the *Y-aXIS

#Gq #1ç #2:L '/ 
- j + +

1ç lq

(5.32)

w here

L #
aq

y v .y
q l



5 .3 C onstant Flux Linka5eC
.

ge M odel 18 9

The d-axis stator voltage *IS

ed R ja +Y(& j: -#uç)

R  1*J
#1ç #2ç

+o(h +La'' ) i -Yf ''( + )d q q aq o s
1ç lq

(5.33)

R  1* +a d X  '' i +
q q

E  ??d

Sim ilarly, the *Y-RXIS stator voltage @IS

e R  * -X  ?? * +- I I
a q d d E ?# (5.34)

w here

E  ?/d -Y Z
aq

#1ç #2ç'/ 
- y

f l Lz
q

(5.35)

E  /'
#y: #1:

U L /' +
ad Z

# 
L qdf

(5.36)

W ith subtransient saliency neglected,X '' =d X !p@W e then have

E t *ed+le
q

(2::/#+jE '') - (R +J-X '') (f +ji ) (5.37)

EM -(R +J'X //) Ia d t

rotor

corresponding equivalent circuit is show n in Figure 5.10. W ith constant

tlux liA ages, FJ' and E '' are constant.q
This m odel is used in short-circuit program s for com puting the initial value of

The

the fundam ental frequency com ponent

change instantaneously,

of short-circuit currents. A s the rotor ;ux

linkages

a constant not generally acceptable for

stability studies, since the constants associated w ith the decay of v 1y

and v 2ç are very sm all com pared to the study period, and hence the assum ption of

constant rotor ; ux linkage of a11 rotor circuits, including the subtransient circuits, is

not reasonable. The m odel, how ever, is valid if rotor ;ux linkage variations are

thecannöt value E '' @IS equal

be

to its prefault value.

Such ;ux linkage m odel

subtransient tim e

w ould

accounted for,in w hich Case the m agnitude Of E  ''varies aS determ ined by E quations

3.123 to 3.126.
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E t

Y  ?# #
n d n c

E  #

=

F igure 5.10 Sim plifed m odel for subtransient period

5 .3 .3 S um nnary of S im ple M odels for D ifferent T im e Fram es

Figure 5.11 sum m arizes the sim ple

subtransient,

m odels of the synchronous

and

m achine

applicable

m odel applicable to steady-state

and is included here since it has

theto three tim e fram es: transient, steady state. The

conditions w as developed

the SaDAC structure aS
in Chapter 3 (Seètion 3.6.4)

the m odels developed in this

chapter

m odels

for transient and subtransient conditions. The subtransient and transient

assunle constant rotor Sux linkages,

neglect

and the steady-state m odel aSSUEnCS

constO t feld current.These m odels saliency effects and stator resistance and

offer considerable structural and com putational sim plicity.

E t

I zz

p  Jz
> 0

X  ?? = X  ?? = X  ?'d 
q

# ??

E  /?0

of internal

is the predisturbance value

voltage given by

-  .

F  ??
- 0

E  +J'X  ??f10 f0

(a)Subtransientm odel

E  #0

E t

I '

X ' = Y / = Y ?n d n
:

=

X '

E  '0 @IS the internal voltage

F  #
- 0

E +r0 .X 'I7 f0

(b)Transientm odel

Figure 5.11 Sinlple synchronous m achine m odels (Continued 0n next page)
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Eq

ES t

It

X  = X  = Xs d q

=

X

E q

Ifçl

E  +J'X  Ir0 
s r0

X  # ig
J

F z

(c)Steady-state m odel

Figure 5.11 (Continuek Simple synchronous m achine m odels

5.4 R EA C T IV E C A PA B ILIT Y LIM IT S

ln voltage stability and long-term

of

stability studies, it @IS im portant

this

to consider

the reactive capability lim its

develop capability Curves w hich

synck onous m achines.

identify these lim its.

l11 section, W e Ahrill

5.4 .1 Reactive C apability C urves

Synchronous generators are rated in ternAs of the m axim um M V A Output at a

specifed voltage and pow er factor

continuously w ithout overheating.
(usually
T he

0.85 or 0.9 lagging)which they
lim ited

Can Carry
*

Prlm eactive POW er output @IS by the

m over capability

capability

lim it,

Output

current

to a value AAritllillthe M VA rating. The continuous reactive
considerations'. arm ature current lim it,

PoW er
*

IS lim ited by

heating

three feld

and end region * *llTlllt.

A rm ature current /fz,Jf/

The arnlature current results @111 an RIl

w ith this loss m ust be rem oved SO aS to
POW er

lilllit tlle

loss,

increase

and the energy associated
@

111

conductor and its inznlediate environm ent. Therefore, One of

tem perature

the lim itations

of the

O n

generator

çxceeding

rating

the

is the m axim um current that can be carried by the arnAature w ithout

heating lim itations.

The Per unit com plex output PoW er is

#+7(? *E It t

If,I Ifrltcosè,ysinè)

where # @ISthe PoWer factorangle.
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=
1  R ated M V A
'; and pow er factor

-
8  x

C .A*
O  . -
>  A
o  xeA

A

=

' g

O
=
Q
>

=cosès

F igure 5.12 A rm ature current heating lim it

Therefore, *111the P-Q plane the arm ature current lim it,aS shown @1T1Figure
rating.5.12,aPPCA S as a circle w ith centre at the origin and radius equalto the M V A

F ield current /f?,Jf/

Because ofthe heatresulting from the Rg %2 POWerloss,the feld current
im poses a second lim it on the operation of the generator.

The constant feld current locus m ay be developed by

Section

the steady-state

5.3.3.equivalent

Xd=Xq =& , the
It and Eq (equal

circuit developed in

equivalent circuit
Section 3.6.4 regroducedof Figure 5.1 1(c) glves theand *111 W ith

relationship betw een f ,/

@to xad iyd).
5.13.

The corresponding phasor diagram , AAritll Ra neglected, IS

shou @111 Figure

Equating the com ponents along and perpendicular to the phasor E t,W e get

(Xadig) sinôj X ItcoskS (5.38)

(Xadiydj Cosôj E +X It # s1 èt (5.39)

R earranging yields

ffcosè X aïyasinôjJ

X

Jfsinè X diydcos6i-EtJ

X
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E = x  , ig
ç J

l
I
l
I
I
I

JX  I l X I cosYs t I # t
l
l

lni g

Y Et

X I s1 èS t

It

F igure 5.13 Steady-state phasor diagrarn

Therefore,

# Ethcosk Xad
X

S

E i ysinôjt f (5.40)

Q EtIs1 èt X #& E i 
cosô -t fd i 

xX

2E

t (5.41)

relationship betw een the active and reactive pow ers for a given f eld2I&  on the P-axis and with (X dlX )Et jy as the radius.current is a circle centred at -Et a sThe

Therefore,

m achine

the effect of the m axim um s eld current rating
*

On the capability of the

m ay be illustrated on the P-Q plane aSshown ln Figure 5.14.

Field current heating lim it

%
N
N
N

N A (Rated M VA, p.f.)
%
N

;f 1î
E  i # ,tf 

IX s !
'

. P
0 l

l

l2 ô IE
. 

i ,
* #

X  zS 
z

z

z' A rm ature current heating
Z

Z

z

lim it

F igure 5.14 Field current heating lim it
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ln any balanced design,the therm al lim its for the û eld and arm ature interseçt
@

at a point A ,w hich represents the m achine nam eplate M V A and POW er factor ratlng.

E nd region heating /fz,,f/

The localized heating *111 the end region

on the operation of a synchronous

nAachine

m achine.

arm ature im poses lim it

A s explained below , this lim it affects the

of the a third

capability
@

of the in the underexcited condition.

Flgure 5.15 is a schem atic of the end-turn region

leaves

of a

leakage

(axial) to the stator
in localized heating

uX, aS show n @111 the s gure,

This causes

enters and @1i1

generator.

a direction

The end-turn

lam inations.

perpendicular

in the lam inations, resulting

in the end region.

retaining
@ *

eddy currents

The high feld currents corresponding to the

overexcited condition keep the ring saturated, SO that end leakage ;ux IS

sm all.H ow ever, in the underexclted reglon the f eld current *IS 1()AA?and the retaining

ring

in the underexcited
is notsaturated; perm its an increase ih arm ature end leakage ;ux (91. Also,

condition, the ;ux produced by the arm ature currents adds to the

this

Sux produced by the û eld zurrent; therefbre,
@

111

the end-turn ;ux enhances the axial;ux
region and the resulting heating effect m ay severely lim it the generator

output, particularly in the case of a round rotor m achine. This is illustrated in Figure
5.16, w hich also includes the lim it im posed by the arm ature current heatinp-kffects.

The feld current and arm ature current heating lim its when plotted on a P-Q
lane depend on the arm ature voltage. Figure 1.17 show s these lim its for a 588 M VA,P

22 kV , 0.85 pow er factor m achine at tw o values of arm ature voltage, 1.0 pu and

0.95

the end

Pu.

Stator lam inations

A rm ature end ring
Stator

R etaining

Flux

R otor
Shaft

Flux

Stator

ring

F igu/e 5.15 Sectional vie:v of end region of a generator



SeG.5.4 Reactive C apability Lim its 195

l
l
l

P0 l
l
l A rm ature current=  <

e  : heating lim it
- i:i /
ht ,'

o  ,
=  .'
Q  *,
Q  

.
Z

End region heating lim it

Figure 5.16 End region heating lim it

Q (pu)

1.0

Field current R ated pow er factor

limit = 0.85 (1ag)X
8 -  -  N

N

N

N

0.6 N

N

0.4 y& Armature

T z  y cuaent limit>
T0

.2 N ï95
0 .
1.0

# (pu)0 0
.2 0.4 0.6 0.8 1.0

I
-0.2 /0

.523 0.472

/
- 0.4 /

w ith E t = 1.0 pu
- 0.6

- -  - w ith E t = 0.95 pu

F igure 5.17 E ffect of reducing

generator

the arnAature voltage

On the capability Curve
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The above lim its On the operation of the

capabilities

A dditional

of the m achine itself and arC

generator are

determ ined by the

those im posed

of thedesign

* *llm lts.

by the

m achine.

lim its m ay be im posed by pow er
@

system
@ *

stability

Figure 5.18 show s the reactlve capablllty curves of a 400 M V A  hydrogen-

cooled steam  turbine-driven generator at rated arm ature voltage. The effectiveness of

cooling and hence the allow able m achine loading depend on the hydrogen pressure.

The base M VA in this case is the rated M VA at 45 PSIG (pounds/square inch gauge)
hydrogen pressure. For each pressure, segm ent A B represents the û eld heating lim it,

segm ent B C the arm ature heating lim it, and segm ent C D  the end region heating lim it.

A lso show n @111the f gure are the loci of constant P0W er factor.

&
.<
Q
>

t
m

t
=

*(;

O
>
Q

=

*(J

O
=
Q
>

i

0.6 p.f. 1ag
#

/

0 8 ,'' 45 P SIG  
,
, R ated M V A , p.f.

/

A ' z0 PSIG  
,' : gj v

.ç. jag0
.6 ' '

/ y  R

' BA'' 15 PSIC 
.

,
-

*

; .- B p0
.4 ,' 

.
-

-

, - n ,, 0.95 p-f. 1ag? 
y  R D  . - -# 

-  -

0.2 . - - * *

Per unit #0

1.0

0 2 - -- - f  ''* %x - 
-  lN 

w  
x  

-  -  

.C
.N

w
.  

- -  fl
Y
. 

-  

x
w  

n -
-  0.95 p.f. lead

N x

0 4 % x- w@
N

N

1) N NxN N
N
s 0.85 p.f. leadN

- 0.6 %s0.6 p.f. lead

F igure 5.18 R eactive capability

generator

Curves of a hydrogen-

voltagecooled at rated

5 .4 .2 V C urves and C om pounding C urves

A s discussed in Exam ple 3.4 the curve show ing the relation betw een arnAature

current and û eld current at a constant term inal voltage and w ith constant active

Output is know n aS a Z  curve. The V Curves for the 400 M V A generator
pow er

considered
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*

111

values

Section 5.4.1 are show n *1l1 Figure

The

5.19.These :re solid Curves show n for te ee

of P (0.5,0.7,0.85 pu). dashed lines are lociof constantPowerfactorand
know n as comp ounding curves. E ach of these curvesare

vary in order to m aintain a constant pow er factor.to

show s how  Reld current has

A s illustrated *111 Exam ple 3.4, V Curves and com pounding
*

Curves Can be
dily com putedrCa

Can

5.1 1(c).

also be

using the steady-state equations

determ ined approxim ately by using

sum m arized ln Section 3.6.5.They

the equivalent circuit of Figure

A lso show n *111 Figure 5.19 are the reactive capability lim its for One value of

hydrogen pressure

feld

(45 PSIG).
arm ature

The three

current lim it current

Since the characteristics shou @111

segm ents correspond to the

lim it, and end region heating lim it, respectively.

Figure 5.19 apply at rated stator term inal voltage,

A B ,B C and C D

tlltlPCr unit values of arm ature current and apparent POW CC Output are equal, r d

hence both are shoum along the ordinate.The feld current plotted along the abscissa
*

IS

rated

the norm alized value, w ith 1.0 Pu representing the f eld current corresponding to

M V A output and PoW er factor.

A rm ature current lim it
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A C Transm ission

m odelling of ac transm ission

lem ents and develop m ethods of pow er ;ow  analysis ih transm lssion system s.e
The focus is on those aspects bf the transm ission system  characteristics that

ffect system stabillty and voltage control. Specifcally, the objectives are a: follows:a

This chapter A4r11lreview  the characteristics and

(a) To develop perform ance equatiqns and m odels fortransm ission lines .r

(b) To exam ine thePoWertransfercapabilities of transm ission linesas iniuenced
by voltage, feactive POW er,therm al, and system stability cohsiderationg;

(c) To develop m odels for representatiön of two-winding, tk ee-winding, ând
phase-shifting transform ers;

(d) To exam ine factors iniuùncing the ;ow of active PoWerand reactive POWer
through transm ission netw orks; and

(e) To describe analytical tecu iques for the analysis of POWer ;ow *111
transm ission system s.

The above require consideration

system .

ln terrns

A s

öf balanced steady-state operation of the transm ission
such, w e w ill m odeland analyze the perform ance of transm ission elem ents

of their single-phase equivalents.

19 9
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6 .1 T RA N S M IS S IO N LIN ES

ElectricalPoW er *IS transferred from generating stations to Consum ers through
overhead lines and cables.

O verhead lines are used for long distances *111 Open country
@

11l

and rural areas
,

w hereas cables are used for underground
*

transm ission urban areas and for

underw ater crossings.For the San3e ratlng,

therefore

cables are 10 to 15 tim es nAore expensive

than overhead lines and they

used;

are only
@

1l1

used @111 special situations w here

overhead lines cannot be the distances such applications are short.

6 .1.1 ElectricalC haracteristics

(a) Overhead lines

A  transm ission line is characterized by four param eters:series resistance R due

to the conductor resistivity,
*

shunt conductance G  due to leakage
*

currents betw een the

phases

conductors,

r d ground,

and capacitance C  due to the electric û eld

derivations from  frst principles for the line

inductanceSerles f due ttl m agnetlc feld surrounding the

shunt betw een conductors.

D etailed paranleters Can be found
*

111standard books On PoWer system s (1-71.References 8 and 9 provide data related
to transm ission

salient points

line cons gurations used

relating to line pqram eters.

in practice.llere,W e Ahrill briefly sum m arize

Series Resistance (R). The resistancesof lines accounting for stranding and skin effect
are determ ined from m anufacturers' tables.

Shunt Conductance (G) .The shunt conductance
currents along insulator strings and Corona. ln

represents

pow er lines,

losses due to leakage

its effect @IS sm all and

usually neglected.

depend. s on the partial tlux linkages w ithin

the conductor cross section and external ;ux linkages. For overhead lines, the

inductances of the three phases are different from  each other unless the conductors

have equilateral spacing, 'a geom etry not usually adopted in practice. The inductances

of the three phases with non-equilateral syacing can be equalized by transposing the
lines in such a w ay that each phase occuples successively al1 three possible positions.

For a transposed three-phase line, the inductance per phase is (1j

Series Inductance (L) . The line 'lnductance

L -7jn2x10 DM d

D
H /m (6.1)
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he above equation, D s is the self geom etric m ean distance, taking into account theIn t

ductor com position, stranding, and bundling; it is also called the geom etric m ean
con

jus. A nd D eq is the geom etric m ean of the distances betw een the conductors of therad
three phases G b, and C**

D (tfeq d d )1/3ab bc ca (6.2)

âgnt Capacitance 4O . potential difference between the conductors of aS
sm ission line causes the conductors to be charged; the charge per unit of potentialtran

gjfference is the capacitance betw een conductors. W hen alternating voltages are

lied to the conductors, a charging current iow s due to alternate charging andaPP

gischarging Of the capacitances. For a tk ee-phase transposed line, the capacitance of

ach Phasee

The

to neutralis E11

2akC
h (D F/m (6.3)

ee/l

where

of the

distance''

r is the conductor radius, is given by E quation 6.2, and k is the perm ittivityeq

parallel-circuit lines, the ttm odiû ed geom etric m ean

sam e phase

equipotential

D

dielectric m edium . For

of the conductors of the replaces r in

The earth presents an surface and

E quation

w ill hence
6.3 (1q.
inf uence the

capacitance

g1-5J.

Per phase. This Can be accounted for by using the concept f Etim ages''o

(b) Underground cables JJ 4,6, 71#

U nderground cables have the SanAe basic paranleters aS overhead j* .lnes. serie
a
s

resistance and inductance; shunt capacitance and conductance.

H ow ever,

signif cantly

the values of the paranAeters and hence the characteristic of cables

differ from  those of overhead lines for the follow ing reasons:

1. The conductors @111 a cable are nauch closer to each other than are the

conductors of overhead lines.

2. The conductors @111a cable are surrounded by m etallic bodies such aS shields,

lead Or alum inium sheets, and steel pipes.

3. The in-sulating m aterial

paper, low -viscosity oil,

betw een conductors ill a cable @IS usually im pregnated

Or an inert gas.

6.1.2 Perform ance Equations

ln the previous section,

distributed

W e identiûed the paranleters of a transm ission line Per

theunit length. These are param eters; that *1S
, the effects represented by

Paranleters are distributed throughout the length of the line.



2O 2 A C T ransm ission C hap .6

If the line is assum ed transposed, W e Can analyze

betw een

the line perform ance On

per-phase

one phase

basis*Figure 6.1 show s the relationship

distributed

curtent and, voltage along

of the line *111term s öf the param eters, w ith

Z R + jœL
+ jœC

series im pedance

adm ittance

Per unit lengtl phase

lengtk phase# G shunt Per unit

l length of the line

The voltages
@ @

and currents show n are phasors representing sinusoidal tim e-varying

quantltles.

* l j *fs 
- - - - - >  . . - - - - - >  fl

S , I R
I I

I z #x II I
I l

F r +#r l. y dx ,1 r rS 
I I R

l l
I I
l I
l I

1 Jx l X
l l

f +d1 JP I

l

F igure 6.1 V oltage and current relationship of a distributed paranleter line

C onsider a differential section of the line of length A  àt a distance x from  the

receiving end.The differential voltage aCCOSS the elenlental length is @glveh by

dt f(z& )

H ence,

d v

dx
Iz (6.4)

The dlfferentiàlcurrentGowing illttlthe shuntadnailahce is

dl P(y& ) =

H ence,

dl

dx
Py (6.5)
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Differentiating Equations 6.4 and 6.5 w ith respect to X,W e obtain

2 -d v

d lI

dl
Z--- yzF (6.6)
dx

r d

2-d l JP
dx2 y---d

x

zl (6.74

W e slrill establish the boundary conditions by assum ing

general

that voltage

6.7

are u ow n at the receiving

current

end (x=0).The solution

VR and current

of E quations 6.6 and

for voltage and at a distance X from the receiving end *IS

F
F  +Z  IR C R F  -Z  f

x R C R -yxY + ee (6.8)
2 2

f
tplzc+ùe F /Zc-&x RY 

- e-YI (6.9)
2 2

w here

Zc (6.10)

Y a +jq (6.11)

The constant Zc @IS called the characteristic imp edance and l @IS called the

propagation constant.

The constants

constant

constant

y and Zc are com plex quantities. The real part of the propagation

y is called the attenuation constant a , and the im aginary part the p hase

p. Thus the exponential term eWx m ay be expressed as follows:

YI (1 Hqtxe e e lxtcospx+jsinpx) (6.12)

Therefore, the srst term  in E quation 6.8 increases in m agnitude

as the distance from  the receiving end increases. This term

voltage.

and advances in phase

incidentis called the

The expanded form of the second exponential ternA *IS

- %Xe -lI (e cospx-/sinpx) (6.13)
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A s a result,

phase

the second ternl *1I1 E quation 6.8 decreases @111
*

111 from the receiving end tosvard the sending end.

m agnitude and is retarded

It is called the refected
voltage.

A t any point along

rei ected com ponents

also

at

current @IS com posed

the line, the voltage is equal to the sum

that point. Since E quation 6.9 is sim ilar to

of incident and ref ected com ponents.

of the incident and

Equqtion 6.8,the

lf aline @ISterminated *111itscharacteristic impedance Zc,VR isequaltoZch,
@

and there is no reiected wave.Such a line is called aFlf line or an inflnite
*

line(slnce
unlikea line of infnite length cannot have a reiected wave). Power llnes,

im pedances.

and

com m unication lines, are nOt usually term inated @111their characteristic

Frona E quations 6.12 and 6.13, W C See that the incident rei ected

com ponents of voltage and current at any instant in tim e appear aS sinusoidal CUCVCS

Or NVaVCS along the length

at

of the line. In addition ttl this variation,

tim e,

the voltage and

current com ponents any point

phasors

along the line Vary

sinusoidal

@

111 since VR and IR
@ @

1l1

E quations

T hus, the '

6.8 and 6.9 are representing tim e-varying quantltles.

lncident and ref ected com ponents of voltage and current represent travelling

W aVeS. They are sim ilar to the

along the

travelling

transm ission

W RVCS *111 w ater. The total instantaneous

voltage and current

be interpreted as the
line are not travelling, but they Can each

SunA of tw o such travelling W aVeS.

For typical POW er lines, G is practically Zero and R <<o L . Therefore,

Zc R +joL
/O C N

i
c  ( ' -R2YZ (6.14)

Y (R+joL)joC N Rj Y UL C 1 - j
2Y i

(6.15)

If losses are cop pletely neglected,Zc *ISa realnum ber 'e(1. .,a Pure resistance),and
l is an im aginary

For
num ber.

a lossless line,E quations 6.8 and 6.9 sim plify to

F nRcosqx+jzcl sinpxR (6.16)

and

I fscospx+ytps/zclsinpx (6.17)

Thus, the

voltage

length

shift

voltage and current Vary

along

harm onically

length

along the line length.A  full cycle of

and current @111 SPaCC the line corresponds

w avelength
@

IS

corresponding

to 2a radians. The

to One fullcycle @IScalled the 1.lf p *ISthe phase
in radians Per m eter,the w avelength *111 nAeters
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l 2a (6
. 18)

p

6.1.3 N aturalOr Surge Im pedance Loading

lossless

Since G  negligible and

w hen w e are dealing

*

IS R *IS sm all,

liéjlltllilléjAnritll

high-voltage lines are assum ed to be

and sw itching surges. H ence, the

haracteristic im pedance Zc w ith losses neglected is com m only referred to as thec

e impedance. lt is equal to LIC and has the dim ension of a pure resistance.surg
The pow er delivered by a transm ission line w hen it is term inated by its surge

impedance is known as the natural load or surge impedance load (SlL):

SIL
2L

Z
W (6.19)

C

where V  is the rated voltage of the line.
by the above equation is the per-phase

is the three-phase

If %  is the line-to-neutral voltage,
value; if L  is the line-to-line value,

S1L given

then S1L

value.

Fronl E quations 6.16 and 6.17,the voltage and current along the length of a

lossless line at S1L are given by

F -%F YXeR (6.20)

and

I I YIeR (6.21)

where Yxg'j =jo LC .

At SIL, transm ission lines (lossless) exhibit the following special
characteristics'.

@ P and I have constantam plitude along the line.

@ P d 1- arean in phase tk oughoutthe length of the line.

@ The phase angle betw een the sendingis equal to p/ (see Figure 6.2). end andreceiving end voltages(currents)
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ns
-  Xf x

.S r
Nx y
N l
X ï
h. $

l f
l l

0 l // /
w t

0

l

=  p/
line= length

VR

F igure 6.2 Sending receiving voltage and

relationships of a lossless line at S1L

end and end

current

A t the natural load,the reactive PoW er generated

length

by C  is equal to the reactive

PoW er absorbed by f , for each increm ental of the line. H ence,

voltage

nO reactive

PoW er
prof les are G at.

reactive pow er.

is absorbed Or generated
* @

IS

at either end of the line, and the and current

This an optlm um condition w ith respect to control of voltage and

A s W e Alrill See ill subsequent sections of this chapter, the 'x..x.natural Or Surge

im pedance

and
loading of aline SCrVCSaSa convenientreference quantis forevaluating

expressing its capability.

X

6 .1 .4 Equivalent C irc tlit of a T ransm ission Line

E quations

transm ission lines.

6.8 and 6.9 provide

for

a com plete

H ow ever, PVFPOSCS

isother elem ents of the system , it nlore

description

of analysis involving

convenient to use equivalent

of the perfofm ance of

interconnection w ith

circuits w hich

represent the perform ance of the lines only

and

aS Seen from their term inals.

B y letting x =/ in E quation 6.8 rearranging, W e have

F F +ZcIRR 
2 2

e yl+ d -yI e yl
-
e -yI

(6.22)

Pacoshtyll+zcf sinhtyl)R

Sim ilarly from E quation 6.9,W e have

r

fS fscoshtyf) FR
+ - -

M

sinhtyf) (6.23)
Z c

A  a circuit w ith lump ed param eters, aS show n *111Figure 6.3,can be used to represent

the above relationships.
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,

Is IRs 
R

Ze

-  T  T  -
F  M  M  F& R

2 2

F igure 6.3 E quivalent circuit of a transm ission line

Frorn the equivalent circuit, the sending end voltage is

FS
Y ,

Z I + M  L  + Pse R z

(6.24)
Z F
e e + 1 ps+zeja
2

Com paring E quation 6.24 w ith 6.22,W C hav:

Z
e

zcsinhtyl) (6.25)

and

Z
- +1

F# e
coshtyl)2

Thefefore,

Ye

2

L  F9qh(Yî)-1
Zc sinhtyl)

(6.26)

j -- ( ia )
Equations

reiect the

6.25 ahd 6.26 give the elem ents of the equivalent -rcuit.C1 These elem ents

voltage and current relationships given by E quations 6.22 and 6.23 exactly.
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N om inal T equivalent circuit

If y/<< 1,the expressions for Ze and Fe m ay be approxim ated aS follow s:

Ze zcsinhtyf)

N Zc(yl) (6.27)

zl Z

and

Y
d

2 t t- ( wa )
N

1 r l

Z c
(6.28)

2

L l

2

F

2

1r1 E quations

shunt

6.27 and 6.28,Z and F representthe totalseries im pedance (zp
theand total adm ittance @ 0,

@

respectively. The resultant circuit m odel is called

nom inal T equivalent circult.G enerally, the approxim ation is good if

/<10,0001 km
/<3,0001  km

(170 at60 Hz)foroverhead lines-5
(50 at60 Hz)forunderground cables.

Class6 cation length

O verhead lines m ay
@

111

be classised according to length, based On the

approxim ationsjustifed theirm odelling'.

(a) Shod lines:lines
capacitance, and

shorter than about 80 km (50 m i). They have negligible
m ay be represented by their series im pedance.

shunt

(b) M edium -length lines: lines with lengths in the range of 80 km to about 200
km (125 m i). They m ay be represented by the nom inal a equivalent circuit.

(c) Long
effects

li nes-@ lines longer than about 200 % . For such lines the distributed

of the paranleters
-

rcuit.C1

are signif cant. They need to be represented by the

equivalent a

sections of shorter

A lternatively, they m ay

lengths, w ith each section

be represented by cascaded

represented by a nom inal

equivalent.
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6. 1.5 TypicalParanneters

(a)Overkead lines

Table 6.1 gives

W  to

typical

1,100

paranleters of overhead lines of nom inal voltage

angingr from 230 kV .

T able 6.1 Typical overhead transm ission line paranleters

N om inal 230 kv  345 kv  500 kv  765 kv  1
,100 kvV

oltage

R (n/km ) 0.050 0.037 0.028 0.012 0.005
=o1 (X km ) 0.488 0.367 0.325 0.329 0.292Xz

b =oC (gs/km ) 3.371 4.518 5.200 4.978 5.544c

a (nepers/km ) 0.000067 0.000066 0.000057 0.000025 0.000012
j (rad/km ) 0.00128 0.00129 0.00130 0.00128 0.00127

g (D) 380 285 250 257 230c

sIL (M W ) 140 420 1000 2y80 5260

Charging M v Y km 0
. 18 0.54 1.30 2.92 6.71

=  Vibc

N otes: 1. R ated frequency @IS assum ed to be 60 H z.

2. B undled conductors used for al1 lines listed, except for the 230 kv line.

3. R , xz,

SlL

and bc are per-phase

M V A

values.

4. and charging are three-phase values.

W e SeC that

EH V and U H V
surge

overhead lines.

the inapedance lies Alritllill the range of 230 to 290 D for

For a 230 kv line, it is

is to be
about380 D .The value of p

*

IS practically the SanAe for a11 lines. This expected since @IS the

propagation velocity of electrom agnetic w aves. For overhead lines it is slightly slow er
-

3than the velocity of light (300,000 km /s). At 60 Hz, p is nearly equal to 1.27x10
rad/e .The corresponding w avelength

#

(l=2a/p)
*?tn easy-to-renlenAber

160

approxlm ate

approxim ately 5,000 km .

equlvalent circuit applicable to an overhead

*

IS

line of (100 m i)
for

length

the

and of any voltage rating *IS show n in Figure
@

6.4.

For exam ple,

length

500 kv line w hose paranleters are listed 111 T able 6.1,

svitll a line of 160 % ,W e have

X L 160x0.325 '?52
.0

O d
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X s = 0.2 Pu

#

2

B C
= 0.1 pu -  =

2

& -  J

X z

B

œ1f
o C lC

O 2a60
0.1 Pu B ase Z Z

c

I line= length 16Q km

F igure 6.4 -A pproxim ate equivalent circuit for an overhead line

voltage rating, w ith param etçrs in per unit of surge

of any

im pedance

S c 160x5.20x10 -6 8
.
32x10 -4 siem ens

Expressed illPerunitof Zc (250 D),
N

T z

B c

52.0/250
10 -4x2508

.32x

0.208 Pu

0.208 Pu

(b) Underground cables

Table 6.2 gives typical param eters of cables.

(PILC) and high-pressure pipe type (PlPE),
Tw o types of cables are included:

direct-buried PX CF-insulated lead-covered

w ith nom inal voltages of 115,234,and 500 kV .

T able 6.2 Typical cqble Paranlçters

N om inal 115 kv  115 kv  230 kv  230 kv  500 kv
V oltage

: 
k, u .

Cahle Type PILC PIPE PILC PIPE PILC

R (D/km ) 0.0590 0.0378 0.0277 0.0434 0.0128
xz =*L (Q/km ) 0.3026 0.1317 0.3788 0.2052 0.2454
b =œC (gs/km ) 239.4 160.8 245.6 298.8 96.5%

a (nepers/km) 0.00081 0.000656 0.000372 0.000824 0.000J27
p (rad/km) 0.00839 0.90464 0.00913 9.00787 0.00487

Zc (D) 36.2 24.5 37.1 26.2 50.4
SlL (M D  365 464 J426 2019 4960

. 
<  

- 
- .

Charging M v A /km 3
.05 2.13 13.0 15.8 24.1

=  Vèbc
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Frorn the table W e See that underground cables have Very high shunt

acitance.caP

of

The characteristic im pedance

that for an overhead line of the Sanle

Zc of a cable is about one-tenth to one-û fth

voltage rating.

k

6.1.6 Perform ance Requirem ents of Pow er Transm ission Lines

ln Section 6.1.2, W C developed the perform ance equations of transm ission

lines.

HOW CVCF,
signifcantly

the perform ance requirem ents of POW er and com m unicatlon llnes are

different.

C om m unication lines transm it signals of DAany relatively high frequencies and

re very long com pared to the w avelengths involved. Fidelity and strength of thea

ignals at the receiving end are the prim ary considerations. C onsequently, term inations

t the characteristic im pedance of the line is the only practical w ay of operation toa

avoid distortion on the line. The energy associated w ith com m unication lines is sm all;

basicThe equations apply to com m unication lines aS w ell aS POW er
* @

lines@

consequently, eff ciency
@

@

IS of m inor interest.

In contrast, eff clency,

im portance

distortion is

@

111 the Case of

econom y and reliability of supply

pow er transm ission. There is only

ill

X e factors of prim e

lengths

not a problem

of m ost pow er lines

term inated

the Sanle SCnSC aS it @IS @111

one frequency,

cum m unication lines.

and

The

are a fraction of the norm alw avelength; hence,

losver

the lines

Can

characteristic

be On equivalent load im pedances w hich are m uch than their

im pedances.

pow er very
characteristic im pedance becom es lm peratlve. T o

transm itted, either the characteristic im pedance

compensation)

lf the line @IS ton:
*

(greater
@

than 500 % ),term inating close to the
increase PoW er

be

levels that Can be

has to reduced (1,), adding
or the transm ission voltage has to be increased.

Voltage regulation, therm al lim its, and system stability are the factors that

determ ine the POW CC transm ission capability of PoW er lines.In w hat follow s,w e w ill

discuss aspects pow er line perform ance. W herever

w e w ill consider a lossless line, as it offers considerable sim plicity and a

into 'the perform ance characteristics of transm ission lines.

these of transm ission appropriate,

better insight

6.1.7 V oltage and Current Profile underN o-Load 13,101

(a)Receiving end open-circuited

W hen the receiving end is Open,IR=Q.E quations 6.8 and 6.9 then reduce to

F
FR

2 e

F
x RY +

-

- XXe (6.29)
2

FR
- e

2Z c
f YX

FR
e-%X (6.30)

2Z c
Y.
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For a lossless line, =jqY ,and the above tAArtlequations sim plify ttl

F Pacostpx) (6.31)

f - ytpa/zclsintpxl (6.32)

The 1voltage and current at the sending end are obtained by substituting line

length l for x:

ES Pacospf
(6.33)

Z  cosoR

and

I /(%/zc) sino (6
.34)

jl's/zcltano

where 0 =61.The angle 0 @ISreferred ttlaSthe electricallength or the line angle,and
is expressed in radians.

B ased On E quations 6.31, 6.32 and 6.33,

E s as

the line voltage and current can be

expressed *111ternAs of sending end voltage follow s:

F EScospx (6
.35)

coso

I
E sinjx= J'M
Z c coso

(6.36)

A s an exam ple,

line

let us consider the voltage M d current prof les for a 300 km ,500 kv

w ith the sending voltage

lossless

at rated value and the receiving end open-circuited. The

line *ISassum ed to be Alritlzp=0.0013
line is

rad/km and Zc =250 D .

The electrical length of the

M '

0 300x0.0013 0.39 rad
N

22.3O

1 Since the sending end voltage ill this CaSC is a controlled voltage
, it is denoted by the

sym bol F ,instead of F .
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Fronl Equation 6.33,

1F

a cos22
.3O

1.081 Pu

r d from Equation 6.34

f - /(',/zc)t= 0

Expressing Is per

load, its m agnitude is

*

111 unit w ith base current equal to that corresponding to the natural

Is f str o Pu
ae

1.0 t> 22.3O

0.411 Pu

Frorn E quations 6.35 and 6.36, the voltage and current m agnitudes aS functions of

distance X from the receiving end are given by

F l.ocos (0.0013x)
cos22.3O

1.0812cos (0.0013x) Pu

and

I 1.0sin(0.0013x)
cos22.3O

1.0812sin(0.0013x) Pu

The voltage
* *

and current pros les are shou @111 Figure 6.5.The current represents the

capacltlve charging current of the line,

other

expressed

than

@

111Per unit of current at SIL .

The only line p aram eter,

# is practically
line length, thatayects //it?results

F igure

(see
6. 5 is #.Since the same for overhead lines ofall voltage levels

are not just for a 500 kv line.
The receiving end voltage VR for the 300 km  line is 1.081 pu, that is, 8.1%

higher than the sending end voltage
. For a 600 km  line, the receiving-end open-circuit

voltage

Table 6. l), results universally applicable,

w ould be 1.407 Pu.
@ @

A lineof about1,200 km (one
@ *

quarter wavelength)would
have inûnitely high recelvlng end voltage On Open-clrcult

.
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f s =1.0 pu V

RV

. - - J A- - IS 
I

l PR=0,
I
I

l
I

QR=ù

/=300 km  '--->

p = 0.0013
0 = j/ = 22.30

(a)Schem atic diagram

v (pu)
1.081

1.10 t

1.05

1.0812 cos(0.0013x)

1.00

1 I , !
0 100 200 300

wy (km )

(b)Voltage profle

I (pu)

0.5

0.4

1.0812 sin(0.0013x)
0.3

0.2 B ase current = 1.0/Zc

0.1

0 100 200 300 N

x.y (km )

(c) Cuaentprofle

F igure 6.5 V oltage and current prosles for a 300 km

line w ith receiving end open-circuited

lossless
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The rise

line
notïced

@

charging

voltage

(capacitive)

@

111 at the receiving end On open-circuit @IS duç to the f ow of

currçnt through line inductance.This phenom enon w as frst

by FerrantiOn overhead lines supplying a liéjlltl)rloaded (and hence highly
capacitlve) cable network;itistherefore referred to RSthe Ferrantieyect.

ll1 the above calculations,

follow ing

the sending
@

end

constant.

sending

ln practice, a sudden Openlng
voltaje has

of the llne at

been assum ed to be

the receiving

iow ing tk ough
form s of reactive

end,the

end voltage Al?illrise due to the capacitive current of the line

the SOVCCC impedance (m ostly inductive reactance).
on long lines

A ppropriate

POWCC com pensation should
acceptable levels.This is

be provided

discussed in C hapter

to keçp the rise *111 voltage to

1 1 .

(b) Line connected /@ SOMTCeS atâ@/# ends

For sim plicity, 1çt us

$w o Let Es and ER denote

respectively. From  E quations 6.8

that theassunle line is sym m etrical; @1.e.yit *IS coM ected

ttl

end and

identical SOUrCCS at the ends. the volyages at the sending

6.9, with x=l and 0 =61,receiving end, and
W e have

E S + Z  f E  -Z cIR 
. y/# C R yl Re + eE (6

.37)
2 2

H ence,

fR

-  -  

yj .yj2F, - ER(e + e ) (6
.38)

Zcleyl -yl)e

Substituting the abovç expression for IR *111Equatipns 6.8 M d 6.9,We have

F

- / -e E  e Y - E
R yx R S -yxe + e

E - Es -yl (6
.39)

e yl e -yI e yl e -y/

-  -  
-  jE  - E  C 1

S R
- e

Zclq
I YI -

-
-  

n  # --

E  e T'- F
e-YI (6.40)

1.Y
-

-

yfe ) Zcteyl e-yI)

Since E s=E R,W e have

F

-  -  
-  jE  - E  e 1

S S
- j -E  e Y - E

x S S -yxY + eC (6.41)
e yl e -yI e y/ e -yI

X
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-  -  
-  JE  - E  e 1

S S
- e

Zcle
I YI -

* j -E  e Y - E
s s

- e

Zc (d

-

yX (6.42)
yl -yl)e y/ -yl)e

Fora lossless line, =j).Y ssritll0 =61,We have

F cosp(!/2-x)

cos(0/2)
(6.43)

f *-J
' sinp(f/2-x)

Z c
(6,44)

cos(0/2)

The voltage and current pros les are shou @111 Figure 6.6 for a 400 line sr?itll

E =1;R=1.0 Pu.T he generators sending

of absorbing the reactive pow er due to line

reactive pow er capability of the connected

provided.

lf Es and ER are not equal, the voltage and current profles are not sym m etrical

and the highest voltage is not at m idpoint, but is nearer to the end w ith higher voltage.

at the end and receiving end

If this exceeds

should be capable

charging. the underexcited

generators, com pensation m ay have to be

6.1.8 V oltage-pow er Characteristics 14,101

(a) Radial with fa e# sending end voltage

Corresponding ttla load of PR +g':a atthe receiving end,We have

fR
# -jQa R

-+F
R

Frona E quation 6.8,w ith x =l,W e have

Ps +zc(#a -jQ /*)/ RR
yl L  - Zc (#s -jlz /*)/ RRES - e +- e-yl (6.45)

2 2

shlitll =J.6Y (lossless line)and 0=pf,

E
's-yeaP

scoso+/zcsino
e ,
' R

(6.46)
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K ff
s=1.0 pu f a=1.0

x

P s=Q # s =0

l 400

p = 0.0013 rad/km
0 = 0.52 rad = 29.80

F (pu)

1.1 j :g45 j ;z61
.026 . .

1.0 1.0

0.9

(pu)

0t 100 200 300 400t

Sending end R eceiving end

(a)Voltage prosle

I (pu)
B ase current = 1.0/Zc

0.4

v  0.266
0.2

0.0 0 100 200 300 40 k
m

- 0.2
- 0.266

- 0.4

(b) Current profle

F igure 6.6 V oltage and current pros le

no-load

of a 400

lossless line under
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The above

Figure

for a sxed sending end voltage. The

pu. The consyant p for the line is

equation can be solved for VR for any

show s a typical relationship betw een

given

the6.7

load and sending end voltage
.

receiving end voltage and load
!

results show n afe for a 300 line w ith Es= 1
.g

assum ed 10

load

be 0.0013 rad/km . The load *1%

norm alized by

ttl

dividing

overhead

P R

lines
by P the natural03 (SIL),S0 that //it?results Jre

app licable

fundam ental

all voltage levels. Frorn Figure 6,7, several

properties of ac transm ission X C evident:

@ There is an inherent m axim um lim it of POW er that Can be transm itted at AnX

load POW er factor.

con stant,

This w ill result in increased

O bviously, there has

w ay to increase pow er

to be such a lim it since, AAritll

the oply is by low ering the load im pedance
.

current,but decreased VR and large line losses.U p

E s=3.0 pu VR

P SJ .)

l 300

p = 0.0013 rad/km
0 = 0.39 rad = 22.30

(a)System diagrana

VR IE s
A  - N atural load

1.081

1.2

l

I0
. 8 l

l -
10

.6 1
t 0.9 p-f.
l 0.98 p-f. lead0

.4
I U nity p.f.
10

.2 , 0.98 p.f. 1ag
i 0 9 f 1agl - P . -

0.0

1.4

lead

0 0.5 1.0 1.5 2.0 2.5
w p pjp o

(b)Receiving end voltage VCCSUSPoWercharacteristic

F igure 6.7 V oltage-pow er characteristics of

a 300 lossless radial line
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to a certain point the increase of current dom inates the decrease of VR, thereby

resulting in an increased P R. Finally, the decrease in VR is such that the trend

rev erses.

* M y

values

value of PoW er

The norm al operation

below the m axim um Can be transm itted at tw o different

of V is at theR* upper value,
@

IS

w ithin narrow lim its

around

therm al

1.0 Pu. A t the loqver voltage,

of operation

the current higher and m ay exceed

* @llm lts.

O n

discussed

load

feasibility

characteristics and

The at the loqver

m ay lead to voltage

voltage also

instability. This

depends

w ill be
@

111 C hapter 14.

@ The load PoW er factor has a signiscant

The

iniuence On VR

are loqver

and the m axim um

POW er that can be transm itted. PoW er
*

lilzxit and VR Alritlllagging

factorsPoW er
@

factors (inductive load, posltive).
@

sô?itll leading

voltage
PoW er

(capacltive
be

load,
@

negative),the top portlon
higher. This

of the prof le
@

tends to

G atter and m axlm um PoW er

by

@

IS nAeans that the recelving end

voltage Can be regulated the addition of shunt capacitive com pensation.

The effect of line length

of 200,

is depicted *111 Figure 6.8,

800

w hich show s the perform ance of

lines w ith lengths 300,

longer

400, 600 and w ith

The results show  that,for lines, VR is extrem ely
unity power factor load.

sensitive to variations in P R.

For lines longer than

w hich satisfy(seevoltages
unstable

600

the
(0>450), VR

E quation 6.46.

at natural load is the loqver of the tANrtl

Such operation @IS likely to be voltage

Chapter 14).

VR IEs 800 %

2.0 6:: .

1.5
400 km  300 km  200 km

1.0
N atural load

' 
,

0.5

0.0

2.5

0 0.5 1.0 1.5 2.0 2.5

' - P IP o

F igure 6.8 R elationshiP betw een receiving

of a lossless

end voltage,

line length, M d load radial line
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(b) Line connected SOMTCeS at both ends

Asin the no-load Case (Section 6.1.7),We ArrillassunAe them agnitudes of the
phase

.
Source voltages at the tANrtl ends to be equal. U nder load, Es leads E @11IR

B ecause the m agnitudes of Eg and E R are equal, the follow ing conditions *exlst:

@ The m idpoint voltage @IS m idw ay @111phase betw een Eg and E R.

@ The POW er factor at m idpoint is unity.

* sàpitlz P R>P o,

absorb

both ends supply reactive POW er to the j* .InC, w ith PR<P54 both

ends reactive POW er from the line.

The phasor diagranA for P <PR o @IS show n in Figure 6.9.

F f

E s E RV

PA H QR
fs Im fa

Is

?N # m

E s E R g
R

(a)Schem atic diagrana

(b)Phasordiagrana

F igure 6.9 V oltage and current

w ith E s equal to E R,

phase relationships

and # R less thgn P o

Figure 6.8 m ay be used to analyze how F varies w ith the POW CC transm itted.

tohôTitll m agnitudes of Es and ER equal to 1.0 pu and the length equal half that

of the actual line, plots of VR shown in Figure 6.8 give the values of L . For example,
the variations in Vm w ith load of a 400 km  line' connected to sources at both ends are

the

the

SanAe aS the variations *111 VR of a 200 radial line.

A t 400 km , the perform ance of the line @IS signiscantly im proved by having

SOurCeS at both ends.H ow ever,an 800 km  sym m etrical line w ould have unacceptably

large voltage variations at m idpoint.

consideredA lthough W e have a line connected to identical SOurCeS at the tw o

ends,

understanding

the observations naade here are suff ciently general and provide a physical

helpful in dealing w ith n3ore com plex CaSeS.
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6-1-9 Pow er T ransfer and Stability C onsiderations

Assum ing a lossless line,from Equation 6.16,with x=/,and 0=p/,We have

ES E coso +pzcîssh o

Expressing IR in ternlsof P andR QR,We have

E
's-jes'

acoso+/zcsino
# +
U R

(6.47)

A s

angle

shown @111Figure 6.9(b),letô be the angle by which ES leads E#>*1.e.,the load
Or the transm ission angle.

sh?itll E R aS reference phasor,E s m ay be w ritten aS

E f ,ej6 F
y
tcosô +/siaô) (6.48)

Equating real and im aginary pad s of E quations 6.47 and 6.48,W e have

Escosn Fscoso +zc(Q /fJ sinoR (6.49)

Fssinô Zc(# IIIR lsinoR (6.50)

Rearranging Equation 6.50 yields

E SE R
P R s1 ô

Z csino
(6.51)

The above equation gives a Very im portant expression for PoW er transferred aCrOSS a

line.lt @IS valid for a synchronous aS w ell RS an asynchronous load at the receiving

end.The only approxim ation is that line losses arC neglected.

in radians.For a short line,sino Can be replaced by 0 H ence,

Zcsho Zc0 M o# l YZ!
X L the series inductive reactance

Therefore, the expression for POW er transferred reduces to the nlore fam iliar fornl:
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#
E E

sinôR (6.52)
X z

lf E =S E =Z the ratedR oa voltage, then the natural load @IS

Po E E

Z c

and E quation 6.51 beconaes

Po
# -- - sh ô

sino
(6.53)R

W ith the voltage

angle

m agnitudes sxed, the pow er transm itted

is

is a function of only

the ô. PR equal to the natural load (Po), ô =0.
Figure 6.10(a) shows this relationship for a 400 km line, for which 0 =0.52 rads

and sino =0.497. It is interesting to com pare this w ith the voltage-pow er characteristic

of

transm ission W hen

Figure 6.8. The(equivalent to the 200characteristic corresponding ttl
krn radialline *111Figure 6.8)

the 400 km  sym m etrical line

is reproduced in Figure 6.10(b).
Frona Figures

be transm itted. A s
6.10(a) and (b), we see that there is a m axim um power that can

the load angle is increased (i.e., as the sending end synchronous
system

transm itted

is advanced w ith respect ttl the receiving

Figure

end synchronous

and E quation
system ),
6.53.

the

POWer increases according to 6.10(a) This @IS
accom panied

increase

by a reduction *111 the m idpoint voltage
*

F rFigure 6.10(b)) and an
@

lncrease*111 the m idpoint current Im SO that there IS an @111 POW CC. U p ttl a

certain point the increase *1l1 f dom inates Over the decrease of F % en 'the loadm*

angle

decrease

reaches 900, the transm itted POW Cr

accom panying increase in Im; hence, their product

in transm ission angle. The system , as explained

reaches its m axim um  value.B eyond this, the
*

111 F *IS greater than the

decreases w ith any further increase

below , is unstable w hen this condition is reached.

The sending end and receiving

The

end system s

angle
m ay

is theh

be considered @111 ternAs of

equivalent

position
@

a n

synchronous naachines. load a nAeasure of the relative

of the rotors of those tAA?tl m achines. B eyond the point of m axim um POW CC,

1nCreaSC @111the

the transm itted

torque sending end

Pow er decreases. This causes

of the nlachine results @111 an increase of ô,but

the sending end m achine to accelerate

and the receiving end m achine ttldecelerate,resulting in a further increase of 8.This
*

IS runaw ay

synck onism .
a situation,and the twO nlachines (or the system s they represent) lose

The m axim um

stability

equal

POW er Can
lim it. For the 400 km  line

that be transm itted represents
@ @

the sm all-signal

6.10(

O r

steady-state

this lim it is
considered ln Flgures a)and (b),

to # ./0.497 or 2.012 tim es the natural load.
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E s=3.QZ ö EF R=1.0Z 0

M P R

400

0 29.80

#R/J7O

2.012

P  sin ôR
=

#  sin 29 80)
.U ------ V Zl

I
I
I

l
l
I
1 .
I

!
I
I
I
l

1
I
l
1

, . L oad angle0 29
.80 90O 1y0O

(a)Power/anglç characteristics

Vm lEs

l
l
l

I
I
I
I I
1 l

I I

I 15 I '
* G  l 1

1 1

1 I
I I 7.. 17
I l
! I

l l
l l
I I

!
*

1.5

0 0.5 1.0 1.5 2.0 2.5
PRIP O

(b)M idpointvoltage aSa function ofPoWertransm itted

Figure 6.10 The P2-é*
transm itting

and Z -lD characteristics of 400 lossless

line PoW er betw een tAArtl large system s
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The stability analysis
@

considered above represents

In particular,

the

have constant

a highly

m agnitude

idealized situation
.

dynam ic

the assum ptlon that E s and ER

characteristics of the sending

is not realistic;

and

considered for accurate analysis. H ow ever, the

receiving

analysis

end system s need to bt

understanding

lines* Chapter

the phenom enon perform ance

12 provides a com prehensive description

and the

presented for

characteristics of transm ission

*

IS useful

of the sm all-signal stability

PrOblenl.

If the receiving end system @IS a nonsynchronous load,there is still a m axim um
@

111value of POWer that Can be transm itted, aS illustrated Figure 6.10(b), but
m aintenance of synchronism w ould not be an @1SSue.

R eactive # @Y dr requirem ents

the tsArtl

The relationship betw een the receiving end reactive pow er and the voltages

ends is given by E quation 6.49 w hich is rew ritten here for convenience.

at

Escosn Fscoso +ZCIQRIE lsinoR

R earranging, W e get

QR EplEscosn -Epcoso)

Zcsino

Sim ilarly, the sending end reactive PoW er @IS given by

-

EslEpcosô -ficoso)@
$ %Z

csino

%

If the m agnitudes of E s and ER arC equal, then

QR -Qs

2Es(cosô -coso)

Zcsh o

Figure

lengths

6.11 show s the term inal reactive POW CC requirem ents of lines of different

aS a function of active POW er

dividing

transm itted. B oth active PoW er

W hen P

and reactive

PoW er
@

IS

have been norm alized by by the natural load Po. <#  ,R o thçre

an CXCCSS of line charging;Qs @ISnegative and
W hen

is positive,

pow er
supplied

both ends. PR>P o,

indicating

reactive

reactive

absorption by the system s at

to the line from  both ends.

POW Cr @IS
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E =1.0 R

> , .Pu E=1.0
# P& Qs #J

0.0013 rad/e

l 800 600

Q />o QR = -% 400 km1 0
.4 3o: k

m

0.2 l = 200 km  300 km  200 km

0.2 0.4 0.6 0.8

(). () j ; j
.z j.4 j.6*

. - - p pjp o
- 0.2

- 0.4

- 0.6 l 400 600 800

0.6

F igure 6.11 T erm inal reactive PoW er aS a function of

POW er transm itted for different line lengths

Transm ission lines Can be operated sh?itll varying load and nearly constant

voltage

ends.

at both ends, if adequate SOurCeS of reactive PoW er r e available at the tAA?tl

6.1.10 Effect of Line Loss On W P  and Q -P  C haracteristics

1l1 the analysis

losses.

of transm ission line perform ance

theneglected

QrPR
paranzeters:

line W e Ahrillnow  exam ine effect

presented so

of line resistance

far, W e have

On VR-P R and

follow ingcharacteristics by considering a 300 % , 500 kv line having the

R 0.028 D /km Xz 0.325 bc 5.20 ps/km

0.000057 nepers/km 0.0013 rad/e
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The line isassum ed to supply a radialload of unity power factor,with the sending
end voltage Es m aintained constant at 1.0 #u.

#The

Figure

plotted

relationships betw een

6.12, w ith and w ithout the

VR

line
and R and between Qs

The

and P R are show n *1Iï

resistance included. values of PR and Qs
are norm alized values with 1.0 Pu equalto Po(1,008
W e See from Figure

that
6.12(a)that the effectof the

M W ).
line resistance *IS to reduce

the m axim um PoW er Can be transm itted by about 8.5% .

The loqverportion of the QrPR Curves shown @111Figure 6.12(b)
* *

corresponds

to the UPPCC portibn of the VR-PR characteristics, w here the recelvlng end voltage Fs

is closer to rated value.

are due to
The high values of Qs in the upper portion of the QrPR curve

2 line loss) corresponding tothe high values of line current (hence high XI
portion

value of Qg in the norm al lower polion is signiscant
the loqver of the F P4- CG VC.W e SCe thatthe effectof line resistanceR on the
com puted

P

oùly w hen PR exceeds

o .

6 . 1 . 1 1 T herm alLim its

The heat produced by current ; ow  in transm isgion lines has tANrtl undesirable

effects:

* A nnealing

caused by

and gradual loss of m echanical strength of the alum inium  conductor

continued exposure to tem perature extrem es

* Increased Sag

tenlperatures

decreasedand clearance to ground due to conduztor expansion

at higher

The second of the above

the m axim um perm issible
two generally

Qperating tem peratufe. A t thls

effzcts @IS the lilztitilléj
' 

. @llm lt,the

setting

resulting ' line sag

factor ilz

approaches the statutory
@

m inim um ground clearM ce.

The m axlm um àlluw able conductor tenAperatures based On aùnealing

150OCconsiderations are 1270C for conductors Alritllhigh alum inum content and for
other conductors.

Th: allowable m axim um current 'e(1. .,
therm al

the ampacity) depends
tim è constant is on

On the am bient

tenAperature

to

and the w ind velöcity.

distinttion

The the order of 10

20 m inutes.Therefore, is usually
@

naade betw een cohtinuous rating and

lim ited tim e rating.D epending on the prercontlngency current,tem perature and w ind

velocity, lim itùd tim e rating m ay be used during em ergencies. A s an exam ple, the

230 kv  line w höse param eters are given in T able 6.1 has sum m er and w inter

em ergency ratings bf 1,880 A  and 2,040 A , respectively. These are design values

based on extrem e vatues of am bient temperature, wind velocity, and solar radiation.

the



Sec.6 .1 T ransm ission Lines 227

# s=1.0

> ,VRPu
QR =0

300

M P

P o = 1,008 M W

Z IIï1 4 R S
*

1.2
W ithout line loss

1.0

0.8

0.6

W ith line loss0
.4

0.2

P R I

0.0 - '

# O

0 0.5 1.0 1.5 2.0

(a) VR-PR characteristic
Qslpo2

. 5

W ithout line loss

2.0

C orresponding to low er

pad of VR-PR curve1
. 5

1.0

0.5 C orresponding to upper

part of VR-PR curve w jth li
ne loss

0.0

P R IP o
- 0.50

0.5 1.0 1.5 2.0

(b)QrPR characteristic

Figure 6.12 The F PR andR* QrPR
kv

characteristics of

a 300 % , 500 line supplying a radial load
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6 . 1 . 1 2 Loadability C haracteristics

The concept of Gtline

PoW er
loadability is defned

perm issible given the

of transfer capability

loadability''

as iniuenced

is useful in developing a fuller understanding
and line length. L ineby voltage level

as the degree loading (expressed in percent of SIL)
therm al, voltage drop, and stability lim its. This concept w as irst

introduced by H .P. St. Clair in 1953 (1 1). Based on practical considerations and
experience, St. C lair developed transm ission line pow er-transfer capability curves

covering voltage levels betw een 34.5 kv  and 330 kv  and line lengths up to 400 m i

(approxim ately
valuable tool for transm ission planning engineers for quickly estim ating the m axim um

line loading lim its. This w ork w as later extended in reference 12 by presenting an

analytical basis for the St. C lair curves so as to be able to cover higher voltage levels

(up to 1,500 kV) and longer line lengths (600 m i or 960 km ).
Figure 6.13 show s the universal loadability curve for overhead uncomp ensated

transm ission lines applicable to a1l voltage levels. The curve, w hich is based on the

results presented in reference 12, shows the limitinj values of power that can be
transm itted as a function of line length. Three factors lniuence the lim iting values of

of line

645 km ).These Curves, known aS St. Clair &&rPd3', have been a

PoW er :
lim it. In determ ining

voltaje drop along the
stabillty m argin is 30% .

m argin is defned as

therm al lim it5voltage

the

drop

loadability

line

lim it,and the sm all-signal Or steady-state

m axim um

stability

Curvesit is assum ed that the allow able
@

IS 5$1 and that the m inim um allow able steady-state

R eferring to Figure 6.14, the percent steady-state stability

P xloo-#
Percent stability m argin limit

P m&A

A s show n *111

calculation of

Figure 6.14, for a 30%  stability m argin,

stability lim it includes the effects of the

the load angle
k

@

IS 44O* The
#

equivalent

strength

represents

the

system

each

k

reactances

at tw o ends of the line.I11reference 12,the system

w hich

at end @IS taken

to be that corresponding to 50 G fault duty a w ell-developed

system .

Since the resistances of extra-high voltage

(UHV)
approxim ate

lines are Very m uch sm aller than their
(EHV) and ultra-high
reactances, such lines

*

IS

voltage

closely

a lossless line. Since

overhead lines,the loadabilities
param eter p practically the sam e for all

expressed in per unit of SlL are universally applicable

the

to voltage classes.

A s identifed in Figure

follow ing considerations:

lines of a11

6.13, the lim its to line loading are governed by the

* Therm allim itsforlinesUP to 80 (50 m i)

@ Voltage drop lim itsforlinesbetween 80 and 320 (200 m i)long

* Stability lim its for lines longer than 320
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3.0

=

%
Q

>
=

Q
* e A

2.5

2.0

* - +

* e+
1.5

=

O

* > ë

=

1.0

0.5

0 160 320 480 640 800 960

0 100 200 300 400 500 600 @m l

L ine length

0-80 km : R egion of therm al lilllitéttit)ll

80-320 % .. R egion of voltage drop lilllitlttit)ll

320-960 km : Region of sm all-signal(steady-state) stability
lilxlitfttit)ll

F igure 6.13 Transm ission line loadability Curve

Forlines longerthan 480 (300 m i),the loadability *ISlessthan SIL.The
loadabilit)r lim its Can be increased

A lternative fornAs of line

ttcom pensating'' the lines.

com pensation and consideration

by

that insuence their

selection are discussed

The universal

C hapter

loadability

@

111 1 1 .

Curve discussed here provides a sim ple nAeans of
visualizing pow er-transfer capabilities of transm ission lines

. lt is useful for developing

conceptual guides to line loadability and prelim inary planning of transm ission

System s. H ow ever, it m ust be used w ith som e caution. L arge com plex pow er system s

require detailed assessm ent of their perform ance and consideration of additional

factors that infuence their perform ance
.

/
/
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E sZ & P f aZ 0O X s Sending

reactan ce

end Source

X s L ine X R
X R R eceiving

reactance

end Source

Source short circuit current

(a)System m odel 50

D
W>

%
Q

>
=

Q
* -

>

' 6S1n
* *llm lt

1
I
1.

I
I
I
I
I
l
I
l
l
I
I
I
I
1
I
I
l
l
I
I
I
i
I =

For 30% stability @m argln:

P limit Q.7P
ô sin-10

.7

44O

00 44O 90O 1800

(b)Power-angle CUCVC

F igure 6.14 Steady-state stability nlargin calculatiön

Eg ectof using bundled conductors

B undled conductors r e com m only used On E H V lines to control the voltage

gradient at the surface of the conductors

audible

and thus avoid unacceptably high radio noise,

noise,

The

and Corona loss.

uSe of bundled conductors decreases the

H ence,

decreasing the series

reduction in Zc is on

it has an added advantage of reducing the

self geom etric m ean distance.

characteristic im pedance Zc by

inductance r d increasing

10

the shunt capacitance of the line.The

the order of to 20% .

increases, thus contributing to the increase

C onsequently,

in loadability.

S1L Or natural load
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6.2 TRA N S FO RM ERS

Transfornlers enable utilization of different voltage levels aCCOSS the system .

FronA
oltagesv

the viewpoints of efscièncy and pow er-transfer capability, t:e transm ission
have to be high, but

ow erP

undergoes

at these

four to 5ve voltage transform ations

it

voltages. l11

not practically feasible to

m odern electric pow er system s,

*

IS generate

the

and Consum e

transm itted POW er

betw een the generators and the ultim ate

COD SUC/ CCS.
*

system IS

C onsequently,

about fve tim es

the total A rating
*

of a11 the transfornAers @111 a POW er

the total A ratlng of al1 the generators.

111 addition ttl voltage transform ation, transfornlers arC often used for control

f voltage0

bulk PoW er

and reactive PoW er

and

i ow . Therefore, practically al1 transfornlers used for

transm ission m any distributioh transform ers have taps in one or m ore

indings f0r changing the turns ratio. From  the pow er system  view point, changing thew
tio of trénsform ation is required to com pehsate for variations in system  voltages.ra

Tw o types of tap-changing facilities are provided: off-load tap changing and under-

i (ULTC). 1 The off-load tap-changing facilities require theload taP chang ng
transform er to be de-energized for tap changing; they are used w hen the ratio w ill

need to be changed only to m eet long-term  variations due to load grèw th, system

nsion, ör seasonal changes. The U LTC is used w hen the changes in ratio needexpa

to be frequent; for exam ple, to take care of daily variations in system  conditions. The

taps norm ally allow  the ratio to vary in the range of + 10%  to + 15% .

Transform ers m ay be eithey three-phase units or three single-phase units. The

latter type of congtruction is norm ally used for large E H V  transform ers and for

gistribution trânsfotm ers. Large EH V  transform ers are of singleuphase design due to

the cost of spare, insulation requirem ents, and shipping considerations. The

ëistribution system s serve single-phase loads and are supplied by single-phase

transform ers.

used.

tàat the

W hen the voltage transform ation ratio is sm all, autotransformtrs are norm ally
The prim ary and secondary w indings of autotransform ers are interconnected so

pow er

pow er transm itted throùgh the transform er.

àetw een

to be transform ed by m agnetic coupling is only a portion of the total

There is thus inherent m etallic colm ectiön

the prim ary

transform er

side secondary side circuits; this

w hich isolates the tw o circuits.

and is unlike the conventional

two-w inding

are usually Y  connected, w ith neutrals solidly grounded to

m inim ize the propagation of disturbances occurring on one side into the other side.

lt is a com m on practice to add a low -capacity delta-connected tertiary w inding. The
tertiary

;ow  on the

ktutotransfornAers

w inding provides

netw ork.It

a path

also assists

for third harm onic
*

111 stabilizing

currènts, thereby

the neutral. R eactive

reduding

com pensation

their

is often provided through uSe of sw itched reactors and capàcitors On a tertiary bus

1 U nder
- load tap changing is also referred to by other nam ed such as on-load tap changing

(()laTC) and load tap changing (LTC).
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(see Chapter 11).
As com pared to the conventional two-winding transformer,the autotransform er

has advantages of losver cost, higher eff ciency, and better

advantages

autotransfornAers

beconae less signiû cant

for low  transform ation

theaS transform ation ratio

regulation.

increases;

Thest

benct
,

are used ratios (forexam ple,500/230
In interconnected

coM ections that form

system s,

loop circuits

it som etim es beconaes necessary to m ake
kV).

electrical

through

overloading

One Or nlore POW er system s.

is usually

To control
the circulation of PoW er and prevent certain lines, it necessary
@

111 such situations

extent of phase
to use phase-angle transformers. Often it is necessary tp vary the

shift to suit changing system  conditions; this requires provision of on-

load phase-shifting

to phase shift.

capability.V oltage transform ation m ay also be required in addition

The transform er *IS a w ell-know n device. The basic principle of its operation

is covered @111 standard textbooks (2,5,71.
*

R eferences 2 and 8

related to physical realization of varlous types of transform ers

provide inform ation

and their perform ance

characteristics. l4ere,W e Alrill focus on representation of transform ers @111stability and

P0W er-; ow studies.

6 .2 .1 Representation of T w o-W indin9 T ransform ers

B asic equivalent circuit in p hysical @unlts..

The basic eq
@

uivalent circuit of a

in physical

secondary

units ls show n in Figure

tw o-w inding transform er w ith al1 quantities

6.15. The subscripts p and s refer to prim ary and

quantities, respectivçly.

The m agnetizing
* *

reactance X Y#
*

*

IS Very large and *IS usually

the

neglected. For

special

reactance representation

secondary term inals and

studies requlrlng representatlon of transform er saturation, m agnetizing

m ay
@

be

treatlng

approxim ated by m oving it to the pria tary or the

it as a voltage-dependent variable shunt reactance.

P er unit equivalent circuit:

appropriate choice of prim ary and secondary side base quantities, the

equivalent circuit can be sim plis ed by elim inating the ideal transform er. H ow ever,

this is not alw ays possible and the base quantities often have to be chosen

independent of the actual turns ratio. lt is therefore necessary to consider an off-

nom inal

sh?itlz

turn s *ratlo .

From  the equivalent circuit of Figure 6.15,w ith X mp neglected, W e have

V#
n D zr M  aZ

t + # - Z lP P # 
S S

S S

(6.54)

V

n S
V# T rZ  I + Z  I

# # S S
(6.55)

n # n
P
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Z# Z
K  *
up *

@

l#

* XV# mp

D J

@

l

V

Ideal
transform er

ZP

R  ,p

X

R +JXP P . Z> S R s+lx s

Rs = prim ary and secondary w inding resistances

#
X' S prim ary and secondary w inding leakage reactances

n  ,#

X

DS num ber of turns of prim ary and secondary w inding

mp m agnetizing reactance referred to the prim ary side

F igure 6.15 B asic equivalent circuit of a tw o-w inding transform er

Let

Z  pp

Zso

Z  at nom inalp

Zs

prim ary side tap position

at nom inal secondary side tap position

n p# prim ary side nom inal num ber of turns

s0 secondary side nom inal num ber of turns

Expressing E quations 6.54 and 6.55 *111 ternls of the above nom inal values,

V# n 2(s:) 2v u sZ l + - # -#0 # sn n n oS S S rZ Is0 s (6.56)
V S - S

- V O -#

n  4
# #

2

#

n  o#

2n

r sZ  I +
p0 p 4  

o

CZ  I
so s

(6.57)

llere, W C have assum ed that both leakage reactance and resistance of a

transfornzer w inding are proportional

is generally valid for the

to the Square

reactan ce,

of the num ber of turns. This

assum ption

Since the resistance

of the

leakage but nOt for the resistance.

actual

approxim ation

secondary

is m uch sm aller than the leakage reactance and since the deviation

turns ratio from  the nom inal turns ratio is not very large, the resulting

is acceptable. For convenience, w e w ill assum e that both prim ary and

w indings are coM ected SO aS ttl form a Y -Y connected tk ee-phase bank.



2 34 A C T ransm ission C haP .6

sôritli the nom inal num ber of turns related to the base voltages aS follow s:

n o V  b. e

#  so Vsbae

and

V#base Z  à=
e 
ipbu e,p V Z *lsba

e se e sbase

E quations 6.56 and 6.57 *11lPer unit form becoàle

V#

-  -  n  .  . z n  -  -- 2 
. u  p .n Z  I + 

-  v - n s -. Z s o I sp po p s (6.58)

V

n
- V

#&

V  -  œ  o g -  -- 2 s 
. .

-  n -- z  o I + n s Zs o I sp # p p

P

(6.59)

lV ,# @l
S

w here the superbars

voltages

denöte per unit values,w ith VS$ #' equalto Per unit values

of p hasor and currents, and

n  .#
nM (6

.60)
n  o#

(6.61)
#  sû

The per unit equivalent circuitrepresenting Equations 6.58 and 6.59 is shown
in Figure 6.16.

-  

2zn p
#  #

ldeal -2n Z  
o

K  *
',p @

*

J#

VP

S .

=

*

l

V

F igure 6.16 Pef unit equivalent o Jclrcult
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Standard equivalent circuit..

The equivalent circuit of Figure 6.16 Can be reduced to the standard form

shoe ill Figure 6.17,w here n is the Per unit turns *ratlo :

#

*5

n 4# so (6
.62)

n  o n# S

r d

Ze ns (Z o+zso)p-2

(6.63)2n 
-  -

s z(z o+ so)#
n  o

ldeal

N ** 1

@

l

V  Vt J'

Z

j

@

l#

V#

F igure 6.17 Standard equivalent circuit for a transform er

The equivalent circuit of Figure 6.17 is w idely used for representation of tw o-

w inding transform ers in pow er S ow  and stability studies. The IE E E com m on form at

for exchange of solved power ;ow caseâ uses this representation (13).
W e see from  E quation 6.63 that Ze does not change w ith np. Therefore, if the

tap is on the prim ary side, only n changes.

If the actual turns ratio is equal to npo/nso , then n = 1.0, and the ideal

transform er vanishes. W hen the actual turns ratio is not equal to the nom inal turns

ratio, 9 represents the off-nom inal ratio (ONR).
The equivalent circuit of Figure

*

O n  O n e

6.17 Can be used to represent

tap

side

with

the

a transform er

asxed (oroff-load)tap slde and an under-load changer (ULTC)tn
other side.The off-nom inal turns ratio is assigned

* *

to the w ith U L T C and Ze
has a value corresponding to the fxed-tap posltlon of the other side

, aS given by
Equation 6

.63.
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Equivalent x circuitrepresentation J?#7.'

In digitalcom puter analysis ofPoW er i ow ,it is not convenient to represent an

ideal transform er.W e w ill therefore reduce the equivalent

of Figure

6.17,

form

circuit of Figure 6.17 to the

of a a network 6.18(a).
Fronz Figure the terrninal current at bus# is

@

I#

F- - e
(v,-vs ) --

v FP - e
( =  - v s ) =

n  D

(6.64)

Ye
(v -nvs) .ap

n

w here r = 1/Z  .e e Sim ilarly, the terrninal current at bus S is

@

I

F-- 
- E(n vs -vs ) -- (6.65)

/1

* @

l l#  J

Mp $2 :3 V&

=

(a)Generala network

cre

c(c - llre (1 -c)Fe

=

Fe 1/Ze

1/n

(b)Equivalent circuit

F igure 6.18 Transfornzer representation Alritll O N R
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The corresponding term inalcurrentsfot the a network shown in Figure6.18(a)

r e

@

l# yltvs-vs) +yzvs (6.66)

@

I yltvs-vs) +yavs (6.67)

Equating the corresponding adnaiûance ternls @111E quations 6.64 and 6.66,W e have

y1
1 -
-

- F- 
e

4

c r
e

(6.68)

r d

:2
1 -( 

-- a - -- ) F e
n  4

1 2
- c) r(C e (6.69)

1
w here C - .Sim ilarly, from E quations 6.65 and 6.67,

:3 (1-c) Fe (6.70)

The equivalent circuit w ith param eters expressed in term sis shown in Figure 6.18(b). of the ONR and
transform er leakage inapedance

Consideration of three-phase transform er connections

The standard equivalent circuit of Figure 6.17 represents the single-phase

equivalent of a te ee-phase transform er. ln establishing the O N R , the nom inal turns

ratio (npolnso) is taken to be equal to the ratio of line-to-line base voltages on both
sides of the transform er irrespective of the winding coM ections (Y-Y, A-A, or Y-A).
F0r Y -Y  and A -A coM ected transform ers, this m akes the ratios of the base voltages

equal

each

ttl the ratios of the nom inal turns of the prim ary and

transfornAer phase.
due

For a Y -LL connected transform er,

secondary w indings of

this in addition accounts

for thefactor4 tothewinding
coM ected

connection.

ln the Case of a Y -A transform er,

sides

a 30O phase shift @IS introduced

betw een line-to-line voltages on the tAA?tl of the transform er
. The line-to-neutral

voltages

coM ections.

and line

A s

currents are sim ilarly

w e w ill illustrate in Section

shifted @111 phase due ttl the w inding

6.4, it @IS usually not necessary to take
this phase shift into consideration in system  studies

. Thus, the single-phase equivalent
circuit of a Y -A transform er does not account for the phase shift

, except in so far às
the phase shift of voltages due to the im pedance of the transform er

.
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Example of m odelling two-winding transform ers

A s an exam ple,

data:

1et us consider a 60 H z,tw o-w inding, three-phase transform er w ith

the follow ing

M V A rating @*42.00 M V A

Prim aa (l1A?)nom inalvoltage *@110.00 kv

Secondaa (lwV)nom inal voltage **28.40 kv

W inding connections (l1A?JLV) : Y/A

R esistance : Asp+A sp=0.0041 1

' X  o +X so=Q. 1 153* #

pu on rating/phase

L eakage reactance Pu On rating/phase

O ff-load tap changer on side **4 steps,2.75 kv /step

U nder-load tap changer on LV  side +2.84 kv @111 16 steps

and

Let us exam ine the condition w hen the LV  w inding is initially at its nom inal position,

the H V  w inding is m anually set G o steps above its nom inal position, i.e., at 1 15.5 kV .

The param eters

(ULTC) side and values expressed

of the standard equivalent
@

circuit (Figure 6.17)Alritllthe ONR On the LV
ln Per unit of the transform er rated values are aS follow s-.

lnitial off-nom inal turns ratio'.

%

28.4 110

28.4
0.95238

115.5

Per unit equivalent inapedance:

Z !!p p 2( jjg )(0.00411+/0.1153)
N

0.00453+/0.12712 Pu

M axim um Per unit tum s @ratlo :

31.24 110 1
.04762

28.4 115.5

M inim um Per unit turns @ratlo :

m in

25.56

28.4

110

115.5
0.85714

Per unit tum s ratio step:

2.84 110L
n

16x28.4
0.0059524

115.5
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YOW ,if the com m on system  voltage and M V A base values are

Prim ary

Secondaqy

system  voltage base @@ 115.0 kv

syst:m voltage base *@28.4 kv

System M V A  base * 100 M V A

he correspondingt per unit param eters of the equivalent circuit are aS follow s:

lnitialoff-nom inal turns *ratlo :

28.4 1150
.95238 - 0.99567

28.4 110

Perunit equivalent im pedance'.

=Z 110 2 100

(0.00453+/0.12712)( jjsj 4,
0.009868+/0.27692

M axim um p:r unit turns @ratlo :

2j.4 1151
.04762

28.4 110
1.09524

M inim um Per unit tum s ratio:

m in

28.4 1150
.85714 28.4 110 = 0.89610

Per unit tum s ratio step :

l V 28k4 11r0
.005924

28.4 110
0.j06193

The equivalent circuit(Figurè 6.1 8) paranleters representing the initial tap position
are as follosvs-.

1 1
:1 =

nz 0.99567(0.009868+/0.27692)

0.12908 -j3.62226

:2 (j - ljyj 1 x 1.g0.99567 0.9956749.009t68 +/0.27692)
0.00056-/0.01575
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:3 ( 1 - j) t 1 11 -0.99567 0.009868+/0.27692
- 0.00056+/0.01568

@ yl =0.12908 -73.62226 @D

yc=0.00056 ya=-0.00056
- 70.01575 +70.01568

6 .2 .2 RePresentation of T hree-W inding T ransform ers

Figure

balanced

6.19 show s the single-phase

The

equivalent

of

of a three-w inding transform er

under conditions. effect the m agnetizing reactance has been

neglected, and the transform er *IS represented

f ctitious

by three im pedances kconnected to fornl

a star.The Com m on star point is and unrelated to the system neutral.

Z ZSP

O N R

Zt

O N R

F igure 6.19 E quivalent circuit of a three-w inding transform er

The three

H ow ever,

the

the

w indings of the

per unit im pedances

transform er m ay have different M V A

m ust be

ratings.

base. A s in

case tw o-w inding transform er

section, off-nom inal turns ratios are used

ratios

of the

expressed on the sam e M V A

equivalent circuit developed in the previous

to account for the differences betw een the

of actual turns and the base voltages.

standard

The values of the equivalent im pedances

(11:Z ,p Zs and Ztm ay be obtained by short-circuittestsaSfollosvs
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Z  sp leakage
@

inapedance nAeasured *ln prim ary Arritll secondary shorted and

tertlary

leakage

secondary

Open
Z  tp inapedance nleasured @111 prim ary AAritll tertiary shorted and

Open
Zst leakage

*

Prlm ary

inapedance nAeasured @111 secondary w ith tertiary shorted and

Open

hyTitll the above inapedances *111 ohnas referred to the SanAe voltage base, W e have

ZPS Z  +Z
# S

Z
#r

Z +Z# t (6.71)

Zst Z +Zt

H ence,

Z# 1
- (Z +PS2 Z -Z )Pt S/

Z 1
- (z s+zs,-z,,)2 p (6.72)

1Z
t - (Z t+zst -Zps)2 #

ln large transform ers, Zs is sm all and m ay even be negative.

Example of m odelling three-winding transform ers

W e w ill consider a 60 H z, three-w inding, three-phase transform er w ith the follow ing

data:

M V A rating @*750 M V A

H igh/low /ted ial  nom inal voltages

W inding cohnections (H/L/T)

*

* 500/240/28 kv
@

@ Y N M

h4easured positive-sequence im pedances

at nom inal tap position'.

*

111 Pu On transform er M V A rating and

nom inal voltages

ZH
-L 0.0015+70.1339

ZL
- T = 0 +70.1895

70.3335Z 0+T-H

ULTC at high voltage *deeS1 , 
. 500+50 kv in 20 steps.
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N eglecting
* *

the m agnetizing reactance, the equivalent star circuit Alritll 'U LTC Rt

nom inal tap posltlon is

H Zz@

Z v

Z

Z +ZH
-
L T -Z

- Jf L-TZ
s 0.00075+/0.138952

Z  +Z  -H
- L L -T

Zr
- ;IZ

z 0.00075-/0.005052

Z +z  -zL
-

T F-# H-LZr -0.00075+/0.194552

k

E quivalent

yoltages:

deltq circuit sl/itll param eters *111 PU On transform er M V A rating and nom inal

ZHL

Zsr Zsr

@

E ZsQ +ZsZw+ZsZw
- 0.02535+

> /0.0002914

E

Z F
ZHL 0.0020+/0.1303

Z E
ZLT 0.0011+/0.1824
H

Zsw E
Zz -0.7859-/4.9029
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'

Equivalent

àaSeS

delta circuit w ith param eters @111pu on system  M V A  base of 100 M V A and voltage

(W LIT) of 500/220/27.6 kV :

Z /HL

H

t . 1 w  , .n
H T ' * H L T '

Z ' Z 'HT LT

1

/ .n HL . 1

/Z
n ZSZ10? 240 2(aco)750 0.00032 +/0.02067
/Z
L T

100 28.0 2
Zzr

750 27.6
0.00015+/0.02504

/Z
ru

100 28.0 2
Z vu

yso ( zy.o -0.10784-/0.6728
/

H L

500 220

500 240
0.91667

/ 240 27.6
220 28.0nLv 1.07532

/
n u r

500 27.6

500 28.0
0.98571

U LTC data:

/ &  &  M2 2500 500 240nn m. 1.00833

/
n n m in

500 500 240
0.8250

/

H L

A n 1:00833-0.825 0
.00917

20

/ 5 5 0 5 00 &2 . 6500 500 28.0nurm. 1.08429

/
n n m in

4 5 0 5 0 0 =2 7 6

500 500 28.0
0.88714

/A 1.08429- 0.8814
nHr 0.010 14

20
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W eshouldrecognize that the ULTC action at the high-voltage side changes the ONRS nisand
lD *HD these two ONRScannot be adjusted independently.

equivalentThe three branches of the delta circuit Can each be represented by

equivalent circuit as show n in Figure 6.18.

The equivalent circuits representing the initial U LTC tap pogition are aS follow s.

H -L branch:

1 1
:1 / /

nn zn 0.91667(0.00032+/0.02067)

0.81687-/52.76457

:2
1

- 1 yj
/

n n (,.qj(,g -1j(o.g16ga-y52.26457)
0.074258 -/4.79657

:3
1 11 

-

/ /
n,z Zss (1-0.911667)0.00032+1/0.02067

- 0.06807+/4.39687

@ 71=0.81687-./52.76457

,2=0.074258 ,3=-0.06807
- 74.79657 +74.39687

L -T branch:

1 1
y1 ', / /

nzrzzv 1.0753240.00015+/0.02504)

0.22247-/37.13748

:2
1

- 1 yj

nLv ( j.ig15ga -1140.22247 -/37.13748)
- 0.01558 +/2.60127

:3
11

-

/
n Lr

1

/Z
L v
(1- 1.o)aaj;.oxj5+1y,.;a5;4
0.01676-/2.79719
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yl =0.22247 -737.13748

y2=-0.01558 Aa =0.01676

+72.60127 -72.79719

H -T branch:

1 1
y1 / /

nsrzsr 0.98571(-0.10784-/0.67280)

- 0.23564+/ 1.47010

:2
1

- 1 yj
/

n H r ( ;.qg15gj -114-0.23564+/1.47010)
- 0.00342+/0.02131

:3
1 11 

-

/ /
nuv Z,r

1 11
-

0.98571 -0.10784-/0.67280

0.00337-/0.02101

@ yl =-0.23564 +71.47010

,2=-0.00342 y7 =0.00337

+70.02131 -70.02101

6.2.3 Phase-shifting Transform ers I 141

A phase-shifting

show n in Figure

can by the equivalent circuit

6.20. It consists of an adm ittance ln serles w ith an ideal transform er

turns ratio, g =nZG . The phase angle step size m ay not be equal at

transform er be represented
* @

having a comp lex

different tap positions. H ow ever,

transient stability program s.

equal step size is usually used @1I1 POW CC ; ow and
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re s(q)p (()
=  M

l I d e a 1 Qq l sp

nZ a @@ 1

F igure 6.20 Phase-shifting transform er representation

B y defnition:

V#

V
nZa n(cosa +/sina) (6

.73)

+ 'bJs 7 s

w here a is the phase shift from bus# to bus q'5it is positive w heh fp leads V Since9*

there is no POW er loss ill an ideal transform erk

-  r  *V I# # - #*
- V (6.74)

q

Therefore, the transform er current at bus# is

1TlP r
-  I

. Sa - l b
S < S

(6.75)
F

e

. (g -g )b V S
Js -7 s

E; llllstitlTtilléj for f from E quation 6.73,W e get

T

lP

Y  1e
# - #

-# + 'b P SJ
s

-

7 s Js 7 s

(6.76)
Fe 

g - La +jb )g jj s s s s2 2
as + bs

Frorn E quation 6.75,

TI . T
- las-lbs) Is
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Substituting Tfor l from
#

E quation 6.76 gives

Yer
IS ((Js+/#as+jbs )# -# )S S # (6.77)

Com bining

the phase-shiR er

E quations 6.76 and 6.77, w e obtain the follow ing m atrix equation relating

term inal voltages and currents

YB -Ye

2a +# 'bJ -7rI
#

2

H

'
.

- -Fe

V#

V S

(6.78)

+ 'bJs 7 s
Ye

W e SeC that the adm ittance m atrix @11l

is not

the above equation is n0t sym m etrical,

adm ittance

that @1S,

tlltltransfer adm ittance from

p .Thereforç, a l equivalent

p  to s

circuit is

equal
possible.

to thç transfer from s to

not

lf the turns ratio *IS real 'e(1. ., J =nJ and :,=0),the m odel reduces to the
equivalent circuitshou *111Figure 6.18(b).

Example of m odelling a phase-shfting trqnsform er

Let us consider a three-phase, tw o-w inding phase shiAer w ith the follow ing data:

A  rating @@300 M V A

Prim ary/secondary basç voltages

R esistance per phase

Leakage

Phase-shiA

reactance

*

* 240/240 kv
@

@ 0

Per phase

steps

@

@ 0.145 Pu

36range and **+400 steps

System  voltagç basç

(prim ary/secondal )
System

: 220/230 kv

M V A base *@ 100 M V A

nz% ** 1 Z  =J'Xe e
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L eakage reactance *111Pu On system  voltage and M V A base:

Xe 100 ?40 20
. 145x a;; xtzaoj

0.05263 Pu

O ff-nom inal turns ratio:

240

220

230
X--- 1.04545
240

Phase-shift angle * * .llln lts.

40O

- 400
m in

The im pedance of the transfo= er changes w ith the phase-shiA angle. The follow ing table

(provided by the m anufacturer) gives values of the im pedance m ultiplier as a function of the
angle.

A ngle in degrees +40 +29.5 +25.1 +20.6 0

lm pedance m ultiplier 1.660 1.331 1.228 1.144 1.0

The adm ittance m atrix of Equation 6.78 representing the phase shiAer *IS

F -F
e

2 2a +hS S 'bJ - lS G S

Y :
- F

+ 'bJs 7 s
Fe

A s an illustration,w e w ill dete= ine the elem ents of the adm ittance m atrix for tw o values of

G .

(a) a =0 :

1 1Y
'x7 e /0.05263 -j 19.0006 Pu
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The turns ratio of the ideal phase shiAer *IS

+ 'bJs 7 s nlcos a +/sh  a)

1.0455(cos0+jsin0) 1.0455+jo

The corresponding adm ilance m atrix Y s @IS

YS -j 17.3844 /18.1745

j 18.1745 -j 19.0006

(b) c corresponding to the10th step :

40
36 x10 11.110

The turns ratio *IS

+ 'bJx 7 s ntcos 11.110 +/s1 11.11O)

1.02585+/0.20147

The phase-shifter leakage reactance at this value of a by interpolation is

Xe 11.11(1.144-1.0) ; ;5z6a1
.0 + x .

20.6

0.05672

H ence,

1Y

e X7 
e

=  j 17.6305

The adm ittance *m atrlx Y w ith55 JsS #s=1.02585 +./0.20147 and re =717.6305,IS

- j 16.1310Y

S (3.2499+/16.5479)

(-3.2499+/ 16.5479)
- j 17.6305
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6 .3 T RA N S FER O F PO W ER BETVVEEN A C T IV E S O U R C ES

W ç w ill now  exam ine factors iniuencing transfer of active and reactive POW ty

betw een tANrtl SOurCeS cor ected by

of tw o

an inductive reactance aS show n in Figure 6.21
.

Such a system

a transm ission

is representative

system , w ith pow er

sections of a

transfer from
pow er

one section

system interconnected Ly

to the other.

W e have considered a purely inductive

sourçes. This is because im pedances rçpresenting

generators are predom inantly inductive. W hen

appropriate m odel for each of its çlem ents and then reduced to a tw o-bus

resulting im pedance w ill be essentially an inductive reactance. The shunt

reactance interconnecting the tw o

transm ission lines, transform ers, ank

the full netw ork is reprçsented by an

system ,
@

the

capacltançes

appear in Figure 6.21; their

effects are im plicitly represented by the net reactive pow er traqsm itted. A nalysis of

trapsm ission of activç and reactive pow er through àn inductive reactance thùs gives

useful insight into the characteristics of Ac transm ission system s.

R eferring to Figure 6.21, the com plex pow er at the receiving end is

of transm ission lines do not explicitly in the m odel show n

R

#a+/ea E -+fR E -E- S RE
R .JX

*

+E cosô +jEs sinô -%SE

p jX

J:EE sz ö E RZ Q

Ss=Ps+jQs I Ss =PR +7':a

(a)Equivalentsystem diagranl

E s

JX I

# ER
I

load angle

# POWerfactprangle

(b)Phasordiagram

F igure 6.21 Pow er transfer betw een tAArtl SOurCeS
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MCZOC'

P
E E

sinô (6.79)R
X

E sE 2cosô -E
RQs (6.80)

X

Sim ilarly,

E E
Ps sh ô (6.81)

X

2E
s -E fscosô@

$
(6.82)

X

Equations

transferred

of active

separately

6.79 to 6.82 describe the W ay in w hich active PoW er and reactive POW er are

betw een active pad s of a POW er

transfer

netw ork.L et us exam ine the

POW CC M d reactive PoW er On the Source voltages by

dependence

considering

the effects of differences in voltage m agnitudes and angles.

(a) W e Alrilllook ûrstat the condition with ô=0.Equations 6.79 to 6.82 beconae

PR #, 0

and

E (fs-fa)RQ
a X

EsçEs-fa)Q
s X

Theactive PoWertransfer *ISnOW Zero.sllitllEs>ER,Qs and are positive, that is,
receiving end. Thereactive PoW er @IS transferred from the sending end to the

corresponding
@

phasor diagranlis shou  in Figure6.22(a).
negatlve,

end.

indicating that reactive PoW er i ow s from the
W ith Es<ER, Qs and QR are

receiving end to the sending

The phasor diagranxisshou illFiguze 6.22(b).
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I
- JX I

m  r-

JX I

E R E s

1

E S E R

(a)E7 (b)ER>Es

F igure 6.22 Phasor diagranAs w ith 6 =0

M alternative W ay of interpreting the above results @IS aS follow s:

@ Transm ission of lagging current through an inductive reactance CRUSOS a drop
*

1l1receiving end voltage. V

* Transm ission of leading current through an inductive reactance Causes a rise
@

111receiving end voltage.

In each CaSC,

Q - QR
2(ES-ER)

X I1
X

Therefore, the reactive POW er consunaed 2by X  is X I 
.

(b)
6.79

W e w ill next consider the condition w ith Es=ER,but w ith ô#0.From  E quations

to 6.82,W e nOW have

PR #,
2E

- - sl ô
X

El@
$ -% (l-cosô)X

1 2
- X I
2

ss?itll ô positive, P s and P R are positive, that is, active pow er G ow s from  the

end to the receiving end. W ith 8 negative, the direction of active pow er ;ow

In

sending

CC V CCSC S.

is no reactive pow er transferred
h end supplies half of the X 1l consum ed by X

.e ac

are show n in Figure 6.23.

each case there from one end to the other;instead,

The corresponding phasor diagranAs
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E

JX I

ô I

û

# R
ô f

JX I

E s

E

(a)ô>0 (b)8<0

F igure 6.23 Phasor diagranz Alritll E =E R

If the currentI *IS *111phase with ER 'e(1. ., receiving end power
6.24. ln this case, the m agnitude

the factor *IS

ity), the phasor diagram  isun
y is only slightly larger than

sy X

aS shou in Figure

sending

of
E The endR. supplies 2 da11 of the X 1 consum e

E s

JX 1

I E R

F igure 6.24 Phasor diagranA w ith f in phase sh?itll 1îR

W e See that the active

m agnitudes

voltage

Therefore,

m agnitude

and ô. H ow ever,
pow er

for satisfactory
transferred (J7

@

a) @IS a function of voltage
Operatlon of the

control
any

of acti

at bus cannot deviate

pow er system ,

the nom inal value.

the

VC POW CC transfer *IS

signif cantly from

achieved prim arily tk ough variations

in angle ô.

(c)
The

Finally,

current I is

l t us consibere a generalcase applicable to any valuesof ô, Es and ER.

I
Escosn +jfssinô -% (6

.83)
j)l

Fronl E quations 6.80,6.82,and 6.83,W e have
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2 2E s +E R-ZE E COSR ô
Qs- Qs X

(6.84)
XI)1( XIl

X

1f,

netw ork,

*

111 addition ttlinductive reactance A W e consider the series resistance R of tlw
then

Qtoss XI1 X 2 2PR +QR (6
.85)2

E R

2 2PR +QRP #z2 R
- - - -

loss (6.86)
2E
R

W e
2is X 1 

.

See from E quation 6.84 that the reactive PoW er
@

absorbed by X  for a11 conditions

This leads US
R 11

to the concept f ttreactlveo PoW er IOSS '' a com panion ternA to

active PoW er

A s

loss associated AAritll resistive elem ents.

Seen from E quations 6.85 and 6.86, an increase of reactive PoW er

transm itted increases active as w ell aS reactive

eff ciency of POW er

the

transm ission and voltage
pow er

regulation.

losses. This has an im pact On

From above analysis, W e Can draw  the follow ing conclusions..

@ A ctive POW CC

leads

transfer

voltage the

depends m ainly on the

receiving end voltage.

angle by w hich the sending end

@ R eactive POW CC transfer

transm itted from  the side

depends m ainly

w ith higher voltage

on voltage m agnitudes. It is

m agnitude to the side w ith low er

voltage m agnitude.

@ R eactive PoW er cannot be transm itted OVer long distances since it w ould

require a large voltage gradient to do SO.

@ A n increase *111 reactive POW er transfer Causes an increase in active aS w ellaS

reactive POW er losses.

A lthough W e have considered a sim ple system , general conclusions are

basic characteristics of ac transm ission

the

applicable to any practical system . In fact, the

rei ected in these conclusions have a dom inant effect on the W ay in Nvhich Nve Operate

and control the POW CC system .
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6,4 PO W ER -FLO W A N A LY S IS

So far

assum ptions

In this

in this chapter, W e have considered sim ple system conf gurations and

idealizing to gain an understanding of basic characteristics of aC

transm ission.

alysis

section, W e Alrill describe analytical techniques for detailed

of POW er ;ow ill large com plex netw orks.

The POWCV-;ow (load-iow)
@ @

analysis involves the calculation

r d voltages
@

of a transm lsslon netw ork for specis ed ternAinal
pow er

or bus conditions.

of R ow s

Such

calculatlons

erform anceP
The

are required for the analysis of steady-state aS w ell aS dynam ic

of PoW er system s.

system @IS assum ed to be balanced; this allow s a single-phase

practice

(see

of thesentationrepre system .

com posite loads

For bulk POW er

from

system studies, C0nUnOn @IS to

Cepresent
*

7,
on loads

Sectlon

the aS Seen bulk POW er deliVery points C hapter

devices7.1).Therefore,the effects of distribution system voltage control

l11

are represented im plicitly.

this section w e w ill describe the pow er-iow analysis aS it applies to the

POW ef system .
*

111

equations

representation the analysis of system

W C srrill SeC ill later of the constraints Vary

stability; how ever,

depending on the type

stallilit)pPT0blenl

chapters, som e

being solved.

teady-state perform ances

here also apply to their

of the The basic netw ork presented

a S

of

Bus classT cation

A ssociated w ith each bus are four quantities'. active PoW er # ,reactive POW er

Q, voltage m agnitude F, and voltage àngle 0.
The following types of buses (nodes) are

the

reptesented, and at each bus tw o of

above four quantities arC specif ed:

@ V oltage-cpntrolled

specis ed.
(J7 1) bus: Active POWCC and voltage m agnitude are

pow er are
the characteristics of the individual devices. Exam ples are

generators, synchronous condensers, and static var com pensators.

In addition, lim its to the reactive specis ed depending On

buses w ith

@ Load (PQ)bus:Active and reactive POWer
If

are specif ed.

assum ed to have constant POW er. the effect of

N orm ally loads are

distribufion transform er

U LT C operation is neglected,

voltage.
load # and Q areassum ed to Vary aSa function

of bus

* D evice bus: Special boundary

recognized.

conditions associated w ith devices such as

H V D C converters are

* Slack (swing)bus:Voltage m agnitude and phase
know n

apgle are specil ed.

least

B ecause

the PoW er losses in fhe system are not

have unspeciled # and Q.Thus thç slack

a p riori, at

bus is the only

One bus m ust

bus Asritll knpw n

voltage.
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In som eapplications,it is desirableto keep the Q associated with theslack bus
AAritllill reasonable * * ollm lts, otherw ise, the POW CF-; ow solution m ay becom t'

unrealistic.ssTitllQ at a lim iting value,only the angle of the slack bus voltagt
*

IS knou .

Representation of network elem ents

Transm ission lines are represented by equivalent
*

circuits w ith lunlped

paranleters as described in Section 6.1.4.Shunt capacltors and reactors are represented

RS sim ple adm ittance elem ents connected ttl ground.

TransfornAers Alritll off-nom inal

circuits as described ilz Section 6.2.2.

turns ratio are represented by

A ny phase shifts introduced due

eqùivalent

coM ections

to transform er

In radial netw orks
,(such as A-Y connections) are not usually represented.

such phase shifts do not affect pow er-iow  analysis since currents

shifted by the sam e angle. In closed-loop netw orks, utilities take

coM ect

and voltages
@

a<Q

speclal

introduced

Care to

transform er w indings SO that there *IS no net phase

current

shift *111

Com m on direction round a loop; otherw ise, circulating Ahrill tlow , w hich IS

norm ally

w indings

unacceptable.

w ith due regard

Figure 6.25 show s a schem e for connecting transform er

ttlthe resulting phase shifts.

G EN
13.8 kv

M

Y  Y  o Station service
- 300 ( a s )0

22 kv

Tw o-w inding o A

former 30 ( vtrans
500 kv

Autotransfo=er00 ( A Y A Y with tertial
230 kv  230 kv

Three-w inding

00 ( A Y transformer
Y30O ( zz A zz: zigzag115 kv

A30o ( Y

28 W

F igure 6.25 Illustration of a schem e for transform er-w inding connections
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Phase-shifting transform ers,

#OWc

also

tlow , Rre represented

be used to account

are provided specif cally for controlling

as illustrated in Section 6.2.3. This representation m ay

for phase shift introduced by the transform er-w inding

w hich

connectïon

r gle

(Y-A, Y-zigzag)in special
' ' 

.

situations w here this is desired;the phase-shift

in such CaSCS,

are considering

how ever, rem alns f xed.

A s W e only the

of its

balanced operation

equivalent

of the POW er
* *

system , each

lemente is m odelled in ternzs single-phase (posltlve sequence).

6-4.1 N etw ork Equations

The

represented
relationships between network bus (node) voltages
by either loop equations or node equations g1).

and currents m ay be

N ode equations

is sm aller

arC

ally preferred because the num ber ofnorm

um ber of independent loop equations.the n

independent node equations than

The netw ork equations in ternls of the node adm ittance m atrix can be v itten

as follow s:

I1 F11 F **@ F12 1
a

F1

f2 F F @*@ F21 22 2
n F2 (6

.87)
* * * @ @ @ * * * * * @

@ * @ @ @ @

I
N

F 1 F *** Fn2 F

w here

is the total num ber of nodes

Yii is the self adm ittance of node @l

Sum of a1lthe adm ittances term inating at node *l
. >

Fj.J is m utualadm ittance betw een nodes land j
negative

the

of the Sum of a11adm ittances between nodes *land j
Vi @IS phasor voltage to ground at node i

iow ing into the netw orkIi @IS the phasor current at node @I

The effects of generators,nonlinear loads,and other devices (for example,
dynam ic reactive

X C reiected

included *11l

com pensators, converters) connected to
in the node current. Constant impedance (linear)

the node adm ittance m atrix.

H V D C the netw ork nodes

loads are, how ever,

W e Ahrill illustrate the form ulation of the node equation by considering the
sim ple three-bus system depicted @111Figure 6

.26.
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G 1

##

yb

; ye Jz1

ya Tc

=  =

6 2

F igure 6.26 Singleuline diagranx of a three-bus system

The elem ents of the node adm ittance m atrix are

rl 1

r21

F31

= ya +yg Y 012 r13

F

-

yb
- @#+#c)0 F22 = yg+yc 23

- yb F32 -@d+ye4 F33 = yy +y +h +yoC

The node currents arC

fl

Iz

/3

current itlttl node 1 from generator

generator

G 1

6 2current into node 2 from

0

The node equation for the netw ork of Figure 6.22 *IS

I1

I2

0

F11 0 F13 F1

0 F F22 23 Fc

F F F31 32 33 F
3

W e Can naake the follow ing general observations regarding the node adm ittance
*

m atrlx :

(a) It*ISSparse with the degree of sparsity increasing with the network @S1Ze.

(b) lt issingular if foating 'e(1. .,if there are no shuntbranches to ground).

N

(c) It hasweak diagonaldom inance,@1.e.,

I ii I> C I Yq I
j*i
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(d) lt*IS sym m etrical,if there are no phasz-shifting transform ers.

Nonline'rpower-f ow equations

E quations
@

6.87 would be linear if the current injections I SVCCC known.
wever, ln practice, the current injections are not G own for m ost nodes.l10

de k is related to #, Q and P as follows:t any n0a
The current

Ik
P -J'Qk k (6

.88)-+
Fk

For the PQ nodes,
of V  are

P and Q are speciled;and for the PV nodes,# and them atnitude
Q, Z and I
C learly

specif ed. For other types of nodes,the relationships

coM ected

betw een # ,

r e

boundary

defned by the characteristics of the devices to the nodes. the

conditions im posed by

S ow

the different types of nodes naake the PrOblenz

nonlinear

such

and therefore POW er- equations are solved iteratively using tecu iques

aS the G auss-seidel or N eM on-R aphson m ethod.The principles of application

of
com prehensive

m ethodsthese arC briesy

of num erical

described below . R eferences 15 and 16 provide

review s m ethods for POW er ; ow analysis.

($..1-1? G auss-s eidelM ethod

This m ethod @IS based On the iterative

(Acadenay
*

of Science,M unich).For

approach proposed by

application to the pow er-i ow

Seidel *111 1874

problem , from

Equatlons 6.87 and 6.88,for the node W e Can v ite

# -J'Qk k - 
+ E  r z-F,,F, ki i (6.89)*#

Fk * = 1I
i#k

from which the voltage nk m ay be expressed aS

# -jQkkF
k - q jzj- . Y 

y.jF F  akk k 
j.:

1 (6
.90)

Equation
@

6.89 @IS the heart of the iterative algorithm .

of the

The iterations begin w ith an

lnform ed gUCSS of the m agnitude and angle voltages at a11 load buses, and of

tlltlvoltage angle at a1l generator buses
.

For a load bus,#  and

available

u ow n,are and E quation 6.90 is used to com pute the

voltage

upgraded

nk by using the best voltages foral1 the buses.ln otherwords,the
values of bus voltages are used aS SOOn aS they are available. For exam ple,
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for tllthe p

k

iteration, the best values of bus

bus are F1#

voltages
1

forcomputing thevoltage % at

*4

P
@**2 > >

p #-1Zk-1 , Zk , #-1 p-Zk+1 , ''' , Zn @

If the bus *IS a generator bus,the follow ing procedure @IS used:

(a) Rearranging Equation 6.89,We have

@* -kn *# -F Er Fk ki i
i = 1

(6.91)

where Qk is calculated by using the best available values of bus voltages. lf QL
is within the lim its pkw. and Qkmin, it is used in Equation 6.90 to com pute the
updated value of %. lts real and imaginary components are multiplied by the
ratio of the spec6 ed value of the m agnitude of the generator voltage to the
m agnitude

ln other

of its updated value,thus com plying w ith the m agnitude

be the

constraint.

w ords,the m agnitude of the voltage is forced to specis ed value

and E quations 6.90 and 6.91 r e solved to com pute the angle.

(b) lf Qk
lim it,

treating

com puted

it is set

by E quation 6.91 exceeds either the m axim um Or m inim um

equalto the @ *111141t.The updated value of V is computed by
the generatorbusaSa PQ node.

The iterations r e continued lllltil the real and im aginary com ponents of

voltages

tolerance.

at each bus com puted by successive iterations Converge to a specifed

The G auss-seidel m ethod has slow

donAinance of the node adm ittance m atrix.
convergence

ytcceleration factors are oR en used to

because of w eak diagonal

speed

UP the Convergence:

A ccelerated * neWF
k

- o1d - new - o1dh  + c ( L  - F: ) (6.92)

w here C *IS the acceleration factor,w hich is typically on the order of 1.4 to 1.7.

6.4 .3 N ew ton-Raphson (N -R)M ethod

This @IS an iterative tecu ique for solving a set of nonlinear equations. L et the

follow ing represent such equations ill ?7 unknow ns:

/1(x1 , xz , ''. , xn4 h1

/2(x1 , xc , ... , xn) bz (61 9 3)

@ @ @ @ @ * @ @ @ @ @ * @ * @ * * *

/a(x1 , xz , ... , xa) %*



SeC.6 .4 Pow er-Flow A nalysis 26 1

lf thC iterations startAlritllan initialestim ate of 0 0 0

nCCCSSaCY

1 1 , 1 2 , ''' , x n

to the estim ates

for the n unknow ns r d

M z , ... , M n are the correctionsif M 1 ,

actly satisf ed, w e haveare ex

so that the equations

0é(x1 +Ax1, 0 0xa +Axz,***5xn +Axa) bt

04@1 +Ax1, 0 0xa +Axz,#*@ xn +Axs) bz (6
.94)

* * @ @ * * * @ * @ @ @ @ * * * * * * @ @ @ * @ * * * * * * @ @ @

0 0 0f
nlxt +Ax1 ,xz +Ax2,**@ xn +Axa) b

Each of the above

i

equations can be expanded using T aylor's theorem .The expanded

form of the equation *IS

0 0 0/f(x1 +Ax1,x2 +Axa, ''., x
n  +Axa)

0fi 0fi0 0 o
-  fi (x1 , x2 , ''., xn ) + Ax1+ Ax2+ '''P

x1 0xa
0 0

0fi
+ a x

oxN
0

+ ternls w ith M gher POW eCS of A xl,A x , ..., A x2 n

bi

The term s of higher pow ers

solution.

can be neglected,if our initial estim ate is close to the true

The resulting linear set of equations in m atrix form @IS

o oh1-/1(x1 , x2 , '.. , xn )0 :4 j( 0x1 c-----ëE!--,,... tjyjygjj( jxa .,**@M)( 0xn oA
x 1

0 0 0b -
2 /2(x1 , x2 , .'. , xn ) ( )0L j11 c(j.)12 c@@@:1)( 0xn oAx2 (6.95)

@ @ * * @ * @ * * @ * * @ @ @ * * @ @ * @ * @ * * @ @

* * * * * * * * * @ @ *

-  

ob
n  

- /a@ 1 , xz , ''. , xn )0 0 d,
,;(àxl c:Tn)( :x2 c@@*:T-)( 0xn oAxn

0r

Af JAx (6.96)
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w here J is referred to as the Jacobian. lf the estim ates w ere exact, then Af
0 o

and A x w ould be zero. H ow ever, as xl , ..., xn are only estlm ates, the errors A f are

lnite. Equation 6.95 provides a linearized relationship betw een the errors Af and the

corrections A x tk ough the Jacobian of the sim ultaneous equations. A  solution for A&

can be obtained by applying any suitable m ethod for the solution of a sèt of linea?

equations.

0
1 1 , - - . y X n

@

0

U pdated values of x are calculated from

1 0
xi Xi+A Xi

The PCOCCSS is repeated

quadratic
lzlltilthe CrrorsA/j are

The

loqver than a specif ed

be

tolerance.The

iterations have Convergence. Jacobian has ttl recalculated at each

step.

This m ethod is som etim es referred to as N ew ton 's m ethod.H ow ever,it ism ore

comm only called the Newton-Raphson method after 1.Raphson (1648-1715) who
N ote the iteration m ethod @111the form nOW com m only used.

Application of the N -R m ethod to power-f ow solution

T o apply the N ew ton-R aphson m ethod,each com plex equation represented by

E quation

instead

6.89 has to be re- itten as tw O realequations in ternxs of tw o realvariables

of One com plex variable. This is because E quation 6.89 *IS not an analytic

function

the

of the com plex

com plex derivatives

voltages

do

dueto theconjugate P * d as a consequenceter-  k , an
nOt @exlst.

polar

M ost production-type pow er-iow  program s

coordinates w hich w e w ill use here. For any

use the pow er

node

equation form  w ith

k,W C have

Sk Pk+jok - - @Ffkk (6.974

Frona E quation 6.87,

E #
m  = 1

Ik Fkm 
m

(6.98)

E; tlll stitlztit)llof Ikgiven by Equation 6.98 *111Equation 6.97 yields

Pk+jok K E (G
m  = 1

. * #
- gs:.) z.km (6.99)

The productof phasors nk and *#F m ay be expressed NaS

- -+F F
k m

/% z e -/0m )(Ve )( 
m

/(0:-0m)V F e
(6.100)

h F.(coso.. +/sia0:.) (0 =0 -0k )
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refore,The the expressions forPkand Qk m ay be v itten @1I1realform aSfollows:

Pk F, E (GaL cos0a+#a*.sh0a)
m = 1 (6

. 101)

ù* F,E ((7 F s10a-#aF cosoow)
m  = 1

Thus,P and ateàch bus arC functions of voltage m agnitude F and angle j of all

buses.
If the active POW er and reactive POW er at each bus are specifed, using

erscriptsuP ttl denote specif ed values, W e m ay w rite the L F equation..

#1(01, ..., 0a, F1 , ... j Fs ) SP#1

@ @ @ * @ @ @ * * * * * * * * @ * * @ * @ @ @ * * * *

# (01, ..., 0a, @**19 :L ) PnSP (6
. 102)

Q1(01 , ..., 0s,F , ... , Fa )1 Q  +

* @ * @ @ @ * @ @ * @ * # @ @ * @ * @ @ @ @ @ @ * * @

Q (0 , ..., 0a ,n 1 F1 , ... , Fa ) SPQn

Follow ing

m ethod

the general procedure described earlier for the application of the N -R

(Equation 6.95),WC have

OP

d01 ***

OP

:0

DP

:P1 @@*

OP

PF
sp 0 0# 1 -#1(01, ..., 0a, 0 0F1 , ... , Fs ) A01

* * * @ @ * * @ @ @ @ @ @ @ @ * @ *

@ @ @ @ * * @ @ @ @ @ * @ @ @ * @ * * * @ @ * @

OP

:01 ***

OP

:0

OP

0Pj ***

OPM

dF

@ * *

sp 0 0# - # (01 , ... , 0a,n n 0
**#1 : 5 0L  ) A0a

sp 0 tQ1 - Q 1(01, ..., 0s, 0 0F1 , ... , Fp )
d01 *@@ :0

OQ
PF1 *** PF

n

A F1

* * * * * * * * * * @ @ * @ * @ * * * * @ * * * @ @ *

SpQn - Q 0 0(01, .-. , 0a, 0
***1 : > 0L  ) @@@ @@@ **@ @*@ **@ @@* A L

OQM
:01 @*@ .M

ê0s

OQ
PF1 **@ M

PF
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O r

PP

d0

dP

PVgai: 1
d0 PV

A

ve jA (6.103)
Jacobian

The sparsity

m atrix.

of each subm atrix of the Jacobian is the Sanle as that of the node

adm ittance For efs cient solution of the above equation,

(discussed

a suitable m ethod
,

such as sparsity-oriented

be
triangularfactorization m ethod *111Section 6.4.6),

m ust used.

In form ulating

For a P V  bus,only

to

P

E quation 6.103, w e have assum ed

is specil ed and the m agnitude of F is

and

that a1l busesare PQ buses.
sxed.Therefore,ternls

corresponding

Jacobian
A: AF would be absent for each of the PV buses.Thusthe

w ould have only One rO5V and One colum n for each P V bus.

Sensitiviy analysis using //i t!Jacobian

W hen W e reach a solution Alritll the N -R m ethod,W e have a linearized m odel

around the given operating *polnt:

A 0

J1AV gai: j (6.104)
W e Can, therefore,

@

1T1changes

expected

# and

easily com pute the expected sm all changes in 0 and F  for sm all

Q. This type of sensitivity inform ation is useful for estim ating
voltage changes

@ *

w hich result from  the installation of reactive com pensation.

A s W e A4?111 SCe 111 C hapter 14, the Jacobian also provides Very useful

inform ation regarding vo1tage stability.

6.4 .4 Fast D ecoupled Load-Flow (FD LF)M ethods 117,181

These tecu iques take advantage

Z,

approxim ations

and between and 0 (see of the physical weak coupling
Section 6.3). They also m ake

betw een P and

a num ber of

w hich

T he basic

sim plify the pow er-i ow  problem .

algorithm  for FD LF m ay be derived as follow s from  Equation 6.103:

PP

d0

:P

PV1) ---,--------- --(:::,,------- NxPQ
d0 dV

A

v0 jA
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The
snbm atrïces

stepfrst ill applying

and

the P-QIQ-V decoupling
6.103,

*

IS to neglect the coupling

PP/PV d(Fd0 @111Equation giving tAN?tlseparate equations:

dPA P
- A 0
:0 (6.105)

H A 0

r d

AQ 0Y AV (6
. 106)

L AV

The elem ents of m atricesH and L are derived from Equation 6.101 aSfollows g17j:

H
OP

:0 = L L (G sinoa -Sacosoa ) form # k

and

H
d#

00

2
- Bvvk - Qk

k

Sim ilarly,

OQ

PF
Lw V (G sino -lacosoa )

H IVm for m # k

r d

La -Buvk. Q IVkk

Equations

re-evaluating and m atrices H  and L  at

fM her sim plifcations can be m ade by recognizing that in practical

follow ing approxim ations are valid:

6.105 and m ay

re-triangularizing

6.106 be solved alternately by the decoupled N -R

each iteration.

m ethod,

H ow ever,

POW Cr system s the

cosoowN 1,' G shlo < < B ; 2Qk < < #a F
. k
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Therefore, E quations 6.105 and 6.106 sim plify to

AP (5? B IV )A0 (6. 1j7)

AQ v B //)A( V (6.108)

A t this stage, m atrices B / and B // are identical and equal to -B , w here B @IS t*t
netw ork susceptance

Thè follow ing

m atrix.

sim plifcations further im prove the Convergence ràte of tht

iterative PrOCCSS (17j:
W

(a) The network elem ents thatpredom inantly affect reactive
shuntreactances and off-nom inalratio transform ertaps)

pow er
are om itted

iows 'g(1. .,
from  B '

Sim ilarly, phase-shifter effects are om itted from B p/*

(b) The left-hand V ternAs illEquations 6.107 and 6.108 are naoved to the lefb
hand sides of the equations, and the iniuence of reactive POW er Sow s on the

calculation of A 0 is rem oved by setting the right-hand V ternls to 1.0 Pu *1ïï

E quâtion 6.107.

E quations 6.107 and 6.108 nöw sim plify to

AP/V B /A0 (6.109)

AQ /V B //AV (6.110)

The m ethod originally proposed *111 reference 17, *111 addition to the-

approxim ations

the

stated above, neglects the effects of series resistances * B /.111 ,it is called

X B schem e. The m ethod proposed

called

later @111 reference 18 neglects the effects of

series resistance *111 B //and *IS the BX  schem e.

The m atrices B / and B /? are both real and

netw ork adm ittances that are constant. Therefore,

sparse. oqly those

they have to be triangularized only

They contain

once at B '' sym m etrical so that only the upper triangular

factor needs to be stored. If phase shifters are absent, B ' is also sym m etrical.

The advantage of using Equations 6.109 and 6.1 10 is that very fast repeat

solutions of A 0 and AV  can be obtained using constant triangular factors B ' and B ''.

T hese

the beginning. M atrix *IS

solutions m ay be iterated w ith each other @111SonAe defned m anner tow ard the

exactsolution.The power-iow solution is reached when hPN  and LQN  become less
than the specif ed solution

by using E quations

tolerance.At the tlliteration AP and AQ are com puted aS
follow s 6.101 and 6. 1 02 :

AP sp - P(ei-1 v i-1)P , (6.11 1)

AQ sP- Q (0f-1 V f-1)Q , (6.1 12)
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*W ISCDSUTCS that the fullsystem  equations
establish

are satisf ed in the fnal solution.E quations

#.109 nd 6.1 10 m erelya the corrections for AV  and A# at each iteration step.

6.4.5 C om paris () 11 of the Pow er-Flow S olution M ethods

The G auss-seidel m ethod is the oldest of the P0W er-fow solution m ethods.It

im ple, PoW eris s
dition, it has low  com puter m em ory requirem ents. H ow ever, the com putationIn ad

increases rapidly w ith system  size. This m ethod has a slow  convergence rate andtim e

cxhibits

actfve

reliable,and usually tolerant ofpoor voltage and reactive conditions.

Convergence problenls w hen the system is stressed due to high levels of

POW er
The

transfer.

NeM on-Raphson m ethod has a Very good Convergence rate (quadratic).
m ethodTàe

COnVCCgCDCC

om putationc tim e increases only

initial

linearly

voltages

for

Alritll

are

system

signif cantly

voltage

@

S1Ze. This has

true

solution

values;

problem s w hen the

it is therefore not suited

different
1

from their

a içjj t5'a start. O nce the voltage
@

IS near the true solution,
@

IS

how ever, the

N ew ton-R aphson m ethod therefore particularly

solutions.

convergence very

suited for applications

*

IS rapid. The

involving

large system s requiring Very accurate

The convergence properties

G auss-seidel

of the N ew ton-R aphson

pow er-i ow

w ith the

m ethod com plem ent those

of the

solution

m ethod. Therefore, m any

startedteclm iques. The solution m ay be
program s

G auss-seidel

provîde both

m ethod and

then sw itched to the N eM on-R aphson m ethod to obtain a rapid w ell-converged

solution.

Fast decoupled load-f ow (FDLF)m ethodsare basically approxim ationsto the
N eM on-R aphson

com puting

the iterative

approxim ations m ade in the FD L F m ethods generally result in a sm all increase in the

num ber of iterations. H ow ever, the com putation effort is signiû cantly reduced since

the Jacobian does not have to be recalculated and refactorized in each iteration. In

the@ -R) m ethod.l11 N -R m ethod the Jacobian is required for
A 0 and AV .Therefore,

but

the Jacobian has an im pact On the

solution does not directly affect the snal
convergence
solution. The

of

addition, the com puter m em ory requirem ents

FD LF m ethods is linear as com pared to the

FD LF m ethods are less sensitive to the initial

are reduced.The Convergence rate of the

quadratic rate of the N -R  m ethod. The

voltage and reactive POW er conditions

than the N -R  m ethod.

high W X  ratio;

conditions the

the

decoupled X B  m ethod is not suited for

BX  m ethod is better-suited for such system s. For

The fast system s w ith

m ost system

FD LF m ethods provide rapid
angles

solution Alritll good

andfor system conditions w ith Very large aCFOSS lines
accuracy.
w ith special

full N -R  form ulation

H ow ever,

control

devices that strongly
@

iniuence active and reactive PoW er iow s,

m ay be requlred.

1 lf a previously solved CaSC for the SaDAC netw ork w ith generally sim ilar operating

Conditions is not available, a com m on practice is to start the solution w ith a11 load bus voltages

at one per unit m agnitude and zero angle, and a11 generator bus voltage m agnitudes at specified

magnitude and zero angle.Thisisknown as zpat vdltage start.
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6 .4 .6 S parsity-o riented T riangular Factorization

A nalysis of the pow er- problem  using

and the FD L F m ethod requires the solution of sparse

oriented

Sow m ethods such aS the )ç-I: nlethoq

linear m atrix equations.Sparsiy-
triangular

@

factorization

A Sparse llnear m atrix

com m only used for

equation has the form

@

IS solving these equations.

A x b (6.1l3j

For any given

follow s:

b,the above equation Can be solved for X,by triangular factorization

of A  as

(L D U )x b (6.114)

w here

L is loqver

U @IS upper

diagonal

triangular

triangular

m atrix

m atrix

D *IS m atrix

The m atrices L and U are also Sparse. lf A *IS sym m etrical, L *IS the transpose of V

and need not be com puted

6.114 is

Or stored.

E quation

substitution. Forw ard

solved for X @111 ternls of b by forw ard and backw ard

substitution reduces Equation 6.114 to the form

ys j x j-jb,j (6.1 15)
This *111 effect is triangular

substitution:

factorization due to G auss elim ination. Solution of

X is found by back the last equation gives X ,n inserted into tll(n -1)
equation ives xa

-
l,g and SO On.

the

Sparsity

solution of

techniques using

lprge netw ork

optim al ordering are essential to this approach for

equations g19). The effciency of sparse m atrix m ethods
Can be enhanced by using

detailçd discussion of Sparse
sparse
m atrix

vector m ethods (20j.Reference 21 provides a
concepts and m ethods.

6 .4 .7 N etw ork Reduction

The size of the netw ork Can be reduced by elim ination of the pàssive nodes.

lf Ik=0, node k can be elim inated

and colum ns w ith

by replacing the elem ents of the rem aining n - 1 COW S
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/

Lqij
yikykj

lpfy (6.116)
ykk

for - = 1 ,l 2,@@@#
successive

:-1,k+1,@**5n and j= 1,2,*@* k-1,k+1,@@*5n.
B y application of E quation 6.116, any desired num ber of passive

nodes Can
lf sparsity

elim inated.be Equation 6.116 iscalled Kron 's reduction formula.
tecu iques

In

arC used, it @IS not advisable to apply node elilllilléttit)ll

indiscrim inately.
* @

COm W Om 1Se

general, reduced system s beconae denser;

contribute

therefore, the best

ls to elim inate

tlltln= ber of branches

only those nodes

w hen elim inated.

that do not to an increase @111

R eference 22 describes an efscient netw ork reduction technique
*

that takes

advantage of certain special properties of SPaCSC m atrix factorizatlon.
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POW OC S Ystenn Loads

Stable a pow er system  depends on the ability to continuously
m atch the electrlcal output of genetating units to the electrical load on the system .

consequently, load characteristizs have an im portant iniuence on system  stability.

The m odelling of loads is com plicated bzcaùse a typical load bus represented

in stability studies is com posed of a large num ber of devices such as iuoresceht and

incandbscent lam ps, refrigerators, heatersj com pressors, m otors, furnaces, and so on.

The exact com position of load is diffcult to estim ate. A lso, the com position chahges

depending

operation
*

of

on m any factots including tim e (hour, day, season), weather conditions,:nd
state of the econom y.

Even if the load com position w ere exactly, it w ould be im practical to

as there are usually m illions of such com ponents
system .

know n

represent eath individual com ponent

in the total load supplied by a pow er

studies on a am ount of sim plif cation.

This chapter w ill discuss basic load-m odelling concepts,

Therefore,load represehtation in system
@

IS bàsed considerable

load cöm position and

com ponent characteristics, and

nAotors constim te a @m alor

acquisition

portion of the

of load m odel paranAeters. A s inductioh

system

in detail.

loads, the characteristics and

m odelling of induction nAotors are discussed

7.1 BA SIC LO A D -M O D ELLIN G CO N C EPTS

1l1 POW er

the

system
@

pow er
load characteristics as

stability and ;ow studies,the Com m on practice @IS to

represent

A s

com poslte Seen from bulk PoW er

illustrated @111 Figure 7.1, the aggregated load represented at

delivery points.

a transm ission
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Substation
Industrial seoondaries
cu stom er

Transm ission Subtransm ission

system  o istribution

substationB us A

T

>

N
>

=
Q

<Q

Q

>
Q

Prim aries

F igure 7.1 Pow er system cons guration identifying pad s of the system

(busrepresented aSload ata bulk PoWerdelivery point A)

substation

effects of
A) usually includes, in addition

substation step-dow n transform ers,
(bus to the connected load

subtransm ission feeders,

devices, the

distribution

feeders,

devices.

distribution transform ers,voltage regulators, and reactive pow er com pensation

<

The load m odels are traditionally classif ed into tAA?tl broad categories'. static

m odels and dynam ic m odels.

7 .1.1 Static Load M odels

A static load m odel CXPCCSSeS

of the bus voltage m agnitude

the characteristics of the load at any

at that

instant of

tim eas algebraic functions
The

and frequency instant

(11.
considered

active POW er com ponent P and the reactive PoW er com ponent are

separately.

Traditionally, the vo1tage dependency of load characteristics has been

represented by the exp onential m odel..

P P0(P)J
(7..1)

Q Q (P)'0

In this and other load m odels described in this section,

F F

F0

where P and (? are active and reactive com ponents of the load when the bllsvoltage
m agnitude is F. The subscript

initial operating condition.

0 identifes the values of the respective variables at the
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The param eters of this m odelare the exponents a and b.W ith these exponents

ua1eq

edancehnP

to 0, 1, or

characteristics,

2, the m odel represents constant POW erNconstant current,or constant

respectively. For com posite loads,their values depend On

the aggregate characteristics of load com ponents.

The exponent
@

J (orb) is nearly equalto the slope dPIdV (OrdQI#D atZ= F0*

For com posl

OnenteXP

te system

is typically

varies

betw een

b
saturatïon

that#IS * .lt aS a nonlinear function
@

111 distribution transfornlers and

signifcantly

loads,the exponent a usually ranges betw een 0.5

1.5 and 6. A  signif cant characteristic of

and 1 . 8 ;the

the exponent

byof voltage. This *IS caused m agnetic

m otors.A t higher voltages, tends to be

higher.

R eference 2 gives

R eferences

a Sum m ary of data available *111 the literature On

dependency
@

of load. 3 and 4 give reqults of m easurem ents w hich

voltage

provide

inform atlon
and/or tem perature.

ccepted static load m odela

about the variation of the load characteristics Alritll tim e of day, Season,

ln the absence of specif c

active

inform ation, the m ost com m only

(i.e., J=1)is to
and reactive PoW er aS constant

represent

inApedance
PoW er

:=2)

aS con stant current
'

e(1. ., (21.
usedA n alternative m odel w hich has been w idely to represent the voltage

dependency of loads *IS the p olynom ial m odel..

P 'ogrl P2+#2P+#aj (7
.2)

Q eogçlpz+çcp+çaj

This m odel is com m only referred to as the ZIP m odel,as it @IS com posed of constant

im pedance

paranleters

propod ion

(;$),
of the

constant current (J),
coefs cients

and constant POWCF (J7)
m odel are the # 1to 73 and qt

com ponents

to qs, w hich
(11.The

del ne the

of each com ponent.

The frequency

the

dependency of load characteristics @IS usually

by

represented by

llltlltillllrilléj exponential m odel Or the polynom ial m odel a factor aS follow s:

# #c(P)J (1+r,ya/)
(7.3)

Q (P)'(1+r hf)Qo q;
0r

P #cg#1 P2+#cP+#aj(1+r,,az) (7
.4)

Q ecgç1P2+çaP+çaj(1+Kqfâft

where A/is the frequency
fanges

deviation

from -2.0 to 0 (21.The
(/-4). Typically, Syranges from 0 to 3.0, and Ky

bus frequency / is usually not a state variable in the
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system

tim e

m odelused for stability analysis.Therefore,itis evaluated by com puting tht
derivative of the bus voltage angle.

A conaprehensive static m odel w hich offers the i exibility of accom m odating

severalfornAs of load representation @ISaSfollows (51:

# Po (# +#ZIP + pen jsx1 (7 .%

w here

P ZIP # 1-2F +#
2
F +# 3

PfX1 (P)J1(1+r 1 hf)P4 #z (7 .6)

#EX1 (P)J2(1+r hf)P5 pp

The expression for the reactive

reactive

com ponent

assoçiated w ith

of the load has a sim ilar structure.The

pow er com pensation

The static m odels given

éet load *IS represented sçparately.
realistiçby E quations

*

7.1 to 7.6 are not at low

voltages,

usually m ake provisions for sw itching the

im pedance m odel w hen the bus voltage falls

and m ay lead to com putatlonal problem s. Thereforç,

characteristic

stallilit)r Program s

load to the constant

thebelow a specifed value. In load

m odel used in the EPRIExtended Transient/M idterm Stability Program  (ETM SP)251,
the exponents J1,J2,:1,and bz are varied aS a function of voltage below  a thresholë

value of bus

sw itched to

voltage, and the

constant im pedance

constant PoW er
@

and constant current com ponents are

representatlon.

7 .1.2 D ynam ic Load M odels

The response of m ost com posite and frequency changes is fast,

and the steady state of the response is reached very quickly. This is true at least fpr

m odest am plitudes of voltage/frequency change. The use of static m odçls described

in the previous sections is justifed in such cases.

loads to voltage

There are, how ever, D3any CaSCS w here it

dynam ics

long-term

of load com ponents. Studies of interarea
necessary

Oscillations,

@

IS to account for the

voltage staàility,anë
stability often require load dynam ics to be m odelled. Study of system s w ith

large concentrations of m otors also requires represenfation of load dynam ics.

Typically, motors consume 60 to 70% of the totql energy supplied by a yower
system. Therefore, the dynamics attributable to motors are usually the most sijnlfcant
aspects of dynam ic charqcteristics of system  loads. M odelling qf m otors is dlscussed
*

1T1 Section 7.2.

O ther dynam ic aspects

the

of load com ponents that require consideration ill

stability studies include following (1,2,61:
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Extinction

the voltage recovers. D ischarge lam ps include m ercury vapour, sodium  vapour,

and Puorescent lam ps. These extinguish at voltages in the range of 0.7 to 0.8

of discharge lam ps below(a) a certain voltage and their restartwhen

PU.W hen the voltage reCOVerS, they restad after 1 or 2 seconds delay.

(b) Operation of protective
industrial m otors have

relays, such aS therm al and Overcurrent relays.s4any

Thesestarters w ith electrom agnetically

of 0.55

held contactors.

drop

tlltl

Open at voltages in the range to 0.75 Pu;the dropout
@

tim e *IS On

order of a few cycles.

overload

Sm all nAotors On refrigerators and a1r conditioners

have

seconds.

only therm al protections,w hich typically trip *1f1about 10 to 30

(c) Therm ostatic controlof loads,such as
refrigerators.

result,

in a few  m inutes after

Such loads Operate

the total num ber of thesç

space heaters/coolers, w ater heaters, and

longer during low -voltage conditions. A s a

devices connected to the system  w ill increase

exhibit such

a drop

characteristics

in voltage. A ir conditioners and refrigerators

under sustained low -frequency conditions.

also

(d) Response
voltage-controlled

of U L T C S On distribution transform ers, voltage

not expllcltly

regulators,
* *

and

capacitor banks.These devices are m odelled
@

111

eq

m any
uivalent

studies.In such CaSCS,their effects m ust be im plicitly included in the

load that is represented at the bulk PoW er delivery point.

A s these devices restore distribution

POW er
levels.

supplied

The

to sensitive

voltages

loads is

follow ing a disturbance, the

control

voltage

action

restored to the

begihs

AAritllill

about 1 m inute after the

pre-disturbance

change in Voltage,

and the voltage

in a total tim e

restoration the capability of these devices *IS com pleted

of 2 to 3 m inutes.

A  com posite load

characteristics exhibited

m odel w hich allow s the representation of the w ide range

7.2.

of

by the various load com ponents *IS show n @111Figure It is

sim ilar to the

m odel has

com plex or aggregate load m odels described in references 6 and 7.

provision for representing aggregations of sm all induction m etors,

The

large

induction m otors,static load characteristics(Equations 7.5 and 7.6), dischargeliéjlltilllj,
*therm ostatically controlled loads, transform er saturation effects,and shunt capacltors.

Therm ostatically controlled loads..

Figure 7.3 show s a sim ple m odelof the aggregated therm ostatically controlled

(that
the

*

1S,constant energy) loadsload conductance,Ut suggested in references 8
is the initial value of G , r zG o is

and 9.ll1 this m odel, G @IS

the m axim um value of G

which represents

A

a condition Al/itll all such loads Qn,and F is a tim e constant.

m ore realistic m odel of the therm ostatically controlled loads used @111 the

ETM SP E51@ISshou @111Figure 7.4.The basis forthe m odel@ISaSfollows:
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LV

Zse

p=F(v,p
P -FIF,X  v -

L arge

m otor

Sm all Static
load

D ischarge Therm ostat
controlled

Transf. C aps
m otor lighting

loads
saturation

loads

Figure 7.2 C om posite static and dynam ic load m odel

G o

G

f sG o

-  

- z + 1 1(F) E 
-  -  G0
F  s

0

Figure 7.3 A sim ple m odel for therm ostatically controlled loads

The dynam ic equation of a heating device m ay be v itten aS

d rH
K- - P -P (7.7)

d t H L

w here

TH tem perature
am bient tem perature

PoW er
2K H G V
from

of heated area
Tx

Pu the heater

P z heat loss by CSCaPC to am bient area

KAlru -rA )
loadG conductance
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K p G
v ax

+

+  T
err Pu

T y î g  z Gre 
iyytlr

+T
s f  

xl 0M

s%
Tc*0

0

T z

+1 
.Z 1 1 l

1 +NF1

2Z

K p

K 1

T

gain
@

galn
tim e

of proportional controller

of integral controller

C constant of integral controller, S

5 referenceref tem perature

C am bient# tem perature

F1

# 1

G v

G

load tim e constant, S
@

galn
@ @ *

associated w ith load m odel

lnltlal value of G

m axim um value of G

F igure 7.4 A  realistic m odel for therm ostatically controlled loads

Substituting the expressions for #H and # f @111 E quation 7.7 gives

dx
K H 2 -K (g -gG F x u# )# (7.8)

d t

Rearranging, W C have

dxH KH 2 #
- G F  + - T
K

K K #
-

- C
d t K # K #

0r

dxH K  1M
G z 2+ - g

F1

1
-  

-  T
d t 'x.F1 d F

1

H (7.9)
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w here

F1 K

K A

and

K H
1 1

K A

The tenAperature Ts is com pared

conductance

w ith the reference

controls the load through a proportional

tem perature,

plus integral

and the error signal

controller.W hen
a1l the therm ostatically controlled loads supplied

m axim um  value G uu .

by the load bus are 0n,(7 reaches its

Frona Figure 7.4,under pre-disturbance conditions TH is equalto Tref *H ence,

T r
e/

21
1 V  Go + Tx

O r

K3 T -Cre/ # (7
. 10)2

Fo G o

D ischarge lighting loads..

Figure
*

7.5 show s a m odel suitable for representing the characteristics of

discharge

extinguish.

lléjlltilléj loads *111 stability studies. A t bus voltages less than F the
For voltages greaterthan F1, P and Q vary aSnonlinear 15f

unctions

lanlps

of V.

# , k i

Q =V -'#
#
#
#

P =k jF  .A P =k 2F# l
,e #

-.;
l
l
l
I
I
1.
l
l v>

F1 72

F igure 7.5 D ischarge liljlltilléj characteristics
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7.2 M O D ELLIN G O F IN D U C T IO N M O T O RS

A s

loads.

indicated *111 the previous section, nlotors form a *m aJ Or

Induction the w orkhorse

portion

of the electric

of the

system

industry;
@

ectlon,s

hence

m otors in particular form

m odelling of m otors is im portant
develop

POW er
In@111 system stability studies. this

W C Ahrill *111detail the m athem atical m odel for an induction m achine.

7.2 . 1 Equation, of an Induction M achine

A n induction m achine carries alternating

m achine,

currents @111both the stator and rotor

w indings.

salanced

In a three-phase

three-phase

induction the stator w indings are coM ected to a

OC

of the

coM ected

supply. Thç

through slip rings to

rotor w indings are either short-circuited internally

a passive external -rcuit.C1 The distinctive feature

induction m achine is that the rotor currents arC induced

induction from  the stator.This is the reason for the designàtion

electrom agnetic

tiinduction m achipe.''

by

a

rrents of frequency h Hz arecu
t synchronous speed given bya

The stator w indings of a three-phase induction m achine are sim ilar to those of

synck onous m achine (see Chapter 3, Sectiqn 3.1). W hen balanced three-phase
applied,the stafor w indings produce a ûeld rotating

120:n
S

(7.11)
Pf

w here

W hen there

*

IS@111r/m in andPfis the num ber of poles(2 per three-phase winding set).
is a relative m otion betw een the stator s eld and the rotor, voltages

are induced in the rotor w indings.

depends on

rotor w inding

at the

Thefrequency W  Hz)of the induced rotor voltages
the relative

is equal

speeds of the stitor

to the induced voltage

s eld and the rotor.The current @111 each

divided by the rotor circuit im pedance

rotorfrequency h.The
torque w hich accelerates the

rotor current reacting w ith the stator S eld produces a

rotor in the dirçction of the stator seld rotation. A s the

rotor speed nr approaches

approach zero.

the speed

develop

nSof the ssator seld,the induced rotor voltages
and currents T o a positive

rotor thus travels at a speed D -Ds r

of the

r/lllill ill tlle

torque, nr ns.

backw ard direction w ith respect to the

unit

m ust be less than The

stator tield.The slip speeb rotor *111PCr of the synchronous speed *IS

&

4  - nS r

PerY t (7.12)
S

Thefrequency h of theinduced rotorvo1
A t no load,the m achine operates

tages equal to the slip frequency sh.
w ith negligible slip. lf a m echanical load

is
*

IS

applied,

N d current

the slip

produce
increases 'e(1. .,rotor speed decreases)

the

such that the induced voltqge

the torque required by load.The m achine thus gperates aS a

m otor.
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lf the rotor is driven by a prim e m over at a speed greater than that of the stato?

seld, the slip is negative (i.e., rotor speed is greater than ns). The polarities of the
induced voltages are reversed so that the resulting torque is opposite in direction tb

that of rotation. The m achine now  operates as an induction generator.

W e nOW develop
*

a m athem atical representation

m odel,

of induction m achines

theappropriate

perform ance is ignored. In w ell-designed m otors, their effect on m otor perform ance

is negligible. W hile our interest in this chapter is in the perform ance of induction

m achines as m otors, the m odels w è develop are sufs ciently general to be applicable

for uSe 111 system studies. ln the the effect of slots On rloto<

for generator aS w ell RS nAotor m odes

here is sim ilar to the approach used

of operation.

for m odelling

m achine

The general

synchronous

procedure follow ek

m achines in C hapters

3 ttl 5.First We v ite the basic equations @111 ternls of phase (J, b,c)
variables; then,

appropriate

w e transform the equations into the d-q reference fram e;and lnally
,

W e naake sim plis cations necessary to conform to the

the m odel of an

system  equations in

induction machine, it islarge-scale stability studies. In develoying
w orth noting the follow ing aspects of 1ts

synchronous

characteristics w hich differ from those of a

hine -m ac .

@ The rotor has a sym m etrical structure.This m akes the d- and g-axis equivalent

circuits identical.

@ The rotor speed

of the

is not fxed,but varies w ith load. This has an im pact on the

selection # -q reference fram e.

@ There is no excitation Source applied ttlthe

dynam ics

control.

of the rotor circuits arC determ ined

rotor w indings. C onsequently, the

by slip, rather than by excitation

@ The currents induced ill the shorted rotor w indings

SRDRC num ber of poles

be

as that produced by the stator

produce a s eld w ith the

w inding. R otor w indings

m ay therefore m odelled by an equivalent three-phase w inding.

Basic equations of an induction m achine

Figure 7.6 show s the circuits applicable to the analysis of an induction

m achine. The stator circuits consist of three-phase w indings J,

w indings

b,and C,

W ,

distributed

1200 apart @111 SPaCe. The rotor circuits have tk ee distributed # ,and C .

The stator 
,and rotor phases m ay be Y  or A connected. In Figure 7.6,they are show n

to be Y -connected.

There

three-phase

are tw 0 types Of rotor structure. The

w indings brought out through three

w ound rotor type has conventional

slip rings On the shaft SO that they

m ay
of uninsulated

be connected to an external ircuitC .The squirrel-cage rotor consists of a num ber

bars @111 slots short-circuited by end rings at both ends.ln the Case of

a squirrel-cage rotor,the rotor voltages VWrV and Vc are ZCCO.
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R otation
O r A xis of

@

l
u4A

@

/ x-
. # xxB  x-

VA 0
Ma

A xis of phase a

vc

*

l(?

C

phase W

ib

3%

a
v ia a

V

C

O

* 

-

ltotor Stator

F igure 7.6 Stator and rotor circuits of an induction m achine

For convenience illanalysis, W C consider

a1langles @111electricalradians Ordegrees (see

only one pair of poles

Section 3.1.2 of C hapter

and nleasure

3).
In Figure 7.6,

axis

0 is desned aS the

w inding leads the of phase

velocity

J stator

angle by w hich the axis of phase W rotor

w inding in the direction of rotation. W ith a

constant rotor angular of o r in electrical rad/s,

0 O t
r

(7.13)

sà?itll a constant slip Ss

0 (1-N)*s/ (7.14)

w here S

N eglecting
@ *

is the angular velocity
@

of the stator ield *111 electrical rad/s.

saturatlon, hysteresis, and

sinusoldal

follow s.

dlstribution of :ux W aVCS, the

eddy çurrents, and assum ing

m achine equations m ay be w ritten

purely

a S

Stator voltage equations..

VJ ## +X iJ S

V, p%b+Rsib (7.15)

VC p% c+Rsic
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R otor voltage equations..

Vd ## + R ixd r

VB ##s+& ïs (7 .1i)

VC p%c+Rric

ln the abpve equations, v  represents the ;ux lirllcilllj the w inding
@

denoted by

the subscript, Rs the stator phase resistance, Rr the rotor phase

differential operator dldt. The posifive directions of currents are

reslstance, and p the

illttl the w indings
.

For PoW er system

have

studies,the slot effeçts m ay be neglected
H ence,

of rotor posltion

be

and the rotorm a7

considered

betw een

to a sym m etrical structure.

stator and rotor w indings are funçtions

only
@

the m utual inductqnces

bydeûned angle M.

The ;ux linkagç *111the stator phase J w inding at any instint is given by

# LJ i +L ,(f,+ ic) +LX J J ( ixcoso + iBcosto +1200) + i costo -1200))C (7.17)

w here fJJ *IS the self-inductance of the stator w indings, f ab the m utual inductance

betw een stator w indings, and f qa is the m axim um  value of m utual inductance bçtw een

stator and rotor w indings. Sim llar expressions apply to Sux linkages of w indings b

and C èf the stator.

The ;ux linkage @111the rotor phase A w inding is

Q N L ix + LAq(i + ic) +fuliucoso + ïscosto -1200) + fccosto +1200)1B (7.18)

Sim ilar expressions apply to Y# and Vc.
tossTitllnO neutral currents due w inding connections Or balanced conditions,

i + i + 1-a b c 0

(7.19)
*

l *+ 1 + ics 0#

L et

L L -L

(7.20)
Lrr L -LAB

Then the eypressions fG. and Va m ay be v itten aS
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#c L i + LSS J (fx coso + i costo +1200) + fccosto -1200))B (7.21)

#x L irr +fu lïucoso + iscosto -1200) + fccosto +120O)J# 
.

(7.22)

fhe #-# transform ation

A s

equations

synchronousfor m achine

above
transform ation

the synchronous

m achine the preferred

for the induction

equations

m achine
(see Section 3.3 of Chapter

by
3), the

*

Can be sim plif ed
*

approprlate

of phase variables into com ponents along rotatlng

Alritll

aXeS.ln the Case of

m achine, W e chose aXCS

reference fram e @IS

rotating

one w ith

the rotor. For an induction

asspTm ed to be 90O

axes rotating

ahead of the J-axis in the

the at synchronous

speed f10,1 1J. The g-axis is
rotation. lf the #-axis is so

its displacem ent

direction of

chosen that it coincides snritllthe phase J axis at tim e f=0,

from  phase J axis at any tim e f is O St.

The transform ation of the stator phase currents illttl # and variables *IS aS

follow s:

*

l
2
3& (fucosœal+ i,cos(Ysl-120O) + fccos(Osf+120O)J

(7.23)2
*

I -- lfusinesf+ f,sin(œs/-120O)+ i3 sin(Ys/+120O)JC

The inverse transform ation *IS

@

IJ igzcoso st - i ssinœ sf

ib ï.cos(*s/-120O) - i ,sin(Ysl-120O)q (7.24)

*

>o iocos(œs/+120O)- i ssih(Ysl+120O)q

Sim ilar transform ations

L et US nOW

aPPly to

identify thè

stator ;ux linkages and to stator voltages.

rotorcorresponding transform ations for quantities

by w hich

@

111

relation to the synchronously rotating d and aXeS.Letè<
the

be the angle
*

d-

axis leads phase

a point

W axis of the rotor.lf the rotor slip @IS S, J-axis IS advancing Arritll

respect ttl on the rotor at the rate

du
dt #0r NOS (7.25)



284 Pow er System Loads C hap .<

The transform ation of rotor currents into # and com ponents @IS aS follow s'
.

*

I
2
3#r (ïxcosor+ ïscos(0r-120O) + ïccos(0r+120O)1

(7 .26)
2@

Iqr --(ïxsin0r+ %sin(0r-120O) + i3 sùltorC +120o)j

The inverse transform ation @IS

*

l# i coso - id
r r

sinoqr r

*

l *lB cos(0r-120O) - i#r sinto -1200)qr r (7.27)

iç: farcos(0r+120O ) - i rsintor+ 1200)q

Sim ilar transform ations apply ttl rotor ;ux linkages and voltages.

Basic m achine equations d-q reference fram e

From E quations 7.14 and 7.25,

0 O /-0r (7.28)

From  E quations

be

7.21 and 7.22, w e can show  that the stator and rotor Sux linkages Can

expressed @1l1 ternls of the d and com ponents aS follow s.

Stator 
.#&x linkages:

#& L jay + L j#rSS 51
(7.29)

# L iSS + L iqr

Rotor #vx linkages..

##r L f,,+ Lmigzrr
(7.30)

#qr L irr + L i

w ith f m =3I2L aA.

The stator voltages @111 ternAs of the d and com ponents are

V R ù - Ys#:s+##a, (7
.31)

VqS R i + *
S #& +##
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r d the rotor voltages are

V d
r Rridr-lpèrl%qr+p%dr

(7.32)
V
qr

Rriqr+ (#0r)#:r+##:,

term  p èr in E quationThe 7.32 is the slip angular velocity given by

#0r SO (7.33)

This represents the relative angular velocity betw een the rotor and the reference d-q

M eS.

W e have expressed

For

the m achine equations *111 a synchronously

both

rotating d-q

reference
W aves

resolved

rotate

k ame. balanced synchronous operation, stator and rotor m m f
at synck onous speed.

distributed

The m m f NVaves due to stator w indings are

illttltw O sinusoidally m m f w aves rotating at synchronous speed

SO

Therefore,

that OnC has its peak OVer the J-ax1- s and the other has its peak OVer the *@-aX1S.

speed
*

:-RXIS,

i s represent currents

and rem aining in such positions

respectively. A  sim ilar interpretation applies to the rotor currents idr and iqr.

From  E quations 7.31 and 7.32 w e see that the expression for each voltage

andids in f ctitious w indings rotating af synchronous

coincide w ith the d- andthat their axes a1W ays

consists of three term s:

terrn. The f rst tAArtl are

The R i drop term , the transient r v  term , and the speed voltage

fam iliar term s associated w ith the voltage of any coil. T he

speed voltage

o v , and œ ,v #, in the stator voltages q

stationary w indings by the synchronously

how ever,term s, are petuliar to the specisc situation at hand.T he term s

equations
*

represent voltages
@

created @111 the

rotatlng ;ux W ave. Slm ilarly, the ternAs

@orlvçr
rotor

and 1 0 lvyr in ther
w hich

rotor voltage

w indings m ove at the

equations

slip speed

represent voltages created in the

+ èr=sos) with respect to the
synchronously

Coe ely,

rotating

generator

;ux W aVCS. For nlotor action, S and p èr are positive.

for action, s and p è arer negative.

Electricalp ow er and tbrque:

The instantaneous POW er input to the stator is

Ps v i # v i + v ia a b b c c

ln ternls of the d and com ponents, the above expression beconAes

Ps 3
- (v.i.+ vqsigs)2 (7.34)
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Sim ilarly, the instantaneous PoW er input to the rotor *IS

P r
3

- lvdridr+vqriqr)2 (7 .35)

electrom agnetic torque developed is obtained as the pow er associated w ith the

speed voltages divided by the shaft speed in m echanical radians per second. From

Equation 7.32, the speed voltage term s associated with vdr and vqr are -kjqr+ èr) and
vdr+ èr), respectively. Substituting in Equation 7.35, the power associated with the
speed voltage is

The

3

2
(#<  z*qr-# @I )(#0r)drqr

The rotor speed with respect to the d, aXCS *IS -* 0r)(2/#y). Hence, the
electrom agnetic torque *IS

F e - (# riar- %driqr)2 q 2 (7.36)

A cceleration equation..

If there

The electrom agnetic torque developed by the m otor drives the m echanical load.

is a m ism atch betw een the electrom agnetic torque and the m echanical load

(F-),torque the differentialtorque accelerates the rotor nAass.Consequently,

do
T - T J --- J

20#

d tl
(7.27)

d t

w here 0 * @IS the angular velocity of the rotor in m echanical radians Per

T he

second,

load

and

J is the polar m om ent of inertia of the rotor and the connected load. torquè

varies w ith speed.A com m only used expression for the load torque is

F Fo(&r)- (7.38)

û)w here ris the rotor speed expressed *111per unit of synchronous speed.A n alternative

expression often used for the load torque is

F Fc(dYr+#;r+ cl-2 (7.39)
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7.2 .2 steady-state C haracteristics

For balanced steady-state operation, the stator currents m ay be v itten aS

*
AN
j t/ fmcostos/+a)

ib I costosf+a -1200) (7.40)

*

tC I costos/+a +1200)

w here
transform ation

*

IS the phase

(Equation

angle of @la Anritll respect ttl the tim e @ @Orlgln. A pplying the d-q

7.23),We have

@

I& I cosa

(7.41)
#

I I sina

Thus,for balanced steady-state operation the stator currents Fppear aS direct currents

ill the d-q reference fram e. Sim ilar expressiops apply to stator voltages and rotor

currents.

FronA E quation 7.24,the stator current m ay be w ritten aS

e

*

e @I
J

*

I cose t - i sine t

(7.42)
ioc6sest + iqscostosf+90O)

U sing

phasor

IS

form :

denoteto Per unit V S stator current,E quation 7.42 m ay be w ritten in the

f# I + 17 qs& (7.43)

wherez.- i.lyz and Iqs - iqslcl .lnasimilarmanner,thestqtorphasevoltagesand
rotor phase currents can bç

.  

expressed *111the phasor form :

F (3? +jvqsllA& (7.44)

-4 (i % * **  Jt
qr
)/4 (7.45)

U nder steady-state conditions, rv  term s
7.31bitlllstitlTtillij

7.29,
ill E quation the exptessions

in E quations 7.31

for ;ux linkages

and 7.32

given by

disappear.

E quation

w ù m ay w rite
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V& R  ïav - o
s
Lssi - Y  L i

qS S m #r (7
.46)

V R  i + o  L ja + o sLm j:
rS qS S SS

From E quations 7.43 to 7.46,W e have

F R  I +7'Y  L I + 'Y  L IJ 
s m  r

R I +SS @70 (L -L 41 +josz.(/s +/,) (7.47)

R I +J'X I +SS SS jx (f +Ir)

w here

X Y (L - L ) stator leau ge reactance

X Y ZS m m agnetizing reactr ce

W ith the rotor circuits shorted,V#r=Vqr=0. H ence,from  Equations 7.30, 7.32, and 7.33,

W e have

V 0dr R f#, - soslLrriq, + Lmir )qS
(7.48)

V 0qr Rriqr + seslLrridr +Z-ù )

From E quations 7.43, 7.45,and 7.48,W e m ay w rite

Fr 0
R r

I +J'*  L I +r S 
rr r

*

0  L IJ s m s

(7.49)
R ,r

- f +r X I +7 r r jx (/ +1 )m S r

w here

X
r * (Z - L )S rr :% rotor leau ge reactD ce
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Equivalent circuit

Equations 7.47 and 7.49 represent the steady-state

m achine.

7.7,

These equations can be represented
@ * ' e *

perform ance of the induction

by the equivalent circuit show n in Figure

which accounts for quantltles 111One phase.

P Jg

1 XS S 
l ra

l - ->
I l I
s I r o

l n rZ  X  I
S m 1 s

1
l
l

a! l
I

R X

I
1

F igure 7.7 E quivalent circuit of a tk ee-phase induction m achine

111 the equivalent circuit all quantities
@ *

have been referred
@

tll //it? stator side.

The directions of currents show n are posltlve w hen Operatlng aS a m otor, @111 w hich

CaSC the slip S @IS positive.

The POW er transferred aCCOSS the air-gap to the rotor is

P J#
R  zM
Ir (7.50)

The rotor resistance loss @IS

# lr 2R I
r r

(7.51)

Therefore, the m echanical PoW er transferred to the shaft *IS

P P -Psh J# lr

R  2 2M  
I - R  zr r r

S
(7.52)

2R h
r S

1-N

This represents
@

the m echanical PoW er transferred to the shaft.A n alternative form of

inductlon

IS

m achine equivalent circuit is show n in Figure 7.8 in Nvhich the rotor PoW er

separated into resistance loss and shaft POW er.
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.

A Psh

R I R lS S 
I r r Ia

I
- - - +  I , - - +  I

l II ' I '
s I r l

I
. 

IZ  I
s m  l

I
I
I
I

l ,
# I I

a  l II I
I I

1-NR
- -

r
S

F igure 7.8 A lternative form of induction m achine equivalent circuit

The above represent Per phase values. For a tk ee-phase m otor, the

electrom agnetic torque developed by the nAotor *IS

j#
Fe

O

w here 0 * is the angular velocity of the rotor in m echanical rad/s given by

O
2

Pf
@ <

2
Ys(1-x)w

Ff

H ence,

Fe P 23%  z

so  rl s

Fr (7
.53)

whzre *x=2a/ andPf @ISthe num berof poles.

torque-sl+ characteristic

The torque

circuit

*

IS slip

Figure

dependent. For analysis

sim plifed

of torque-slip relatiohships,.the

equivalent

equivalent

the

of 7.7 m ay be by

to the left of nodej a and a'by its Theveàin's

replacing the part of the

equivalent. Figure 7.9 show s

resulting sim plifed equivalent circuit.
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P J&

R X  l X re e 
a I

l --->
l fI r 

pl n

rZ
c I

l s
l
I
I

a/l
I
1
I

jxmvsZ 
=

e R +j(X +X )S S m

1Xm(Rs+/Xs)R
+

e jXe = R
s +j(Xg+Xm)

Figure 7.9 E quivalent circuit suitable for evaluating torque-slip relationships

Frorn Figure 7.9,the rotor current *IS

F
Ir

(Re + Rrlst +/(Xe + Xr)
(7.54)

FronA Equation 7.53,the torque *IS

F
e

p R
3 0  r

2 so (R +R /x)2 + (X + X )2S e r e r

2Z

e (7.55)

Figure
'

e(1. .,
synchronous speed, the

is negative, representing

7.10 show s a typical

speed

relationship betw een torque and slip/speed. A t standstill

at starting), is Zero and slip S is equal ttl 1.0 Pu.
synchronous

B etw een Zero and

m achine perform s as a m otor. B eyond speed,slip

generator operation.

Fe

i G eneratorM otor

l
l
1
1
I
l

i
l

1.0 0.5 10 -0.5 pu slip s

0 0.5ns ns j 1.5ns Speed

l
l n = synchronousI s

1

l
1
l
I

speed

Figure 7.10 Typical torque-speed characteristic of an induction m achine
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The m axim um torque OCCUCS w hen

R
r Z' (7 .56)

S

w here

Z ' 2 2R
e 
+ (Xe + Xr) (7.57)

Therefore, Per unit slip at m axim um torque is

R r
Z 'SF-= (7.58)

Frona E quation 7.55,the m axim um torque @IS

F 3

2
p 0.5Fe/

2*
S

>JX R  + Z  ?

e (7.59)

1 20
.5Fe

3 -
*  X  + Z ?

M  e

where œ,=2a/ and
From

O is the synchronous speed

the

in m echanical radians Per
*

second.

E quation 7.58, W e SeC that slip at m axim um
A

torque IS directly

proportional

value

to the rotor resistance R .r H ow ever,

of R and is affectedr

fromaS Seen

of m axim um  torque is independent

E quation 7.59, the

principally by the stator
#

and rotor leakage reactances.

Eg ectof rotor resistance em ciency

The efû ciency

lf w e neglect

by the

a1l

of an induction m otor is highly dependent on the operating slip.

losses except that due to rotor resistance loss, then the efû ciency is

given

T herefore,

ratio of m echanical POW er

and

transferred to the shaft to the air-gap POW CT.

from E quations 7.50 7.52,the ideal efs ciency *IS

#
- x100#n 1-x per cent (7.60)

J#
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It isevident from  the above relationship that, to uachieve

slip.

high efl ciency,

m ost

an induction
m ust operate at 1()A,, values of T herefore,

m otoï

znotors are

0.05.

higher

For

three-phase
@

induction

designed so that the PCr unit slip at norm al full-load Operatlon *IS less than

large three-phase induction nlotors the actual m axim um efs ciency m ay be

than 95% .

7.2.3 A lternative Rotor C onstructions

The of an appropriate value of rotor resistance of an induction m otor

lves design com prom ises. H igh efû ciency at norm al operating conditions requiresinvo

selection

roduceP

rotor1()$h? resistance. O n the other hand, a high rotor resistance @IS required

current

to

a high starting

factor

torque and to keep the m agnitude of the starting 1()AA?

ald the POW er high.

The use of a w ound rotor is one w ay of m eeting the need for varying the rotor

istance at different operating conditions. A t starting, resistors are connected inres

ies w ith the rotor w indings through slip rings. A s the rotor speed picks up, theSer

ternal resistance is reduced. For norm al running, external resistance is m ade zeroex

S0 that the full load slip @IS sm all. Figure 7.11 show s the effect of varying

m ore expensive

the rotor

resistance

squirrel-cage m otors.

Special squirrel-cage

ffective resistance at startinge

on the shaft torque.W ound rotor nlotors are,how ever, than

arrangem ents Can also be used to obtain a high

at full-load operation.

ofvalue

and a 1ow  value of the resistance

0ne such arrangem ent

in Figure 7.12. lt consists

of rotor bars frequently used is the double squirrel-CJ#C
@

show n

of tw o layers of bars,both short-circuited by end rlngs.The

T Orque

R r

1R r R r

5R r

10A r

= rotor w inding
resistance w ith
Z ero

resistance
external

Slip S1
.0 0

!
Standstill Synchronous speed

F igure 7.11 T orque-slip curves show ing

of rotor circuit resistance

the effect
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F igure 7.12 D ouble Squirrel-cage F igure 7.13

rotor bars

D eep-bar rotor

construttion

upper bars are sm all in cross section and have a high resistance. They are placed near

the rotor surface so that the leakage fux sees a path of high reluctance; consequently,

they have a low  leakage inductance. The low er bars have a large cross section, a

low er resistance, and a higher leakage inductance. A t starting, rotor frequency is high

and very little current iow s tk ough the low er bars; the effective resistance of the

rotor then is that of the high-resistance upper bars. A t norm al 1ow  slip operation,

leakage

resistance

reactances are negligible,and the rotor current i ow s largely through the low -

loqver bars;the effective rotor resistance *IS equal to that of the tw O sets of

bars in parallel.

speed

fux paths show n

rotor bar is relati

The use of deep, narrow  rotor bars as show n in Figure 7.13

characteristics sim ilar to those of a double-cage rotor. A s is

produces

evident

torque-

from  the

in the û gure,the leakage inductance of the ttlllCCOSS section of the

vely
*

low ;the losver CCOSS sections

inductance. A t startlng, due to the high rotor

progressively higher leakage

frequency, the current is concentrated

have

tow ards the top layers of the rotor bar. A s the rotor accelerates slip decreases, the

current distribution becom es m ore uniform . A t norm al full-load operation, the current

distribution

and

The

nearly

equivalent

*

IS uniform and the effective resistance @IS 1()5Ar.

circuitofasingle-cageinductionnAotor 'e(1. ., f onewitj rotor
winding) is shown in Figure 7.7. This is extended in Figure 7.14 to represent a m otor
w ith double-cage rotor. It m ay be represented by an equivalent single rotor circuit as

show n in Figure 7.15, w ith slip-dependent rotor param eters:

2 211 //?+ mS j 
g;R

rls) Rr0 2 2
m  + S

(7.61)

Xrlsj X1 + Rrn(mR3I% ) (7
.62)

2 + x 2
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P a
. A

R X  l X 1 X zS S 
l

- - >  l
I Is 

R 1
F  X  Is m l

I S
I
l
I
l
I
I
I

&
S

F igure 7.14 E quivalent circuit of an induction

nlotor w ith a double-cage rotor

Rs Xs 4 (x)

r
F, X ml . Rrls)S

F igure 7.15 E quivalent

a nAotor

single rotor circuit representation of

Ahritll a double-cage rotor 0r a deep-bar rotor

where

R 1+
jkxè (7.63)

&

R +% (7
.64)

X z

The deep-bar effects m ay be represented by an equivalent @111 the form of a

ladbernetwork.För system  studies, however, it is preferable to use a quasi steady-
representing the rotor by a single rotor circuit w hose param eters varystate

aS

approach,

a funciion of slip aS show n *111Figure 7.15.

The rotor parànAeters Can be 'expresged as a function of glip based oh the eddy

currentdistribution AAritlzilla rectangular bar (221 :

Rrlsj R p(:i% p +sinp) (7
.65)

2 (coshp - cos p)
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Xrlsj X or R o ptsi% p -sinp)r
+ (7 .66)
2 (coshp - cos p)

p (7 .67)

w here B *IS a deep-bar factor w hich determ ines the nAotor starting torque,X or is the

rotorleakage reactance not associated with therotor bar(for example,zigzag leakagt
reactance),and R a isr the rotorbarrunning resistance.

The deep-bar factor @IS a function of the base frequency,

of free
the resistivity (p) anë

the depth (t/)of the rotorbar,and the perm eability Space (pn):

B 2: gc*c/(2p)

In the lim it,aS S tends to Zero,the deep-bar rotor resistance is equal to R p.r

7 .2 .4 Representation of S aturation

The

represented

for

m agnetizing

as a function

reactance X m varies w ith m agnetic saturation. This *IS

of the *a1r-gaP voltage F in a m anner sim ilar to that usedJg5

synchronous m achines.

lnduction nAotors are norm ally designed SO that their leakage reactances

saturate at high-current levels. This assists

starting torque. For accurate analysis

saturation representation should include

Figure 7.16.

m eeting the requirem ent for a high

of conditions involving high-current levels,

variation of leakage reactance as show n in

ill

R s X DS 
- N

XS S 
- S

X Dr 
- &

Xr r 
- S

r '?7 f -f-
Fs '' Vag X ml k RrS

F igure 7.16 Induction

effects

m otor equivalent circuit

of m agnetic saturation

including

The stator and rotor leakage

X r 
- s)

reactances represent leakage

and lim it the m agnetic feld

and

reactances are separated into saturating

x r
- u).

com ponents(Xs-s,
unsaturated com ponents (Xs-u, The saturating

;ux that concentrate Atu the1

com ponents

slot t00th tips w hich saturate

unsaturating

of the

atthe slotm outh (12).The portions of the
reactances represent end leakage and peripheral leakage.
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The leakage

(Isatt

reactance

cr ent
@

saturatlon

dtscïibing

atw hich saturation begins

of the leakage reactances due

function D (5,121aSfollows:

saturation depends on the current. The lim iting value of

is typically in the range of 1.3 to 3.0 pu. The

ttl current I Can be represented by the

I xf at,For , D 1.0

For I>I t,JJ D 2 -1 y j
- y2-  tan + y

a t---l-y

(7.68)

where

f
Sa tY f c= ent at w hich sau ation begins

c= ent te ough l e leau ge inductance

7.2.5 Per U nit RePresentation

A s in the CaSC of a synchronous

quantities
m achine (see Sectioh 3.4 of Chapter 3),We

choose the follow ing base for the stator:

V
.ç base

*

l bases

fbase

peak

peak

value of rated phase

phase

voltage,

current,

V

value of rated A

= rated frequency, H z

The base values of the rem aining quantities are autom atically set:

O base 2a
.6.:,

Obaselllpyt,

elec.rad/s

O m base m ech.rad/s

Z  baseS

L baseJ

v base lis base,s

vsbasellisbaseebase),H
V , base
3-phase

T orque

V bage

h base

/(9basen

?I2 (vsbase isbase),

M 'turns

V V A

base 3/2 +yll)v,,,xe isbase,N .m

W ith the rotor quantities referred to the
:
.

stator side,the above base values also apply

to the rotor.

FronA E quation 7.31,

V& R ï. - *s#:s+##o

Dividing by V b
a se ,s

and noting that V base = Zx base is base = O base T sbase,s W C get
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V& RS @I&

Z  1*sba eV
sba e Jhr e

0, YG 1 Y&
+ p

O ,-e #x- e C bue #s- e

1l1Per unit notation,

R I - * #s k sV& qS+# #0 (7.69)

Sim ilarly,

R i + Y #.+## sV (7.701qs

U sing the Sanle approach to eXPCCSS E quation 7.32 *111Per unit form ,W e ;nd

-  
. 

-

Rridr- (#0r)#Vdr + # # (7.71)
qr #r

V
qr

R i + (#0 )#:r+##ç,r qr r (7.72)

w here

1
# 0r (p up)

O e e

S O J
O - 1S r (7

.73)
O

From  E quations

unit

7.29 and 7.30,

; ux linkage equations m ay

by dividing throuéhout
be v ittea as

by v sbase -Lsbase isbase, the per

#& Z 1- + Z 1-ss & m dr (7k74)
s
'

, 
t
'

)- -z

#qs L 1* + Z 1*ss qs m qr M%(7
.75)

#db L 1- + Z 1-rr dr m & (7.t6)

#qr L 1- + L 1*rr qr m qs (7.77)

From Equation 7.36,dividing by Tbase - ?lllvsbase isbasellpyll),We have

Fe

T

3/2 (kqridr- #:rïyr)(#:/2)

base 3/2 (# is- etçp':re /2)f
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OC

F
e

*# I dr - #:rqr *l (7.78)qr

Dividing Equation 7.37 by F =Vbase h base /œ ,, base gives

Fe T

T Th
ule base

O  b. e 0 -

J Y  b. e p
V A  Yb

a e v :r e

OC

#(;r) 1 - -
- (r -r )e m21/

0r

f7(t:r) ( p - p )2S O  B m
:* e

1 (7
.79)

where

2

H
JY  b. e1 m

2 N  lkble

O

O
orlpg

*,.e/#y

O
r

r
O Om ba e hlse

The paranleter H  is the com bined inertia constant of the nAotor and the m echanical

load.

D ividing E quation 7.38 by F to obtain an expressionbase for the load torque @1I1

per unit,W e have

F Fc

Fbase
- m(*r)

Fbase

0r

F F (* lm0 r (7.80)
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Sim ilarly, the PCr unit form of Equation 7.39, giving the alternative expression to&

load torque, @IS

F - 2 -F
c (#;r + Bœ, + C 1 (7.81)

Equations 7.69 ttl 7.81 represent the PCr unit dynam ic equations of an inductioa
m otor.

The Per unit tim e derivative # appearing *111 these equations *IS related to the

derivative w ith tim e *111 seconds aS follow s:

d 1 # 1
# d t - p

OO d t:c/e base

For convenience introducing the per unit equations,

denote per unit quantities. Further analysis of induction

solely

*

111 W e have used juperbars to

nAachines in this book w ill be
@

11lPer unit form ,and W e Alrill drop the superbar notation.

7 .2 .6 Representation in Stability Studies

For representation *1I1 POW er system stability studies, P kéds7.7Q).and TVqs
term s

a<C

neglected *1l1 the stator

represent
the stator transient currents,perm itting '!representatio: of only fundam ental frequency

tocom ponents.

com patibility w ith the m odels used for representing other system

particularly the transm ission network (see Chapter 5, Section 5.1.1).

A s w ith synchronous m achines,this sim plif cation @IS essential ensure

com ponents,

relations

stator transients,
voltaje
' thelr neglect

(Equations 7.69 and These
corresponds to ignoring the dc com ponent 111

W ith the stator transients neglected and the rotor w indings shorted,

be sum m arized as follow s.

thep er unit

induction nlotor electrical equations m ay

Stator voltages.. /

V& R i - Y #s & s (7.82)

V
qS

R i + Y #.S qS S (7.83)

R otor voltages'.

V 0d
r

R  ï#
,

-  pèrkqr+p%drr (7.84)

V 0
qr

R  J' +
r qr

#0 %dr+P%qrr (7.85)-'
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1ï1gX //akJ#Pé-.'

Q # L j. + L j:rSS 51 (7.86)

#qs L i + LSS qS *I (7.87)qr

#dr L jag+ L j#p5% rr (7.88)

#qr L i + L iAQ qS rr qr (7.89)

Tvitll

L
SS

L +L D d Lrr L +Lr m

Nvhere f , and

The

Lr arC Per
@

unit stator and rotor leakage

rotor w inding.

inductances.

above equatlons aSSUDAC a single A s discussed earlier, the

m odel
equivalent

m achine w ith a double-cage

rotor circuit m achine

for a rotor Or a deep -bar rotor Can be reduced to

single m odel w hose paranAeters Vary w ith )*S IP .

*To reduce E quations 7

w e elim inate

82@ to 7.89 to a form suitable for im plem entation 111 a

stability program , the rotor currents and express the relationship betw een

stator

from  Equation

andcurrent voltage @111ternls of a vo1tage behind the transient reactance. Thus,

7.88,

idr
# - L i#r - dà (7

.90)
Lrr

and,uPOn substitution *1f1E quation 7.86,

#0 L ioSS Z-(##r-Lmïo)
+

Lrr

(7.91)2
L L

Y + Z - idr ss 
z &L

rr rr

sim ilarly from Equations 7.87 and 7.89,W e have

#qS

2L L

# + L - içr SS j; qSL
rr rr

(7.92)

substituting the above expression for V @111
qS

E quation 7.82,W e m ay w rite

V& R  i -X 'i
? &  s qS

/+ V
d (7.93)
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and, sim ilarly substituting the expression for V #, @111 E quation 7.83,

V R i +X ' i +v' (7.94)

w here

lV
#

O L

#%
<<

qr
(7.95)

B L
S m

< #L
rr

dr (7 .96)

X '

2L

Y  L -S SS
L

rr

(7 .97)

The reactance X 'S @IS the transient reactance of the induction m achine.

The stator voltage equations m ay be com bined and expressed *11I the phaso?

forrn-.

V& *+JM (Rs+jXs' ) (io+jiqsj + (vJ +jvq' )

N oting

relationship

that @111 Per unit RM S and peak values are equal, W e SCC that the above

m ay be expressed aS

F (R +jXs' ) Is + P' (7.98)

From the above

by the sim ple

B

equation, it is evident that the induction m achine

transient equivalent circuit of Figure 7.17.

Can be representeë

y elilllilléttilléj the rotor currents andternlsof VJ and !V ,Equations 7.84 and 7.85 expressing the rotor
can be w ritten in the

; ux linkages @111

follow ing form :

R s # /

Nr v
F  V '

l l
C J

F, stator term inal voltage

V' voltaye
translent

behind
inapedance

F igure 7.17 Induction m achine transient-equivalent circuit



7.2 M odelling of Induction M otors 3O35
e C .

1#(vJ) - ( VJ + (X
s 

-  Xs' ) i s J + p orvç'r' q
0

(7.99)

1
#(v') - gv z - (X -# z) jz # s SF

0

1 - # 0 Vaç r (7.100)

wàere

L + Lr m Lr
r

R r
T'0 (7.101)

R r

XS Ys(Zx+f.) O Là ss (7.102)

O - 0S r

# 0
r

(t.103)
O S

TheconstantFJ
m achine;
is the trahsientopen -circuittime constant(expressed in radians) öf

tlltl
stator is open-circuited.

is, tim e / is in radians.

induction it characterizes the decay
@

of the rotor transients w hen the

In the above equations,# ls the Per unit tim è derivative; that

In system studiesj W e

equations

seconds.

JrP also app licable

norm ally prefer to express tim e in seconds. The above

with ffle f and the time constant FJ expressed in
In this CJSP,pèr f/itlslip sp eed radians #Cr setond.

Equations 7.99 and 7.100 describe the rotor circuit dynam ics. The rotor

acceleration equation, Ahritll tim e expressed @111 seconds, is

# (;r) 1
- ( Fe - Tm)2H (7.104)

N

Fronl Equation 7.78,the Per unit electrom agnetic torque *IS

F
e # *lqr *- #,r jdr Vr

Elim inating the rotor currents by expressing them

rotor flux liA ages (see Equàtion 7.90), we 5nd

@

111ternAs of the stator currents and
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F
e

# - L i # - L iar m aç 
.,. qr m qs#çr - T dr LL

rr rr

L L
- % io + #,r i sqr l L q

rr rr

v ' i + v ' id 2
ç q qs

O s

sà/itll O y=1.0 Pu,

Fe v ' i + v ' id &  
q qs

(7.105)

The load torque Tm (required for the solution of Equation 7.104)@ISgiven by Equation
7.80 Or 7.81.

ln E quations 7.99 and 7.100,the term  so s=p èr represents the angular velocity

d-q axes rotating at synchronous speed o s. A s o
,

equal
*

betw een the rotor and the reference

changes, so s is com puted as

In the above induction

being to O -0 .S r
@

m achlne equatlons,

D uring

rotor

f eld does not appear

frequency

explicitly. system

slip w ith respect to the stato?

swings (electrom echanical
oscillations),
synchronous
*

111

the of stator voltages

is reiected in the

and currents deviates from the

frequency O .s

If the

This m achine

Vdsn Vqsn ids and @l .qs transient variation @111

necessary com pute

angular velocity of the

to the rate of change of stator

equations as oscillations

slip w ere required, it w ould àe

voltage angle to establish the

stator f eld.

Simpl6 ed induction m achine m odel

For DRany applications,

necessary

the

to account for the

particularly those

dynam ics of the rotor

involving sm all m otors, it is n0t

electrical circuits. In such cases,

rotor-circuit dynam ics m ay
*

be assum ed ttlbe Very fast 'e(1. .,
ssTitll

FJ
this
Very sm all),an2

#(vJ)
the

and plvq')are setto Zero ln Equations 7.99 and 7.100. simplifcation,
including the

E quation 7.55,

induction m otor representation can be based on steady-state theory,

equivalent circuit of Figure 7.9 and torque-slip relationship given by

Induction m otor p aram eters

T he equivalent-circuit

designdata. lf the data arC

param eters

not readily

of an induction nAotor are given by

estim ated

design

available, the paranleters m ay be

from standard

a 150

speciû cations as described in reference 13.

A s an exam ple of induction m otor param eters, Figure 7.18 show s the data f0r

H P double-cage induction m otor and the corresponding torque and current
@

characteristlcs.
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O
>

=

a
=
><

%

>
=

>
=

Q
* >A

Q
* > A

Q

>
c

O
>

6.0
f

5.0

4.0

3.0

2.0
F

1.0

0

7.0

0 0.2 0.4 0.6 0.8 1.0

Speed (pu)

M otor specin cation data

Full-load effciency 0.9151

Full-load

Full-load
POW er
slip

factor 0.8895

0.0166

No-load loss (kW ) 2.594
Starting

@

current(pu)
ratio

6.4961

Startlng

Pull-out

torque 1.5921

torque

Pull-out slip

kV A  rating

R ated

2.650

0.0914

137.0

voltage

current

(A?)
(2*)

400

R ated 198

P aram eters of equivalent circuit ill Pu of 137 kV A and 400 V

R J

# 1

1 2

Load

0.0425 X 0.0435J
- N

X S
- S

X

0.0435 X

R z

I

0.0739

2.9745

X r
- &

H

0.0329 0.0329 0.0249r
- S

0.0739 0.6 1 3.0 3.0Sats satr

torque

Figures

exponent

7.14

2.0

(See and 7.16 fordefnition of param eters.)

F igure 7.18 Typical 150 H P double-cage induction nAotor data
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7 .3 SY N C H RO N O U S M O T O R M O D EL

A synchronous

(see

nAotor @IS m odelled @111 the SaDAC m aM er aS a synchronous
*

prlm e m ovey
a

C haptersgçnerator

providing m eçhanical torque input tp the generator, the

load. A s in the cgse of an induction m otor, a com m only

3 to 5).The pnly difference is that,instead of a
nAotor drives m echanical

for theused expression loaà

torquç is

F Fcor (7 .106)

The rotor acceleration equation *IS given by

do

d t
A (w -w )
2#  e m

(7.107)

w here H  is the com bined inertia constant of the nAotor and load.

The dita to m odel thç synck onous m otor are 'ldentical to those of a synchronous

generator,exceptfor the exponentm associated w ith the load characteristic.

7 .4 A C Q U IS IT IO N O F LO A D -M O D EL PA RA M ET ER S

There are tw O basic Mpproaches to the determ ination of system -load

characteristics..

@ h4easurenAent-based approach

@ C om ponent-based approach

7 .4 .1 M easurem ent-Based A pproach

ln this approach,

feeders

the load characteristics are nleasured at representativç

substgtions

extrapolate

describe

and at selected tim es of the day

the

and SCaSOn. These are used to

the paranAeters of loads throughout

staged

system . R eferences 14 and 15

load m odels dçrived from tests, and reference

derived
*

111

from actual

w hich load

system

characteristics

transients.R eference 3 describes an

presents

alternative

16 m odels

approach
@

Occurrlngare m onitored continuously fronx naturally

system variations.

Steaiy-state load-voltage characteristics

C om posite load characteristics are norm ally nleasured at the highest

by transform er

voltage

levelfor which the voltage of radially copnected load can beadjusted
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hangers. usually the highest distribution voltage level. The steady-state
tap ç

teristics can be determ ined by adjusting the load voltage via the transform er tapchl'c
rs over a range of voltage above and below  the nom inal value. D istribution taphange

c
ers and sw itched capacitors m ust be blocked to obtain m eaningful results. The

chr g
red responses of voltaje, active power, and reactive power are stted to themeasu
omial and/or exponential expressions (Equation 7.1, 7.2, or 7.5).olyn?

This @IS

Steady-state load-frequency characteristics

It is usually m uch m ore to m easure system  load-frequency

acteristics. T o m easure com posite load-frequency characteristics, an isolatedchar

tem  m ust be form ed and the frequency varied over the desired range. To obtainsys

1id data, care m ust be taken to separate the effects of voltage changes and frequencyva

hanges. For m any of the results reported in the literature this is not done, and thec

r /yycharacteristic determined is a composite of the effects due to frequency change
and the

difs cult

resulting voltage change.

Dynam ic load-voltage characteristics

The sm all-signal dynam ic characteristics of com posite loads can be determ ined

relatively easily from  sim ple system  tests. Figure 7.19 show s the testing cons guration

that m ay be em ployed w hen loads are supplied by tAA,tltap-changing transform ers.

lrlitiftll)?,one tap changeris adjusted upward
taps,

roduces not only a voltage majnitude changeP
at the load bus. B y varying the lnitial tap positions,

and the other dow nw ard by a few

of the transform ers is then tripped; thiskeeping the load voltage constant. O ne

but also an instantaneous angle
*

change

it is possible to obtaln a range of

voltage changes in both positive and negative directions. B y selecting the tap positions

appropriately, it is also possible to produce an angle change w ith only a very sm all

Typically

Typically 12.5 kv

Switchedj caps soad coad

115 kv

F igure 7.19 Typical
*

testlng

station conl guration

load characteristics

for
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voltage

change.

change.This is usefulin separating the effects of voltage m agnitude and aqgk

lf there is a sw itched capacitor bank at the load bus,it can be sw itched @1It ' .:û4

out to produce a voltage m agnitude change at the load w ithout an angle change
.

The responses obtained in this fashion are essentially sm all-signal. R efereucu

14 describes load m odels derived from  such tests at O ntario H ydro. M easured tim e

responses of load-voltage m agnitude, angle, active pow er, and reactive pow er are usek

to determ ine the param eters of a m odel w ith a structure as show n in Figure 7.20
. Tàt

m odel structure assum es that the com posite load appears as an induction m otor ank

shunt static load.

Rs xs 4l

R
X  MX

c R  m s

i 
.

< - - -  Static load ----v ---- ---- Induction m otor >

F igure 7.20 C om posite

for

induction m otor/static load equivalent

representing an industrial load

A least Square difference technique *IS used to optim ize the m atch betw een the.

nleasured and m odelCCSPOnSCS aSthe m odelparanleters are adjusted.Theresult is a
m odel w hose paranleters arC chosen

because of the realistic m odel structure

to m atch the sm all-signal response. H ow ever,

chosen, the m odel is likely to give reasonable

results under large-disturbance conditions.

R eference 14 also describes large-signal m odels
@ * @

developed for industrialloads

from CCSPOnSCS m onitored by translent m onltorlng system s during naturally occurring

disturbances.

R eference 15 describes m odels derived

auxiliary

loads

system s and at bulk supply points

from  staged
supplying both

tests on generating station

industrial and residential

in England. The resulting m odel consists of a constant im pedance static

parallel w ith a single rotor circuit induction m otor. In addition, a nonlinear

load in

shunt

reactance is included to account for m agnetic saturation characteristics of m otors and

transform ers.

7 .4 .2 C om Ponent-Based A pproach

This approach

1976beginning

on its constituent

*

111

w as developed by E PR I under several researchg16-19). lt involves building up the load m odel from  inform ationprojects

pad s as illustrated in Figure 7.21.The load supplied at a bulk pow er
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eC .

BuS load

Load
m ïx

class

PoW er
P +jQ è delivea  point

B ulk

lndustrial C om m ercial R esidential A gricultural @**

Load
m ponentsc0 Space W ater A ir L ighting R efrigeration

heater heater conditioner *@*

C om ponent
characteristics Pow er

factor
#(K,X PIK,X h4otor paranzeters

F igure 7.21 C om ponent-based m odelling approach

zelivery
industrial,

point *IS categorized into load classes such aS residential, conAnAercial,

agricultural,

of load comp onents

and m ining. E ach category of load class is represented

such as lighting, air conditioning, space heating, w ater

in ternls

heating,

and refrigeration.

The characteristics of individual appliances have been studied *111 detail and

techniques

load

have been developed to aggregate individual loads to produce a com posite

m odel(16,171.
EPmThe LOAD SYN Program (181 conveds data On the load class @nl1X,

com ponents,

stability program s.

and their characteristics illttl the form required for POW er ûow and

Typical

each

default data have been developed
.

for load com position and

characteristics for class of load.A sim ilar

which end-user energy consum ption

load characteristics

data are

approach is used in reference

used to identify load m ix data.

20, @111

ln reference 17, determ ined by the com ponent-based

m easured load characteristics on the

load-

m odelling approach are com pared w ith

lsland L ighting C om pany, R ochester G as and E lectric C om pany, and M ontana-

Utility system s. The load m odels correctly represented the steady-state active

L ong

D akota

VCrSUS voltage rCSPOnSCS, but could not represent accurately the steady-state
pow er

reactive

PoW er

transient

VCrSUS voltage

CCSPOnSCS
and

responses.
Of active

A lso,the m odels could not

and reactive POW er. These

represent

discrepancles

accurately
@

the

betw een

naeasured

21,

Single-phase

rotating loads.

by

m odel CCSPOnSCS svere subsequently resolved, aS reported @111 reference

using physically

induction

based m odels aS opposed to the polynom ial representation.

nAotor m odels svere used to represent CODIPCCSSOCS and other

Separate m odels svere developed to represent CODAPCCSSOC and nOn-

C0nAPreSSOr loads.
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7.4 .3 Sam ple Load C haracteristics 12,14,16,20)

(a) Componentstatic characteristics

Table 7.1 sum m arizes typical voltage and frequency-dependent characteristics of a

num ber of load com ponents.

T able 7.1 Static characteristics of load com ponents

Component Power factor OPIOV ::/:F 0PI0f ::/:./'

A ir conditioner

3-phase central 0.90 0.088 2.5 0.98 -1.3

l-phase central 0.96 0.202 2.3 0.90 -2.7

W indow  type 0.82 0.468 2.5 0.56 -2.8

W ater heaters,

R ange top, oven, 1.0 2.0 0 0 0

D eep fryer

D ishw asher 0.99 1.8 3.6 0 -1.4

C lothes w asher 0.65 0.08 1.6 3.0 1.8

C lothes dryer 0.99 2.0 3.2 0 -2.5

R efrigerator 0.8 0.77 2.5 0.53 -1.5

T elevision 0.8 2.0 5.1 0 -4.5

Incandescent lights 1.0 1.55 0 0 0

Fluorescent lights 0.9 0.96 7.4 1.0 -2.8

Industrial m otors 0.88 0.07 0.5 2.5 1.2

Fan m otors 0.87 0.08 1.6 2.9 1.7

A gricultural pum ps 0.85 1.4 1.4 5.0 4.0

A rc furnace 0.70 2.3 1.6 -1.0 -1.0

Transform er 0.64 3.4 1 1.5 0 -1 1.8
(unloaded)
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L oad class static characteristics

Table 7.2 sum m arizes the sanlple characteristics of different load classes.

T gble 7.2

Load class Power factor OPIDV ::/:F OPIX  ::/:/

Itesidential

Surnrner 0.9 1.2 2.9 0.8 -2.2

svinter 0.99 1.5 3.2 1.0 -1.5

C om m ercial

Surnrner 0.8 5 0.99 3.5 1.2 -1.6

svinter 0.9 1.3 3.1 1.5 -1.1

Industrial 0.8 5 0.1 8 6.0 2.6 1.6

Poxyqr plant o g p
. 1 1.6 :.9 1.gauxlllarles '

Dynam ic characteristics

The follow ing are sam ple data for inductipn nAotor equivAlents representing

tkeedifferenttypesof load (see Figure 7.7 for dçsnition of parameters).

(i) The com posite dynam ic
com m ercial load:

characteristics of a feeder supplying predom inantly a

R s

X m
0.001 &

R r

0.23 X r

H

0.23

3.0 0.02 0.663 m 5.0

(ii) A large industrialm otor:

R S

X r
- J

0.007 X 0.0409J
- N

X S
- S

R r

I

0.0267

0.0409 X r
- &

H

=  0.0267

X m

1

3.62 0.0062 1.6

2.0 sats 3.0 3.0satr

D çep-bar factor 6.59

(iii) A sm allindustrialm otor:

Rs

X m

0.078 X s

Rr

0.065 X r

H

0.049

2.67 0.044 0.5 2.0
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Excitation S ystem s

The basic function of an excitation

synchronous

control and protective

system  by controlling

m achine f eld w inding. l11

system

addition,

is to

the

provide direct current to the

excitation system  perform s

functions essentialto the satisfactory perform ance of the PoW er

the seld voltage and thereby the f eld current.

The control functions include the control of voltage and reactive PoW er i ow ,

and the enhancenaent of system stabili

capability lim its of the synchronous

ty.

m achine,

The protective functions ensure that the

excitation system , and other equipm ent

X C not exceeded.

This chapter describes the characteristics

synchronous

perform ance

identiûcation

generator

criteria

excitation system s. ln

and m odelling

addition, it

of different types

dynam ic

of

discusses

and

provides desnitions of related term s

specif cation of excitation system  requirem ents.

several

and useful @111 the

This subject has
been covered *111 IEEE reports (1-81.These Serve aS useful references to
utilities,

by

m anufacturers, and system analysts by

and by
*

establishing

guides for

largely

a com m on nom enclature,

standardizing m odels,

M odels and term inologies used

providing

ln this chapter

specis cations and testing.

conform to these publications.

8.1 EX C ITA T IO N SY S T EM R EQ U IR EM EN T S

The perform ance requirem ents of the excitation system are determ ined by

considerations of the synchronous generator aSwellaSthe PoWer system (6,91.

Nw

3 15
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G enerator considerations

The basic requirem ent is that the excitationadjust thefieldcurrentof thesynchronous system suyply and automatically
generator to m aintaln the term inal voltage

aS the Output varies Asritllilz the continuous cap ability of the generator.

those
Th s

requirem ent

Figure

Can be visualized from the generator

tem perature

F-curves, such aS show n

5.19 of C hapter 5. M argins

m ust be

for variations,

the

com ponent

em ergency
determ ined.

overrating, etc-,

the

factored in w hen steady-state

to

POW er

failures
,

xating is

N orm ally, exciter rating varies from 2.0 3.5 kW /M V A generator

rating.

111 addition, the excitation

disturbances Alritll l eld forcing

system  m ust

consistent w ith the

be able to respond to transiçnt

generator instantaneous and short-

term  capabilities. The generator capabilities

factors: rotor insulation failure due to high

û eld

@

1f1 this regard are lim ited by several

tos eld voltage,

current

rotor heating due high

current, stator heating due to high arm ature loading, Core end heating

during underexcited operation, and heating

lim its have tim e-dependent characteristics,

the

due to CXCeSSSux (volts/Hz).The thermal
capabilityand the short-terrn overload of

generators m ay

excitation system , it

advantage

extend from 15 to 60 seconds.T o ensure the best utilization of the

should be capable of m eeting

capabilities

the system needs by

of the 7generator s short-term w ithout exceeding

taking full

their lim its.

P ow er system considerations

Frona the PoW er system viexvpoint, the excitation system should contribute to

effective of voltage and enhancem ent of system  stability. lt should be capable

of responding rapidly to a disturbance so as to enhance transient stability, and pf

m odulating the generator ûeld so as to enhance sm all-signal stability.

control

H istorically, the role of the excitation

perform ance

m anually

loading. W hen

f lling the role

has been grow ing

the

continually.

system

E arly excitation

@

11l enhancing POW CC system

system s svere controlled

to m aintain desired generator term inal voltage and reactive PoW er

the voltage control W aS first autom ated, it W aS

operator.

sm all-signal and transient stability through use of continuous and fast-acting regulators

w as recognized. G reater interest in the design of excitation system s developed, and

exciters and voltage regulators w ith faster response w ere soon introduced to the

industry. Excitation system s have since undergone continuous evolution. In the early

1960s, the role of the excitation system  w as expanded by using auxiliary stabilizing

signals, in addition to the term inal voltage error signal, to control the seld voltage to

slow ,

of an alert In the early 1920s, the
Verj

potentlal for

basically

enhancing

dam p system oscillations. This

system

instantaneous

stabilizer. M odern

part

excitation

of excitation control *IS referred to aS the p ower

system s arC capable of providing practically

response ceiling voltages. The com bination of high

forcing capability and the use of auxiliary stabilizing signals contributes to substantial

enhancem ent of the overall system  dynam ic perform ance. This w ill be discussed in

detail in C hapters 12, 13, and 17.

w ith high f eld-



Sec.8 .2 Elem ents of an Exc'Itation System 3 17

To fulfll the above roles satisfactorily, the excitation system m ust satisfy the

lltlshrillél requirem ents'.

*
M eet specised reSPOnSe criteria.

*
Provide

itself,

lilzlitilléj and protective functions aS required to prevent dam age to

the generator, and other equipm ent.

@ M eet specised requirem ents for operating iexibility.

@ M eet the desired reliability and availability,

fault

by incorporating the necessary

level of redundancy and internal detection and isolation capability.

8.2 ELEM EN T S O F A N EX C ITA T IO N SY ST EM

Figure

for

8.1 show s the functional block

system

VA IO U S

a large synchronous generator.The

diagram  of a typical excitation

follow ing is a brief description

control

of the

subsystem s identiû ed *111 the s gure.

L im iters and

protective circuits

(()3
Tenn inal voltage

transducer and

load com pensator

(()2 (()1
T o

Ref. R egulator Exciter G enerator

(()4

Pow er system

stabilizer

PoW er

system

F igure 8.1 Functional block diagranx
*

of a synchronous

generator excitatlon control system
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(1) Exciter. Provides dc POWer
stageconstituting the POW CC

to the synchronous

of the excitation system .

m achine feld w inâint
,

(2) Regulator.
*

Processes and am pliles input control signals to a level and fox:l

approprlate

excitation

for control of the exciter. This includes both regulating anà

system stabilizing functions (rate feedback Or lead-lag
com pensation).

(3) Terminal voltage transducer and load compensator. Senses
voltage, rectif es and f lters it to dc quantity, and com pares

w hich

generator term inal

it w ith a reference

represents

or reactive) com pensation m ay be
voltage at som e point electrically

exam ple,

the desired term inalvoltage. ln addition, load (or
provided, if it is desired to hold

renlote

line-drop
,

constant

*from the geqerator term lnal (for
partway through the step-up transform er).

(4) Powersystem input signal to the regulator to
dam p pow er system  oscillations. Som e com m only used input signals are rotor

speed deviation, accelerating pow er, and frequency deviation.

stabilizer. Provides an additional

(5) f imiters and protective circuits. These include a wide array of controland
protective

synchronous

functions w hich ensufe that the capability lim its of the exciter and

generator

the

are nOt exceeded. Som e of the com m only

lim iter,

used

functions are S eld-current lim iter, m axim um excitation term inal

volts-per-H ertz regulator and protection, and underexcitation

These are norp ally distinct circuits and their output signals m ay be

applied to the excitation system  at various locations as a sum m ing input or a

gated input. For convenience, they have been grouped and show n in Figure 8.1

as a single block.

voltage

lim iter.

lim iter,

8 .3 TY PES O F EX C IT A T IO N S Y S T EM S

Excitation

be

system s

classif ed into

have taken

They m ay

excitation

the
Diany

follow ing

fornls OVer the years of their evolution.

three broad categories based On the

PoWer Source used (4,81 :

@ D C excitation system s

@ A C excitation system s

* Static excitation system s

This section provides

they
@

a description of the above classes of excitation system s,

the different fornzs take,

functions

and general structure.

often included w ith the

their D etails regarding various

regulating and protectlve

covered in Section 8.5.

excitation system s Ahrillbe
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8.3.1 D C Excitation System s

The excitation system s of this category utilize dc generators aS SOurCeS of

jtation pow er and provide current to the rotor of the synchronous m achine tk ough
exc

ings. The exciter m ay be d riven by a m otor or the shaft of the generator. lt m ay
slip r

jther self-excited or separately excited. W hen separately excited, the exciter f eldbe e

lied by a pilot exciter com prising a perm anent m agnet generator.is SUPP

D C excitation system s represent early system s, jpanning the years from  the

a0s to the 1960s. They lost favour in the m id-1960s and w ere superseded by ac19

xciters.e
The voltage

@

ntinuouslyco

neticm ag

actlng

regulators for such system s range a11 the w ay from  the early non-

rheostatic type to the later system s utilizing m any stages of

am plif ers and rotating am plii ers

gradually
(10,11q.
disappearing,D C excitatipn

being
lone have been replqced by m odern solid-statea

gc excitation system s are still in service, they

system s are

ac or static type

RS Diany older system s are

replaced by system s. ln SODAC CaSCSN the voltage regulators

electronic

still

regulators. A s m any of the

require m odelling in stability

studies.
Figure 8.2 a sim plised schem atic

citation system  w ith an am plidyne voltage regulator.ex

show s representation of a typical dc

lt consists of a dc com m utator

exciter w hich supplies
*

direct current to the m ain generator ûeld tk ough slip *rlngs.

The exciter feld IS controlled by an am plidyne.

D C exciter M ain generator

Field A M ature Field A = ature
A m plidyne

F PI I
I I

l l C T
I 1

, PTl
I I
I
l 1 *

l l
l I
I l

l l
I I
l I

I I
I

I l Exc . Fj-ejdI I

l l heostatI r1
- - - . . -  - - - - - - - . - 1

V oltage

regulator

Figure 8.2 D C excitation system Apritllam plidyne voltage regulator
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M am plidyne a special

g11,12j. It is

*

IS type of the general class

know n RS m etadynes a dc m achine of special

rotating

construction

of am pliiers

having tw o

setsof brushes90 electricaldegreesapart,One seton its direct(uû axisand the other
*

seton its quadrature (ç) *aXIS.The control-leld windings are located on the J-axls.X
com pensating w inding

to the J-axis arm ature

w ith the J-axis load produces ;ux equal and opposite

current, thereby cancelling negative feedback of the arm ature

reaction. The brushes on the g-axis are shorted, and very little control-f eld pow er is

required to produce a large current in the g-axis arm ature. The ç-axis current produces

the principal m agnetic f eld, and the pow er required to sustain the g-axis current is

supplied

in series

PoW er

m echanically

am plif cation on

by the m otor driving the am plidyne.The result is a device w ith

the order of 10,000 to 100,000 and a tim e constant @111 the

range from 0.02 to 0.25 seconds.

ln the excitation system
@

of Figure 8.2, the

changes to the exciter

rest of its ow n S eld by self-excitation.

exciter f eld is on Gtm anual control''

feld ln a çtbuck-boost''schem e.

am plidyne

The exciter output

provides increm ental

providesthe

lf the am plidyne regulator is out of service, the

and is changed te ough adjustm ent of the ielë
rheostat.

8 .3 .2 A C Excitation System s

The excitation system s of this category utilize alternators (ac
*

m achines) aS
SOurCeS of the m ain generator excitation POW er. U sually, the exciter IS On the Sam e

shaft aS the turbine generator. The aC Output of the exciter *IS rectif ed by either

controlled Or non-controlled rectif ers to produce
@

the direct current needed for the

generator field.The rectiû ers m ay be statlonary Or rotating.

The early aC excitation system s used a com bination

amplisers aSregulators (111.M ostneW system s
take

u Se

of m agnetic and rotating

electronic am plif er regulators.

systen;s can nAany On
r

arrangem ent, m ethod of exciter output control, and source of excitation for the exciter

(13-171. The following is a description of different form s of ac excitation system s in

A C excitation thus fornzs depending the rectiser

u se .

(a) Stationary rectifler syste-

stationary rectif ers, the

generator through slip rings.

% en non-controlled rectifers

sp/itll dc output is fed to the f eld w inding of the m ain

are used,the regulator controls the s eld of the

RC exciter, w hich @111 turn controls the exciter Output

rectifler
representative

voltage. A sim plis ed
*

system

one-line

diagranA

Figure
of such a held controlled alternator excitation ISshown @111

8.3. ln the system show n, w hich @IS of the G eneral E lectric

ALTERREX I excitation system (14),the alternator exciter @ISdriven from the main

1 A L T E R R EX  is a tradem ark of G eneralE lectric C o
.
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generator rotor. The exciter @IS self-excited Aléitll its ûeld POW er

from

derived tk ough

thyïistoï

oltage.v

rectif ers. The voltage regulator derives its POW CF the exciter Output

M alternative form of f eld-controlled alternator rectif er system USeS a pilot

excïter aS the Source of excityf f eld

W hen controlled rectif ers
POW er.

(thyristors)are used,the regulatordirectly
diagranA

of

voltage

controls

tlltldc Output of the exciter.Figure 8.4 show s the schem atic of such

Electric
*

alternator supplied controlled-rects er system, representative the General
ALTHYREX 1System (172.The voltage regulator controls the fring of the

thyrlstors.

egulatorr

The exciter alternator is self-excited

to m aintain its output voltage.

and uses an independent static voltage

Since the thyristors directly control the exciter

utput,0 this system inherently provides

8.3
high illitiltlreSPOnSe (sm all

m odes
response
of

tim e).
A s show n @111 Figures and 8.4, tw o independent regulation are

ovided: (1) ac regulator to autom atically m aintain the m ain generator stator term inalpr
oltage at a desired value corresponding to the ac reference; and (2) dc regulator tov
aintain constant generator û eld voltage as determ ined by the dc reference. The dcm

regulator

or needs to

Or m anual control m ode caters to situations w here the ac regulator *IS faulty

inputs
@

be disabled.The input signals to the ac regulator

functions

include auxiliary

bewhich provide

Section

additional control and protective w hich w ill described 111

8.5.

A C exciter M ain generator

Stationac  diode

Slip ring

C T pv

D C

D C ref.

Controlled regulator

rectifer
A C

ref.

A C

regulator A ux
. inputs

Field A rm ature Field A rm ature

Figure 8.3 Field-controlled alternator rectifer excitation system

1 A L TH Y R E X  is a tradem ark of G eneral E lectric C o
.
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A C exciter M ain generator

Field A rm ature Stationac
* Field A rm ature

controllùd rectlser

Slip ring

C T pv

D C
D C çre 

.

regulator

A C

E xc. ref.
A Creg

.

regulator A ux
. inputs

F igure 8.4 A lternator-supplied controlled-rectiû er excitation system

(b) Rotating recto%er syste-

ss?itllrotating
* @

rectif ers, the need for slip rings and brushes is

the output ls dlrectly fed to the

arm ature of the ac exciter and the

dc

A  sm all ac pilot exciter,

generator
diode rectif ers rotate w ith the m ain generator feld.

with a perm anent m agnet roior (shown as N S in the sgure),

m aià feld.A s show n *111

elim inated, and

Figure 8.5, the

rotates Anritllthe exciter arnAature and the diode rectihers.The rectiûed output
The

of the

pilot

regulator

exciter stator energizes the stationaty f eld of the aC exciter. voltage
*

controls the ac exciter s eld, w hich @111 turn controls the f eld of the m aln

generator.

Such a

to avoid PrO

f eld

system

blem s w ith the use of brushes

is referred to as a brushless excitatipn system .lt w as developeë

that w ere perceived

the high

s eld

currents of Very large
@

generators; for exam ple,

to exist w hen supplying

the pow er supplied to

the of a 600 M W generator IS On the order of 1 M W . H ow ever, w ith w ell-

m aintained brushes and slip rings,these perceived PrO

have

blenzs did not actually develop.

A C excitation

H igh

system s

initial-response

w ith and w ithout brushes

perform ance of brushless

perform ed equally

excitation can be

w ell.

achieved by

special design of the ac exciter and high voltage forcing of the exciter stationary

F inding. A n exam ple of such a system  is the W estinghouse high initial response

brushless excitation system  (131.

field

B rushless excitation system s do not allow direct nAeasurenlent of generator

s eld current Or voltage.M anual control of m ain generator

circuits.

voltage is provided by an

sake of sim plicity,adjustable
the

dc input

of the

setting

control

to the thyristor gating For the

functions circuitry are not show n *111 detail @111 Figure 8.5.
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Pilot exciter R otating structure M ain generator
r * 1
I 1

ture 1 A C exciter Field l A rm atureA rm a 
, j
l . I

I Fleld 'l l
I I
' N  A  ture ',l rm a

I s l1 I

1 1 C T PT
I I

FieldThree-

hase acP

R egulator M anual control
' 

tsA ux. lnpu

F igure 8.5 B rushless excitation system

8.3.3 Static Excitation System s

2:11 com ponents *111 these system s are static

controlled

m ain synchronous

is from  the m ain

uncontrolled,Or supply

through

the excitation

or stationary. Static rectif ers,

current directly to the feld of the

generator

generator(or the

p rings.

station auxiliary

s1i The supply of PoW er to the rectis ers

bus) tk ough a transform erto step
20u the voltage to an appropriate level, Or *111 SonAe CaSCS from auxiliary w indings

in the generator.

The follow ing @IS a description of three form s of static excitation system s that

have been w idely used.

(a) Potential-source controlled-rect6 er systems

In this

generator

rectifer

system ,

term inals or

the excitation

the station
pow er

auxiliary

of excitation

is supplied tk ough a transform er from  the

bus, and is regulated

also

by a controlled

(see Figure
transformer-fed

8.6).This
a bus-fed Or

type

static system .

system @IS com m only know n aS

system  a very

Output voltage (ceiling voltage) is, however,
during

available

This has sm all inherent tim e constant. The m axim um exciter

dependent on the input ac voltage.H ence,

system -fault conditions causing

IS

depressed generator ternainal voltage, the

exciter ceiling voltage reduced. This lilllitlttit)ll of the excitation system

is, to a large

feld-forcing

For

extent,

capability

offset by its virtually instantaneous reSPOnSe and high post-fault

(18,191.ln addition,it is inexpensive and easily m aintainable.
generators connected ttl large POW er system s such excitation system s perform

Satisfactorily g18). Compounding ancillaries, such as tho
normally justiled; they are likely im portant for generators
Sm all industrial netw orks w ith slow  fault-clearing.

Se described below , arC not

feeding pow er directly izlttl
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M ain generatorExciter

transform er C ontrolled rectiser Field A rm ature

Slip ring

Three- c T
phase ac# PT

Field

D C D C ref.

regulator

* A lternatively, from

auxiliary bus A C ref.

A C

regulator A ux
. inputs

F igure 8.6 Potential-source controlled-rectiû er excitation system

E xam ples
*

of this type of excitation system are: C anadian G eneral E lectric

Silicom atlc excitation system , W estinghouse type P S excitation system , G eneral

E lectric potential Source static excitation

E liott, T oshiba, M itsubishi, and H itachi

system ,

static excitation

and A B B , R eyrolle-parsons, G EC-

system s.

(b) Compound-source rectifler syste-

T he PoW er to the excitation system
@

m a ln

@

111 this Case *IS form ed by lltiliirilléj the

current RS w ell as the voltage of the generator.This m ay be achieved by m eans

power potential transform er (PPT) and a saturable-current transform er (SCT) as
illustrated in Figure 8.7. A lternatively, the voltage and current sources m ay be

com bined by utilizing a single excitation transform er, referred to as a saturable-current
n

x

potential

of a

transform er (SCPT).
controlsThe regulator the exciter output through

not supplying a load,

the entire excitation

controlled saturation of the

excitation transform er. W hen the generator @IS the arm ature

current *IS Zero and the potential Source supplies POW er. U nder

part of the excitation pow er is derived from  the generator current.

D uring a system -fault condition, w ith severely depressed generator term inal voltage,

the current input enables the exciter to provide high s eld-forcing capability.

E xam ples of this type of excitation system  are G eneral E lectric SC T -PPT and

SC PT static excitation system s.

loaded conditions,
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M ain eneratorSaturable 
A rm ature

current transform er

. . 

7- C T pv

utral yield u----.-- -zTo ne p
ow er rectifier pow er

nnding Slipgr0
rings Potential

transform er

C urrent
V oltage sourcesource

L inear reactor

R egulator
A ux. inputs

F igure 8.7 C om pound-source rectiû er excitation system

Compound-controlled rectkqer excitation systems

This system utilizes controlled rectiû ers in the exciter Output

the

circuits and the

com pounding

provide excitatlon

w ith full çEfault-on''

of voltage
@

and current-derived SOUCCCS Anritllill generator stator to

pow er. The result is a high initial-response

forcing capability.

static excitation system

A n

GEN ER R EX

exam ple of
1 itation systemexc

this type of

(15,161.
diagram

placed in

of the system .The voltage Source

pow er-source
Figure 8.8 show s an elem entary single-line

is form ed by a set of three-phase w indings

system @IS the com pound

tk ee slots @111 the generator stator and a series linear reactor. The current

SOUCCC @IS obtained from current transfornlers m ounted in the neutral end of the stator

w indings.

ac output pow er

provided by a com bination of diodes and thyristors

A static ac voltage regulator controls the fring

These SOUCCCS are com bined through
@

transform er action and the resultant
@

IS rectil ed by stationary sem lconductors. The nAeans of control is

connected to form  a shunt bridge.

circuits of the thyristors and thus

regulates the excitati
.
on ttl the generator s eld.

The excitation transform er consists of three single-phase units AAritlz three

windings'.

winding

transfornzer

current ((2) and
(F).Under fault

potential

conditions,
(P)
the

ç ç G ' ' w indings provides the

w indings, and a secondary output

fault current G ow ing through the excitation

û eld-forcing capability w hen the generator

prim ary

voltage is depressed
.

1 G EN E R R E X  is a tradem ark of G eneral E lectric C o
.
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Excitation

transform er

G eneratorG enerator fram e

7 l
--- --------------g jsgnqatufc 

jr
I I I 1

l l 
v û-:,1 &p''I l P-br s lR eactor C T PT

I < ( c ,, 7 - -* 1 1 l
1 I l . j

j, ( < y , , y , I y j. e j. d
1 1

Sli ringP

=

1

R ectifler
'th shunt .w l

. D C ? A C A ux. lnputsthyrlstor 
?

regulator : regulatorcontrol 
-

I
1

D C ref. A C ref.

F igure 8.8 G EN E R R E X com pound-controlled rectif er

excitation system @IEEE1976 (161

The reactor Serves tAA?tl functions'. contribution to the desired

characteristic of the excitation system and reduction of fault èurrents
com pounding

for faults in the
excitation system

The excitation

or the generator.

transfornxers and reactors are contained @111 an excitation dom e

that is bolted to the top of the generator fram e,form ing an integralpa= of the fram e
.

Fieldfashing for static exciters:

Since the Source of POW CC

The

to a static excitation system is the m ain

it *IS *111 effect self-excited. generator cannot produce any voltage
generator,

until there is-

Sorne seld current.It is therefore necessary to have another SOurCe

seconds to initially provide the seld current and energize the
pow er

generator. This process

of for a few

of build-uP
*

IS

of generator

station
feld fux *IS called held fashing.The usualfeld-fashing

Source a battery.

8.3.4 Recent Developm ents and Future Trends

The advances @111 excitation control system s Over the last 20 years have been

iniuenced

integrated

strategies.

developm ents in

clrcuitry have m ade

by
*

solid-state electronics. D evelopm ents @111 analog-

controlit possible to easily inlplenxent com plex
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The

technology.

latest dçvelopm ent *111 excitation system s has been the introduction of

1 Thyristors continue to be used for the pow er stàge. The control,Jgita
tion, and logic functionà have been im plem ented digitally, essentiallyrotec

P the functièns previously provided by analog circuitry
.licating#uP

The digital controls are likely to be used extensively in the fuiure as they

de a cheaper and possibly m ore reliable alternative to analog circultry. They haveroviP 
dvantàge of being m ore i exible, allow ing easy im plem entation of m oreadded athe

1ex control strategie:, and interfacing w ith other generator cuntrol and protectivecom p
@

functlons.

8,4 DY N A M IC PERFO RM A N C E M EA S U RES

The effectiveness of an excitation system *111enhancing PoW er

w e identify and

stabilitysystem

is determ ined

erform anceP

by som e of its key characterlstics.In this section, defne

nAeasures w hich determ ine these characteristics and Serve aS a bâsis for

luating and specifying the perform anceeva
. show s the representation of the Qverall

used for describing feedback control

of the excitatlon control
excitation control system

jygtem . Figure 8.9

iù the classical fornA

system s.

Pow er E  Plant E
+  Verr C ontroller VR # /

: E ampliler (generator andr
-  (regulator) (exciter) power system )

V

Feedback

lem entse

Figure 8.9 Excitation control system *111the classical feedback control form

of

The perform ance of the excitation control system  depends on the characteristics

excitation system , the generator, and the pow er system . Since the system  is
nonlinear,

perform ance

it is cohvenient to classify its dynam ic perförm ance into largù-gignal

targe-signal perform ance, the
nonlinearities

linear.

and sm all-signal

are signif cant; for sm all-signal

erform ancz.P For
perform ance,the response is effedtively

8.4.1 Larg:-signalPérfbrm ance M easures I71

Large-signal perform ance m easures provide a m eans of assessihg the excitation
system pefform ance for Severe translents such aS those ençountered *111 the
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consideration of transient,

n Aea su fe s are
*

11I the design,

m id-term  and long-term  stability of the pow er system . sucà

based on the quantities deûned below. To permit maximum iexibily
m anufacture, and application of excitation equipm ent, som e of tàe

perform ance m easures are

be specif ed as appropriate

defned Eûunder specif ed

for the specif c situation.

conditions'''>these conditionsm W

(a)
system

E xcitation system

to

ceiling voltage'.The m axim um direct voltage that the excitation
*

ISable supply from itsternAinals under speciûed conditions (7,201.
C eiling

system ; higher

voltage is indicative

ceiling voltages tend

of the

to

f eld-forcing capability

im prove transient stability.

of the excitation

For potential Source and com pound Source static excitation system s,
*

w host
supply depends on the generator voltage and current, the ceiting voltage ls defned at

specifed supplr voltage and current. For excitation systems with rotating exciters, tàe
ceiling voltage ls determ ined at rated speed.

(b) Excitation system ceiling current'.The m axim um direct current that theexcitation
system *ISable to supply from itsternAinals fora speciûed tim e (7,201.

W hen prolonged disturbances are a Concernythe ceiling currentm ay be basel

on the excitation system therm al duty.

expressed

E xcitation

a S a

system

function

voltage

of tim e

tim e resp onse:

under specif ed

The excitation system Output voltage

conditions (7,201.

(6b
voltage

E xcitation

to

system

attain 95%

voltage

of the

resp onse @tlm e : The tim e @11I seconds for the excitation

difference betw een the ceiling voltage and rated load-

f eld voltage under specis ed

load
conditions (7,201.

The rated lîc/J voltage
continuous load conditions w ith the

to operate

designed

at rating Anritlla tem perature

generator voltage under rated

feld winding at (i) 750C for windings designed
rise of 60OC or less; or (ii) 100OC for windings

*

IS the f eld

to Operate at rating Ahritll a tem perature rise greater than 60OC .

H igh

reSPOnSe

system .

initial-resp onse excitation system : A n excitation system  having

tim e of 0.1 seconds or less g7j. It represents a high response and

a voltage

fast-actihy

system

Excitation system nom inal 1.resp onse 
. The rate of increase of the excitation

output voltage determ ined from  the excitation system voltage CCSPOnSC CUrVC,

divided by the rated l eld voltage.This rate,if m aintained constant,w ould develop the

San3e voltage-tim e area aS obtained from the actual Curve Over the frst half-second

interval(unless a differenttim e interval@ISspecifed) (7,201.

1 H istorically
, the excitation system  nom inal response has been referred to as the excitation

system response ratio (see 1978 version of (7J,and (201).



8 .4 D ynam ic Perform ancq M easures 329Sec
k

The nom inal response is determ ined by 'lnitially operating the excitation system

rated load Seld voltage (and ûeld current) and then suddenly creating the three-t thea
term inal voltage input signal conditions necessary to drive the excitation system

nhaser ili
ng. It should include any delay tim e that m ay be present before theltage to CC

v0
jtation system  responds to the initiating disturbance.

exc
R eferring to Figure 8.10, the excitation response is illustrated by line ac. This

is determ ined by establishing area acd equal to area abd:line

cdN
om inal respoM e

(ao) (oe)

wàere

OC 0.5 S

ao rated load s eld voltage

The basis for considering a nom inal tim e Span of 0.5 S in the above defnition

is that, follow ing a severe disturbance, the generator rotor angle sw ing norm ally peaks

jetw een 0.4 s and 0.75 s. The excitation system  m ust act w ithin this tim e period to

je effective in enhancing transient stability. A ccordingly, 0.5 s w as chosen for the

degnition tim e period of nom inal response.

In the past, the nom inal response has been a w ell-established and useful

criterion for evaluating the large-signal perform ance of excitation system s. W ith older

and slow er excitation system s, this w as an acceptable perform ance m easure, but it is

d
=

>

$

>

Q
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load s eld voltage
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F igure 8.10 Excitation system nom inal rCSPOnSC
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not adequate

a good û gure of m erit for excitation

of theto Cover rRany m odern excitation

supplied

system s. In particular,it isnit

system s

system , due to the reduced capability of such

from  the generator pr the pow er

system s during a system  fault.

For

establishes

- CCSPOnSC
the required ceiling voltage.

high illitiltl excitation system s,

The ceiling voltage

the nom inal reSPOnSe m erely

and voltage response tim e

are nlore m eaningful paranleters for such system s.

1,.21.1! Sm all-signalPerform ance M easures 13,71

Sm all-signal perform ance nleasuresptovide a m eans of evaluating the response

of closed-loop excitation control system s to increm ental changes in system

conditiöns. Ih addition, sm all-signal perform ance characteristics provide a convenient

m eans for determ ining or verifying excitation system  m odel param eters for system

studies.

the

Sm all-signal petform ance m ay

theory:

be expressed *111ternls of perform ance indices

used in feedback contrölsystem

* lndices associated w ith

Al?itll

tim e CCSPOnSC; and

@ Indices associated frequency response

The typical
@

tim e rejponse of a feedback control system to a step

overshoot,

change ill

input is show n

settling tim e.

111 Figure 8 . 1 1 .The associated indices are rise @tlizA e, anë

O utput

D elay

O vershoot

Steady st e

value
0.9 Specifed bénd

for settling tim e

Peak

value

R ise

tim e

0.1
Initial value

tim e Tim e
T im e to reach
peak value

Settlin tim e

Figure 8.11 Typicaltim e response to step input.@ IEEE 1990 (71
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Figure 8.12 Typical open-loop frequency reSPonse of an excitation

control system sn?itllgeneratorOPCn-circuited.@ IEEE 1990 E71

frequency response characteristic of an excitation control

system  w ith the generator open-circuited is show n in Figure 8.12.

The perform ance indices associated w ith the open-loop frequency response are

the 1ow frequency gain G, crossover frequency œc, phase m argin qm, and gain m argin
% . Larger values of G provide better steady-state voltage regulation, and larger

A  typical open-loop

CCOSSOVCC frequency O c indicates faster CCSPOnSC.
* *

Largervalues of phase marginX*
r d gain m argin

is to excitation
Gm provide a m ore stable excltatlon controlloop. (The reference here
control system stability and notPOW Cr

ln tuning the voltage

of other

regulator,

indices.

an im provem ent
system  synchronous stability.)
to one index w ill m ost likely

be to the

shift the gain curve

detrim ent

tlltllow -frequency

in Figure

gain and

For exam ple, an increase in regulator gain w ill

8.12 upw ard. This has the benefcial effect of increasing

crossover frequency, but has the undesirable effect of

ëecreasing
*

a galn

a stable,

m argin

the gain and phase m argins. In general, a phase m argin of 40O or m ore and

of 6 dB or m ore are considered a good design practice for obtaining

non-oscillatory voltage

Figure 8.13 show s the

regulator system .

corresponding closed-loop frequency reSPonse w ith the

generator open-circuited.
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F igure 8.13 Typical closed-loop frequency reSPonse w ith

generator open-circuited.@ IEEE 1990 (71

The indices of interest associated w ith the closed-loop frequency rCSPOnSC arC

the bandw idth O B

of M  (>1.6) ls lndicative of an
in its translent response. ln general, a

a good design practice.

and peak value M k#

@ *A high value oscillatory

value

system exhl@ @ @bltlng

large

1.5

overshoot of M betw een 1.1 and#

is considered

B andw idth

indicate faster

is an im portant closed-loop

response. lt approxim ately

frequency response index. L arger values

describes sltering or noise-rejection
characteristics of the system .

G enerally

system

accepted values of perform ance indices characterizing good feedback

control perform ance are:

G ain m argin > 6 dB

Phase m argin > 40O

O vershoot 5-15%

M P 1.1-1.6
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It is n0t possible to

sm all-signal

indices
detennfned

The

aCe

generally acceptable ranges of values for other

perform ance indices: rise tim e, settling tim e, and bandw idth. These

a m easure of the relative speed of the control action. They are prim arily

by the

deûne such

synchronous m achine dynam ic characteristics.

erform ance indices given above arePhaving a single m ajor feedback loop, i.e.,applicable to any feedback
a single controlled-output

control

variable.
system

fore, they are applicable to an excitation control system  w ith the synchronousThere

hine on open circuit or feeding an isolated load. Stable operation of the excitationm ac

1 system  w ith the generator off-line is ensured based on these perform ancecontro

jces and associated analytical tecu iques g31. On the other hand, synchronousind
hines connected to a pow er system  form  a com plex m ultiloop, m ultivariable, high-m ac

der control system . For such a system , the perform ance indices identil ed above areor

licable. The state-space approach using eigenvalue techniques is an effectiven0t aPP

thod of assessing the perform ance of such com plex system s. This is covered inm e

detail in Chapter 12.

8.5 C O N T R O L A N D PR O T EC T IV E FU N C T IO N S

system  m ore

regulator. lt includes a num ber of control, lim iting, and protective

assist in fulflling the perform ance requirem ents identifed in Section 8.1.

extensive nature of these functions and the m anner in w hich they interface w ith

other are illustrated in Figure 8.14. A ny given excitation system  m ay include

A m odern excitation control is nauch than a sim ple

functions

voltage

w hich

The

each

only

SOD3C

application

al1Or of these functions, depending On the requirem ents

is to have

of the specil c

and on the type of exciter.The philosophy the controlfunctions

regulate

certain

specif c
@ @

quantities at the desired level, and the

of

lim iting functions prevent

the lim iters fail, then thequantltles from  çxceeding set lim its. If any
).

protective functions rel ove appropriate com ponents Or the unit from service.

The follow ing is a brief description
@ @

of the various control and protective

functions, and the associated elem ents ldentlf ed @111 Figure 8.14.

8.5.1 A C and D C Regulators

The basic function of the ac regulator is to m aintain the generator

act

stator

voltage.

ac regulator

In addition, other auxiliary

generator

control and protection functions through the

to control the s eld voltage

generator

aS show n in Figure 8.14.

The dc regulator holds constant ûeld voltage and @IS com m only

referred to as m anual control.

to

It is used prim arily

situations w here the ac regulator @IS faulty.

for testing and start-up, and to cater

ln this m ode of operation, it is the f eld

voltage

m odify

tracking

the

that @IS

û eld
regulated; only operator intervention by adjusting
voltage. ln som e excitation system s, facilities for

the setpoint
*

w ill

autom atlc setpoint

are provided. This Anrill Cause the m anual setpoint to continually

m ihim ize

track the

generator excitation variation due to the aC regulator and thus the voltage
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< '

V oltage sensing and

load com pensation

Pow er system

stabilizer

V oltage

sensing ++

D C

regulator l

D C voltage l Field *
l Exciter hox jng G enerator

adjust j s
A C l

regulator

A C voltage

Exc. sys.adjust
stab. circuits

O verexc. ** *

lim iter

U nderexc.

lim iter

V /H z lim iter

and protection

* Field-shorting

Som e

circuits arC applicable ttlaC and static exciters only.
* *

* * #

system s

O verexcitation

have open-loop dc

lim iter m ay also

regulator.

be used w ith dc regulator

F igure 8.14 Excitation system control and protective circuits

and reactive POW CC excursions *111the event the aC regulator is rem oved from service

abruptly.

control

C are m ust be taken to ensure that

does not leave the generator @111 an

a trip of the unit

overexcited condition.

operating On m anua
. 

1

8 .5 .2 Excitation S ystem Stabilizing C ircuits

E xcitation system s com prised of elem ents w ith signif cant tim e delays

and

haye

POOr
excitation

inherent dynam ic perform ance. This is particularly true of dc aC type

excitation

generator
* *

Com prlslng
perform ance

system s. U nless a very steady-state regulator gain is used,

control (through feedback of generator stator voltage) is unstable when the
is on open circuit. Therefore, excitation control system  stabilization,

either series or feedback com pensation, is used to im prove the dynam ic

l()A&r the

of the control system .

shou

The m ost com m only used form of com pensation
@

is a derivative feedback aS @1T1Figure 8.15.The effect of the com pensation IS
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isim ize the phase shift introduced by the tim e delays over a selected frequency
to m

g3j. This results in a stable off-line performance of the jeneràtor, such as thatangef
isg just prior to synchronization or following a load relection. The feedbackexist
eters can also be adjusted to improve the on-line perform ance of the generatingP 

ding on the type of excitation system , there m ay be m any levels ofit
. D CPCn

jtation control system stabilization involving the m ajor outer loop and m inor innerexc
static excitation system s have negligible inherent tim e delays and do notIOOPS

.

ire excitation control-system  stabilization to ensure stable operation w ith thefequ

rator off-line (see closure of reference 21).gene

K .h Exciter %E
and A v R

C om pensation

sK F

1 + s%

T o generator

ûeld

Figure 8.15 D erivative feedback excitation control system stabilization

8,5.3 Pow er System Stabilizer (PSS)

The PoW er system stabilizer USCS auxiliary stabilizing signals to control the

excitation system  so

used input sighals to

and

as to im prove PoW er system dynam ic perform ance.

spezd,

C om > only

frequency

dam ping ofPOW er. Pow er
ppw er system

system  dynam ic

This is a

the stabilizer are shaft term inal

petform ance is im proved by

sm all-signal

the

system

perform ance.

oscillations. very effective m ethod of enhancing stability

The principle

discussedtllltilléj arC

of operation

in detail in

of POW er system stabilizers and their structure and

C hapters 12 and 17.

8.5.4 Load C om pensation

The autom àtic

terrninal

is

voltage.

voltage

Som etim es,

of the

regulator (AVR) norm ally controls the
load com pensation is used to control a

generator stator

voltage

the

w hich

representative

This is achieved by

com pensator

voltage

building

at a point either Aàritllill Or external to

additional circuitry illttl the A V R loop aS

genèrator.

show n in
Figure

(Xc)
which

that
8.16.The hasadjustable resistahce (#c)and inductive reactànce

sim ulate the

the voltage *IS

im pedance betw een the generator

being effectively controlled. U sing

terrninals and the point

and

at

this im pedance the

m easured arnAature current, a voltage drop @IS com puted and added to Or subtracted
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G enerator Step
- up

Field A rm ature transform er
f f I K T bus

C T T o pow er

systemPT

Load com pensator

R c X c

V oltageE
xciter

regulator

F igure 8.16 Schem atic diagranx of a load com pensator

from the term inalvoltage.The m agnitude of the resulting com pensated voltage (Vc),
w hich @IS fed ttlthe A V R , is given by

FC j/ +(R
c+jXc)(3t (8.1)

and X c positive in E quation 8.1, the voltage drop across com pensator is

added to the term inal voltage. The com pensator regulates the voltage at a point w ithin
the generator and thus provides voltage droop. This is used to ensure proper sharing

of reactive pow er betw een generators bussed together at their term inals, sharing a

com m on step-up transform er. Such an arrangem ent is com m only used w ith hydro

electric generating units and cross-com pound therm al units. The com pensator

R c

functions

sàTitll the

as a reactive-current com p tnsator
* *

by creating

of the

an artif cial coupling betw een

the generators.

term inal voltage

W ithout this PrOV1S1On, One generators w ould try to controlthe

higher than the other; hence, one generator w ould

supply a1l of the required reactive pow er w hile the other w ould absorb reactive

to the extent allow ed by underexcited lim its.

sliéjlztl)? tend to

POW CC

ss?itll R c and X C

term inals.

negative, the

beyond

the voltaje drop across the step-up transformer,
through lndividual transform ers. Typically, 50%  to 80%  of the transform er im pedance

is com pensated, ensuring voltage droop at the paralleling point so that generators can

operate in parallel satisfactorily. This device is com m only referred to as a line-drop

point

the m achine This

com pensator regulates the voltage at a

form  of com pensation is used to com pensate f0r

w hen tw o or m ore units are connected

comp ensator although it is practically alw ays used to com pensate only for transform er

drop. The nom enclature appears to have been derived from  a sim ilar com pensator

used on distribution system  voltage regulators (see Chapter 11, Section 1 1.2).
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In m ost CRSCS, the resistance com ponent of the inapedance to be com pensated

is negligible and R c m ay be set to Zero.

A lternative form s of reactive-current and line-drop com pensators are described

ferencesre 8 and 22.

8.5.5 U nderexcitation Lim iter 123-26)

The underexcitation

excftation to a level
lim iter (UEL) is intended to prevent reduction of generator

where the sm all-signal (steady-state) stability lim it or the stator
Cofe d-regionen heating

to

lim it(see Chapter

is

(PM L)

referredalso by other nam es such
5, 5.1 6) is

as underexcitation

Figure exceeded. This lim iter

reactive-am pere lim iter

and m inim um excitation lim iter (M EL).
The control signalof the U EL is derived from  a com bination of either

r d
jy the signal exceeding a reference level. There are a w ide variety of im plem entations

f the U EL function. Som e U E L applications act on the voltage error signal of the0

AvR; when the UEL set lim it is reached, a nonlinear elem ent (such as a diode) begins

voltage

determ inedcurrent Or active and reactive POW CC of the generator. The lim its are

to conduct

excitation

signal is

larger
*

and the

system .

fed illttl

output signal is com bined w ith other signals controlling the

ln a m ore w idely used form  of U E L application, the lim iter output

an auctioneering circuit (high-value gate) which gives control to the

lim iter

of the voltage
@

regulator

full

and

the

àelow  the

llm iter @IS glven

@ @llm lt.

control of

U E L signals; w hen the U E L set lim it is reached,

the excitation system  until the lim iter signal is

set

M ethods of setting

should

the U E L characteristics are described @111 references 23 to

25.The settings be based on thç needed protection, *1.e.,system

be

instability Or

stator Core heating. ln addition, the lim iter perform ance should coordinated w ith

the generator

way in UEL (represented on a P-Q plane) is usually
coordinated w ith the calculated sm all-signal stability lim it and the loss-of-excitation

(LOE) relay characteristic (281. lf the UEL is used to protect against stator end-region
heating, the coordination is done in a sim ilar m anner, except that the stability lim it

is replaced by the heating lim it.

loss-of-excitation protection (see Chapter 13).Figure 8.17 indicatesthe
w hich the characteristic

lf the

lim iting

active and

input signals to the U EL are the generator stator voltage and current,

characteristic appears circular on a P-Q plane as shown in Figure 8.17. W ith

the

reactive PoW er RS input signals, the lilzlitilléj characteristic w ould be a

straight line.

C are should be taken to ensure that the U EL perform ance during a transient

disturbance is notto the detrim entof the PoWer system perform ance (26,271.

8.5.6 O verexcitation Lim iter

The PUCPOSC of the overexcitation lim iter (OXL) @ISto protect
9

the generator
from overheating

referred to aS the
to prolonged û eld overcurrent. This

m axim um  excitation lim iter (M XL).

due lim iter IS also com m only
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<
>

Q
* >A

&

X
.<
o

1
t
>

#  in
0

=

'G U nderexcitation lim iter
a

Q
>

Sm all-signal

L oss-of-excitation relay

M W

stability lim it

F igure 8.17 C oordination betw een U E L ,L O E relay and stability lilzxit

The generator û eld

corresponding

w inding
@

glven
*

ttlrated load

w inding is

conditions.

designed

The

to Operate continuously at a value

perrnissible therm al overload of the felë

of round rotor

by the solid

generators,

curve of Figure

aS specif ed by A N SI Standard C 50.13-1977, is

8. 1 8 . The Curve PaSSCS through the follow ing

polnts:

Tim e (seconds) 10 30 60 120
Field voltage/current

(Percent of ràted)

208 146 125 112

implementation of overexcitatioy limiting function varies depending
on the m anufacturer and vintage of the unit. L im lters supplied by tw o m anufacturers

are described ip references 28 and 29.

The overexcitation lim iting function typically detects the high f eld current

condition and, after a tim e delay, acts tk ough the ac regulator to ram p dow n the

excitation to a preset value (typically 100%  to 1 10%  of rated feld current). lf this is
unsuccessful,

The actual

it trips
@

the aC regulator, transfers control to the dc

repositions the setpolnt
excitation

to a value corresponding to the rated value.If

regulator,

this also does

and
.r

not reduce the to a safe value, the lim iter Ahrill initiate an exciter feld

breqker

types are (b) inverse tim e.
k 1ue for a tixedsxed tim e lim iters operate w hen the f eld current exceeds the pic up va

set tim e, irrespective of the degree of overexcitation. The inverse tim e lim iters operate

trip and a unit trip.

Two of tim e delays used:(a)fxed tim e and The

w ith the tim e delay m atching the seld therm al capability, aS show n in Figure 8.13.
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O
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B
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@

*

60 $
*
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*.

X
.

N
.30 N

.

O verexcitation lim iting N .
N

0
0.0 1.0 1.1 1.2 1.3 1.4 1.5

G enerator û eld voltage Per unit of rated value

F igure 8.18 C oordination of overexcitation lilzlitilléj

w ith f eld therm al capability

Exciters w ith Very

w hich acts

high ceiling voltages m ay be provided w ith an additional

held current limiter,
seld current to the shorttim e

instantaneously through the ac regulator and lim its the

lim it (typically 160%  of rated value).

8.5.7 V olts-per-H ertz Lim iter and Protection

These are used

due to excessive

to protect the generator and step-up transform er from  dam age

m agnetic Sux resulting from  low  frequency and/or overvoltage.

Excessive m agnetic

to the

iux,if sustained, Can Cause serious overheating and m ay result
*

111dam age unit transform er and to the generator

unit

C o re .

The ratio of Per unit voltage to Per
*

frequency,
*

referred to aS volts Per

hertz (V/Hz),isa readily nleasurable quantlty thatISproportionalto m agnetic Sux.
Typical

show n
V/Hzlilllitlttitlllsforgenerators(GEN)and step-up transfornAers(XFM R)are
in the follow ing table.

V/Hz (pu) 1.25 1.2 1.15 1.10 1.05

D am age T im e G EN  0.2 1.0 6.0 20.0 *

in M inutes X FM R  1
.0 5.0 20.0 x

N
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step-up voltage rating is frequently 5%  below

generator voltage rating; therefore, V m z lim iting and protection requirem ents

usually determ ined by the transform er lim itation. 1f, how ever, the generator

transform er

The unit transform er 1()AAr tlu

ù<t

aû#
voltage ratings are the Sam e, the generator lilllitéttit)ll w ould be m ore

restrictive.

The V/Hz limiter (or regulator,aS it *IS som etim es called) controls the fldà
voltage

value.

SO aS to lim it the generator voltage w hen the V /H z value .exceeds a Preset

T he

value for

V/H z p rotection

a specif ed tim e.

trips the

U sually,

shorter

generator,w hen the V /H z value exceeds a Preset

a dual-level protection

and

@

IS provided, One w ith a

higher

setting

V /H z setting

longer

and a tim e setting,

used in

the other w ith a loqver

and a tim e setting. W hen COW'unction Apritlz a V /H z

V /Hz
lim iter, it

Serves aS a backup.

For rRany units, the V /H z protection beconaes overvoltage protection above

60 llz.

8 .5 .8 Field-s hortin9 C ircuits

Since rectiû ers cannot conduct *111 the reverse direction, the exciter current

cannot be negative @11l the Case of ac and static exciters. U nder conditions of pole

w indingslipping and system shortcircuits,the induced current in the generator f eld

m ay
voltages m ay result across

provided to bypass the exciter to allow

form  of either a feld-shorting circuit,

be negative.If a path is not provided for this negative current to S ow , very higà

the f eld circuit. Therefore, special circuitry is usually

negative û eld current to flow .This takes the

com m only referred to aS crow bar, or a varistor

(8,301.
A crowbar consists of a thyristor and a feld discharge resistor (FDR)

connected aCCOSS the generator s eld aS show n @111 Figure 8.19.The thyristor is gated
@

111 response to an overvoltage condition that is created by the induced current

initially having a path in w hich to iow . The thyristor so gated conducts induced

not

feld

current through the l eld discharge resistor.

G enerator

FronA

Field

exciter

FD R

A rm ature

F igure 8.19 Field bypass circuit using a crow bar
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A varistor is a nonlinear resistor. W hen connected aCCOSS the
. 

JjugWln ,

exciter

aS show n

under

Figure 8.20, it provides an effective m eans of

conditions of high induced voltage. W ith norm al exciter voltage

it

*

111

generator

bypassing

f eld

the

a CCO SS

the

voltagc

aristor,v has Very high
*

resistance

across the varistor lncrèases

carries negligible current. A s the

beyond a threshold value, its resistance decreases

and hence

d current through it

istance path to inducedres

r d

increases Very

f eld current and lim its the voltage

rapidly. Thus the varistor provides a l()AA,

negative aCCOSS the f eld

exciter.

G enerator

Field

V aristor A rm ature

F igure 8.20 Field bypass circuit using a varistor

ln sonle CaSCS,no special s eld shorting circuits are provided.The am ortisseurs

associated w ith the solid rotor iron provide paths

ttl

for the induced rotor currents. T his

is suffcient to lim it the induced voltage

and

a level that *IS below the w ithstand

capabilities

carries

of the

no current

generator

in the negative

s eld the exciter. Since the f eld @IS not shorted, it

direction.

8.6 M O D ELLIN G O F EX C ITA T IO N S Y S T EM S

M athem atical m odels of excitation system s

design

arC essential for the assessnAent of

desired perform ance

control

requirem ents, for the and coordination of supplem entary

and

and protective circuits, and for system  stability studies related to the planning

operation of pow er system s. The detail of the m odel required depends on the

PurPOSe
@

lm pact

system

circuits

study. R eferring to Figure 8.14, the control and protective features that

on transient and sm all-signal stability studies are the voltage regulator, pow er

stabilizer,

of the

and excitation control stabilization. The lim iter and

identis ed *111 the ûgure norm ally need to be considered only for

protective

m id-term ,

long-term ,

fast-acting

these

and voltage stability
*

studies. Som e excitation system s are provided Ahritll

have

terp inal voltage llm iters in

to b8 m odelled in transient
conjunction with power

stability sim ulations.

system stabilizers;

ln this section,

of an approprlate

and

consideration

m odelling
@

of excitation system s

then

*

IS described. W e begin w ith

Per unit system , describe m odels for the various

com ponents,

system s.

snally present com plete m odels for selected types of excitation
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The m aterial presented in this section conform s to the IE E E com m ittee repous

on excitation system  m odelling. The IE E E w ork on standardization of these m odels

began in the 1960s, and the srst set of m odels was published in 1968 (11. This work
w as extended, and im proved m odels to rei ect advances in equipm ent and bette?

m odelling practices w ere published in 1981 (4j. These were updated and refned k
1992 (8).

8 .6 .1 Per U nit System

In choosing
@

the Per unit system for exciter output vo1tage and current,thtxt
are several Optlons.

First,the per unit system

be the obvious

used for the m ain syncl onous m achine field circuit

w ould appear ttl

synchronous

suitable

m achine

for

system  w as

equations (see Chapter 3, Section 3.4),
the exciter output quantities. This is

choice. n ile this chosen to

it *IS nOt

sim plify the

considereë

for

operating

on the

expressing

conditions, the

because,

be
norm al

PCr unit exciter output voltage w ould Very sm all,beïat
order of O.OOI.

Second, for excitation system specif cation

voltage

of synchronous

PUCPOSCS it has beconAe standarz

practice to

convenient

uSe the rated-load S eld aS 1.0 Per

m achine

lzllit. H ow ever,

and

this @IS n0t

for use in the form ulation excitation system

equations system

The third choice

for studies.

is to have 1.0 per unit exciter Output voltage

voltage

the

required to produce

1.0

rated synchronous

output current corresponding synchronous

unit system  is universally used in pow er system

equal to the ûeld
term lnal voltage onm achine arnlature

air-gap line;

m achine feld

PCr unit exciter is the

current. This Per

stability

the non-recip rocal p er unit system

studies aS it offers considerable sim plicity. H ere, w e refer to

to distinguish it from  the reciprocal

this system aS

per unit system

used for m odelling synchronous

E xcitation system  m odels

the

m achines.

m ust interface w ith the synchronous
@

lnput
@ @

m achine m odel

at both seld ternAinals and arm ature term inals. The control signals to the

excitation system are the synchronous m achine stator quantltles and rotor speed.The

Per
for m odelling

unit system s used for expressing these input variables are the Sanle as those usez

the synchronous

related

m achine.Thus,a change ofPer unit system  is requiftd

only for those to the f eld ircuitC .

W e nOW develop the relationshiP betw een the Per unit values of the exciter

output

m achine

voltage/current expressed ill the non-reciprocal system and the synchronous

expressed in the f sbase reciprocal system  (F
3.4). For the synchronous m achine, under open-clrcuit conditions, id=iq=o.
in E quations 3.139, 3.140, 3.142 and 3.143 yields

s eld voltage/current See Section

Substitutiàg

ed -#: -Z iq q 0 (8.2)

e #: L # igJ (8.3)
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Pu E t

A ir-gap line slope5

O C C

I
I
I
I

I

l
I
I

l
I
I

l
I
l

l
I
I
I
I
I
l

I
l
I

1
j *

, pu t ,I /

L :.J

l/tw. Pu I

1.0

F igure 8.21 Synchronous m achine OPCn circuit characteristics

R eferring to Figure 8.21, the seld current required

L ,#.)

to produce 1.0 Per unit

stator term inalvoltage On the air-gap line (slope *ISdeterm ined by

Et e L ysjy:J 1.0 Pu (8.4)

Therefore,

rated

in the reciprocal Per

on the

unit system ,
@ @

alr-gap

the s eld current iyd required to generate

stator term inal voltage llne is given by

1

LH
u

Pu

The corresponding s eld voltage is

R

Laduey# R;d % Pu

By deinition
, the

unit. Therefore,

corresponding value of exciter output current Iyd is equal to 1.0 Per
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f Lu
uig (%.%

and the corresponding exciter Output voltage @IS

L d
- - VJ e (8.6)

Physically, exciter

Sanle;

of the

distinction

output voltage/current and generator û eld voltage/current

is m ade only in their per unit values to allow  independent
are tbt

selection

Per unit system s for m odelling excitation system s and synchronous m achines
.

This @IS illustrated in Figure 8.22.

E xciter m odel P U  conversion Sync. m achin
Efd 

=  (R IL ) E a efd m odelN on-reciprocal eyd yd w
. y j p eojprooalI

fd fdpu system  iyd = IgdlLadu pu system

F igure 8.22 Per unit conversion at the interface betw een excitation

system and synchronous m achine s eld circuit

U nder

D uring

excitation

a

steady-state conditions,

transient condition, how ever,

the Per unit values of

E andfd ##differ;

Eya and Iyd are

is determ ined

equal.

by

A

system

few  interesting

and 1fd i S determ ined by

regarding

the dynam ics
%

of the

the

feld circuits.

observations the above Per unit conversion are

appropriate at this tim e:

1. The factor L cyv/Ay:

E quations

ill E quation 8.6 is the steady-state

absence
value of (;(s) (see

Chapter 4, 4.14 and 4.17),@111the of saturation.

2. E quation 4.24 in ternAs of # yd becom es

1+NF

A#:@) a y(1+NQ )(1+NFé)

ölslhEg

(8.7A)

The steady-state value of

relationship betw een v d and

i7(x) *ISequalttl1.0.There @ISthusa One ttlOnC
Ep .
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sp/itll am ortisseurs neglected, Equation 8.7A beconAes

1A #
#@) hE dz f1

+NFw
(8.7B)

3. Frorn the steady
*

equations

have

developed @111 Section 3.6.3,w ith the generator On

Open circult, W e

A #: L e Aft

Substitution @111 Equation 8.78 yields the following open-circuit transfer
function of the generator:

LE (s)

AFy:@)

1

1+NF 'dn
(8.7C)

Exam ple 8.1

The follow ing

24 W

are the param eters @111Per unit on m achine rating of the 555 M V A ,0.9

f.,P. turbine generator considered in Exam ples 3.1,3.2 and 3.3 of C hapter 3:

L adu

fy#

1.66 faqu

&# =

1.61 Ll

R a

0. 15

0.165 0.0006 0.003

(a) The Geld currentrequired to generate rated statorvoltage Et on the air-gap
line @IS 1300 A  and the coa esponding ûeld vbltage is 92.95 V .

of Eyd and Ig  in the non-reciprocal per unit systçm

and iyd in the reciprocal per unit system .

Inetçrnzine the

base values and the base

values of efd

(b) Com pute
rated

the Per unit values o f Eyd and Iyd,w hen the generator @IS delivering

M V A at rated PoW er

of the saturation

factor and tenninal voltage. ytssunae that the

corresponding values factors K sa and K gq are equalto 0.835.

Solution

(a)
voltage

B y deflnitioù, -5

and
t h ebasevaluesof Eyd and ##

feld current required to produce rated

are respectively equal to the

air-gap line voltage. H ence,

f eld

Efd ,= e = 92.95 V

Ifd ,a,e 1300 A

From Equations 8.5 and 8.6,the base values of efd and ifd are

i # basef - f adulfd h= e

1.66x 1300 = 2 158 A k-
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efa base (iaa,/A lf
./': basey':

(1.66/0.0006)92.95 257.2 kv

The abpve base values of efd and ifd, as expected, agree w ith the vqlues com puted *

Exam ple 3.1.

(b) From theresults of Exam ple 3.2,at the rated output conditions,

efd 0.000939 Pu

ifa 1.565 Pu

Thecoaesponding Perunit valuesof Eg qnd ## are

% - (Lad;Ayylcy:
(1.66/0.0006)0.000939 = 2.598 Pu

#, = L xjsJ
1.66x 1.565 2.598 Pu

Spec# cation of temperature

The base excitçr

in turn

Output

depends

voltage depends

s çld tem perature.

theOn synchronous m achine tiell

resistance,

used

w hich on the The standard tem peratures

for calculating the base exciter output voltage are 100OC for therm al units

(operating
tenlperature

tenlperature @r1
, Segreater than 60OC) and

(51. However, cqre should be exercised
of excitation system s.

resistance used should correspond to the repistance under

7$oC for hydraulsc units

rise 60OC Orless)
(operating

in using these

tenAperatures for m odelling

The value of the feld
the actualFJ: should operating conditions being simulated, as closely

be consistent w ith this value of feld repistance.

aS possible. The value of

The ûeld resistance corrected ttl a specised operating tem perature m ay be

calculated aSfollows (311:

R J R t ( tts .+ ) jt (8.8)
w here

f,

tt

specif ed operating tem perature, OC
=  tenAperature

@

corresponding

O(y

to know n or nleasured value of w inding

reslstan ce,

R s

R t

w inding

w inding

resistance at tem peraturetenlperature W*

f/resistance at

The characteristic constant k dçpends on w inding m aterial. lt is equal

for alum inium  based on a volum e conductivity of 62%  pure

to 234.5

for Pure COPPCC and 225

COPPeC (31J.
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Exam ple 8.2

The Perunit% ofa steam-turbine-driven
corresponding

tem perature

60OC, 5nd consistent values of Ryd, Fà, and base Eya at this temperature.
the constant k of the feld w inding m aterial is 234.5.

isgenerator

s. The base exciter

0.00063 at 750C and the

of
value of Fà is 7.6125
100OC is 105.575 V .lf the generator @IS

output voltage at the standard

operating at a tem perature of

A ssum e that

Solution

The seld resistance at 60OC @IS

Ryd 60 234.5 +600
.00063 -

234.5 +75
=  0.0006 Pu

The tim e constant F ' is& inversely propod ional to Rg .H ence at 60OC it is

T ' T
R Jzs

' f

R #*z

0.000637
.6125x

0.0006
8.0 S

The base Eg  is directly propodional to R H encefd. at 60OC

Base Eyd 60baseE fd 1 0 0 ( 1L*. 5* S++j6; j
105.575x0.8804 92.95 V

8.6.2 M odelling of Excitation S
xystem C om ponents

The basic elenzents w hich form different types of excitation system s are the

dc exciters (self '' jOr separate y excitedl; aC exciters; rectifers (controlled Or non-
controlled); m agnetic, rotating, ör electronic am plisers; excitation system  stabilizing
feedback circuits; signal sensing and processing circuits. W e describe here m odels for

these individual elem ents. ln the next section w e w ill consider m odelling of com plete

excitation system s.

(a)Separately excited dc exciter

The circuit m odel of the exciter *IS show n @111Figure 8.23.
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92 Field Armature
+

f

E  L

+

E X

F igure 8.23 Separately excited dc exciter

For the exciter f eld circuit, W C w rite

E R I ##+
ef dt (8.9)

Al/itll

# L I

N eglecting f eld leakage, the exciter output voltage EX @IS given by

Ex #x# (8.10)

w here speed and w inding cons guration of the exciter arrnature.

The output voltage Ex is a nonlinear function of the exciter f eld current fcydue

to m agnetic saturation. The voltage Ex is also affected by the load on the exciter. The

com m on practice (1,4) in dc exciter m odelling is to account for saturation and load
regulation approxim ately

resistance load-saturation

J;x depends on the

by com bining the tAN?tl effects and using the constant-

Curve, aS show n *1l1Figure 8.24.

The @alr-gaP line @IS tangent

the

to the loqver linear portion of the Open circuit

saturation Curve.L et R be# slope of the air-gap line and M ey denote the departure

of the load saturation Curve from the @a1r-gaP line.FronA Figure 8.24,W e w rite

E
- +A f
R#
XI (8.11)

w here @IS a nonlinear function of EX and m ay be expressed aS

Af ExS (fx)e (8.12)

where SelEx)*ISthe saturation function dependenton f#.
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E

E

X . .A lr
- gap llne

R  . .
# .----- O pen clrcult curve

+ *  .

.#- C onstant-reslstance
A  @

.. load-saturatlon curve#

X0 j j

l . .l 
j O peratlng polnt

j I
Il 
II 
jl 
Il 
Il 
II 
Il 
jl L I =

=  ef !
l '1 Il 

I ef
I

I
e/0

F igure 8.24 Exciter load-saturation Curve

Frona E quations 8.9 to 8.12,W e have

E>
RM

s +R s (sR
#

)fx+X 1 dE

K
(8.13)

d tX

The above equation gives the relationship betw een the output Ex and the input voltage

Eey A  convenient per unit system  for this equation is one w ith base values of Ex and

Iey chosen to be equal to those values required to give rated synchronous m achine

voltage on the *a1r-gaP line.Thus,

E  ,.,,x E  ahu
sef

Ie/e e Eydb.elR# (8.14)

R
g ba e

R #

D ividing E quation 8.13 by EXb
a se n

W C have

E

E Xe e

R Ex Ex 1 d ExX  
+R s @ x) +- -ef e s K d

t sR  f xh- e xbu e x x,- e.
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ln Per unit form ,W e have

E
R - -M

E (1+:XR
#

X  )1+-  Xe x r d
tx

1 dE (8
. 15)

ln the above equation, Setfx) @ISthe Perunitsaturation function defned aSfollows'.

SelExj Af R S
#

(fx)e (8.16)
E X

From Figure
@ @

8.25, Ahritll E and fX expressed *111 Per lTllit, the Per unit saturation

function ISglven by (4)

S (Fx)e A -B (8
.17)B

The paranleter K X desned by E quation 8.10 m ay be w ritten aS

E E
K x X X

#

R E X#

L I L I

Pu E x
A ir-gap line

C onstant-resistance

load-saturation curve

lI 
jI 
jI -
ll 
jI 
jl 
Il 
Il 
II 
ll 
jB  , I l

l I
l IW '

I pu fl 
I e?r

F igure 8.25 Exciter saturation characteristic
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OndingCOFCSP to any given operating point(f fxp),1et

Lp
Iem

Z -ef

E X0
(8.18)

Therefore,Kx =R gIL .fu E; lzll stitlztilléj in Equation 8.15,W e get

dE
E & fx+& (fx)fx+F, zx

# ,
(8.19)

where

R

*%
L

r s

Fs (8.20)*
%

sstfx) # (Fx)e R
R
#

Equation

excited exciter, the

8.19 represents the input-output relationship of the exciter.For a separately

of a dc exciter

input voltage E ey is the règulitor output VR. The output voltage Ex

is directly applied to the l eld of the synchronous m achine. Therefore,

the exciter

diagram ,

bas

m ay be represenfed in block diagram  form

all variables are in p er unit; how ever, the

dropp ed.

aS show n in Figure 8.26. In

sup erbar notation denoting this

been

E = L + 1E
sTE

+ KE E

+

FI
F

x  

=  EX'SEIEXI

E = EX FD

C om m only used representation'. F  =d sxex BzxEx

F igure 8.26 B lock diagranA of a dc exciter
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adjustm ent of feld-circuit resistance Rey affects Ky as well as
saturation function % (Ex), but not the integration tim e Fs of the forward loop.

There are several convenient m athem atical expressions that m ay be used

approxim ate the effect

exponential function

The tkt

to

of exciter saturation. A com m only used expression *IS t*t

V Exh lEx) # BuExeEX (8.21)

The block diagrana
@

111

of Figure 8.26 provides a convenient Dneans of representing t*t

dc exciter stability studies. H ow ever, the effective gain and tim e constant of tht

blockexciter are nOt readily apparent from @1t. These are nAore evideht w hen the

diagrana is reduced to the standard form by considering sm all-signal reSPOnSe:

KAV = A Fs âEx = AF
1 +sT FD

For

con stant

any operating

of the exciter for

point

sm all

Alritll Ex =E p.o =E yo o,

perturbations are

the effective gain K and tim e

1K

B
(8.22)

EX (fs. ) +%E

TE
T

B
(8.23)

EX (fsx )+VE

where (fxc) =Au es BEXEFm
*

Sel-excited dc exciter

Figure 8.27 show s a circuit m odel of a self-excited dc exciter.

-  

+

E

F  ER X

+  
-

F igure 8.27 Self-excited dc exciter
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For this exciter, the regulator output

fore, the per unit voltage across theTX rC
@

VR

exciter

is in series w ith the exciter shunt S eld.

ûeld (withoutthe explicitPerunit

notation) IS

E % +Ex (8.24)

The
aratelyseP

@

elationshipr betw een the PCr

applies

unit values of

excited exciter also *111 this CaSC.

Eey and Ey
Substitutlng

developed for the
for E ey given by

Eqtlatlon 8.24 in E quation 8.15,W C have

% +Ex RM F
R
#

X

(1+S (25x)1e dE1 x
+ - - - - -

K d tX

Thïs reduces to

dE X
L % Ex+S (fx)fx+FE (8.25)E

dt

where

K E
R ef 

-

*% 1

Z

R #
Fs (8.26)

SE
R

S (f )X
e X p

- '

The block diagranA

of K

of Figure 8.26 also applies to the self-excited dc exciter.The value

E,how ever, *IS nOW equal to R yIR - 1e g RS com pared to R eylRg for the separately

excited Case.

The station operators
@

usually track the voltage

voltage

that

adjusting
@

IS

regulator

the rheostat setpolnt SO aS to raake the regulator

illitiltl

by periodically

output zero. T his

accounted for by selecting the value of K E SO the value of VR *IS equal

to Zero.The parameter V therefore n0tJxe; but varies with l/itroperating
condition.

(c) Wc exciters and rect6 ers

The ac exciter representation
reference 8 for use @111 large-scale

(excluding
stability studies is

rectiscation)
show n

recom m ended @111
@

111 Figure 8.28.
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L 1% Z
s%

Fx = Fs.& (Fs)

FX
+

+ KZ E
- h

K o zss

FE

Figure 8.28 B lock diagranA of an aC exciter

The generalstructure of the m odel is sim ilar to that of the dc exciter.H ow ever,
*

111 this Case the load regulation due to the arm ature reaction effect is accounted fot

distinctly,

S

and the no-load saturation Curve is used to deûne the saturation function

E* The excitet internal voltage VE is the no-load voltage

f

aS determ ined by thq

saturation function. The m ain generator feld current FD represents

for

the exciter loaë

current,

dem agnetizing effect. The

transient reactancej (32j.

and the negative feedback of K plsp

depends

illustrates

accounts the arnAature feaction

constant K o On the aC exciter synchronous

of

and

Figure 8.29 the calculation the saturation

function SE for

The Per
a specised value of % .
unit saturation function is

N

ArB& (V ) (8.27)
B

A ny

function.

èonvenient m athem atical expression Can be used to represent the saturation

A s in the Case of dc exciters,
@

IS the exponential function given by

a com m only used expression

E quation 8.21.

forrx- veselvg)

Three-phase full-w ave bridge rectiser circuits are zom m only used to

the ac exciter Output voltage. The effective ac source im pedance seen by the rectifer

is predom inantly an inductive reactance. A s described in C hapter 10, the effect of this

inductive

rectify

reactance (referred to as the commutating reactahce) is to delay the process
valve to another. This produces aof com m utation, @1.e.,transfer of current from One
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Pu V @ @
lr-gap llne

- loado

I
I I
I 1
I I

I
l I
I I

I
I
I

l l
I l
I
I

IB  j
I
I
l

IW 1
I I
I I
I I
I I

saturation Curve

Pu exciter l eld current

F igure 8.29 A C exciter saturation characteristk

decrease ill the average Output voltage of the rectifer aS its load current increases.

Reference 33 show s that a three-phase full-w ave bridge

current

rectif er circuit Operates

load

*

111

0nC of tk ee distinct m odes aS the rectif er load varies from no to the

short

(equal

circuit level.The m ode of operation
@

depends On the com m utating

current).
a function

voltage drop

ttlthe product of com m utatlng

defning

expressed

The

reactance and load

equations the rectis er regulation

(8,341:

aS of com m utation

voltage drop m ay be aS follow s

EFD Fu vs (8.28)

where

FEX = ygx) (8.29)

and

f Kcho (8
.30)N

V

The constant K c

characterizing

depends On the com m utating reactance. The expressions
@

for the

function Xfx) thethree m odesof rectisercircuitOperatlon are
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s4ode 1: /(&) 1.0 - 0.577f ilr jrx 0.433#5 N

s4ode2 : /(&) 20.75 -fx, if0.433<f <0.75N (% .31j

s4ode 3: /(&) 1.732 (1.0 -fx) , if0.75 <1 < 1.0N

N ow  fN should not be greater than 1.0,but if for som e reason * *lt 1S,F EX should be Set

to Zero (81.
The rectifer regulation effects identifed above m ay be depicted @111the block

diagranA form aS shoMm @111 Figure 8.30.

V  l

F Ex

K I Xc Fo s 
. y(; )IFn fx - sx xV

E FD

F igure 8.30 R ectiser regulation m odel

R eferring to Figures 8.28 and 8.29, the exciter output voltage E FD is sim ulateë

aSthe aC exciter internalvoltage VE reduced by the arnlature reaction (fsof0)and
rectiferregulation (Fsx).

(d)Ample ers

A m plifers m ay be the m agnetic, rotating, or electronic type. M agnetic and

electronic am plis ers are characterized by a gain and m ay also include a tim e constant.

A s such they m ay be represented by the block diagranA of Figure 8.31.

Ff

F- xx

K A

1 +xFx

V= IN

F9

F igure 8.31 A m pliû er m odel

The am plif er

is represented

of such

output

b ûGnon-w indup''y
@

IS

@

IS lim ited by

F

saturation or pow er-supply lim itations;this

lim its RMAX and VRUIN in Figure 8.31.A  description

lim its provided later in this section.
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The Output lim its of som e am plifers

auxiliary

ûym s

bus voltage Vary Alritll generator

having pow er supplies from

term inal voltage. ln such cases,

generator Or

F and

vary
The

directly

transfer

Ahritll generator term inal voltage

*function of an am plidyne IS

E t.

derived *111 reference 12 and has the

general form show n in Figure 8.32.

Fj K F

1 +xF )(1 +sT ) O( 1 z

F igure 8.32 A m plidyne m odel

Excitation system stabilizing circuit

There are several w ays of physically realizing the stabilizing

in Figure 8.15. Som e excitation system s use series transform ers as

3.33.

function 'ldentis ed

show n *111 Figure

The transform er equations @111 L aplace notation are

F1 R 1 f1 +sL 3i3 + sM iz

(8.32)

Fz %  fa + sLziz + sM ij

where subscripts

resistance,

1 and 2 denote

leakage inductance

prim ary and secondary quantities; R,

and m utual inductance, respectively.

f ,and M  denote

E xciter

Field A rm ature
+

E x

ïl

Z1

StabilizingA m pliser

transform erZ

2- + j m;
2

o  +
+  -

F1 = Verr - %  Verr
Q  .

F igure 8.33 E xcitation system stabilizing transform er
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A

The secondary of the

neglecting iz, w e

transform er *IS coM ected to a high im pedance *Clrcuit

Therefore, have

F1 (R1 +sLq) fl
(%.33j

V sM ik

T hus

F1

% R1 +sL3
(8.34)

1+NFs

where KF=M IR and F =LLIR .#

W indup and non-w indup lim its

ln the

w indup

single

and

m odelling of excitation system s, it is necessary

non-w indup lim its. Such lim its are encountered

to distinguish
*

betw een

Ahritll lntegrator blocks,

tim e constant blocks, and lead-lag blocks.

w hen
Figures 8.34(a) and (b)
applied to an integrator

show  the differences betw een the tw o types () 1r lilllits

block.

R epresentation'.

Lx

1 v
&  -

S

LN

dv

dt
System equation:

lwilllitiTléj @actlon:

If Ls< v< Lx,then V

lf v k Lx , then Lx

lf v < LN , then Ls

Figure 8.34 (a)lntegratorwith windup lim its
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Representatfon..

LX

1
& -  y

S

fx

System equation:
dt

Iailllitilléj @actlon:

lf Ls< y< Lx, then
dt

If kL and >dtX 0 ,then set
dt

0, Lx

If and dty < LN <U,then set
dt

0, Ls

Figure 8.34 (b)lntegrator Apritllnon-windup lim its

W ith w indup lim itsthe variable v is nöt lim ited.Therefore,

otltput

cannot CODAC off a lim it untilV CODACS Alritllill the * @11T)A1t.

outputW ith non-winbup lim its,the variable
the

variable y is lim ited;

8.31(a)
it com es off the lim it as soon as the input

betw een

u changes

lypes

wheù

Figures

applied
*

IS

and (b)show the difference the twO sign.
of lim its

to a single

that

tim e constant btock.The
lim its sim ilar to for an integrator.

AAritlzill

sàTitll

signis cance

é w indup lim it,

sh?itlz

of the tAA?ll types öf

the Output y

lim it,

cannot

COD;C off a lim it tllltil V CODACS the @ *llm lt. a non-w indup how ever,

tlltlOutput # CODACS off the lim it aS SOOn aS the ihput & re-enters the range Ahritllill

lim its.

Representation'.

Zx

1 v

1+xF

V

dv

dt

system N -Vequation'
.

F

lailllitillij *actlon:

If L < v< Lx,N then V

If v x Lx , then Lk

lfv < ix , then &%

Figure 8.35 (a)Single tim e constantblock with windup lim its
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R epresentation:

Lx

1

1+NF

V

System equation'. * & -y
T

lwilzlitilléj @actlon:

If L <y < Zx ,N then dt =#

If y uLx and />0, then set d
t

0, Lx

If y K Lx and /<0,then set d
t

&* LN

Figure 8.35 (b)Single tim e constantblock with non-windup lim its

R epresentation'.

Zx

1 + sTA

1 + s%

LN L  < Fs

Physical realization'.

Lx

T+ 
y M  V

F  .B
- j-

N

V  - L

L  .

1 +

ZsT
d

F igure 8.36 L ead-lag function w ith non-w indup

(Continued on next page)

lim its
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Ivil3litillji @actlon:

If Zx K v < Lx, then V

If v> Lx , then Lx

If v< zx , then Zx

Figure 8.36 (Continue+ Lead-lag function with non-windup lim its

W ith a lead-lag block, the interpretation of the

and is sim ilar to that of a single tim e

action of a w indup lim it *IS

ightforw ardStra

in w hich a non-w indup lim it can be realized isway

the lim iting action should therefore be based on the

constant block. H ow ever, the

not unique; the '

physical device

lnterpretation of

represented

w ith

by

the
im plem entatlon

block. Figure
' 

of

8.36 illustrates such lilllitilléj action associated electronic

lead-lag functions.

(g)Gating functions

0nC

G ating or auctioneering circuits are used w hen it is required to give control to

of tw o input signals, depending on their relative size w ith respect to each other.

Figure

gate,

8.37 illustratesthe functions of a 1ow value (LV)gate and a high value (HV)
and the sym bols used to represent them in block diagranas.

u L V  y

v gate

u H V  y

v gate

If u K V, y =u If u k V, y =u

If u > v, y =M lf u < v, y =M

F igure 8.37 L ow - and high-value gating functions

(h) Term inalvoltage transducer and load compensator I8l

The block representation of these elem ents is show n in Figure 8.38.

TR represents rectif cation and s ltering of the synck onous m achine

The param eters of the load compensator (described in Section 8.5.4)
The input variables E t and It are in phasor form . W hen load

diagrana
The tim e constant

term inal voltage.

andare Rc # c.

com pensation is not used,

transducer

R c and X c are set to ZCrO.

The voltage output Z forn:s the principal

and TR is

controlC
@

signal to the
-tationexcl 

. system . If a load com pensator IS not used negligible, FC=E /*
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: -  zw 1 zc' 
Fc: - ', + (Rc +/#c)f, II 

-  1+ Fst

L oad com pensator V oltage transducer

F igure 8.38 Term inal voltage transducer and load com pensator m odel

8 .6 .3 M odelling of C om plete Excitation System s

Figure 8.39 depicts the general structure of a detailed excitation

having

stru cture
aOne-to-one correspondence Anritllthephysical

a dlrect

system  m odel

W hile this m odel

has the advantage
*

of retaining

paranleters

system  m odel reduction tecu iques are used to sim plify and obtain

a practicàl m odel appropriate for the type of study for w hich it is intended.

The param eters of the reduced m odel are selected such that the gain and phase

equipm ent.

relationship

considered too

betw een m odel

and physlcal

Therefore,

pqram eters, such detail *IS great for general

studies.

characteristics of the reduced m odèl m atch those of the detailed m odel Over the

frequency range of 0 to 3 H z.ln addition,all signif cant nonlinearities that im pact on

system

correspondence

stàbility are accöunted for. sôritll a reduced m odel, how ever, direct

betw een the m odel paranAeters and the actual system param eters is

generally lost.

The appropriate structure for the reduced m odel
excitation system .

representing

The IEEE has standardized 12 m odel
depends on the

structures in block

type

diagram

of

form for the wide variety of excitation system s currently @111uSe (81.-

Fre/

A m plifying stages E xciter
+

-  

+ + -yF
c  E  E  E  E  G 1 Gz G a

O ther # 1
signals h Z

M inor loop

stabilizationH
z

M ajor loop stabilizationH
5

Figure 8.39 Structure of a detailed excitation system m odel
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are intended for use in transient stability and sm all-signal stabilip  studies. ForShese
ses of illustration, w e w ill consider fve of these m odels. These are show n in* 0

? s 40 to 8
.44, w ith slight m odifcation of the block diagram  conventions tofig/fcs .

ao rm  to the recom m endations m ade in reference 35. The fgures include a brief
c0 ut ,, y tu

eiption of the key features and sam ple data. The sufsx A  accom pany ngX SCC

jgnations is for the purpose of differentiating these m odels developed in 1992 from#eS

jlar m odels developed previously in 1981 (41.sim
The principal input signal to each of the excitation system s is the output V

the voltage transducer show n in Figure 8.38. A t the frst sum m ing point, the signalof

is subtracted from the voltage regulator reference %ey and the output Vs of theVc
er system stabilizer, if used, is added to produce the actuating sijnal whichp0W
trols the excitation system . A dditional signals, such as the underexcitatlon lim iterc0n

tput (Zgsz), com e into play only during extrem e or unusual conditions. Underou
ady state, V =0 and Vrey takes on a value unique to the synck onous m achineSte

loading
is illustrated

condition so that the error signalresults in the required feld voltage Eyd.This

in E xam ple 8.3.

1.Type D CIA exciter m odel

F, F W . Fm XUEL UEL

+  +  1+,F u v  r
x 

Fa 
-

). E- v + v c
V  E & t; j + gy

g .y 
C  

gy1+ S%  ga+ 
-  

-  

z  -
' FE

F +
rez zw zx E  rs

+

V % 
= EFBSECEFD'V

sK F

1+xFs

FD

# A lternate input point

Figure 8.40 IEEE type DCIA excitation system m odel.@ IEEE 1992 (81

The type D C IA exciter m odel represents feld-controlled dc com m utator

exciters,

excited

w ith continuously voltage

latter type being

acting regulators. The exciter m ay

self-excited,

be separately

Or self-excited, the nAore Com m on. W hen K E *IS

so initially

regulator by periodically

selected that VR =0
, representing operator action of tracking

trim m ing the shunt s eld rheostat setpoint.

the voltage
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Samp le data

Self-excited dc *exclter:

KA=187 L  =0.89 F =1.15 # =0.014 B =1.55EX EX
K =0.058F T =0.62F T  =0.06B Fc=0.173 F  =0.05

F =RMAX 1.7 F =Rh'IN - 1.7

K E is com puted SO that ilzitiftll)? F =0 ,R and the load com pensator is notused
.

2. Typ e A C IA exciter m odel

V hMv % Ax
VUEL

+ F  E
-  1+JFc KA HV LV 1 E + #07g

, x ,
.  . . ,.  a  

z  xp. a
+ 1+JFs 1+JFx gatw suuw . 

.  - n + sEx

5cy V  0
%MIN Fosz- VRMIN s 

xy(u)v =vsystvs) EXXFi 
1+ N

+t K
E r c zso

& = v.
+  r' YE

sK F 
-  +
1 K D1+ sT

F vss Jss

Figure 8.41 IEEE type ACIA excitation system m odel.@ IEEE 1992 E81

The type A C IA  exciter m odel represents a ûeld-controlled alternator excitation

system  w ith non-controlled rectitiers,

The diode rectif er characteristic

and is applicable to brushless excitation system s.

im poses a low er lim it of zero on the exciter outpus

voltage. The exciter f eld *IS supplied

by

by a pilot exciter, and the voltage regulator

POW CC supply *IS nOt affected external transients.

Samp le data

Exciter and regulator'.

KA =400.0 L  =0.02 Fs=0 Fc=0 K =0.03F
T  =1.0F K E 1.0 F  =0.8 K =0.38D K  =0.2c

Z =7.3RMAX Z = -6.6RMIN L vzx- 15.0 F = - 15.0AMIN X =0.1Ex
B  =0.03Ex

The load com pensator is not used, and TR is negligible.
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.

f fypeW W W exciter m odel

K VUEL (V
vxx -K cIFo4M

v xx

+ W  1+xFc Hv %  KA F,o
/ Xc 1

+ xFs gate 1+ xFx
+

YuIN s
MIsV

ref

Figure 8.42 IEEE type A C4A excitation system m odel.@ IEEE 1992 (81

The type A C 4A exciter m odel represents an alternator-supplied controlled-

ectifer system  - a high initial-response excitation system  utilizing a full-f

wave thyristor bridge circuit. Excitation system  stabilization is usually provided in the

excitation

form
associated

of a series lag-lead netw ork

w ith the regulator
(transient gain

and ûring of thyristors is

T he

reduction). The tim e constant
represented by

to

L .Theoverall
gain

Rectiser

*

IS represented

regulation

by

effects

K A. rectis er

On exciter

operation is confned

output lim its are accounted

m ode 1 region.

for by constant 1Cc.

Sample data

Exciter and regulator:

K A =200.0 Fx =0.04 Fc= 1.0 F  = 12.0 F =5.64RMAX

F  = -4.53W IN K c=0 Z  =1.0IMAX Fzvzx- -1.0

4.Type S T exciter m odel

The type ST IA  exciter m odel

system .

term inals; therefore, the exciter ceiling voltage is directly proportional to the generator

term inal voltage. The effect of rectiû er regulation on ceiling voltage is represented by

a potential-source

The itationeXC PoW er *IS

represents

supplied through

controlled-rectis er

a transform er from generator

<c.

stabilization.

The m odel provides iexibility
*

to

B ecause of the very hlgh

em ployed;

represent

f eld-forcing

the lim it is defned by fzl and the gain by K TR.

series lag-lead or

capability of the

rate feedback

system , a f eld-

current lim iter is som etim es
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uvxx vgk (s
yvw xx-s u jFgso Mvxx

+  +  +
-  5 Hv (1+xFJ(1+xFc1) KA K s HV LV %V X
+ gate (1+,Fs)(1+JFs1) 1+JL  + gate gate

Vez YMIN u  E f7w w
ms V sz

V
sK F

1+xFs

+* A lternate input points Ku  X N
o

0

*+V ss Vç

ILR

Figure 8.43 IEEE type STIA excitation system m odel.@ IEEE 1992 E81

Samp le data

Exciter and regulator'.

KA =200.0 L  =0 Z =7.0= Ax F =W IN -6.4 K =0.04c
# zs=4.54 f =4.4ZR F , Fc, FB1 ' Tc1 , K F: Fs n0t used

F F F F areIMAX 5 IMIN' #M#X' AMIN not represented.

V oltage transducer and load com pensator:

L =0.015 Rc=0 X =0C

5. Typ e S TM exciter m odel

The type ST 2A  exciter m odel represents

The exciter

a com pound-source rectif er excitatiop

of m ainsystem . PoW er Source is form ed by phasor com bination generator

arm ature voltage and current. The regulator

transform er.

controls the exciter output througà

controlled saturation of the PoW er The

integration

exciter

rate associated w ith the control w indings;

represents

Eyouxx represents the lim it

paranleter Fs the

0n

output due to m agnetic saturation.

Samp le data

KA = 120.0 L  =0.15 #s=1.0 Fs=0.5 #c=0.65
# s=0.02 Fs=0.56 F =RMAX 1.2 F- zx-- 1.2 E FDMAx=3.55

K =1.19P K  =1.62I
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V *VUEL
Fa xx E souxx

V ss

+ # EH V  K
A  V  + 1 FD- E a t

V  gate 1+JL  + sTE+ 
-

-  +

V
q y V  v 0

àv zx

ICE

Jlcs

1+ &Fs

V Fs + +4 
= I Kp %+y Kg /wI lf

w

IFo IN FEx
zx = Kc Fsx =/ (& )f

,o /

* A lternate input point

Figure 8.44 IEEE type ST2A excitation system m odel.@ IEEE 1992 (8)

Exam ple 8.3

A gener/torisoperating understeady-state conditionsAl?itllan% of 2.598Puand
f ,=1.0 pu.

(a) lf it is equipped with a type AC4A excitatiön system rùpresented
diagràm  of Figure 8.42, determ ine the value of Vrey.

by the block

(b) If it isequipped w ith a self-excited dc excitation system represented by the
block diagrana of Figure 8.40,determ ine the values of K E and Vre?

The Param eters of the excitation system s are the sam e as for the sam ple data provided

w ith the fgures.

Solution

(a) Type AC4A excitation system of Figure 8.42

W hen Eg  is 2.598 Pu,w e have
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L  = EyalKA

2.598
=  = 0.013 Pu
200.0

Since a load com pensator @IS not used,

F  =E  = 1.0c t Pu

U nder steady-state

norm al

operation,

V
Vg= VR and V =0.Since the generatoris operating under

conditions, =0.UEL Therefore, from  Figure 8.42 W e See that

Fref V  + Fz

1.0 + 0.013 1.013 Pu

(b) Sef-excited dc exciter of Figure 8.40

ln this Case,

V

r s takes a value such that VR =0.sllitll fz# at a steady-state value and

VR =0, FE=0.H ence,

K gEyd - FX

-
# eBzxEld

- 0.014e1.55x2.598
EX

- 0.7852

Therefore,

K E 0.7852

2.598

- 0.3022

Understeady-state norm aloperation,V =0 and V =0.W ith VR =0,

Fref Fc E t 1.0 Pu

M odelling of lim iters

The standard m odels show n @111 Figures

the

8.40 to 8.44 do not include

representation of lim iting circuits,

and m axim um  excitation lim iter.

nam ely, underexcitation lim iter, V /H z lim itef,

norm àlThese circuits do nOt Con;e into play under

conditions and are not usually m odelled in transient and sm all-signal

and voltage

stability

stability

studies.

They m ay,how ever,be im portant for long-term stability studies.
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im plem entation of these lim iting functions varies w idely depending

he m anufacturer, the vintage of the equipm ent, and the requirem ents specif ed by
cn t

tility. Therefore, m odels for these circuits have to be established on a case bythe u

basis. H ere w e w ill illustrate how  such devices are m odelled by considering
case

i5c exap ples.
spec

The actual

p)Underexcitation limiter..

Figure 8.45 show s the m odelof an underexcitation lim iter used

wïtà
characteristics

typea ST IA exciter. The paranleters f c and K R
conl

determ ine

@

111 'unction

of
(static)

the lim iter

the

On the P-Q
m odel

plane. T he Output

8.43.

FUEL of the lim iter *IS

applïed to the H V gate of the exciter of Figure

ZKM X

' KRt

Vcuux
+

F = Ir / -jI - ZI cu c , ,
t

K , rsw ,

+ 1 + sT3 Fs
K p Z

(1 + sTg) (1 + sT5 )+
1

-  vvu y

fzzv

FUEL

Sam ple data:

Kp

F3

F

0.015 K 1

V

10.0 F1

F

6.4 S F2 0.8 S

0.64 S KMX 4.0 CUMX 4.0

0.2 VUM# -0.2 IL IM -0.012

K c

R adius of U EL characteristic

C entre of U E L characteristic

2Q IEt

K c K R

2PIE
,

Figure 8.45 An example of UEL m odel(261
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(b) V/Hz limiter..

of the

A n exam ple of the V /H z lim iter

lim iter is quite straightforw ard.

lim iting value of Vzzu ,lim it is set typically at a strong
1.07

negative

1.09

m odel in Figure

unit

8.46*The operatioq

W hen the Per V /H z value exceeds the

signal drives the excitation dow n.The PZL
M

is show n

to Pu.

A V R sum m ing

f,(pu) VZf/; function

T tpu

1.0 vc

+ 1 Vz -) + E K
z1 -  f z2 Z

Etlf N +

0

Fref

Sam ple data:

FZLI4 1.07 K 1000 K n 0.007

F igurç 8.46 V /H z lim iter m odel

F ield-current Or overexcitation lim iter..

Figure
* @

8.47 show s the m odel of a f eld-current lim iter -rcuit.C1 lt @IS designed

to have a lllllltill!jaction aSshown in Figure 8.47(b).A high setting providesalmost
instantaneous

in conjunction
dependent

1.325xFL C

lim iting at 1.6 tim es full-load

w ith a ram p tim ing function
current (FLC). A low setting of 1.05xFLC
provides a lim iting action w ith tim e delay

On the level of s eld current. For exam ple,

by

a 5el4 current level of
Ahrill be allow ed for 15 S, follow ed a reduction @1C1 current level to

1.05xFL C OVCC the next 15 S.

R eferring to the block

of control
diagranl of Figure 8.47(a),

setting 1W hen theFf M 1nsignal FF1 loop acts to reduce

w hen I;a
excitatlon

exceeds the higà

instantaneously.

f eld current is below  I then u l,

1 . The magnitude of the control signal Vn and the determine the
tim e delay and ram ping action. O nce the seld current reaçhes the 1ow  setting fszvz,.

the select sw itch changes to the low  select position; this eqsures that the f eld curyent,

in the event of a second disturbancç, does not exceed the 1ow  setting for a m inim um

eriod to allow  cooling of the m achine. W hen the l eld current is below  fszvl, theP

signal Vs4 helps to reset rapidly the integrator output to zero.

lilzlitilllj action is through the

value of gain K z

control 100?
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1

##

0 A v R  sum m ing0

-  Fs# 1 - - function
+ z K 3 

-  

z -  K z z K s

o4 - s . z c
LMl 12 V J gu2 VF1 High-low - -

lect sw itch Zse
+

13 VF J 0K
4

oq Fr eyNo= ally at
high sel ing

FLM 2
fszv l

(a)Block diagranArepresentation

Sam ple data:

fFf M 1

# 1

# 4

1.6xfu11 load I I

150
fd
K z

L M 1

FLM 2 1.05xfu11 load I

0.248 K 5

L M 2

12.6

140 -0.085 -3.85

Ifd

IFLM I = 1 .6 FL C

FL C = full

IFLM Z = 1.05

load current

FL C

0
l

30 s T im e

(b)lwilzlitilléjcharacteristics

F igure 8.47 Field-current lim iter m odel
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8 .6 .4 Field T esting for M odel D evelopm ent and V erification

A lthough m ostof the data related to excitation system  m odels cah be obtaintd

fronA factory tests, such data can only be considered as typical. The actual settings au

usually determ ined on site during installation and com m issioning of the equipm eu
.

lt is therefore desirable to determ ine the m odel param eters by perform ing tests on tLe

actual equipm ent

The

On site.

nature of the tests required AArill depend on the type of excitation system

being

follow s'.

tested. A general procedure for m odel verif cation and developm ent *IS ù%
. .

1. O btain circuit diagram s,

detailed

block diagram s, nom inal settings and setting ranges
. .

system ,C onstruct a block diagranl of the com plete
@ @

excitation

identifying gains,tim e constants, and non-linearltles.

2. sà?itll the generator (synchronous m achine) shut down, perform frequency
response
com prising

linearities,

tests and/Or transient reSPOnSe tests On the individual elem ents

the excitation

saturation

system .

characteristics,

ldentify their transfer functions,

sing

n 0n-

and ceiling @ @llm lts. U these data
,

validate aS m uch of the detailed block diagranA of the excitation system as'

possible and m odify the diagrana aS necessary.

3. Perform  frequency response tests w ith the generator rulm ing

at rated speed and producing rated voltage on open-circuit. M easure the overall

linear

and tim e-response

reSPOnSe and rCSPOnSCS

Perform  additional

at various

in term inal voltage.

rated load. V alidate

points of the system to a stey change
tests w ith the generator operatlng near

of thethe detailed m odel com plete system  by com parison

Ahritll the nzeasured CCSPOnSCS.

4. R educe the detailed m odel to ft the standard m odel applicable to the

type of excitation

the

system using tecu iques of classical controltheory.

specifc

V alidéte

FCSPOnSCS of the reduced m odel against the nAeasured reSPOnSCS.

The above

reSPOnSe
usually

is sm all.

is quite involved and tim e-consum ing for the older slow -

exciter. For a high-response excitation system , frequency response tests are

not required as the number of tim e constants within the m ajor feedback 100/

procedure

For static excitation

design data;

T echniques

tield tests are

system s,

required only

m odelparam eters

for verif cation.

can usually be obtained from

for f eld testing,

of excitation system s are

perform ance verif cation and m odel

described in references 3, 7, and 36.

developm ent
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l'rirlA t, M overs and

Energy S upply S Ystenns

The prim e SOurCeS of electrical

energy

The
turn, to energy synchronous generators. m over

overning system s provide a m eans of controlling pow er and frequency, a function

com m only referred to as load-frequency control or autom atic generation control

(AGC). Figure 9.1 portrays the functional relationship between the basic elem ents
associated w ith pow er generation and control.

This chapter exam ines the characteristics of prim e m overs and energy supply

system s and develops appropriate m odels suitable for their representation in pow er

system  dynam ic studies. The principles and im plem entation of autom atic generation

supplied

fromof w ater and the therm al energy
energy
derived

by tltilities are the kinetic

fossil fuels and nuclear û ssion.

prim e m OVerS conved these SOurCeS of Unergy into m echanical

conved ed electrical by
energy

The prim e

that *1S, @111

control are described ill Chapter 1 1 .

The focus here *IS on those characteristics of the POW er plants

detailed

that im pact On

tlltl overall perform ance of the PoW er system , and nOt On a study of the

associated PrOCCSSCS.

9.1 HY D RA U LIC TU RBIN ES A N D G O V ERN IN G SY ST EM S

H ydraulic turbines are of tw 0 basic types:

reader

im pulse turbines and reaction

turbines. They arC brieiy described here;the m ay refer to reference 1 for a

BIOCC detailed description.

The imp ulse-typ e turbine
300 m etres Or m ore

. The
(also u own as Pelton wheel) is used for high heads -

runner is at atm ospheric pressure, and the w hole of the

3 77
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,

Tie line pow er E lectrical system
-  L oadsA G C

Frequency - Transm issiop system

-  O ther generators

E nergy supply system :

Steam  or w ater

*

V alvesSpeed Speed
or Turbine G enerator

changer gpvernor ateg

Speed

* A G C applied only to selected units

F igure 9.1 Functional block diagrarn of PoW er generation and control system

pressure drop takes place in ytationary nozzles that

energy. The high-velocity jets of water im pinge

convert potential energy to kinetic

Op spoon-shaped buckets On the

ru n n ery

provides

w hich deiect the w ater axially through abput 1600.the change *111m om entum
the torque to drive the runnerythe energy supplied belng ehtirely kinetic.

ln a reaction turbine

energy

The

@

IS supplied

frst

by the
pressure

Nvater in both kinetic

the w ithin the turbine is above atm ospheric;the
and potential

stationarysvater

gates

subcategories

around
passes
its entire

from cqsing

The

through
(pressure head) forms.
radial guide vanes anëa spiral

periphery.

turbines',of reaction

gates w ater

Francis and propeller.

for heads

control i ow . There are tsvo

The F rancis turbine is used UP to 360 m etres.ln this type of turbine,

svater

axially.

iow s through guide Vanes im pactipg On the ruO er tangentially and exiting

The prop eller turbine, aS the nam e im plies, USWS propellçr-type w heels. It is

for use On 1ow heads NP to 45 m etres.Either ixed blades Or variable-pitch blades

m ay

K ap lan

be used. The variablç-pitch

high

blade propeller

loads.

turbine, com m only know n aS the

w heel, has eff ciency

Qf a hydraulic

a11at

The perform ance turbine @IS iniuenced by the chayacteristics of

the w ater feeding the turbine; these include the effects of w ater inertia, w ater

com pressibility, and pipe w all elasticity in the pepstock. The effect of w ater inertia

is to cause changes in turbine ; ow  to 1ag behind chgnges in turbine gate opening. The

effect

colum n

of elasticity
>

*

IS to CaUSC travelling N/aVeS ofPrçssure and ;ow
O r a

in the pipe;

detailed analysis

this

henom enon ls com m only referrçd So as ttw ater ham m er.'' FP

hydraulic transients the reader m ay refer to references 2 and 3.
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hydraulic turbinesurequires inclusion of transmission-line-
ln the elastic-walled pipe carrying compressible iuid.like

jcally, the speed of propagation of such travelling w aves ls about 1200 m etres perTyP

d. Therefore, travelling w ave m odels m ay be required only if penstocks are long.secon

In w hat follow s, w e w ill ûrst develop m odels of the hydraulic turbine and

tock system without travellinj wave effects and assuming that there is no surgeensP 
i1l then identify speclal joverning requirements of hydraulic turbines.tW . W C W

lly, w e w ill extend the m odel to lnclude the effects of w ater ham m er and surgeFina

t# .

Precise m odelling of

gections w hich occurre

9.1.1 Hydraulic Turbine Transfer Function 121-6)1

The representation of the

stndies *IS usually based on the

hydraulic turbine and

follow ing assum ptions:

w ater colum n *111 sfability

1. The hydraulic resistance is negligible.

2. The penstock pipe @IS inelastic and the w ater is incom pressible.

3. The velocity of the svater varies directly snritll the gate opening and shritll the

Square root of the net head.

4. The turbine output PoW er @IS proportional to the product of head and volum e

iow .

The essential elem ents of the hydraulic plant are depicted in Figure 9.2.

Forebay

G enerator y .------

H
Penstock

Turbine

W icket gate

F igure 9.2 Schem atic of a hydroelectric plant
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The turbine and penstock

follow ing:

characteristics are determ ined by three basic

equations relating to the

(a)
(b)
(c)

V elocity of w ater in the penstock

Turbine m echanical POW er

A cceleration of w ater colum n

The velocity of the water *111thepenstock @ISgiven by

U r.G> (9.1)

w here

U svater velocity

* @G gate

hydraulic

posltlon

H
K &

head
a con stant

gateof proportionalityat

For sm all displacem ents about an operating point,

OU PUL U
- > + - l G

OG

Substituting the appropriate expressions for the partial derivatives and dividing

throughby Uo = Ku G o ZH oyields

L U AS
-  + -

A G

Uo 2# c G o

O r

L U - AS + A G
2

1 (9
.2)

w here the subscript

and

0 denotes illitiétl steady-state va1ues, the presx A denotes sm all

deviations,

op erating

the superbar ii 55indicates norm alized values based On steady-state

values.

The turbine m echanical# OW Pr is proportional to the product of PFCSSUCC and

P ow ; hence,

# K H UP (9.3)
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inearizingL
ï/es by P mo =KpH oU o,
S

by considering sm all displacem ents
, and norm alizing by dividing both

W e have

L P

P

A S  L U
-  +  -

Homo W

Of

A# LH +LU (9.4)

Snbstituting for L U from  E quation 9.2 yields

A# 1.5AS  + AG (9.5A)

Alternatively, by substituting for AS  from E quation 9.2,W e m ay v ite

LP 3A&-2AG (9.5B)

The acceleration

ày N ew ton's
ofwater column due to a changein head at the turbine, characterized

second 1aw of m otion, m ay be expressed aS

dLU(pZd) dt -#(pJ#)AS (9.6)

where

f length
@

of conduit

W = plpe

= m ass density

= acceleration due

are a

P

J g

pLA

PJgAS

to gravity

theDIaSS of w ater W111 conduit
=  increm ental change @111Pressure at turbine gate

f @= tlm e in seconds

By

beconles
dividing both sidesby ApagH W  ,0 theacceleration equation *111normalized fornA
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L%  y  %
a S c dt U o
#

H 0

O r

dL UT
W

- AS (9.7)d
t

w here by desnition,

L UM

a # c
#

FW (9.8)

llere Fw is referred to aS the w ater starting tim e. lt represents the tim e

a head H o to accelerate the svater @111 the penstock from standstill to the

required for

velocity % .
lieslt should be noted that F varies AAritll load.W Typically, F at full loadW betw een

0.5 S and 4.0 S.

E quation
*

9.7 represents an im portant characteristic of the hydraulic

applied

plant.

the

A

descriptlve

of the

explanation of the equation @IS that if back Pressure @IS at end

That

penstock by closing the gate, then the w ater in the penstock w ill

is, if there is a positive pressure change, there w ill be a negative

decelerqte.

acceleration

change.

Frona E quations 9.2 and 9.7,W e Can CXPCCSS the relationship betw een change
*

111 velocity and change @111 gate position RS

FW dhU 2(AG 
-  LU4 (9.9)

dt

Replacing dldtAhritllthe Laplace Operator S,W e m ay v ite

F
W
sLU - a:)2(AG -

O r

L U - A G1

1 1
+ -

(9.10)T
sW

2

E; llll stitlltilzéj for L U from E quation 9.58 and rearranging, W e obtain
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L P 1 - F  s
W

L G 1 1
+ -

(9.11)
T sW

2

tion representsEqua
how  the turbine pow ersh0W S

9.11 the EEclassical'' transfer function of a hydraulic turbine. lt

putput change, *111response to a change *1l1gate opening

f0r an ideal lossless turbine.

- ideal#pp turbine

The transfer function of a non-ideal turbine m ay be obtained

l e
tursine

follow ing general expression for perturbed values of w ater

by considering

velocity (Sow) and
POW er.'

LU c11A# +J1zA& +J1aAG (9.12)

A# J21LH +czal; +czaAG (9.13)

N

A Owhere is the Per

synck onized

unit speed deviation.The speed deviations are sm all,especially

when the unit *IS to a large system ; therefore, the ternls related to A *

m ay be neglected. C onsequently,

LU g -a A +J1aAG11 (9.14)

A# a as +czaal21 (9.15)

The coeff cients

gate opening,

output w ith respçct to head and gate opening. These a coefs cients depend on m achine

loading and m ay be evaluated from  the turbine characteristics at the operating point.

and &13 are

and the coeffçients

J11 partial derivatives of ; ow Alritllre7peçt to head and

J21 and J23 are partial derivatives of tuybine pow er

W ith E quations 9.14 and 9.15 replacing Equations 9.2 and 9.5A ,the transfer

function betw een A # and A G becom es

LP 1+ (c4p -c1aca1/c)a)Fw s

A G

J23 (9.16)
1+JIIFw N
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T he a coeff cients

ideal lossless Francis type

vary considerably

turbine:

from  one turbine type to another.For

J11=0.5 5 J13= 1.0 , J21= 1.5 5 J23= 1.0

TypicalnAeasured values of the a coeflcients for a 40 M W unit w ith Francis turbke

are aSfollows (61:

L oad level J11 J1a J21 azà

100%  of rated 0.58 1.1 1.40 1.5

N o load 0.57 1.1 1.18 1.5

Special characteristics of hydraulic turbine

T he transfer function given by E quation 9.11 Or 9.16 represents a içnon-

m inim um hase''P

byillustrated

system .

considering

1 The special characteristic of the transfer function m ay be

the rCSPOnSC

G ,

ttl a step change ill gate position.

For a step change *111 for the ideal turbine, the initial value theorem gives

a j; (0) 111:1S1
S

1 - F  s
W

S** 1+0.5F sW

- 2.0

and the ûnal value theorem gives

A# (x) 11:11
,-0

S

1 1 - F  sW

1+ 0.5F sW

1.0

1 System s w ith poles Or ZCrOS ill the right

the

half of the J-plane arC referred ttl aS nonv

m inim um phase

plot.

syst4nAs;

Such

they do not have m inim um am ount of phase shift for a given

m agnitude

VCFSUS frequency P1Ot alone.

system s cannot be uniquely identified by a know ledge of m agnitude
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SeC'

A #  rm 
w

2

2 4 6 8 10 12
0 ' d

st ln secon

-  1

F = 4.0 sw

- 2

F igure 9.3 C hange in turbine m echanical POW er follow ing

a unit step change *1l1 gate position

The com plete tim e reSPOnSe @IS given by

Yx

a# (t) g1 - 3 e -t2/'-''j 2ï ii

Figure

Inanlediately

show s9.3 a plot of the reSPOnSe of ideal turbine m odel w ith F = 4.0 .
W

follow ing it -a un

decreases by 2.0 per unit.

to a steady-state

lncrease in gate position, the m echanical pow er actually

It then increases exponentially w ith a tim e constant of Fw/2
value of 1.0 Per

@

unit above the illitiétl steady-state value.

The initial PoW er Surge IS opposite to that of the direction of change *111 gate

position.

im m ediately

causing the

This is because,w hen the gate is suddenly opened, the ; ow  does

due to w ater inertia; how ever, the pressure across the turbine

not change

is reduced,

PoW er to reduce.ssTitlz CtCCSPOnSC determ ined by F , the w ater acceleratesW

u tilthe ;ow reaches the neW steady value w hich establishes the nCW steady-pow er

Output.

Figure
@

9,4 show s the FCSPOnSCS of POW Cr, head, and svater velocity

0.1

of a

àydraullc turbine w ith F = 1.0 S w hen the
W

gate opening is reduced by pu by

(a) A Step change

(à) A l-second ranAp.



3à6 Prim e M overs and Energy Supply System s Chap. j

1.2 1

1
l
1
1 ë
!
1
1
l
%

(!1- (11. 'krk@ l
!
&
. ead
A
%
1
A
1
1

. &1.0 .
* Y
N N

x x pow erx YN 
N

xxk '..
. . 

*

.s. xx eloclty
hx
Nh N

hh
h w

w 
h. .

.w ww. A. .
.* *

* . .
.  

-  ww 
ow.

. . . . .
...s. ..... 

.- .. .. 
.. .. .  .. 

..0.9
0 0 1.0 2.0 3.0

@

G ate

Tim e *111 seconds

(a)Step redùction @111gate opening

1.1

dea
e  xR  

x
z N

' &

1 0 Z 1&@
** w

w . &
*xw N

-h
.-

. x )q) (2j ,$?$r()1ywq Ak
hh

x At
hw ak .

N.
hx

..
. 

av
,u 

. () 1( (y) () Jg
h w

x 
> Nq

*hw :q
N *

* %
p . N.tyjjyjy ssspp

w ws
p 

p. pp

x

. w

x

. .

x

. .

x

. .

x
p w

.

. . .
m
.
m
. .

pm0
.9
0.0 1.0 2.0 3.0

Tim e in seconds
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F igure 9.4 H ydraulic

change

vylocity,

ill

turbine CCSPOnSC
@ @ '

tu a step change

values

and a ranlp

gate posltlon,

aùd gate position

Alritll illitiltl of head POW CC,

equal to 1.0 Pu
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E/ectricq! analog

In understanding the perform ance of a hydraulic turbine system , it is usefulto

visaalize

G,
tively.eSPCCr

a lum ped-param eter electrical analog aS shoMm

lectricale system s are neatly equivalent,

the

Ahritll the

in Figure 9.5. The hydraulic

w ater velocity u, gate opening

conductanceand head corresponding to current f,load G ,and voltage F,

L

l
F

f

G

I = G  F

dl
- =

1
- (F;-F)Lf

c dt

P  = V I

F igure 9.5 E lectrical analog of a hydraulic turbine

F hen the load is suddenly
I

decreased by a step reduction in conductance G , the

current doçs

because

nOt change

of theincreases

CaUSCS the Output

f , the current I decreases

instantly; how ever, the voltage across the load suddenly

reduction in conductance (or increase in resistance). This
to suddenly inçrease initially. W ith a rate determ ined by thePOW CC

inductance exponentially lllltila new  steady value is reached

establishing

sim ilar

the nCW

ttl those of

steady output

velocity, head,
POW er.
and

The

POW er

CCSPOnSCS
show n in

of 1, F, and # arC Very

stepFigure 9.4(a) for a
reduction @111 gate position.

9-1.2 N onlinear T urbine M odelA ssum ing Inelastic W ater C olum n

The linear m odel given

lt is useful

by E quation

for control

9.16 represents
*  @

the

perform ance

techniques

structure,

system .

of the turbine. system tunlng uslng

the sim plicity

sm all-signal

linear analysis

(frequency reSPOnSe, root locus,
into

etc-).Because of of its
this m odel provides insight the basic characteristics of the hydraulic

ln the past,

based

the hydraulic turbine representation

transfer

*

111system stability

E quation 9.16

variations in

studies W aS

largely

How ever,

Output

On the function of E quation
* @

9.11 Or g10).

DIOrC

inadequate for studles lnvolving large

and frequency (1 11. In this section, we describe a nonlinear
appropriate for large-signal tim e-dom ain sim ulations.

such a m odel @IS PoW er

m odel w hich *IS

O nce again

uc estricted head

w e consider a sim ple hydraulic system

and tail race, and w ith either a very large

conf guration AAritll

Or no Surge tank.
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A ssum ing a rigid conduit and incom pressible Guid, the basic hydrodynam ic equations

a re

U r
.GA (9.1

# KPH U (9.18)

d U

dt

a
- M (# -#  )0
Z

(9.19)

Q A U /(9.2â)

w here

U Nvater velocity

G ideal gate opening

headH hydraulic

illitiltl

at gate

valueA
P

steady-state of H

turbine= POW er

A

w ater-i ow rate

pipe

length

a re a

f of conduit

a g

t

acceleration due to gravity

tim e @111 seconds

Since W B are interested *111 the large-signal

E quations

perform ance, W C norm alize the above

equations based on rated values. 9.17 and 9.18 in norm alized form  becom e

U

U r
f
s - ( f- ) -1 (9.21)

#

P r

U H

U r
(9.22)H

r

w here the subscript r denotes rated values.ln per unit notation, the above equations

m ay be w ritten aS

U 1/2G (# ) (9.23)

# UH (9.24)
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Ffonl Equation 9.23,

H #2(,) (9.25)
im ilarly,S the PCr unit form of Equation 9.19 *IS

f
,, ( ; ) J H H H-MM --ML U H Hr r r

0f

d Udt -- (u -uo)T1 (9
.26A)

in Laplace0f notation

U -1

# - H o Tw s
(9.268)

where F *IS theF

turbine-penstock

w ater starting tim e

unit and is given by

at rated load.1 It has a fxed value for a given

F
L UM

a H# r

LQr

a A H# r
(9.27)

The m echanical PoW er Output P is

P P-P (9.28)

where Ps represents the fxed POW CC loss of the turbine given by

Pz U H (9.29)NL

1From  E quations 9
. 8 and 9.27, the w ater starting tim e Fw at any load is related to its value

Fv at rated load by

U H0 r

U  H or
Tw F
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w ith U NL representing the no-load w ater velocity.111norm alized form ,W e have

# P # z

Pr #r #r

U nU H

U  U  Hr r r

O r

# (U-USLIH (9 .3%

The above equation gives the Per unit value of the turbine

equal
*

SW lng

to the turbine
pow er
solution

output On a bast

equation

M W  rating. ln system  stability studies,

requires turbine m echanical torque on a

rating

of the

base equal to
m achine

/

either the

generator A Or a Com m on A base.H ence,

F (&.j#.( vvl,.j-- ( U - Uxs ) HPr1 (9.31)
w here

OW hbasePerunitspeed
base M V A on w hich turbine torque is to be naade Per unit

P r = Per unit turbine rating turbine h;sv rathlg

M V h b.e

ln the above equations,

load

G  is the idealgate op ening based on the change from  no loaë

openingto full

show n @111

being equal to 1 per unit. This is

Figure 9.6. The real gate op ening is

the

related ttl the real gate g as

fullybased On the change from the

closed to fully Open position being equalto 1Perunitg12).

N o-load

G  z  -> g
=  t FL

I

Q Full load 1*-# 1
I IX  I l

<  I l
. -  l 1

Q  I I1 l
O  1 I
=  I Il l
O  I I

I lO  I 1
*  q  l ld  

-  I 1 .

x  1 ,1 M axlm um
-  -  1 1 .

> d  g 1 I gate openlngo t NL 
j j=  l I

-  I I
I 1

N o load 1 1
I I

losses 1 1 1
l I I -g I , I v-  

g- - j
.gg

NL ##z

R eal gate opening *111Pu

F igure 9.6 R elationship betw een ideal and real gate openings
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The ideal gate opening @IS related to real gate opening aS follow s

G A gt (9.32)

re Atwhe isthe turbine jain *g1VCn by

1d
t

#Fz-#
(9.33)

N L

Equations

bine

9.25 to 9.27 and 9.31 to 9.33 com pletely
@

describe the Nvater colum n

and tur

in Figure

characteristics.These m ay be represented ln block diagranA form  as show n

9.7.

G  #  - 1 U  + #  - -- A
f + - - a E  w 

s 
E  a + # F# 

r mUIG < -
- h

H  U  *0 NL

1d
=

=  -t

#sz - #xz

# r turbùze h4sv rathzg
=

base M V A

F
L U r

= - U . *X (S  ) 1/2NL = , #xz 0
a H
# r

Sam ple data:

&sz = 0.96 Pu g =0.16NL pu F = 1.0 S

Figure 9.7 H ydraulic turbine block diagranl assum ing inelastic w ater colum n

The turbine and penstock
*

m odel m ay be rearranged and expressed in ternAs of

tslptlequations, OnC representlng the w ater colum n and the other the turbine.

W ater colum n equation:

d Udt -- (# -#,)F1 1 U * =
- -  

x  - S ;
Fv d  gt

(9.34)
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A

Turbine equation'.

F

2

NL P
-  œ  T
O  d  gt

U-U U (9 
.3%

Frona E quation 9.34, by considering the steady-state condition corresponding to qû

load,W e have

UNL X (S  ) 1/2t #xz o (9 .3ij

U sually H o = 1.0.

E xam ple 9.1

The data related to the turbine,penstock,and generator of a hydraulic pow er plant are

aS follow s-.

G enerator rating 140 M V A Turbine rating 127.4 M W

Penstock length = 300 m

R ated hydraulic head = 165

G ate opening at rated load =

Piping

W

area 1 1 . 1 5 2m

m ater-iow rate at rated load 85 3/sm

0.94 Pu G ate opening at no load 0.06 Pu

(a) Calculate (i) the velocity of water in the penstock,and (ii) water stading time,
at fullload.

(b) Determ ine the classicaltransferfunction of the turbine relating the change in
PoW er output to change in gate position at rated load.

(c) Determ ine the nonlinear m odelof the turbine,
colum n.ldentify the values of the param eters

assum ing an inelastic w ater)

and variables of the m odel at

rated output. The turbine m echanical pow er/torque @IS to be expressed On a
.:

Com m on M V A  base of 100.

Solution

(a) (i) Velocity of water in the penstock at rated load @IS

U Sow rate atrated load/pipl g area

85 3/sm

11.15 2m

7.62 W s
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(.1 1- )W ater stading tim e F at fullload,from Equation 9.27,*IS

F
L U

a H# r

300 x7:62

9.81 x 165
1.4 1 S

(b) From Equation 9.1 1, the classicaltransferfunction of the turbine at rated load is

Pu L P 1 - F S

1+0.5FPu A G + +

1 - 1.41,

1 + 0.705N

(c)
follow s:

R eferring to Figure 9.7, the param eters of the nonlinear turbine m odel are aS

Turbine gain

1d

t #Fz- #NL

1

0.94 - 0.06
1.136

N o-load velocity

U NL d  gxo Ht 
0

1.136 x 0.06 x 1.0

0.068 Pu

The Per unit conversion factor @IS

#
r

turbhle h4sv rathlg

M V h bue

127:4 1
.274

100

Figure

rated

E9.1 show s the turbine m odel.The values of the variables corresponding to

output are identifed on the m odel.
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H = 1.0

U  = 1.068 P m = 1.0 Tm = 1
.274

g =0.94 - 1 -I-
1.136 + 5 E  E  5 + 1.2741

.4 1,
- Y -

G  = 1.068 H o = 1.0 & xz = 0.068 G) = 1.0

F igure E 9.1

9 .1.3 G overnors for H ydraulic T urbines

The basic function of a governor is to control speed and/or load.The general

principles of load/frequency control w ill be described in C hapter 1 1. H ere, w e discusj

the special requirem ents of governing hydraulic turbines, their physical realization anë

m odelling in system  studies.

The prim ary speed/load

gate position. ln order to

uni

control

control function involves feeding back speed error to

the Cnsure satisfactory and stable

of m ultiple ts,

droop is to ensure

the speed goverhor
@

@

IS provided

load

Alritll a droop

parallel operation

characteristic. The

purposè

C hapter

that

of the equltable sharipg betw een generating

set at about
units (see
5% , sûcà11 Section 1 1.1.1).Typically,the steady-state droop is

a causes 100%  chanje in gate position or pow er uutput;
this corresponds to a gain of 20. For a hydro turbine, how ever, such a governor w ità

a sim ple steady-state droop characteristic w ould be unsatisfactory. This is illujtrated
in the follow ing exam ple.

speed deviation of 5%

E xam ple 9.2

A sim plif ed block dié ramg
@ *

generating

represented by the classical m odel and the speed govem or by pure gain Ka=$IR. Yàe
generator is represented in term s of the com bined inedia of the generator and turbine.

fotors. (For derivation of the transfer function used see Chapter 3, Section 3.9.)

of

unit feedlng an

representation

lsolated load is

the Speed
*

111

control of a hydraulic

turbineshow n Figure E 9.2. The is

= 2.0 s, Tu= 10.0 s, ànd #0=0.0, determ ine (i) the lowest value of the droop R f0f
which the speed governing is stable, and (ii) the value of R for which the speed
control action is criticall# dam ped.

lf F
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Turbine G enerator

speed -h 1 1- Tws A&  1 a o
pE  -ref

. 

R 1+ w jzs puswgp

Fv =2.0 S Tu = 10.0 S K D =0

F igure E 9.2

Solution

The characteristic equation (of the form 1 +GH =0)of the closed-loop system is

1+ 1-2, 1 1 0

1+N 10# R

O r

10RN2+ (10#-'2)x+ 1 0

(i)
the

For stability,

com plex

the roots of the characteristic equation

sufscient

have to be in the left side of

J-plane. ln Case of a quadratic,
* @

a and necessary condition @IS

that all quadratic coefscients are posltlve.H ence,

10R > 0 *1.(,.y R > 0

and

10R -2 > 0 , *1.(h., R > 0.2

The of R  resulting in stable response is

w ords, the speed govem or gain K a has to be less than 5.

(or gain of 20), the speed control would be unstable.

sm allest value thus 0.2 Or 20% . In other

W ith the standard 5%  droop

(ii) For criticaldam ping

10R-2)2-4(10R)( 0

Solving yields

R1 0.746 & 0.0536

with R3 =0.746 corresponding to the critical dam ping (dam ping ratio (= 1) and stable
response. And 42=0.0536 is less than the lim iting value of 0.2; it corresponds to (=-
1.0 and represents unsyable operation. Therefore, # =0.746 or gain K a= 1.34 is required

for critical dam ping.
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Requirem ent for a transientdroop

A s discussed @111 Section 9.1.1,hydro turbines have a peculiar

svater * *lnertla:a change in gate position producesan initial turbine POW erchangewh ck

Poraryj

droop with a long resetting time is therefore required. This is accomplished by tà)
provision of a rate feedback or transient gain reduction com pensation as shown k
Figure 9.8. The rate feedback retards or lim its the gate m ovem ent until the w ater qow

and pow er output have tim e to catch up. The result is a governor w hich exhibits a higà
rdroop (low gain) for fast speed deviations, and the norm al 1ow droop (high gain) k
,

the steady state. Exam ple 9.3 illustrates the effect of the transient droop com pensatio

on the stability characteristics of the governing system .

OPPO to thatsought.Forstab1econtrolperform ance,a largetransient(tem@IS site

response due

Speed

ref.

-

h ->E  E  Servom otor g

O + Rr E  p

- >

C om pensation

sTR
X r

1 + s%

R P = perm anent droop

R v tem porary droop

FR = reset tim e

F igure 9.8 G overnor w ith transient droop com pensation

M echanical-hydraulic W Vdrs/r

On older units the governing function *IS realized using m echanical an#
hydraulic com ponents. Figure 9.9 show s a sim plifed schem atic of a m echanicalrr)

hydraulic governor. Speed sensing, permanent droop feedback, and computinj
functions are achieved through mechanical components; functions involving highei
pow er are achieved through hydraulic com ponents. A  dashpot is used to providç

'--'
:. ) è

transient droop compensation. A bypass arrangem ent is usually provided to disabli
the dashpot if so desired.

The transfer function of the relay valve and gate servonAotor *IS

#

J

K1 (9.37)
S

The transfer function of the pilot valve and pilot SCCVO *IS

J K z

1 + sTp
(9.33),:(RT
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Flyballs

sient drO0PTran s
peeder roddjuster Needle valvea

#t
. C om pensating

dashpot

Pilot servo t b
Fast z----xslow

Speed droop ---*

Speed adjustment Pil
ot valvei,

' X

- >

R elay valve
..  G ate servom otor

Figure 9.9 Schem atic of a m echanical-hydraulic governor for a hydro turbine

where K z

and

is determ ined by the feedback lever ratio,and Tp by port areas of the pilot

valve Kz (91.Com bining Equations 9.37 and 9.38 yields

# K LK , K S
s (1 + sTp N(1 + sTp (9.39)

where Ks is thy
servo galn K s ls

servo gain and Tp
determ ined by the

@

IS

pilot valve
the pilot valve/servom otor

feedback
tim e constant. T he

lever @ratlo.

A ssllm ing

dashpot

that the dashpot iuid flow  through the needle valve is proportional

to the Pressurey the dashpot transfer function *IS

d sTR

#

R w
1 + sTR

(9.40)

tem porary droop R v is
tim e Ty is determ ined by the

W ater is not a very

resulting

limited
.

The determ ined by the lever ratio
, and the reset Or w ashout

needle valve

com pressible

setting.

iuid; if the gate *IS closed tOO rapidly, the

Pressure could burst the

O ften,the rate of gate

penstock. C onsequently, the gate m ovem ent is rate

m ovem ent is lim ited even further in the buffer region
XCar full closure to provide cushioning

.

A block
stallilit)r studies

diagram  representation of the

is show n in Figure 9.10. This

governing

diagranl

system suitable for system

together w ith the diagranA of
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slax.

position = 1
gatePil

ot valve R
maD ead and

band servom otor

+ r  -h r  1 K  
-

1 
-

1 
-  

I
Speed 1+#V  ' s 1+NFs
ref. G ate

o r servom otorR
ma close M in. gate

position = 0

+

- h Perm anent

droop

8TRR

w -1+#/a
Transient

W en

droop

Param eters'. Sam ple data

Tp pilot

servonAotor

valve and

tim e

0.05 S

con stant

K

T

SerVO gain 5.0

m ain SerVO tim e constant 0.2 SG

R p

R v

TR

perm anent

tem porary

reset

droop

droop

0.04

0.4

tim e 5.0 S

C onstraints:

M axim um gate position lim it

gate position lim it

1.0

M inim um 0

R Yr  open

R  sse

# w =

m axim um gate opening

closing

closing

m axim um

rate 0.16 pu/s

gate rate 0.16 pi s

pu/sbu# m axim um gate rate 0.04
*

1l1buffered region

ill'bux buffered region Pu of 0.08 Pu
servonAotor stroke

F igure 9.10 M odel of governors for hydraulic turbines
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9.7 Provides û com plete m odel of the hydraulic turbine and speed-governingFi
gurc

system .
The
of dead

governor m odel shou *111 Figure

usually

9.10 has provision

to

for

bands.
cffects
magnitudes

in system

H ow ever, it is difû cult get data

representing the

that identify their

and locations.Consequently, dead-band effects are not usually m odelled

studies.

Electrohydraulic W Vdrs/r

M odern governors for hydraulic

ionally, thelr operation is very sim ilar toFunct

Speed

Speed
@

use electrohydraulic

that of m echanical-hydraulic

turbines system s.

gOVCCnOCS.
sensing, perm anent droop, tem porary droop, and other naeasuring and

uting are electrically. The èlectric cöm ponents providecom p

ter iexibility and im proved perform ance w ith regard to dead bands and tim e lags.grea

yhe dynam ic characteristics of electric governors are usually adjusted to be essentially
im ilar to those Of the m echanical-hydraulic governors.S

functions perform ed

Tuning of speed-governing systems

The basis for selection of hydraulic

review

turbine governor settings

discuss

*

IS covered *111

references 7, 13,and 14.W e Ahrill this btie;y here and it in detail @1l1

Chapter 16.

There are tAA?tl im portant considerations in the selection of governor settings-.
C

1. Stable operation during system -islanding conditiohs Or isolated operatipn; and

2. ykcceptable

synchronous

speed

operation.

of reSPOnSe for loading and unloading under norm al

For stable operation

R

under islanding conditions, the optim um
*

choice of the

tem porary

m echanical

droop

starting
F

tim e

and reset tim e TR is related to the w ater startlng tim e F and

Tu =lH  (see Chapter 3,Section 3.9.3)aSfollows (14j:

F
Rv (2.3-(F<-1.0)0.15)T

u

(9.41)

TR (5.0-(F<-1.0)U.5J F< (9.42)

ln addition,

The

the servosystem gain K s

stable

should be set aS high

w hen

aS is pràctically

unit

possible.

fullabove

supplying

stable

settings

an isolated

e n su re

load.

good

This

perform ance the is at load

operation

For loading

fot a11

represents

situations involving

the m ost Severe requirem ent and ensures

system islanding.

above

tilllkl
settings

and unloading during norm al

result in too slow  a response. For

be

intercoM ected

satisfactory

system  operation, the

loading rates, the reset

TR should less than 1.0 S,preferably clöse to 0.5 S.
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The above conficting requirem ents m ay be m et by using the dashpotbypuk
arrangem ent aS follow s'.

@ ss?itll the dashpot nOt bypassed, the settings

operation.

satisfy the requirem ents . : 7,û
r''

system -islanding conditions Or isolated

@ W ith the

acceptable

dashpot

loading

bypassed,the reset tim e TR has a reduced value,resulting à
,

rates.

The

to an

dashpot is norm ally not bypassed, so that in the event

islanding operation, the speed control w ould be stable.

of a disturbance

The dashpot

leadiug)

't-t'is bypasstètt
for brief periods during loading and unloading.

E xam ple 9.3

Figure E9.3 show s the block diagram  of the speed-govem ing system  of a hydraulitl)
unit supplying an isolated load. The speed governor representation includes a transient)

tdroop com pensation G
cls) and a governor tim e constant Fg of 0.5 s. (Sucà â))

representation m ay be readily show n to be a linear approxim ation to the govem ot7èl

l shown in Figure 9.10, with Fs=0.) The generator is represented by its equatiort)mode
-,. 
.

' 

., --yy-

'

of m otion w ith a m echanical stad ing tim e Tu  of 10.0 s and a system -dam ping
yt

coefûcient of 1.0 per unit.

Exam ine tllkl

frequency

stability of the

response w ith

speed-govem ing system , by considering its open-loop
,
.

'

(a)
(b)

N o transient droop

A  transient
com pensation,@1.e.,Gclss - 1

droop com pensation having the transfer function

1 + TRs
(7c(N) 1 

+ (RpIRp)% s

w here TR and lïv are determ ined by Equations 9.41 and 9.42.

Speed

ref.

l I

l 1 1 l 1- Tw s 1 à o+ 
l 1

-  E G (s)1 R
p c 1 + Tos 1 1 + 0.5Fvx Tus + K n

- -  

1 I ''- *  .
I l

Speed governor

Rp =0.05 To = 0.5 S F = 2.0 S F = 10.0 S K = 1.0M D

F igure E 9.3 B lock diagranl of speed-governing system
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Solution

(a) Without transient droop compensation fG (s) =1 . 01C

The feedback control system  of Figure E 9.3 has the standard fonn

uls) .. g(s) yls)E

H lsj

The open-loop transfer function of the system @IS

GH(s) 20(1-2x)(1+ 0.5N) (1+N) (1+ 10N) (E9.1)

This system has a zero corresponding to

S 0.5

and three poles corresponding to

- 0.1 - 1.0 , -2.0

The frequency response function for the system is obtained by setting s =g'œ so that

GH VO) 20(1-/2œ)
(1 + (E9.2)j0

.5oj (1+/*) (1+j10Y)

The g equency

The
response m ay be com puted using the linear approxim ation (Bode plot).

corresponding com er frequencies are

O 0.1 0.5, 1.0 ,2.0 rad/s

The linear approxim ation, padicularly for the phase plot, tends to be very approxim ate

in this case. W e w ill therefore com pute the frequency response accurately, w ith the

m agnitude characteristic given by

M (Y) 20 1+4*2

1+0 25* 2 1+ * 2 1+ 100* 2
*

and the phase characteristic given by

#(*) -120 -tan-lg 50 -os-1 o .tan-1 1go-tan .
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.

are plotted in Figure E9
.4. w k,

see from the sgure that the crosspver frequency œcl, which is the value of o f ;'t
which the magnitude is unity (0 dB), is 2.5 rad/s (0.4 Hz). The phase angle ';
crossover is -2900. The gain and phase m argins are '-

The m agnitude and phase as a function of frequency

G  +% -12

4%î -1100

The uncom pensated system is hence unstable.

(b) With transientdroop compensqtion

From E quations 9.41 and 9.42

TR (5.0- (2.0- 1.0) 0.5) 2.0 9.0 S

and

Rv (2.3- (2.0- 1.0) 0.15) (2.0/10.0) 0.43

H ence the transfer function of the com pensation *IS

1+9.0,(7
c(N) 1

+ (0.43/0.05)9.0,

1+9.0N

1+77.4,

This Adds a pole at :=-0.0129 and a Zero at :=-0.111. The open-loop frequency

reSPOnSe function of the overall system is

GHqo) 20(1-/2Y)(1+/9+)

(1+/0.5œ)(1+/œ)(1+j10Y) (1+/77.4*)

The corresponding m agnitude and phase

and

plots are show n @111

CCOSSOVer frequency
@

m arglns

O c2 is 0.25 rad/s the phase at CrOSSOVW

Figure E 9.4.

is -1380. The

Tài''
y .7.

u

'

aintg

and phase are

G 6m2 O

è-2 42O

The com pensated
@

system @IS thus
values

stable and the above

m arglns
low er value of reset tim e TR w puld increase the crossover frequency, 

,

in and phase m argins. The net effect w ould be a m ore oscillatory but faster contrdlti:ga

values of gain and phastt

f designt Ao com pensatorare considered good from the view point

tàçè')land decrease 
,.

system .
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Q=

Q

*

'thout com pensation20 1

10

ith com pensation G  1 = - 12 dB

I I I
l l I
l j z .6 ds I

l
1

1 1 I

I l I
-  l 0 ' l '1

l

I
l
l
I
l

- 20 I l , 1
1 i l I

I I I 1
l l I 1
I l I I
I I 1 I

I l 1 l
I I I I

- 30

10-2 10-1 / 100 ! 1 01

30

O * * Oc2 m 2 m l cl

Frequency in rad/s

*

X
O
=

Q
* -

%
=
m

@ *thout com pensatlon1

@ @th com pensatlon1

100

c2

I
- H O O I
-  

A r  Im l I
I 4 o  n  o

I I200 1 ,
I I
1 I

1 1.

I I = - j. 10oI I m 1
I I
I I

I I I
I I l

c 1 l I I
1 1 l

l I I l300 ' ' I '
l ! l l
I I I I

1
I
I
l

1
1
l
I

I l I l

l ç I 1400 l
- 2 -1 0 110 10 10 10

O O O Oc2 m 2 m l cl

0

Frequency in rad/s

F igure E 9.4 O pen-loop

w ith and w ithout tèansient

frequency response characteristics

droop com pensation
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- %,

PID g/Vdr//r (11,151

Som e witàr'

propodional-integral-derivative (PID) action, as shown in Figure 9.1 1. These a1l:-4,))t

the possibility of higher response speeds by providing both transient gain reductiitt
d transient gain increase. The derivative action is benefcial for isolated operatiktlan
ticularly for plants with large water starting time (F.=3 s or more). Typical valuktpar

are Kp =3.0, K)=Q.7, and Kp =0.5. However, the use of a high derivative gain y.1.
-.'))transient gain lncrease will result in excessive oscillations and possibly instabils)

hen the generating unit is strongly connected to an interconnected system. Therefor-ylt)W i
the derivative gain is usually set to zero; w ithout the derivative action, the transfyt/

,

function of a PID (now Pl) governor is equivalent to that of the m echanical-hydrauljty
The proportional and integral gains may be selected to result in the desiret' )governor. .)

tem porary

electrohydraulic governors are provided w ith three-term  controllers

droop and reset tim e.

K p

+

Speed + x  + r  UK  + x  Pilot G ate
ref. s servo servo

O r

Nlco

G ate

F igure 9.11 PlD governor

9 .1 .4 D etailed H ydraulic System M odel

The conventional hydraulic system m odels developed *1l1 Sections 9.1.1 and

9.1.2 neglect the effects

surge tank, if present,

penstock.

of w ater

W a S

com pressibility

assum ed to be ideal

and

and

pipe elasticity.

to isolate the tunnel

ln addition,thç

from the

n ile these assum ptions are valid for a w ide range of system
*

studies,there

are Enany applications w here a detailed hydraulic system m odel IS nCCCSSRCY to

accurately account for the dynam ic interaction betw een the hydraulic system and thet

POW er system .

W e w ill frst develop the pressure-iow

detailed

W ave equations in a closed conduit and

then apply them to derive a m odel of a hydraulic plant.
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5eC.

Fg#ë uation:# # ow J conduit J2,V

Considertheflow of water through theconduitshown in Figure 9.12(a).W hen
is partially closed suddenly, a pressure w ave is set up w hich m oves upstream .atC 

.the g
14 section of the conduit illustrating the effect of the pressure w ave in stretchingA sh0

duit walls is shown in Figure 9.12(b). The relationships identifed in the fguretàe C0n
ond to the instant w hen the w ave front is at a section of the conduit distance

COJCSP .
x from tlltlCCSCFVOIC.

Let the Pressure #

of the

*

111 the slice

CCCB4OZ S second law) svater @111

Ax increase by hp .

the pipe' section is

The equation of m otion

(d > p) dt -dA# (9.43)

where P = m ass densitlr. The change @1l1PCCSSUFC in ternAs of change in head @IS given

ày

A # PJ L H
#

R eservoir

- L

<  - a - U
X  - - -

G ate X

(a)Hydraulic system confguration

H totalhead (static plus

H +M I
D +&  H  U  <

W Au

* waterhammer)

velociU w ater t)r

A area of conduit

2ZD 14

G X * = thicknessof conduit wall
J W ave velocity

(b)Stretching of the conduitwallat the Wave front

F igure 9.12 W ater ; ow  through an elastic conduit
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,

w here Jg=acceleration due to gravity. B y taking

A & , and A f, E quation 9.43 m ay be v itten as
infnitesim ally sm allvalues ofy

,

OU  OH
-  = - J  -ot # ox (9.44)

The increase *1l1volum e due to stretching of the conduit w alls *IS

AV ADM A# (9
.4%Ef

w here

E Y oung's

thickness

m odulus of elasticity

w all

of pipe m aterial

* ofpipe

The change in volunAe of w ater in the section due to com pressibility of w ater @IS

# AxA F
c A# (9.46)

K

w here

K bulk m odulus of com pression of w ater

The increase in m ass of w ater in the pipe
*

IS

section due to the com bined effects ofpipe

elasticity M d svater com pressibility

âm p(AV + AV )

(9.47)
px ax g)+ Asyjar

This should be eq
@

ua1 to the

the period

follow s-.

A / glven by the

change

difference

*

111 DXRSS of w ater AAritllill the pipe section during

sectionill flow into the section and Out of the

R S

Lm pd UA/- p(U +LU)ALt (9
.48)

- pA L U â t

E quating the expressions for h m given by E quations 9.47 and 9.48,W e have
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L U

A x

1
. D >A

-  

-  r  -

# Ef A/ (9
.49)

1 D  A #
-  

- + -  D J  -

K Ef ' # ht

By king infnitesim allyta sm allincrem ental vilues, the above equation m ay be w ritten

as

PU  OH

Px ot
(9.50)

where

1 D
90 - +-# K Ef (9.51)

Equations 9.44 9.50 are hydraulic equations w hich determ ine the flow

of & com pressible S uid through a uniform  elastic pipe, w ith friction neglected. These

equations are sim ilar to the electrical transm ission line equations; the fluid velocity

U and head H  are analogous to the transm ission line current and voltage, respectively.

These equations m ay be conveniently solved using L aplace transform s. A s show n in

reference

and the basic

6,the solution *IS given by

Hz #1>ech(6N) -zooatanht6x) (9.52)

1Q
1 Qacosht6y) + - Szs1'nht6x)V (9.53)

yvhere

F = elastice tim e

conduit length L .
=  = L (9

.54)
WavevelocityJ (-kï-a a

Zo = hydraulic Surge inapedancç of the conduit

w ave velocity a 1
=  = (9.55)d

l# 3 Xa a
= w ater ; ow = A U

O d the subscripts 1 and 2 refer to the conditions at the upstream and dow nstream

ends of the conduit
, respectively.
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Typical values of w ave velocity

tunnels.
(a - agla )for svaterare 1220 ID Sforstttl

conduit and 1420 m /s for rock

Expressing E quations 9.52 and 9.53 *111Per unit form Alritll rated head H r and
rated ;ow QraSbase values,We obtain

H2 # h(nx) -z Q- tanhtns)SeC a1 
n

(9.56)

Q1 - h(4x) +- # s1'nhtnx)Qzcos a
Z

1 (9
.57)

w here Z&

by

*

IS the norm alized value of the hydraulic Surge im pedance of the conduit

given

Z z-(s.) (9.58)
ln per unit, w ater ; ow *IS equal to velocity, since

Q

Qr

A U

A U r

Thereforeu E quation

velocity

9.57 *IS valid with the Per unit ;ow Q replaced by Per unit
U .

ln the above form ulation,

the approach

approxim ated

friction has been assum ed to be negligible. Follow ing

used in reference 6, the effect of head loss due to friction m ay àt

by m odifying E quation 9.56 as follow s:

H2 # h(F s) - z U-sec1 
e n

tnnhtnx) -kyö, I pzI2 (9.59)).

w here ky is the

W riting

head loss constant due to friction.

E quations 9.57 and 9.59 in ternzs of deviations of head and velocityl'ë

from steady-state values, W e obtain

hz àlsecht6x) -Zauzt8nh(6x) -è% (9.6û)C

21 uzcoshtr 1 .sj + 
- àzs1nh(6l)e z (9.61)

w here

h = deviation of head (H -Ho) *111Pu
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=  deviation of velocity (U-% ) @111Pu
è
Uzz

=  friction coeff cient =2k/ U20
@ * *

= 1n1t1al steady-state value of dow nstream velocity Uz

Modelof hydraulic plantwith S@ SMrge tank

R eferring to Figure

penstock

9.13, for a large

that

reservoir, the deviation *1T1 head at the

npstream

9.60,

end of the is Zero; *1S, h = 0.W
@

IS

Therefore, based On E quation

tlltl expression for turbine head deviation

= -Z uftnnht6sf) - kputp (9.62)

Consequently

nstockPe

the transfer function relating head ànd ;ow atthe turbine end of the
m ay be w ritten aS

F@) t
DN

- 1
ès+ zstanhtnsx) (9.63)

where

Z#

è,

norm alized hydraulic im pedance of penstock

friction coeff cient of the penstock

F

1k
p l Uto l

elastic tim e
ep

of penstock

R eservoir

A P

hw
N /

Turbine W

m w ' x
. 'v  ht

à,

%#

turbine head deviation

reservoir head deviation

&f turbine velocity deviation

N# QPPCF penstock velocity

deviation

F igure 9.13 H ydraulic plant shritll no Surge tank
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The transfer function F@) of Equation 9.63 representsa distributed-parametcv
system , Ah?itll

1-e-2F sep

2
n-x sr

F Z  1 + ep
e#
n = 1 n %

2
n-. gsrZ  1 

+  BP

n= 1 (24-1)1

tanht6sx) (9.64)
1+e-2F sep

The infnite product expansions of E quation 9.64 are required to Preserve

approxim ated

a1lt*t

characteristic
Z
yoots of F(s) . H ow ever, the transfer function m ay

a lump ed-p aram eter equivalent by retaining an appropriate num ber of term s

expansions, dçpending on the purpose of the study and the accuracy required

be Ly

of tht

2161.

L um p ed-p aram eter app roxim ations

sh?itll n = 0,tenhtF s) = F sep ep and

- 1F(s4
$ + Z T sP P ep (9.65)

FronA E quations 9.54, 9.55, 9.58,and 9.27,W e See that

Qr LZ T
P f#

F (9.66)
H  # Jr # <#

T hus,

friction neglected,

Z  Tep isp equalto the w ater starting

E quation 9.65

tim e FWp

is the sam e as E quation

of the penstock at rated load.sêi?itll

F(s)given by 9.268 for q/b
derived ill Section 9.1.2.The approxim ation n = 0 is therefore equivalent to assum ing

the w ater colum n to be inelastic.

sôTitll n = 1 the frst pple and Zero of the tar;A function (representing thç
fundam ental harm onic of the svater colum n) are preserved. The corresponding
expression forthe transfer function 17(s) *IS

- 1F(s) è +F# (9.67)
zls)
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whcrc

Fz(s)

sw.
,g1-s2(6a-)21z

s

tnnht6sx) (9.68)g1-s-(2),)-j
F0r ost PoW er Systemm stability studies the above approxim ation should be adequate.

Exam ple 9.4

The paranleters of a penstock are as follow s:

ater stad ing tim e Twp

E lastic tim e Tep = 0.5 s
W 1.0 S(at fullload)

The head loss due to friction m ay be neglected. Exam ine the accuracy of lum ped-

param eter

reSPOnSe

approxim ations to the w ater ham m er

characteristics of the S mlh G  transfer

effects by considering the frequency

function at full load.

Solution

The norm alized hydraulic im pedance of the penstock @IS

F

F

1.0

0.5
Z# 2.0

ep

From Equation 9.63,with ( =0, the water colum n transferp function @IS

htls)
yf@) -z ta% (FesN)p

(E9.3)

- 2.0tanh(0.5x)

C om bining the above w ith E quations 9.2 and 9.58 gives

LPm(&) 1-z tpnhtnsx)#

lz tanhtn
s

x)1+ 2 p2k (;(s)

(E9.4)

1.0-2.0tnnh(0.5x)

1+ tanh(0.5#
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i %

w here

1- ct
a% (0.5N)

n-- ; 5s 2
0.5, H  1+ '

z,- 1 n z

1 + e -S D=*
H
n = 1 1-((a---1,-)-j

sôJitlln=0 (inelastic watercolum n)

A# (N) 1.0-x

1.0+ 0.552k (;(s)

This represents the classical transfer function.

Figure versus frequency plots of the transfer functign

hpmlhG given by Equation E9.4, when tanh(0.5J) is represented exactly and Ly
approxim ations corresponding to n =0, n = 1, alld n =2. The corresponding phase

characteristics are shown in Figure E9.5(b). It is seen that the classical m odel is valid
up to about 0.1 Hz. W ith n= 1 (i.e., with the fundam ental com ponent of the water
colum n represented),

E9.5(a) showstllklm agnitude

the lum ped-param eter approxim ation is valid UP to about 1.0 H z
.

1
S

R
=
>

.t
Q
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E xact n = 1

n=0 (inelastic) n=2

Figure E9.5(a)
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0

- 200

- 4001

<

à -600

=
m

- 800

- 1000

- 1200
10-2 10-1 100 101

Frequency in H z

E xact n = 1

n =0 (inelastic) n=2

Figure E9.5(b)

M odelof hydraulic plantwith &2F#d tank

A

increase
surge

w hich accom panies

ta% is sonletinles installed near the turbine to reduce the Pressure

rapid closure of turbine gates.The kinetic energy of the

iow ing

relieving

com partm ents:

svater in the penstock is conved ed to potential energy in the Surge tank,thus

the Pressure. A differential Surge tank, show n @111 Figure 9.14, has tAArtl

a sm all area riser coM ected by oris ces to a large area tank.The riser

helps suppress

The

w ater ham m çr and the tank provides the w ater storage/supply function.

follow ing are the equations of the various com ponents of the hydraulic

system :

forrn.

tunnel,

W
surge

ater velocities

tank,penstock,

heads

and the reservoir.A 11 equations

from

are *111 PCr

values.

unit

and are in ternls of deviations steady-state

Equation 9.60 applied to the tuM el yields

hr àwsechtrecf) -Zc&ct8nh(F:cS) - kcuc (9.69)
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.

R iser

hr h R
esew oirSurge s

tank

TuM elt
- -  

hw
u + &
S F

N  - &P 
c

Penstock

ut hw = reservoir head

Turbine hr = riser head

hs = surge tank headh
t ht = turbine head

uc = tunnel w ater velocity near surge tank

ur = riser w ater velocity

us Surge taA w ater velocity

+&
& /

= upper penstock

= turbine

w ater velocity

w ater velocity

F igure 9.14 H ydraulic plant w ith Surge tank

For a large reservoir, the deviation in head at the upstream end of the tunnel @IS ZCr0'

hence,h =0.W In addition,

approxim ated

the W ave effects in the tunnel are insigniûcant and the T g
e

ternA m ay

E quation 9.64.

be by setting n =0 in the infnite product expansion form of

Therefore, E quation 9.69 sim plis es to

AA -srwcuc - kcuc (9.70)

w here

F svaterG
c

starting tim e of the tunnel Z F
C

èc friction coeffcient of the tuztnel eczk
c I Uco I

The ; ow  rates and velocities at the Surge tank arC related by the continuity equation

C
(us+ &r)+ up (9.71)

The w ater velocities in the Surge tank and the riser are related to the riser head by the

equation

u  + &
S r

ST  hS 
r

(9.72)

w here F, @IS the Surge tank riser tim e.
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eC .

The Surge tank and riser heads are related by the equation

11 hs+k (Ms+ur)S (9.73)

wherc

Surgetank friction coefscient 2kyI Uso+ &ro

gnder steady-state

from  Equation 9.72,

conditions, the tim e derivatives of a1l variables are Zero. H ence,

using total values rather than increm ental values, W e have

U + U,0 r0 F
dH

0
dt

Thereforej+5=0 and Equation 9.73 reducesto

11 16 (9.74)

Application of E quations 9.60 and 9.61 to the penstock yields

DN hrsecht6sx) -Zpu,tpnh(6sN) - è# t (9.75)

+& ufcoshtr 1 .s) + 
- àrs1nh(Fesx)ep z
u p

(9.76)

where

Zp

è#
F

hydraulic

friction

im pedance of penstock

coeff cient of penstock 2k# Ur0

= penstock elastic tim e

Fronl Equations 9.70 tp 9.74, the tunnel and Surge tank transfer function m ay be

written aS

hS %c+sTF
1
@) Gc (9.77)

p 1+,w èS C 2F+S TGc s

The overall transfer function relating the w ater velocity

by using E quations 9
.74 to 9.77, is

to head at the turbine,form ed
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.

F(s) t
ht

1+ gF1@)/zpjt8nh(6sx)- -  .  .  -

*p+L *  +V tanh(V x)
(9.78)

1 + gF1(s)/z,2jFz(x)
+ F1@) + Fzls)P

w here

Fzls) zstanht6sx) (9.79)

A s noted earlier, F(s)
is

represents a distributed-param eter

product

paranAeter

expansion required ttl accurately represent

in the expression

system

function F

and an inEnite

the

approxim ation to Fzlst , with n =1 for
(s) . A lumpek-2

tamztresN) , is given
by E quation 9.68.

The com plete hydraulic system *IS represented by

Figure
the transfer function 1v(s)

relating turbine velocity t;owl
diagram  of the hydraullc turbine

diagram  is based on Figure

ham m er

to the turbine head. 9.15 show s the block

AlritllF@ representing the hydraulic system .The
9.7 and has been m odis ed to allow  representation ofw ater

and Surge

follow ing

taA  effects.

The are sam ple values of paranleters associated Al?itll the

representation of F(s) (61:

F = 13 Sec Z  = 4
C è = 0.009C F =900S S

F = 0.25 S Z =4# $ =0.001p

-  G  H  - ut U  + #  - =
g d , +  

-  -  a E F@) + E E  c + #r T.
UIG + + -

H  U  U  Y0 0 NL

F igure 9.15 H ydraulic

svater

turbine block diagranl including

ham m er and Surge tank effects
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lf there isnO Surge taA ,FFcand tcarC ZCr0,and thetransferfunction F1(x)

vA shes
Equation
neglected,

in E quation 9.78. The transfer function

9.67. lf in addition the w ater ham m er and
F(s) reduces to that given

friction effects in the penstock

by

a re

F@ simplifes to the conventionalform

1Flsj (9
.80)

ST<#

lf Water
m odelled,

ham m er effects in the penstock are to be neglected and Surge tank is to be

17z(s)in Equation 9.78 @ISsetequalto STWp '

9,1.5 G uidelines for M odelling H ydraulic T urbines

The m odelling

and

detail required

characteristics.

for any given study depends on the

tudy
@

the system
@

The follow ing are general
scope

guidelines for

of the

the

selectlon of approprlate m odels.

Governor tuning studies

FronA the results of E xam ple 9.4, W e See that there could be signif cant

m odeldifferences

the sim plif ed

have negligible

betw een frequency response characteristics of the exact elastic and

inelastic m odel of the w ater colum n,

effect on the conventional

beyond 0.1 H z. These differences

governor w ith transient droop com pensation

0r the equivalent

accurate

Pl controller. The larger bandw idth of PlD controllers requires a

;n0rC representation of the penstock

2) should
*

w ater colum n. U sually a lum ped-

paranAeter approxim ation (with n =1
natural

Or be acceptable.

orderThe Surge
@

tank period

studies

IS 0n the of several m inutes. 1ts

representation 11l governor tuning @IS usually not neçessary.

Transient stability studies

The hydraulic turbine governors have a very slow  response from  the view point

Of transient stability. Their effects are likely to be m ore signif cant in studies of sm all

isolated system s. A nonlinear turbine m odel assum ing inelastic water colum n (Figure
9.7)
for

w ould be adequate for such studies. The speed governor m odel should account

gateposition and rate lim its(Figure 9.10).

Small-signal stabiliy studies

The speed governors have negligible

1.0

effect on local plant m ode

effect

oscillations of
frequencies

oscillations

m odelled

On the order of H z.H ow ever, the On l()A4r frequency interarea

of frequencies below  0.5 H z m ay be signif cant. These effects can be

adequately by linearizing the nonlinear turbine-penstock. m odel of Figure 9.7
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and the

prudent
governor
to consider

m odel of Figure 9.10. For plants Ahritll long penstocks, it m ay bi

the xvater ham m et effects.

Sm all-signal studies are also ideally suited for investigating interactiox
.

.L.
pow er oscillations.betw een the hydraulic system dynam ics and the netw ork

L ong-term dynam ic studies

D epending on the

representation of the turbine

includes

nature of the problem , a Very detailed nonlinet

and water colum n dynam ics m ay be required.W s
travellihg

*

W ave effects and

for studylng
*

problem s
*

associated
surje tank dynamics.
w lth special plant

Such studies

layouts

are invaluablt

and establishing

approprlate Operatlng procedures.

9 .2 ST EA M TU RBIN ES A N D G O V ERN IN G SY STEM S

A  steam turbine conved s stored energy of high pressure and high tem perature

steam into rotating energy, w hich @IS @111 turn conveh ed into electrical energy by the

generator.The heat source for the boiler supplying the steam m ay be a nuclear reactof

Ur a furnace sred

Steam

by fossil

turbines w ith

unit size and steam

or gas).
a varlety of consgurations have been built depending on

conditions. They norm ally consist of tw o or m ore turbine sections

fuel(coal,
*

(lil,

Or Cy
attached

linders coùpled in series.E ach turbine section consists of a set of m oving

blades

blades

to rotor and a set of stationary Vanes.The m oving

form  nozzles or

arC called buckets,

in w hichThe stationary VanCS,referred to as nozzle sections,

kinetic
Passages

steam *IS accelerated to high

torque

velocity. The energy of this high velocity steam
*

IS conved ed into shaft by the buckets.

A turbine Ahritll m ultiple sections m ay be either tandem -comp ound Or CrOM -

comp ound.

single

colm ected
genetator

I11 a tandem -com poùnd

. In contrast, a cross-com pound turbine consists of tw o shafts, each

generator and driven by one or m ore turbine sections; how ever, it is

turbine, the sections are al1 On one shaft, w ith a

to a

designed

com pounding

expensive. lt is

and operated as a single unit

results in greater capacity

w ith One set of controls. The CrOSS-

and im proved efsciency,
@ * @

111

but is m 0rC

seldom used nOW 'm ost neW units placed Servlce 111 recent YCaCS

have been of the

F ossil

tandem -com pound design.
-fuelled units can be of tandem -compound Orcross-com pound design.

Typical consgurations of tandem -com pound turbines and cross-com pound
fossil-fuelled units are show n in Figures 9.16 and 9.17, respecfively.

com pound

rotating

1800

turbines for

Tandem -

units run at 3600 /m inr . C ross-com pound units

at 3600
1

r/m in,Or DAOrC com m only, One shaft at
m ay

3600 r/m in

have both shafts

and the other at

/lzl1-l1r .

1 Turbihe speeds given here correspond ttl 60 H z systenAs
. F or 50 H z system s, the

corresponding speeds are 3000 r/m in ànd 1500 r/m in.
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Fro:3 boiler C rossover 
.

M SV

C V

ShyRJ;I) 
- - - - - -  I.II I.P --- -- C) > qro

C ondenser

PoW er

(a) N on-reheat

system

C rossover

M SV

CV

R SV

lV  C ondenser

R H

(b)Single reheat

C rossover

M SV

CV

J;P ------ jp jjl ------ J.!I ).!I ------ J.II ).P ----- (;

R S

lV  C ondenserR H

(c)Single reheat

C rossover

M SV

CV
ShaR

R SV

lV  C ondenserR H  R H

(d) Double reheat
Figure 9.16 C om m on confgurations

steam  turbine of fossil

of tandem -com pound
- fuelled units
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From boiler R H  R SV

M S IV

C V

3600 E/lpsin  o

ShaA

C rossover

1800 f/lpin n

ShaR

To condenser

(a)Single reheat,3600/1800 r/m in shaftspeeds

M S

C V

R H

ShaA 3600 r/m inR S
C rossover

IV

IP ------- I;P I.P -- --- (yz

To condenser

(b)Single reheat,3600/3600 r/m in shaA speeds

M SV

C V

1

IV

R SV

ShaR 3600 r/m l'n
C rossoverR H 1 R SV  R H 2

IV

To condenser

(c) Double reheat,3600/3600 r/m in shaû speeds

F igure 9.17 Exam ples of cross-com pound steam turbine conf gurations
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,C -

steam  M SR  M SR  M SRFrom

efatofgen
A4SV  R SV  R SV  R SV

CV  IV  1V  1V

C ondenser

F igure 9.18 A n exam ple of nuclear unit turbine conû guration

D epending on the turbine consguration, fossil-fuelled units

yessure (HP), interm ediate pressure (1P), and 1ow pressure (LP)?
They m Ay be of either reheat type or non-reheat type. In a reheat

team  upon leaving the H P section returns to the boiler, w here it isS

heater (RH) returning to the IP section. Reheating im proves effciency.fe
Som e units have neither an IP turbine section nor a reheater, in w hich case the

steam  passes directly to the L P section. O n the other hand, som e units have tw o

heater sections.fe

The steam  exhausted from  the turbine is expanded to subatm ospheric pressure

consist high

sections.

of

turbine

type

passed

turbine, the

through a

before

and condensed ilz a condenser before returning to the boiler to repeat the cycle.

N uclear units usually have tandem -com pound turbines and run at 1800 /1lz1-11r .

A typical conûguration of the turbine

section and three L P sections. The H P

is show n in Figure 9.18.It consists of one H P

exhaust steam

Separator-

feduces
reheater (M SR)

content

before entering

steam

the L P
passes

turbines. The

through
@

the m oisture-

m olsture separator

reducingm oisture of the entering the L P section,
@

IS

thereby

tom oisture losses and erosion rates. lligh-pressure steam used reheat the H P

exhaust(notshown *111sgure).
A s show n in Figures 9.16,

and nuclear units are equipped

large steam  turbines for fossil-fuelled

with four sets of valves: m ain inlet stop valves (M SVs)
the

9.17 and 9.18,

Od controlvalves (CVs),and reheater stop
each

valves (RSVs) and intercept
parallel.

valves

(lVs).
turbines

N orm ally, there are at least tw o of of these valves @111 h4any

y m ore operating in or

sequentially. The stop valves are prim arily em ergency trip valves and are not norm ally

Bsed for control of speed and load. The m ain inlet control (governor) valves m odulate
the steam  ; ow  through the turbine during norm al operation

. C ontrol valves as w ell

as intercept

actuall have four or control valves, either parallel

valves are responsive to overspeed follow ing a sudden loss of electrical
load.

The control valves arC usually of the plug diffuser type w hereas the intercept

valvesm ay be either plug type or butterfy type (used norm ally for nuclear units). The
steam  now  area versus valve position characterissics of the tw o types of valves are
sàow n in Figure 9

. 19.
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I
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100%

d

Y

O
>

A

50%

/
/

/

0 50% 100% 0 50% 100%

V alve stroke V alve stroke

(a)Plug-type valve (b)Butteriy-type valve

F igure 9.19 Steam valve ; ow area Versus position characteristics

I11 the follow ing sections W e describe the characteristics and m odelling Of

steam  governing system s. In addition, w e discuss the

requirem ents for protecting steam  turbines during abnorm al frequency conditions.

T orsional characteristics of the turbine-generator shaft system  and their im pact

on the

turbines and the associated

perform ance of the POW er system arC considered in C hapter 15.

9 .2 .1 M odelling of Steam T urbines

B efore W e develop the m odel of a com plete turbine, 1et US frst derive the

transfer function of a steam vessel and the expression for PoW er developed by a

turbine stage.

Tim e constantof a steam vessel

MN

Qin F Qout

F igure 9.20 Steam vessel

The continuity equation for the vessel *IS

dW

dt
F

dt
Qin- Qout (9.81)
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where

w eight

Fp
of steam @111the vessel(kg)

M = volum e of vessel 3)(111
k /m 3)( g
rate

density of steamP

steam m aSS;ow (kg/s)
f tim e (s)

Assum ing the ;ow out of the vessel to be proportional to Pressure in the vessel,

Q QM

Po
P (9.82)out

where

P Pressure

rated
of steam in the vessel(kPa)

%

# 0

P0
Pressure
S owrated Out of vessel

syritllconstant temp erature illthe vessel,

dt

d P Ad

dt
(9.83)

OP

The change *111 density

be

of steam Arritll respect ttl Pressure (0pI0P) at a given
tem perature m ay

E quations

determ ined from steam tables.

FronA 9.81, 9.82,and 9.83,W e have

Qin-o %0 d PV
-

out 0# dt

F o # dQ ut
P# Qo (9.84)d

t

dQT out

F dt

where

#

11FOPFz (9.85)
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:

ln L aplace form ,E quation 9.84 m ay be v itten aS

Qin-oout Tvsoou,

O r

Qout 1

1 + F
(9.86))Q

in SF

E quation

con stant.

9.86 represents the transfer function of the steam vessel, and FV is its time 
,

Torque develop ed â' J steam turbine stage

In m odern steam turbines the force on each rotor blade,and hence the

torque, *IS proportional ttlthe steam ; ow rate.Thus
turbint

7 :

. 
.

'

Tm kQ (9 87)è''@ . (.'

w here k is a proportional constant.

E xam ple 9.5

The follow ing data relate to a reheater steam  volum e'.

11 = 230kg/s F =115 3m
Po 4140 kPa OP = 0.0035

C alculate the reheater tim e constant.

Solution

From E quation 9.85, the reheater tim e constant *IS

P0 VPFT

R @û OP

M4 1 4230 x 115 x 0.0035 7.25 S

C om p lete turbine m odel

To illustrate the m odelling of steam turbines, 1et US consider a fossil-fuellez'è

single

conû guration

reheat tandem -com pound turbine,

elem ents

a type @111 COnUnOn use. The bas1-c''. è

identifying the turbine that need to be considered f0r purposet
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odellingm isshou @111Figure 9.21(a)..
Steam enters the H P section through the control valve and the inlet piping.The

usingh0 for the control

in the

valves is called the steam chest.A  substantial am ount of steam

is
sed?aS

h the reheat intercept valve (IV) and the inlet piping. The crossover pipingthroug
ides a path for the steam  from  IP section exhaust to the LP inlet. Since the stopf0v

? 1 rovide a backup m eans of stopping steam  f ow
, they need not belves m ere y pva

gelled in system  studies and are not shown in Figure 9.21(a).m0
A s indicated earlier, the control valves m odulate the steam  S ow  through the

tnrsïne for load/frequency control during norm al operation. The reSPOnSe of steam

cheststored and the inletPiping to the H P section.The H P exhaust steam @IS

tk ough the reheater. The reheat steam S ow s illttl the IP turbine section

;0W
hargingC

ttl a change *111 control valve opening exhibits a tim e constant Tcn due to the

and the inlet piping to the H P section. This tim etim e of the steam chest

constant is on the order of 0.2 S to 0.3 S.

The intercept
*

POW er

valve *IS norm ally used

m çchanical

sinct

generate
*

it is Ahead of the reheater

ln the event of an overspeed.

only

lt is

for

Very

rapid control of

effective for this

turbine

PUrPOSC,
and controls steam f ow  to IP and L P sections,

the

w hich

nearly 70% of the total turbine POW er. The steam tlow @111 IP and L P

sectlons Can

holds a substantial

change only Ahritll the buildup

of steam  and the tim e constant F

of Pressure @111 the reheater volum e. The

reheater
# # *

lt IS ln

additional

the

am ount associated Ahritll#S

range
tim e

of 5 S to 10 S.The steam S ow illttl the L P sections experiences

is on the order

a n

constant F associated w ith the crossoverCO Piping;this

of 0.5 S.

Figure 9.21(b) shows the block diagranA representation
the

of the tandem -

com pound

reheater,

representation

piping. This is to allow  com putation of reheater pressure to account for the effects of

intercept valve actuation. C are m ust be taken in selecting a per unit system  for

specifying the turbine param eters and variables. A  convenient per unit system  is one

with base pow er equal to the m axim um  turbine p ow er at rated m ain steam  pfessure

with the control valves fully open. In this system , C V  position is 1.0 pu w hen fully

turbine.reheat The m odel accounts for effects of inlet steam chest,

and the nonlinear characteristics of the control and intercept valves. The

of the reheater differs from  those of steam chest and L P inlet crossover

0Pen.The SunAof the POWCrfractions of the variousturbine sections (JPHP+JPIP+JPz#)
is equalto 1.0.

The Per unit turbine PoW er P mech SO com puted
@

IS llllzltilllietl by
@

111

the ratio of
*

111 M W to M V A base to obtain the turblne m echanical POW CC

system .

PCr unit of a

com m on M V A base used for representing the com plete PoW er In this system

per unit torque is defned aS

F O base

#
Tm (9.88)

b% e

T*uS, at steady state
, Per unit m echanical torque @IS equal to PCr unit m echanical

Pow er.
X
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R eheater C rossover

From  boiler

C V IV

Steam Shaft

To condenser

(a) Turbine confguration

F up

M ain steaï
press re P v

C ontrol R H  
pressurevalve

V élve 1 + - 1 1 + + Tm #- : Tmc
l X l F LP X

position 1 +sTcu #F>  1 +sTco . M V A ,U,.
H P

Flow  area lnlet n ow  R eheater IP C rossover
steam  chest tlow

V alve position F gp
Flow  area

lntercept
valve

(b) Block diagranl representation

P aram eters

Tcu = constant steam

TRH = tim e constant öf reheater
Tco = tim è constant of crossover piping and L P inlet volum es
Tm = total turbine torque in per unit of m axim um  turbine pow er
Tmc = total turbine m echanical torque in per unit of com m on M V A
Puu  = m axim um  turbine pow er in M W
F gp, F zp, Fgp = fraction of total turbine pow er generated by H P, 1P,

tim e of m ain inlet volunzes and chest

base

W hbase LP jçctions, respectively
com m on M VA base

F igure 9.21 Single reheat tandem -com pound steam turbine m odel
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Typical values of param eters of the m odel show n in Figure 9.21 applicable to

tandem -com pound single reheat turbine of fossil-fuelled units are

Fgp

Tcs

0.3 F IP 0.3 F f# 0.4

0.3 S F 7.0 S F 0.5CO S

The m odel of Figure 9.21 Can also be used to represent a nuclear unit turbine

àaving the
Typical

conû guration show n in Figure 9.19. In this Case,there is no IP section and

hp=0. valuesof theparam eters are

Fup

Fcs

0.3 F IP 0.0 Ff# 0.7

0.3 S F 5.0 S FCO 0.2 S

This odel neglects m ain steam  ;ow  usedm

The m ost signis cant tim e constant

reheating the H P exhaust.

encountered in controlling steam

for

flow and

tàeturbine POW er
@

*

IS that associated Ahritllthe reheater.Therefore,the CeSPOnSCS

turbine.

of the

feheat turblnes arC signif cantly slow er than those of the non-reheat

simpl6 ed transfer function

FronA Figure 9.21(b), a sim plifed transfer function of the turbine relating
erturbed values

àe v itten as follow s:
of the turbine torque (AL )and controlvalveposition (AV r)m ay

A F Fup 1 - FHP
A F - +-1

+NFCV CH (1+x4s)(1 +sTv ) (9
.89)

1+NF FHP

(1 + Nçs)(1 + sTv )

111 ANqritilléj the above transfer function, it @IS assum ed that FCO is negligible @1l1

com parison

linear.

shritll F lnSS' addition, the control valve characteristic *IS assum ed to be

fOr

Figure 9.22 show s the response of a tandem -com pound turbine w ith Fas =7 s,

a ram p dow n of control valve opening by 0.1 pu in 1 second. It is interesting to

Com pare
clear that the

these results w ith those of the hydraulic turbine show n @111 Figure 9.4.lt *IS

reSPonse of a steam turbine has no peculiarity such as that exhibited by

a hydraulic turbine due to w ater inertia. The governing requirem ents

turbines, in this respect
, are m ore straightforw ard. The control action, as

Exam ple 9
.6, is stable w ith the norm al speed regulation of about 5% , and

need for transient droop com pensation.

of steam

show n *111

there *IS nO
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1.0

Pow er

V alve0
.9

0 1.0 2.0 3.0 4.0

T im e @111 seconds

F igure 9.22 Steam turbine CCSPOnSC to a l-second ram p change @1l1 C V opening

F = 7.0 S, F HP = 0.3 ; F and FCH CO negligible

E xam ple 9.6

Figure

generating

E 9.6 show s a sim plifed block diagram of speed control of a therm al-

tandem -

by

unit feeding

reheat type w hose

isolatedan load. The steam turbine *IS of the

com pound single transfer function m ay be approxim ated

A F
- X

A F

1 + F T= sHP

C V
1 + Tv s

w here Fss =6.0 s and F =0.333. The m echanicalHP stad ing tim e Tu  of the generator is

12.0 S.

Speed ref. . 1 1+2
.0s 1 a Y ,E  

-  
.

R  1 + 6.0, Tu s

Speed droop Turbine G enerator Tu = 12

F igure E 9.6

Determ ine (i) thelowest value
value of R  for w hich the

of R  for w hich the speed control is stable,

speed control action is critically dam ped.

and (ii) tàe
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Solution

(i) The characteristic equation (1 +GN =0)of the closed-loop system is

1+2.05 1 1'1 
+  -

1+ 6.05 12N R
0

This sim plifes to

2 12R +2 1
S + S + 0

72R 72R

This *IS in the standard form

2 2
S +24* s+on 0

Fèt stability the follow ing conditions m ust be satisfed

1
- > 072 R Or R > 0

and

12R +2 > 0
O r

1R >
-

-

72# 6

Therefore, any positive value of R  w ill result ill ltstable reSPOnSe.

W ith the standard 4 to 5% droop, the speed control is quite stable. U nlike a hydraulic

does not require transient droop com pensation.turbine, the steam turbine

(ii) Forcriticaldamping,(=1.0.Therefore,

12(*
.

2 x 1.0 x 12R +2

72#

H ence,

288# 12R+2)2(

Sim plifying,w e fnd

R 2- 1
.667# +0.0278 0
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Solving for R ,w e have

R 0.017 Or 1.65

From practical

critical

considerations, the losver of the above tw o of signincance
.,i

.e., a gain of 59. 4

values @IS

Thus, dam ping can be obtained w ith R = 1.7% ,

D etailed generic m odel

A  structure to com m only encountered steam
)(
.)turbine conl gurations is show n in Figure 9

.23. B y neglecting appropriate tim e

constants and setting some of the power fractions to zero, this model can be used ttt
represent any of the turbine cons gurations show n in Figures 9.16 and 9.17.

The tim e constant F1 represents the m ain inlet volum e and steam  chest tim e
y;

constant. The tim e constants Tz and Fa represent reheater tim e constants. For a singly.k

reheat turbine, Tz is neglected and K z and f a are set to zero. For exam ple, a singltè):

reheat cross-com pound turbine of Figure 9.17(b) m ay be represented by setting tàt,
paranleters

generic m odel applicable all

aS follow s:

1 1

K 6

F1

F2

F HP K z

1 7

F3

F

0 K 5

1 8

F4

0

0 1 4

# 9

F5

0

0 K 5 = F IP

f#1 = F f#2

FCH TRH TCO1 FCO2

is neglected

i7,,1+ + + +
Z Z Z Z

+  +  +  +

#1 Kz #4 K6 &M
ain steam

pressure P w

. -  
d 

.

1 = 1 . 1 1 1
a ' : a ' : a1

+xF1 sTz sTs 1+xF4 1 +xFs

C V

IV  IV

K s # 5 K z # 9

+ + + T

+ + + * #11Z E Z

F igure 9.23 G eneric m odel for steam turbines
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Enâancei m odelfor signT cant IV control

For sim ulations involving

reAeaterPCCSSUCe (forexam ple,
*

closing of 1V s for signis cant periods causing high

fast valving for enhancem ent ot transient stability) a
of

m ore

enhanceznent

pïessuçe

rigorous representatlon

the
the tutbine m ay be necessary (17,181. M

of m odel of Figure 9.21 to account for the effects bf reheater
@

IS show n in Figure 9.24.The negative
@

feedback of reheat Pressure to the H P

section

reàeater

accounts for the reduction 1n Pressure difference aCCOSS the section w hen the

Pressure

for

*

IS high.

valve

The non-w indup lim it associated w ith the reheat Pressure

accounts safety action.

The m ultiplier A
*

accounts for the increase in tlow  tk ough the

dne to the pressure dlfference across the valve.A s the valve OPCnS,

intercept valves

after being closed

f0f S0m C tim e,the ;ow  is lim ited by the criticalPressure *ratlo.B ased on the equation

g19),f0r
expression

COm PCCSSI'ble ;ow of an ideal gas,
*

assum ing

by

an isentropic expansion the

for the m ultiplier W is g1VCn

d 2/1-r tk+1)/kd : r (9.90)

V alve position

C V

' r J

F up

K s#

Pxu x

+ 1 - 1 - 1 1 + T+ + 
y  + ms y a s gp x

1 + sTcu #F> sTgp 1 + sfo -h

1 - K aR

Fgp

V alve position a

l%?

A

F igure 9.24 E nhanced steam turbine m odel
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w here

r
doxvnstreanl pressure

upstream PCeSSUCe

IP turbhze pressure(1
- # d

rop
) snritllrkrcritical

Pressure

# d
rop

Pressure & op aCCOSS the valve

Forsuperheated steam (fossil-fuelled units),

k 1.3 and r 0.547
critical

and for svetOrsaturated steam (nuclearunit),

k 1.135 and r 0.577critical

Typically arop is 2%  (i.e., 0.02 pu) at full load with valves wide open. ln the modelr?(
a bloçk has been added, accounting for tim e constant Tgp of IP inlet piping ahë)

;
L

allow ing for com putation of IV  dow nstream  pressure. IP turbine pressure is requirez
y

':

P

for the calculation of the m ultiplier W .T he critical ; ow condition that exists aS t e'
,

. 
. ;.

lAls Open @IS @111 fact largely

for

caused by the l()A!?Pressure

m odel

*

1T111; turbine.

Sam ple data the paranleters of the of Figure 9.24 arC

FCH 0.42 S FRH 4.2 S FIP 0.1 S FCO 0.7 S

K aR 1.073 F 0.25 F 0.25 F 0.5HP IP LP

For a nuclear unit turbine,

of the

aS noted earlier, there @IS no IP section; - ' (:..' y. .11IP
. .;

represents the tim e constant inlet piping.

9 .2 .2 Steam T urbine C ontrols

The governing

control,

system s for steam turbines have three basic functions'.norp al'

turbinq'speed/load

controls

overspeed control, and overspeed trip. 1l1 addition, the

include a num ber of other functions such aS start-up/shutdow n controls anz)

auxiliary Pressure control.

The sp eed/load
*

control function is sim ilar to that for hydraulic

of steam

@

unlts.lt #IS at
' (

@ : .

lt 1S'''
.œ 

' 

)

thi'

fundam ental requlrem ent for any generating unit.In the Case turbines,

providesachieved

governor
satisfactorily in parallel w ith other units w ith proper division of load.

function is achieved by adjusting the speed/load reference. The

through control

w ith a 4 to 5%

of the C V s. The speed control function

speed droop. This enables the generating unit to Operattë

The load controlt

principles jof this contrp è' 0$
speed/load
@

IS

control are discussed

to adjustthe POsition of the

in detail in C hapter 1 1. The net effect

C V s to control adm ission of steam  to the turbine.
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p bines,

A hïne
*

The overspeed control and protection requirem ents are

and are of critical im portance for their safe operation.

depends

peculiar to steam

The integrity of the

on the ability of the turbine controls to lim it the

f011OW1ng

speed

tàat can
@

of

a reduction of electrical load, ttl w ell below the typical

separate

speed of the rotor,

design m axim um

120% .Steam turbineg of the reheat type have tAA:tl valving

the turbine,

system s

be used

lnvolving

for rapidly controlling the steam energy supplied to One

the C V s and the other
system

The oversp eed control *IS the

involving the 1V s.

f rst line of defense against excessive speed. 1ts

functïon @IS to lim it the overspeed that OCCUCS On partial

such

or full load 'ectionreJ
@ @

and to

return

rdoading.
Typically,

the turbine ttl a steady-state

is to

condition that the turblne IS ready
-

ection.reJ

for

The objective
overspeed

to lim it

prevent
@

IS

overspeed tripping follow ing a load

the triP set at 110 to 115%

ontrol attem ptsc overspeed to about 0.5 to

overspeed

1%  below  the overspeed trip level.

of rated speed; the

The overspeed

of the

turbine

1V s is very

control involves fast control of the C V s aS w ell aS the lV s. The uSe

effective in this regard,

develop

since they control

to

steam tlow  to IP and L P

sections,

of the

w hich together 60 80% of the total turbine POW er.

Because large am ount of stored steam in the reheater, the rapid closure of the

CVs
The or em ergency trip is a backup protectioà in the event of failure

f norm al and overspeed control to lim it the rotor speed to a safe level. The overspeed0

w ouldalone nOt be effective *111 lilllitilléj overspeed.

oversp eed

trill #IS designed to be independent of the overspeed control. The trip function, *111

ggition to fast closing the m ain anda

The characteristics of steam

reheat stop valves,

show n

trips
@

111

the boiler.

valves, aS Figure

the

9.19, are highly

nonlinear.Therefore,com pensation

control

is often used to linearize steam  ; ow reSPOnSe

form ssliitll

com pensation

respect to the signal. The follow ing are the alternative of

used:

A forw ard loop series com pensation com prising a function generator having

a characteristic reciprocal ttl that of the steam valve

# A  m inor loop feedback com pensation

that

com prising a function generator w ith a

characteristic sim ilar to of the valve

A *m aJ 0r loop feedback com pensation *111 the form of a proportional feedback

around the steam valve

Typically,

steam  through

the periphery

four Or nlore

a nozzle

parallel

section.

operated C V s are used. E ach

The different nozzle sections

of these valves adm its

are distributed around

of the ûrst stage

(Partial

turbine section.The C V s m ay be controlled in unison

(fullarc)Or @111Sequence arc).
the are sequentially; w ith only som e of

the CV s open
, the steam  adm ission is along only a partial arc, rather than uniform ly

along the circum ference
. This is referred to as Gtpartial-arc adm ission'' m ode of

operation g21j. The advantage of this m ode of operation is that it ensures higher
efûciency at partial load

.

U nder norm al operation, C V s opened
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nozzle

D uring start-up,

sections to reduce

how ever, the steam @IS adm itted sym m etrizally

m aintained
tk ough at

ank
! .

therm al stresses. The C V s arC fully OPCn
,

stop

çtfull-arc

valves are used to control steam iow . This m ode of operation, referred
Q

adm ission'' operation, is used lzlltil the load reaches a specii ed lev
el ,'*ED

epending on the type of turbine governing system , the control of the stop valves j
,

achieved tk ough either auxiliary speed control equipm ent or thç m ain speed contot

A dditional m easures to m inim ize therm al stresses in the turbine include lim iting tu

rate of speed increase and the rate of load increase. The speed ram ping during start
- u 

2

ji
s handled by an acceleration control. -,t

auxiliary
function: hgve continually evolved over the years. O lder turbine governor designy

used m echanical-hydraulic control. Electrohydraulic control w as introduced in tà'k
''k;;'

.)1960s
, and its use has been gradually growing. M ost governors supplied today G yy

electrohydraulic or digital electrohydraulic. R eferences 21, 22, and 23 provië 'tt)

descriptions of the elements of the control systems. The following are briet)
;- ' . - :1descriptions of the functional characteristics of these elem ents and their m odels

.

System s used for the above turbine control functiqns and other

M echanical-hydraulic contrql4* N O

The functional block diagram

9.25.

of an M H C system used for governing
.  

'
a steamt

turbine @IS show n @111 Figure The basic elem ents of thç governlng system are é

speed governory

T he

speed relays, and hydraulic servonlotors.

sp eed goYernor @IS essentially

Output,
*

the shaft speed illttl a position

m echanical speed governors Con;e !11

basic principle of the classical Gybqll

a ' Q 'gjtransform jt

aS show n schem atically *111 Figure . j'9 .26 . llt't
y'' ))

the sami'On t
@

IS

different form s, they

speed

a11 Operate

governor:rotor signal(œr) convertedt. t.

m echanical transducer w hich

A dditional
signals

+S c d S p e e d -
EO

r governor +

Speed/load ref.

+
-

hIV  opening bias E

Speed C ontrol C V  ;ow
Servom otor area

relay valve

Speed lntercept IV  ;0w
Sew om otor area

relay valye

F igure 9.25 Functional block diagranA of M H C turbine-governing system
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L im it

Position ------1 x

(Output) =Li
m it

*  *
N /
N Z
X /

* * *

Speed o v

(input)

Figure 9.26 M echanical speed governor (22)

%

ttl

erform ance?

displacenAentlinear by DAeans of centrifugal forces opposed by a spring. Their

equation *IS

I K oG r (9.91)

hy the

The speed governor output is com pared w ith a speed/load reference determ ined

speed changer position. The resulting error signal is used to control the C V s

aS

The lV s are held

thew ell aS lV s. H ow ever,

y open by

for norm al speed/load
@ @

control only the C V s respond.

full a bias(tV openlng
the

blas)signal.On pverspeed,dueto
tàe resulting

W hen the

large speed

signal is restored

signals m ay be

signal,error bias is overcom e and IV s are closed

control to a value less than the bias,lArs are

rapidly.

again fully

opened.

and protection

A dditional used,as described later, to provide special control

functions. The speed

nCCCSSaCY to control the steam

governor speeder rod cannot develop the forces

valves. Therefore, a pilot valve and a spring-loaded

servomotor (com m only referred
governor
A

signal.Figure 9.27
to as speed relay) are used to am plify the speed

show s the basics of speed relay-pilot valve com bination.

ofdow nw ard

pilot valve.
@

displacem ent

The oi1 supply

the speeder rod from the speed
@

governor loqvers the

system  then forces the servonlotor plston upw ard,allow ing

lncreased

form s
steam S ow  to the turbine. T he transfer function of the speed relay has the

shou *111 Figure

large turbines,

9.28.

O n Very additional am plif cation to the energy levels

to m ove the steam valves *IS obtained They

diagranz
@ *

necessary

use a high-

Pressure ;re resistant iuid for

using hydraulic servom otors.

auxiliary pow er. A  schem atic of the

servom otor

in Figure

position

is show n in Figure

* *9.29(b).The posltlon
of a

9.29(a)
lim its

and the block

m ay

diagram  representatlon ls

correspond to either the fully open

show n

valve

Or the setting load lim iter.



436 Prim e M overs and Energy Supply System s Cha9
k

O i1

I
Speed

governor

SeN om otor

supply

P ilot
valve

O i1 drain

Steam  valve

F igure 9.27 Speed relay pilot valve

1+
Z ST

-  SR

j

1 + sTsp

F igure 9.28 A lternative fornls of speed relay representation

.&ç

Inrain

+

H P oi1

D rain

t Speed j xsteamrelay output

Speed

output

valve

1 1 strokerela +
Z r -

su  S

Position lim itR ate lim it

(a)Schem atic diagram (b) Blöck diagram m odel

F igure 9.29 H ydraulic servonAotor
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The basic elem ents and the general

erning System s are
g0V

ly depending on the
wide

* *jSlm l ar. H ow ever,

and

the

principle of

details of the

operation

control

of al1 M H C

logic used Vary

nlake vintage of the turbine.

Modelling of M H C governors

For studiesinvolving sm all deviationsin speed (frequency), only norm al speed
to be considered. Such studies includeulation Or

feg
ient and sm all-signal stability studies. For norm al-speed regulation, it is standardtrans

tice to use the C V s w ith proportional control on speed error. A  generic m odel?rac

w n in Figure 9.30 can be used to m odel this turbine control function.sh0

prim ary speed control needs

Load reference

R ate Position
L inearizing lim it lim it

Speed relay cam  r 1
.0 C V

+ n C 1
- . 

-  1 + 1 1 
z

ya,..- Flow
lû'r KG E  l

+sw,x l E- vsu -s l area
Lc, o

Servom otor

G overnor Turbine

Figure 9.30 G eneric speed-governing

speed/load

system m odel representing

norm al control function

A s an approxim ation, the valve characteristic m ay be assum ed to be perfectly

com pensated, and the valve and Cam nonlinearities t ay be neglected.

Sam ple values of the paranleters are:

Ka 20 (59$ droop) F 0.1SR S F 0.3 S

R ate * * .lllnlts. f c7

f cc

0.1 pu/s
-  1.0

(opening)
pu/s (closing)

For studies involving

and

signis cant turbine control action, the perform ance of

overspeed

These controls have nonlinear and discrete characteristics
, and the control logic is very

Speciic to the m ake and vintage of the turbine. Their input signals could be rotor

controls other related auxiliary devicesneedsto be m odelled (18,241.

speed,

Although
acceleration, electrical

there are DAany
pow er,

variations of control

generator current, Or circuit-breaker

logic used, the general
%

several

opening.

principles of
these controls are * *jSlm l ar

. W e Alrill illustrate this by providing exam ples.
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Figure 9.31 show s the block diagrana

governing

(241. The m odel shown accounts
linearizing cam s, and an Gtauxiliary

state conditions and during speed

includingsystem , the overspeed

representation of an M H C

control function, applicable to one
Spted-

for C V and lA? controls, valve

governor
deviations,

for lillzitilléj overspeed.

m akt
nonlinearitits

,U ùder Steady
-

the 1V s arC kept fully Open by tht
opening

w hen
bias(IA?()I));only theCVs provide

F1speed exceedsits setting (ranging

speed regulation. The auxiliary governor

,from  1%  to 3%  over the rated speed), acts
in parallel

control

Anritll the m ain governor

of about

SO aS to effectively increase the gain of the speek

close,loop

and

by

thus

a factor 8.This Causes the C V s aS w ell as the IAls to

rapidly lilzxit overspeed.

Figure
*

9.32 show s another

described ln references 18 and 20.

exam ple of the M H C speed-governing system

T he C V  position is determ ined by the speed relay

tooutput signalSI.The lV s respond the loqver of the tw 0 signals applied to the low

Speed regulation

A œ K
G

L oad reference

+  - +E K
xx E

-  0 C V  
servom otor

v  A uxiliary gov.
1 1

L cl 1
.0

C V  Flow

+  z 1 
.X. areaj s. ,

L c2 0

speed relay j j
1 R ate Position

Linearizing cam  lim its lim its Valve Position1+ shp

$ Lu $ 1.0 
jv  sjow

+  1 1 area+

t I +z -Ivos TsI s
*

L n 0

IV  servom otor

Typical values of param eters:

K a

T

20 F1

L cl

L

0.23

0.02 K AX 149 FSR 0.7 IV O B 1 . 17

1.0 L cc

f

- 3.0

F 0.23S1 11 1.0 12 -2.5

F igure 9.31 M H C turbine-governing system Anritll auxiliary governor
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A œ
C V  servom otor

K  R ate Positionc speed relay 
jjm its jim its

o cy 1.o
C V

-  + - 1 î1 1 S1 + - 1 1 FlowL
.R . + s z x

TsR -V TsM  s area

p cg ,
2 2.5

R ate Position
+ + + linzits lim its+

0.15 t t 1.0 L j o1
.02 11 . ylow

area1 + 1 l
L v G  E

s 
-  

Tsg s

lA?
- 1.65 L I2 0

ISJ servonxotor

Typical values of param eters :

f c

L cl

=  20 FSR 0.1 F - 0.2 S F 0.2 SS1

0.2 L c2 -0.5 f11 0.2 L zc -0.5

Figure 9.32 M HC turbine governing system . @JEEE 1990 (181

value

(proportional
(lwgate VG); these signals are derived from S1 an4 the derivative of S1
to negative of rotoracceleration).

control

For sm all speed deviations, the C V s

respond

rem ain

to the norm al speed/load conupand

bias

w hich determ ines

fully

overspeed

loxver

Open
condition,

due to the (LVG at

Sq, and the lV s

1.02). During an
the lArs

opening

transiently

and

respond by

input is

closing rapidly,

acceleration

driven by

speed

the

of the tAh?tl signals

control

@

1
S1 w hich depçnd On rotor and

respectively.

W ith #g=20 (5%  droop)
in controlling IV  w hen

The of IV  tk ough

and load referçnce

signal S1

100% ,

has a gain of 2.5 and a bias of 1.0.

at the signal S1beconAes effective

A* x 5% and the effective speed control gain *IS 50 (2%d
roop).

Electrokydraulic control4Fe O

The EH C system s

the

uSe electronic circuits @111place of m echanical

E H C

com ponents

associated

oexibility and adaptability
,

be obtained on m echanical

w ith M H C ill the l()A&?-POW er
*

portions. system s offer nAore

allow ing
' 

.

system s.

incorporatlon of a num ber of features that cannot

This contributes to fastçr rCSPOnSC

the

and im proved
linearity

.

*

H ow ever, the overall functional requirem ents pf E H C system s are

essentlally Very sim ilar to thosç of the M H C system .

Figures 9.33 and 9.34 show  tw o exam ples of E H C speed-governing system s.
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'

F ast close

activated by PL U

i
R ate PositionK

G L oad lim iter lim its lim its

L t L c1 1
.0 c v  

ylow
L .R . + z  + z  1 + y

. 

1 area

0 L c2 0

2.5 .

L u 1
.0 IV  Fl

o w+  
-  

.

+ + 1 + 
-J.. area1

.0 X  X XT
s1 s

f z2 0 
.

A œ

Fast close activated by

PL U  or IV  trigger

T ypical values of param eters'.

K a

L cl

20 F 0.1 FS1 0.1

0.1 L c2 -0.2 f11 0.1 f12 -0.2

(a)Block diagranx of governing system

C urrent sT1 Y es T O: C V  and IV

<-0.4 jast close(f
J# ) I+JF;

L atchingA
nd

-  relay
+ Y esZ > 0

.4
R eheat R eset T o: L oad

ressure N o referenceP

( PR )

(b)Power load unbalance relay logic

F igure 9.33 EH C governing system w ith PL U relay and IV  trigger
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00 '

L oad ref.

)+ Load limit
A* K  - Ec

+ x -K  L Ow

value- 0

F1 O verspeed lim iter
s

E A D

+A cceleration - 
z

sensitive logicAcceleration

L c1 1.0
C V  Flow

1+ :F1 + 1 
. .J.. areaX

1+ xFz - TsM  s

q Lc, 0Linearizing
Phase circuit V alve position

com pensation

j ygj j., yv yjoa
+ 1+JFa + 1 1 % ea+

JV O B  X E
1+ JF4 - Ts1 s>

L I2 0

L inearizing
circuit

F igure 9.34 E H C governing

overspeed lim iter

system w ith electronic

and acceleration detection
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versp

Sow char4cteristic to the MHC governor of Figure 9.32. In addition, it has two spet/tm )
features for lim iting overspeed: IV trigger and power load unbalance relay (18,2g)

.t(
The f Z trigger is arm ed when the load (m easured by reheat pressure) is greakr

than 0.1 per unit. lt fast closes the IV s w hen the control error signal to the I 'k
servovalve is less than -0.1 per unit. This represents a condition w here per unit spe.

deviation A* is greater than 0.051 R +0.002. Follow ing an IV trip, the IV control ij
blocked for 1 second to perm it hydraulic transients to decay, after w hich it is free tû

respond to speed control. The opening rate of the IV is lim ited to 0.1 pu/s by lim itinj
the input signal to the servovalve.

speed governor of Figure 9.33 has a steady-state IAJ speedThe sim ilar

The

under load
# OW Cr

'

ectionreJ
*

load unbalance

conditions
(PLU) relay is designed to fast close CVs

that m ight lead to excessivç overspeed. It is

and Ivs

provideë
@

Ah?itllselectivlty to distinguish such conditions from  stable system  fault conditlons. Tke

PLU relay logic is shown in Figure 9.33(b). The relay circuit trips when the differenc:
between power a preset qm ount pu) and tàe
load decreases faster than a preset rate (equivalent to going from  rated to zero loat
in about 35 m s). The turbine power is m easured by a signal from the cold reheat

turbine and generator load exceeds (0.4

Pressure and the

uSC of current

generator load by a signal derived

rather than electrical pow er helps

from  the three-phase currents.Tht

discrim inate betw een load loss

tem porary

decreases.

system

The

faults; under fault conditions current increases w hereas P0W er

tripping of the PLU  relay càuses the follow ing @actlons:

* The CV s and JArsclose com pletely.

* The load reference signal is rem oved from the C V and IAJ control signals.

* The load reference runs back to a m inim um value at a rate of about 2.571 . ' . y.Per

second.

A bout 1 secpnd

the

after tripping, the C V s and 1V s respond to their control signals.

H ow ever,

relay resets,

rçstored

tim e

load reference positions of these signals are not restored llrltilthe PLU

at F hich point the load reference runback stops.The load reference is n0t

ttlthe value prior to the disturbance, but rem ains at the value attained at the

the PL U relay resets.

The E H C speed-governing
@

system show n *111 Figure 9.34 represents a fast-

acting and

provided'.

overspeed

shaft

highly

an

responslve system

electronic qcceleration detection

(24j.Two fornls of overspeed controls arC
(EAD) function and an electronic

lillnitilléj
@

function. The EA D USCS governor

w hich it differentiates

the end-of-shaft

torsional slgnals
@

suitably

acceleration
sltered out)

speed

electronically

(wità
tu

obtain acceleratlon. If exceeds the

prescribed valve

to an

opening

level.

and closing Sequence

lim iter

preset rate

is initiated, thereby

for a specif ed tim e, a

lim iting overspeed

acceptable The overspeed consists of a circuit w hich increases the

governor
Phase

gain by
@

a factor of about 4 if speed exceeds a preset level of about

characteristics

2% ,

com pensatlon

control

circuits are provided aS show n SO that the phasç

of the loopsm ay be adjusted to ensure stable controlperfotm ance.
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ital## electrohydraulic (DFK controlsystem

D E H system

through

USeS a digital controller, w hich *IS interfaced w ith the turbine

va1VC

offers

spftware.

actuators

considerable

an analog
@

hybrid

thefleltillilit)r Slnce
(251. digital control system

control functions can be im plem ented through

section The

The norm al speed control function

lation. response governorregu

der of 0.03 s. Filtering is norm ally provided to the speed signal to elim inate sm allor

jations in m easured frequency. A dditionally, program m able dead band m ay bevar

ided to prevent governor response to sm all frequency variations.prov

In the D E H  system  described in reference 25, overspeed protection has tw o

onents: load overspeed anticipator (LOA) and overspeed sensing. The LOAcomp
function closes the C V s and the lV s rapidly w hen the m ain generator breaker opens,

jf the initial turbine power (determ ined by m easuring IP section steam  pressure) is
eater than 30%  of rated. The overspeed sensing function closes the C V s and lV sgr

hen speed exceeds 103%  of rated; it is a discontinuous control causing the valvesw

to close rapidly and then reopen. The L O A  function does not affect the unit

erform ance w hen connected to the pow er system . The overspeed sensing, how ever,P

could be triggered during severe system  sw ings and should be designed so that it does

not have an adverse effect on system  perform ance. The m odelling of the overall D E H

turbine control is sim ilar to that of Figures 9.33 and 9.34.

*

IS

The of the *IS

set to provide

very fast, the tim e

the standard 4 to 5%$

constant being on the

Initial'rdslzrd regulator

O ften an auxiliary Pressure control referred to as the initial# FCJJNrC regulator

(also known
aàove a m inim um

as throttleSressNrc controo is used to m aintain the m ain steam Pressure

drops below  the

as show n in Figure 9.35. This effectively reduces the

100%  load/m in, until the throttle pressure is restored

value (usually 90%  of rated pressure) (18,251. W hen the pressure
setpoint, the initial pressure regulator w ill introduce a closing signal,

load reference at a rate of about

above the setpoint or a m inim um

valve position (typically,
The PurPOSe

corresponding to 20%  flow) is reached.
of the initial pressure regulator is to protect the turbine against

during

system

inductionwater from the boiler due to uncontrolled tk ottle

a boiler disturbance. H ow ever, the regulator m ay be
pressure

triggered during

reduction

a

transient,

load-pickup

causing a rapid decrease @111

by the generators

(251.

AAritll

frequency.

the possibility

This *111 turn m ay result *111

of the te ottle Pressure

a rapid

dropping

below  the setpoint



444 Prim e M overs and Energy Supply System s C hap
. 8

L oad reference

Ao - + TurbtneK
o Y control signal

K pR

0

+ - M ain steam#  
, Z pSe pressure 

y

F igure 9.35 lnitial Pressure regulator

Generic m odel of steam turbine controls

A generalmodelwhich Can accommodate essentially a1l signifcant features
is show n ln Figure 9.36. lt allow sof the different fornas of steam turbine controls

representation of special control logic such as the power load unbalance (PLU) relay,
IV trigger, fast valving (see Chapter 17, Section 17.1.8), acceleration and speed
sensitive overspeed lim it controls. lt also includes facilities for representing feedback

aS w ell aS series linearit)r com pensation

controls have

for valve nonlinearities, and phase

com pensation.

associated

The C V  and IV facilities for representing tim e constants

w ith additional

Can account for

pow er am plif cation stages, and the speed

transducer and ûlter tim e constant. D ead-band
governor
effects

m odel

Can àe

represented at fve different locations.

9 .2 .3 Steam T urbine O ff-Frequency C apability

B oth the turbine and generator Can tolerate only lim ited off-frequency

operation;

The principal risk in off-frequency operation of a steam  turbine

and resonance of long low -pressure turbine blades. The blade vibration stresses are

dçpendent on the excitation forces and the natural vibratory response characteristics

of the blade's structural system . The predom inant source of excitation is the stim ulus

produced by natural variations in steam  i ow . The m agnitude of the excitation

increases w ith increased steam  i ow .

the tutbine,how ever, *IS the DAore restrictive.

is the vibration
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S eed Load ref. LoadTransducer P
filter D B drOOP lim it

+

Aœ 1 -jy rc x
I+JFG

+

lnitial owerfatorregu

+ LowX 
- K G

value0

O verspeed control A uX.

s : d signalSpee
L 1relay

+  -

A cceleration - 1 +X X
sensitive device 1+ sTR

L2

Fast close/open logic:
PL U , fast valving

izing W im ary L 1 ()L iner
stage Servo C1 ' Flowcircuit o s 

-  o s
1+JFc7 + 1 1 + 1 afea

.  j x p joyys vsc E s V --*1+Jr
cc

- c vZ
c2 0

Phase
com pensation

I+JFS
ujnearjzing circuits1

+JFs

Linearizing L 1 ()
11 ' pjowcircuit 

.+
+ +  

rw 1 1 + 1 ,-y areaZ X 
/-, L+sn s vsg X s /-J

IVO B
D B - o s IvPrim ary servo 

o o12
Stage

DB - D ead band Fast close/open logic:
PL U , IV T , fast valving

IV O B - IV  opening bius

F igure 9.36 G eneric steam turbine controls m odel
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The vibratory reSPOnSe of a blade depends On the nearness of the excitation

frequency

condition,

during

last

to the blade natural frequency and On blade dam ping. #or a resonant

the vibratory stress Can be several hundred tim es greater than the st<ess

ill tlïtnor esonant operating conditions. The m ost critical blades are the Ones

three rOW S *111 the L P turbine and, @111 Sorne CaSCS, the last rO5V @111 the IP

These blades have their natural frequencies controlled or tuned SO that their
turbine

.

vibration
not resonate at frequency operation.

are w ith steam  turbine

blades (261. The frst is a tangential m ode with blades vibrating in phase in the plane
of m axim um  blade i exibility, perpendicular to the axis of the unit. The seçond m ode

is also an in-phase vibration, but w ith deiection essentially in an axial direction. The

third is a torsional m ode w ith the vibration of the blade group in approxim ately an

There three principalnaturalvibration m odes associated

axial

m odes Aprill norm al

direction.

The diagram  show n in Figure 9.37, know n as the C am pbelldiagram ,illustrates

how a change

the

in turbine

Ahritll natural

speed can provide steam

frequencies of a blade. The three

excitation

nearly

frequencies that coincide

horizontal bandà represent

the characteristics of the three natural vibration m odes of a long slender blade of an

LP turbine section.The Arritltll of these bands indicates the scatter band and variations

lines@111 natural

integral

frequencies

frequencies due to m anufacturing

m ultiples (1 through 7) of turbine

tolerances. The diagonal draw n at

operating

intersection

speed represent

blade

the stim ulus,

vibrationinherent @111 the steam S ow . A n of a natural

m ode band and a steam stim ulus frequency line represents a condition of resonance.

Turbines are designed SO that such resonant conditions are avoided at rated speed.

H ow ever,

or m ore of the blade

departure from  rated speed w ill bring the stim ulus

natural

frequencies closer to one

frequencies w ith the resulting higher vibrational stresses.

N

I

*- A

D
Q
o
>

O

*
O
=

m

540
I 7R

ated speed---q
I
I 6

420
3'd m ode 1

5

I
l 4300

I
I

3nd de l2 m o
l80 I 2

1St m ode

l 1
l

60
I

M ultigles of
operatlng speed

Stim ulus

due to
steam

; ow

0 10 20 30 40 50 60 70 80

Speed in r/s

F igure 9.37 Typical C am pbell diagranA show ing blade vibration characteristics
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*
X
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X

U nder freq. 60 H z O ver freq.

1

1 l

I I
l I

I 1 Safe stress level
I I
-
, I ( >
3 410 10

Frequency N um ber of vibration cycles

failure at one am plitude

for

Figure 9.38 lncrease in vibration am plitude Figure 9.39 Stress Versus num ber of cycles

w ith off-frequency operation to failure

Figures 9.38 and 9.39 illustrate the relationship betw een blade failure due to

fatigue
am plitude

and off-frequency

l()AA?

operation. B elow stress level A , the vibration stress
@

IS enough that no dam age results. O peration at stress level B w ould

roduce at cycles, and at level C  failure w ould occur at 1000 cycles.P

O peration at off-nom inal frequencies is tim e-restricted depending pn specisc

blade designs. Figure 9.40 is a çom posite representatipn of steam  turbine off-nom inal-

frequency lim itations of a large sam ple of turbines built by ;ve different

m anufacturers

a failure 10,000

(271.
w ould

The S gure show s that sustained

H z to 60.5 H z not have any effect on blade

operation w ithin the bqnd 59.5

life, w hile the dotted areas above

60.5 H z and below 59.5 H z are areas of restricted tim e operating frequency @ *llm lts.

Operation outside these areas @IS not recom m ended.

The characteristics show n *111 Figure 9.40 represent

evaluating the requirem ents for

for a specif c turbine m ay be less

the com posite operating

lim its of a large

relaying

num ber of units and are useful for

protective

restrictive.

schem es. The applicable lim it

The effect of off-frequency operation in a given frequency band is cum ulative,

but independent of the tim e accum ulated in any other band. The abnorm al frequency

capability curves are appliçable w henever the unit is co> ected to the system . These

curves also apply w hen the unit is not connected to the system , if it ik operated at

abnorm al frequency w hile supplying its auxiliary load. D uring the period w hen the

unit is being brought up to speed, is being tested at no-load for operation of overspeed

trip device, or is being shut dow n, blade life w ill not be signis cantly affected if

PrOPCC procedures

The

arC folloqved.

m ostfrequently encountered overlïequency
from

condition *IS that of a sudden

reduction of generator PoW er resulting a generator breaker trip. U nder

speed as high
these

governor droop characteristic m ay result in a steady-state

as 105%  follow ing the transient speed rise, and therefore speed reduction to near rated

speed should be initiated prom ptly. For such sudden pow er reduçtion, units equipped

w ith m odern electrohydraulic turbine-governing system s providç this speed reduction

autom atically.

conditions,the
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.
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:
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.

56
0.001 0.01 0.1 1 10 100

62

T im e in m inutes

F igure 9.40 Steam turbine partial
*

Or full-load operating

lim itations durlng

w orst-case

abnorm al frequency, representing

com posite

m anufacturers.

lim itations of fve

@AN SI/IEEE 1987 (271

For partial load reduction or system -islanding conditions, the system frequency

Alrill depend On the com posite droop characteristic. A ssum ing a 5$1 droop

characteristic, a generator-

in frequency.

35
(1.5
frequency

Hz)

load m ism atch of 50% w ould

rise R eferring to Figure 9.40,

cause approxim ately a 2.5%

the operating tim e-lim it at this
@

IS m inutes w hich is Ahritllill the practical

autom atic
range

control

of

reduce speed settings.For higher

to

frequencies,

runback

operator

action such

action to

as use of

overfrequency

em ployed.

relay illitiftte of the governor load reference @IS often

Underfrequency operation ofa steam turbine POSCS a nlore criticalPrOblem
since generation cannot be increased m ore than full output. U nderfrequency protective-

relays are norm ally em ployed to protect the unit. A s an exam ple, such relays m ay be

set to trip the unit *111 10 S if frequency rem ains below 57.5 H z,Or instantaneously if

frequency drops below 56.0 H z.

ln order to prevent extended operation at low er than norm al frequencies

schem es

during

system

connected

disturbances, load-shedding

level

are com m only em ployed to reduce the'

load ttl a that Can be supplied by the available

discussed *111Chapter 11 (Section
@

shedding

generation. This is

is provided, then

it @IS considered aS the Prlm ary
1 1.1.7). lf system  load

turbine underfrequency protection. A ppropriate load

shedding

abnorm al

Can Cause the system
& *

frequency to return to norm al before the turbine

frequency lillllt IS reached. Turbine underfrequency tripping should be

considered aS the last line of defense, aS it m ay Cause an area blackout.
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9.3 TH ERM A L EN ERG Y SY ST EM S

9.3. 1 Fossil-Fuelled EnergY System s 1281

ln a fossil-fuelled POW er plant, fossil fuels such aS coal, oil, Or gaS
*

are used

aS

transferred

prim arythe enefgy Source to produce

to

heat by com bllstion w hich, 111 turn, @IS

ttlthe cold feed-water generate (superheated) steam .Turbines conved
team  energy to energy eventually produces electrical energythe S

ia the generators. The steam  exhausting from  the high pressure turbine is cycled backv

pough the furnace for reheating (superheating) before it is adm itted back to thet
lcw er pressure turbines. The exhaust steam , at close to saturation condition, is cooled

in condensers (which are m aintained at a very high vacuum  - about 5 kpa) and
converted

m echanical w hich

back into litlllitl
@

form . L arge cooling w ater PUm PS
@

provide the necessary

heatrem oval capacity 111 the condensers. The condensate IS then cycled back ttl the

furnace @S feed-w ater at high pressure, after various stages

de-aerating.

of pum ping, feed-heating

(toimprove the energy conversion
Figure 9.4 1 illustrates the

eflciency),
interrelationships

and

am ong the various subsystem s of

a fossil-fuelled PoW er plant.

Primary fuel system

The prim ary fuel system conveh s the prim ary fossil fuel into therm al energy.

The rasv fuel @IS transform ed into therm al

furnace aS controlled tlow  of oil,gas,
energy

or coal in the

@

111 the furnace. Fuel enters the
form  of ;ne particles

to

suspended
#

111an airstream . A controlled am ount of air *IS also injected
w ithin the i am e volum e

com pleteCnsure

com bustion.

the

This results in extrem ely high tem peratures

surrounding furnace. E nergy is transferred to w aterw all

and

tubes carrying colder

litltlitl

transfer

from the drunx Or to the Superheaters and reheaters carrying steam . The heat
*

IS both radiative and convective.

by-products of the com bustion process are in both gaseous (Gue gas) and
solid (ash) form s (in coal sred plants). The solid by-products are rem oved in the
furnace and only the gaseous by-products (iue gas) leave the furnace. Energy is
extracted from  the ;ue gases by various heat exchange system s. A fter passage through

these heat exchanger banks (superheaters, reheaters, econom izer, air heater, etc.) and
ductworks, these gases are exhausted into the atm osphere via the induced draft (lD)
fans through

The

the chim neys

tlow

Or stacks.

The fuel enters the furnace through

dow nw ard

burner nozzles w hich,

the

@

111 So n Ae

furnace designs
,

The position

Can be tilted upw ard Or to position S am e @111 the

furnace
. of the i am e affects the radiative heat transfer and is utilized @111

controlling SUPCCheat/reheat tenlperatures.

B oth fuel and air entering

fans

the furnace are controlled to provide desired heat

generation,

atm ospheric

w hile the ID are controlled to m aintain the furnace at a suitable sub-

Pressure.lf a furnace (or pulverizerl- trip OCCUFS,it m ustbe purged by air
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F igure 9.41 Subsystem s of a fossil-fuelled PoW er plant

for a preset m inim um tim e before being placed *111 service again, to prevent duct

explosions.

The fuel system supplies the fuel (
tofred units

T hig @IS

can respond

because solid

load dem and

fuels such aS

gas) to the furnace. Oi1- and gas-
changes m ore quickly than coal-fred units.

coal require additional processing, such as

coal,oi1 or

pulverizing and drying, before they can be used for com bustion. Furtherm ore,

ulverizeb coal systems make use of several pulverizers in parallel, eacà with aP
lim ited capacity and requiring an additioùal w arm -up period w hen started. ln the case

of a rapid decrease in iring dem and, the burner m anagem ent controls m ay

autom atically a of pulverizers. W hen pulverizers are tripped, the tirinp
rate is lim ited to a level corresponding to the num ber of pulverizers rem aining in

service. Therefore, the re-loading rate is dictated by the tim e required for bringing the
)' ,b1LL'.

tripped or shutdow n pulverizers back into service.

trip num ber
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air system  provides the supply of com bustion air to the furnace

jsdbox, enters the furnace via fuel air and auxiliary air dam pers. Thew

rce of the air is the forced draft (FD) fan. The dem and for the Sow rate is receivedS0u
m  the fuel and air controller in the form  of a desired tlow  rate to m aintain adequate*0

d com pletç com bustion in the furnace. The air controller logic m onitors the actualan

easured) flow rate and m anipulates inlet vanes of the FD fans to control the air(m
w  rate. The air Sow  passes te ough secondary air heaters w here it is preheated byP0

tracting heat from  exhaust ;ue gases before it enters the w indbox. U sually, theex

wfndbox

The secondary

w hence it

PCCSSUrC is controlled

dam pers SO that a required

by m anipulation of a num ber of fuel and auxiliary air

differential pressure exists betw een the w indbox and the

furnace.
TheF Ne gas system
via the

includes the ;ue gas path from  furnace

; ow  rate

exit to the chim ney

stacks
anipulatingm

controller.

superheaters,

section ln the

The heating

induced draft(lD)
inlet

fans.The of the tlue gaS *IS controlled by

the variable VanCS for the 1I) fans by the furnace Pressure

Zones *111 the ; ue gas path include the prim ary and secondary

reheater,

f ue

econom izer, and prim ary and secondary air heaters. E ach

gas path acts as a heat exchanger,transferring heat from  hot gases

to colder

superheater

addition to convective

feed-water,steam , *Or alr.Thefrst two levelsof heat exchangers (secondary
furnaceand reheater sections)receive radiative heatdirectly from the @111

heat transfer from the gases.

Steam  production and II/f/fz/d/ftl?J system

The steam *IS produced *111 the boiler and superheated *111 the Superheater and

reheater. The therm al energy of the steam *IS conved ed to m echanical energy @111 the

various sections of the turbine.B oiler designs
*

lgure

fall two categories: (a) drum type
show s schem atics of the tw o types

into

hoilers,

of boilers.
and (b)once-through boilers.F 9.42

Superheaters Superheaters

TurbinesSt
e am

drumF
eed-w ate

Econom iser t 5
n !
8 Z
Q
T @

Q

Turbines

Feed-w ater

Econom iser : -5

8 e,
Q
T @

Q

B FP C ondenser B FP C ondenser

(a)Drum -type boiler (b) Once-through boiler

F igure 9.42 Fossil-fuelled unit boiler types
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D rum -typ e boilers..

D rum -type or recirculation boilers rely on naturalor forced circulation of drum

litltlitl ttl

steam .

absorb energy
*

from the hot furnace w alls, called w aterw alls, for generating

The boiler recelves feed-w ater w hich has been preheated in the econom iser and

provides saturated steam

w ater being carried from

through

nom enclature) where they absorb radiant and convective heat frpm  the iam e and hot
;ue gases. This system  operates at subcritical pressures as long as there is som e finite

density difference betw een the steam  and w ater phases. L ow  pressure subcritical

boilers depend totally on the natural recirculation phenom ena resulting from  the static

therm al head difference betw een the w ater in the dow ncom ers and the steam -w ater

outi ow . The circulation loop

tube

consists of alm ost saturated

the druna via dosvnconAer banks w hich is then passed

Nvaterqvalltubes(which,*111effect,form the walls of the furnace hence the

m ixture in the heated steam  generating tubes. Higher pressure (but still subcritical)
use of the circulating pum p to supplem ent the therm al head

.

naake

boilers usually

R ecirculation

naake

boilers uSe of a drunA to separate steam from the recirculation

w ater SO that it Can proceed to the superheaters as a

drum  type boilers.

heatable Vapour; hence,
recirculation boilers arC referred ttl aS

T he steam ing

A ny

rate is predom inantly a function of heat absorbed in the furnace

waterwalls. discrepancy from the steam utilization rate (in turbines) resultsill
boiler Pressure variation.T o protect against overpressurization, relief valves are used

.

O nce-through boilers..

ln a once-tk ough boiler, there is no recirculation of w ater Ahritllillthe furnace.

w herelnstead,

receives

feed-w ater,

furnace

at high

and
Pressure,
is

G ow s straight through the

w hich then

w aterw alls it

heat conveled to steam PaSSCS through the

superheaters and eventually enters the H P turbine. The operation of the feed-w ater

system ,

and a
including the boiler feedpump (BFP), is needed to produce the through flow,

suitable m eans m ust be provided to dispose of the circulated ; ow  w ithout

incurring

bypass

loss of heat Or w orking iuid.This *IS norm ally done Alritll a steam -turbine

system .

The once-through design has been used for both the high subcritical and the

supercritical pressure ranges. ln the supercritical range (i.e., above 22,120 kPa), the
Guid's physical properties change continuously from  those of a liquid (water) to those
of a vapour (steam ). There is no saturation tem perature or two-phase m ixture. lnsteaë,
the tem perature rises steadily, and the speciûc heat and its rate of rise vary

considerably during the process. Therefore, the nature of supercritical steam

generation rules out the uSe of a boiler drum  to separate steam from  w ater.

U nlike in a drum type boiler,there is no drunl level to be controlled in a once-

through boiler. There are three *m aJ 0f

These

control loops involving

by

m egaw att, tb ottle

Pressure,
va1

and steam tem perature. are controlled m anipulating the governoê

V e ,

m anipulating

feed-w ater valve,

a11

and fring rates either individually or in a coordinated m ode

by three loops sim ultaneously.
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A once-tk ough
*

boiler has less stored energy a drum -type boiler.

boiler is m ore responsive to changes

than

Therefore,

ïn boiler

wïthout

a generatlng

fring rate. O n

unit w ith a once-through

the other hand,

tim e.

a drunl-type

type

boiler unit Can deliver PoW er

any fuel ; ow for a longer N either of boiler Can supply

supply

full load

stnam :ow  for nAore than 1 Or 2 m inutes; how ever, both types Can suff cient

steam

(291.

to support unit service load at norm al tk ottle Pressure for at least 30 m inutes

Control m /dM

The control system s associated Ahritll fossil-fuelled

m anufacturer and vintage

possible.
@

of the unit.N evertheless, SOEne

plants vary

generalizations

Ahritll the

about the

glantcontrols arC M ost boilers have several controlled

anipulatedm variables w hlch affect these outputs. U

outputs

s ring rate,

and several

rate,

variables

and throttle valve settings

tem perature,

are the controlled

sually the

variables. The

pum ping

controlled output
*

111of interest are Pressure, electrical POW er, and speed.1f, the

COCCSS,P

reduce

.
.

tuu plant variables exceed safe lim its,the protection system s are designed ttl

the

The control

plant output Or trip the unit.

system s associated w ith a therm alplant can be classif ed into tAA?tl

sroad categories'.

# O verall unit control

@ Process paranAeter controls

There arC four overall unit control

follow ing

coordinated
(turbine leading), turbine

strategies or

following (boiler

m odes of operation: boiler

leading), integrated or
boiler-turbine control, and sliding

turbine-leading

Pressure control.

Under the boiler-following Or m ode of control,changes *111
generation

resulting

difference

are initiated by turbine control valves. The boiler controls

changes

betw een

@

111 steam flow and Pressure by changing steam

respond to the

production. A

steam production
@

and steam dem and results ill Jtchange

used

*

111boiler

PrCSSure.
signal

U sually,

by

a proportional-plus-integral (reset) controller is used to m aintain
rate at different load levels. In som e cases, the turbine srst-stage

setpointThe tk ottle Pressure
@

devlation from its value is aS an error

the com bustlon controls to regulate fuel and air input to the furnace.

appropriate
@

Pressurefring
#

IS

lncorporated aS a feedforw ard signal ttl the com bustion controls to im prove initial

rCSPOnSC.

U nder the

generation

applied to the com bustion controls.

turbine-following or boiler-leading m ode
initiated by changing input to the boiler. The

of control,

are M W

changes

dem and signal

@

111
@

IS

fast action of the val

Figure 9.43

The turbine control valves regulate boiler pressure;

ves m aintains essentially constant pressure.

show s the relative responses of the boiler-follow ing and the
turbine-follow ing m odes of control to a

follow ing m ode of operation
, the boiler's

large change
*

enecgy

*

111 load. hô/itll the boiler-

storedw IS illitiétll)r used ttlm eet the
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O B oiler-follow ing
Q

=
o

> lntegrated control system=

>

O T rbine-follow ingu

@
X

l 1 - - - - - - >

0 1 2 3 4 5 6 7 Tim e in m inutes

%
i
f B

oiler-follow ingE 
Turbine-follow ing

K
lntegrated control systema

>
a
=

F igure 9.43 C om parison

system

of boiler-turbine control
reSPOnSe to a large load change

steam dem and and the initial reSPOnSe of M W

throttle

PCCSSUCC
oscillatory

*

pressure
is at a

and M W output results

This coupling,

@

111

output

a tldip'' in the M W

*

IS rapid.The coupling betw een

output w hen the boiler
* *

m lnlm um . along

the

w ith the boiler tim e

reSPOnSe.
In

For large changes,

turbine-follow ing

deviations ill boiler

lag, produces

variables m ay
@

IS

an

be

CXCeSSIVC. contrast, w ith the m ode, n0 uSe naade of storey

energy
production

ill the boiler;

the

hence, steam ;ow and M W output closely follow steam
*

111 boiler. W hile the unit Can be m anoeuvred *111 a w ell-controlled

m anner, the reSPonse

integrated

rate *IS lim ited by the slow reSPOnSe of the boiler.

The Orcoordinated boiler-turbine controlprovides an adjustable
blend of both boiler-follow ing and

in unit response achieved

turbine-follow ing

tk ough integrated

m odes of control. The

im provem ent

Figure 9.43. It is evident that the

control is dem onstrated ill

integrated control strikes a com prom ise betw een fast

CCSPOnSC and boiler safety.

In the sliding p ressure m ode of control,the throttle Pressure setpoint *IS naade

a function of unit load rather than a constant value.The control valves are left w ide

pressure
output is controlled by controlling

boiler controls. lt is thus essentially

advantage

(providedOpen the drunA isabove a m inim um level)
through

and the turbine POW CC

of thethe throttle Pressure m anipulation

of this m ode of control
a turbine-following m ode of operation. A majof

is that no change in throttling action occurs during

load m anoeuvring; therefore, tem perature @111 the H P turbine Can rem ain nearly

con stant.

Thep rocess p aram eter controls include system s that regulate unit M W  output,

m ain steam Pressure, feed-w ater, and air/fuel.
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Protection system s

The functionand of the protection
trip and/orparam eters

turbinc) or

initiate a

system

derating

*

IS to m onitor im portant plant PCOCCSS

of PCOCCSSCS (such aS furnace and

is to

W ater

auxiliary equipm ent (such as ID/FD fans) under adverse conditions.
A  typicat boiler protection m onitors the follow ing in determ ining if the furnace

be tripped: furnace pressure, status of ID /FD  fans, air S ow , drum  level, feed-

gow, black furnace (loss of Pam e), and m ain steam pressure. Each protection
*ISusually tim e-conditioned.

The

0f current

protection

supplied to

of auxiliary

the

nlotors *IS generally based On voltage, frequency,

m otor.

9.3.2 N uclear-Based Energy System s 1281

Tw o basic types of nuclear PoW er plant reactors are @11I Com m on uSe @11IN orth

Am erica:

A variation

the pressurized water reactor (PW R)and theboiling water reactor (BW R).
of the PW R type @ISthe Canadian deuterium uranium (CANDU)reactor.

The pressurized water reactor (P W R)

Figurç 9.44 show s a sim plis ed representation of a PW R unit. It USCS svater

under Pressure aS a heat transport m edium w hich absorbs heat from the reactor Core

and exchanges

the

it w ith the shell-side feed-w ater *111 a steam generator
@

IS

w hich produces

steam used to drive the turbine. The steam produced saturated, requiring w et-

steam turbines.

T urbineSt
e am

control valveP
ressurizer

B ypass
C ontrol rod valve

H P turbine

R eactor

R eactor coolant pum p

M

Feed-w ater

generator

control valve

F igure 9.44 Schem atic diagrana of a PW R
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T he coolant circuit @111 a PM ;t acts aS a heat transport m edium aS w ell
nuclear reaction m oderating m edium . A s a m oderator, the coolant *IS used to R.j '

S ow

1%

energy neutrons to energy facilitating the nucleat
,

f ssion reaction. This function provides a m echanism  for self-regulation of the reactp

process. A n increase of reactor pow er results in an increase of the coolant tem peratuu

and a corresponding decrease of the Suid density. This low ers the nuclear nssioq'

reaction rate, thereby acting as a negative feedback in the reactor process dynam ics
.

T he coolant pressure control is facilitated by the use of ap ressurizer, w hich com prises

a liquid-flled taA  feeding the coolant circuit. A  steam  space at the top of the tank

is used to m aintain the pressure at setpoint by m eans of electric w ater heaters ac#

w ater sprays. The liquid level in the tank is controlled by using a m ake-up and let
-t

dow n system  of valves. The Guid ; ow  in the reactor is sustained by m eans of large

dow n high therm al levels, thus

electrically driven

achieved by m eans

depth

of control

in the

reactor coolant p Mmps. T he control of the reactor PoW er

a variaàle

% .

1s )

of neutron-absorbing control rods w hich are inserted to

reactor Core.The controller directs the m ovem ent of preselected

rod clusters to increase Or decrease reactor

the average coolant tem perature at a program m ed
pow er as

setpoint. A  neutron

required
groups

to m aintaic)

*flux slgnal jan
a turbine pow er signal are used to enhance the controller's response to load variations

.

Long-term  regulation of core reactivity is accom plished by adjusting the concentration
of neutron-absorbing boric acid in the reactor coolant.

The m ost critical pum ps in a nuclear pow er plant are those associated w ith tàe

reactor system s. L ow -frequency operation has been cited as a cause of low  reactor

coolant flow @111 PW R @unlts. If reactor POW er rem ains constant aS coolant tlow

decreases, the heat content Per unit

no longer be sw ept from the surface

of coolant-f ow ing

of the fuel cladding

increases. Steam bubbles cah

suff cientl

blanketing

departure # om

of the hot surfaces w ith a steam 5 lm results. This

y quickly,

condition is

and a

ternAed

nucleate boiling (DNB).AtDNB the heattransferrate @ISdrastically
reduced,

failure

and the resultant fuel and cladding

and the release of radioactive s ssion

tem perature increases,

products to the

condition

undervoltage and

violated, the reactor

from occurring, m inim um reactor coolant PYm P-

leading to cladding

coolant. T o prevent this

tlow  lim its and m otor

underfrequency lim its are

is autom atically tripped.

established. Should these lim its be

In the conventional PM ;k design,the coolant tem perature *IS a Very
@

im portant

variable it is used for both reactor control and steam dum p operatlons.

The operation

load dem and.

of the PW R  is best visualized by considering its FCSPOnSC to an

increase @111 The control valves Open to let nlore steam into the turbine

to m eet the increased dem and. This *111 turn Causes the w ater level @111 the Steam

generator

m ism atch

to drop.

betw een

The feed-w ater ;ow  then increases to restore the Nvater level.The

the reactor PoW er level and the steam generator load results in a

decrease of the 7reactor s coolant

decrease *111 the m oderating

tem perature

i uid's density. T his

and pressure,

change in

and a corresponding

resultsdensity *111

increase of the neutron m ultiplication rate w hich provides the initial rise in the reactor

PoW er

system

level. l11 reSPOnSe

a control absorber

theto decreased coolant tem perature, the reactor trolCOn
initiates rod w ithdraw al to raise reactor POW er. . '.The coolant
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PTCSSUTe control system

the

responds
*

to the

heaters.

system .

Finally,

A  new  steady-state condition is established

electrical pow er output and the reactor

change

Pressurlzer svater

pressure
level is restored

by operating the pressurizer

by the m ake-UP
*

and let-dow n

w hen the equilibrlum betw een the

generator PoW er
*

level @IS reached.

The CCSPOnSC to a decrease *111 load dem and IS sim ilar to the above but @111

CCFCCSC .

o&çer?

Typically, a PW R  is capable of a load m anoeuvring

change

rate of +5% reactor full

(RFP)Perm inute,and a step of +10% RFP.

Canadian deuterium uranium (CAND W reactors

A  CA N D U reactor *IS a variation on the PW R design w hich USCS heavy

m oderating

Nvater

ction to independently controlled circuit - the m oderator system . Thefun

gerator tem perature is controlled by regulating the service-w ater ;ow  throughm o

oling heat exchangers. W hile the conventional PW R  design relies on the therm alco

feedback of the m oderating iuid to provide the initial load-follow ing reactor response

circuittlltl coolant for the heat transport function but assigns the

another

d steàdy-state reactor pow er ûne-tuning, the C A N D U  design utilizes a

eparate m echanism  to directly control reactivity by m eans of a series of light w ater-S

ûlled tubes (zones) distributed in the reactor core. This design offers a faster response

level

to reactor

steam  generator

se m aintained at

PoW er dem and change

The

and a decoupling of the reactor controls from the

dynam ics. steam generator pressure

Feedforw ard

is also directly controlled to

CCSPOnSC
coolant

and
pressure

m aintain the balance

a setpoint. action *IS also added ttl im prove

betw een

circuit of som e C A N D U plants
pow er

is not equipped w ith

reactor and turbine load. The

a pressurizer and relies

solely

tlltl

on a m ake-UP and let-dow n

PCCSSUCC
*

setpoint *IS naàde a

system  to

function of

control coolant

reactor

Pressure.
pow er level in

In these CaSCS,

an effort to

m inim lze sw ell and sllrilllk @111 the coolant @ @clrcult. D espite
@

this effort, the PCCSSUCC

swings

in a pressurizer-equipped system

rotection system 's reaction to theP

*

111 reSPOnSe to system electrical disturbances @re stlll n3ore pronounced than

and m ay determ ine the outcom e of the reactor

disturbance.

CA N D U  plants can be operated

(r T)
in two basiccontrol m odes:reactor-following-

turbine and turbine-following-reactor (TFR).Steam generatorPressure
is held

control

plays

at

a pivotal role in these schem es.In TFR  m ode the reactor POW CC constant

a level set by the operator and the

regulate pressure.

netw ork w here it is used to

steam Thiswm ode *IS
governor are

suitable for unit operation w ithin a large system

turbine control valves used to

peak loads.

supply the base loads w hile other units are used to

Since reactor conditions rem ain constant, this m ode also constitutes

supply

a safer

state

this

of operation
A

from the nuclear plant

upsets.

perspective. The control

m ode of operation during plant

used to regulate

I11 O T m ode, the

system

turbine load

reverts to
*

IS set by

the Operator and the reactor is steam

m odes,

short-term
the turbine *IS also used to regulate speed

Pressure.
and assist the

ln both TFR  and R FT

system @111 m eeting

changes

attem pt

@

111 electrical load dem and. l11 U T m ode, the governor control

valves also to m aintain a constant generator Output.
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ln C A N D U units,the steam dum p

of a preset

valves are m odulated *111proportion to t*t

am ount of

a PoW er

pressure
nlisnlatch

error @111 CXCCSS value

feedforw ard ternA added. Som e
Pressure error

C A N D U  units perm lt
(the offset)

*

ss?itll

a sm all
am ount of steam dum p

that,
(5,4)
the

illttl the condenser w ithout illitiéttilléj a reactor POW er

reduction. B eyond

591

reactor PoW er *IS set back at the rate of 0.05% /s lzlltil

(greaternAore than steam dum p isadm itted.I11the CaSC of large load 'ectionsreJ
than 40% )
and

the Pressure
@

offset term  is rem oved from  the bypassvalve controlequatioq
,

the reactor IS stepped back to 60% RFP by a free-fall drop of the control rods

into the reactor Core.In addition, a fast-action schem e *IS put *111 effect w hereby t*t

bypass

sam pling

valves are opened fully for a short period of tim e and the control progro

rate @IS increased.

ln C A N D U reactor design,

except

nleasurenAents,

the cbolant

conventional PW R design for its heat

tem perature

transfer im plication.

@

IS less criticalthan in the

The reactor is

controlled based On ;ux w ith therm al nAeasurenlents serving AS

correction factors on1y.The C A N D U

it is virtually decoupled from the

reactor pow er

turbine side of

level @IS SO tiéjlltl)r

Therefore,

controlled that

the plant. the steam

generator PrCSSUCC

of C A N D U  units.

control @IS nAore critical than the reactor control *111 the sim ulation

The boilihg water reactor (B WR)

Figure 9.45

into the

show s a schem atic diagranl
*

of a B W R . The feed-w ater enters

directly

eff ciency

The

reactor Core and heat IS transferred to the lltlililléj
heat of evaporation.

w ater. The

of heat rem oval is thus im proved

outlet

by uSe of the latent

steam  produced

of a

at the reactor header is used to drive the turbine.A s in the

Case PW R , saturàted steam is produced, requiring w et-steam turbines.

R eactor Turbine
control valve

B ypass
valve

Recirculation t t HP turbine
pum p

c ontrol rod y
eed-w ater

control valve

F igure 9.45 Schem atic diagranz of a B W R
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The B %  relies on the m oderating effect of the steam generated in the reactor

gjust Powerto a
blished betw een the am ount of fuel in the core, the am ount of neutron-absorbing

esta
rial w ithin the control rods in the core, and the core steam /w ater volum e ratiom ate

id content). ln addition to the feed-water circuit, which acts as the m ain source of(v0
r into the reactor, a recirculation circuit also contributes to the w ater ; ow  throughwate

eactor core. lncreasing either the feed-w ater or recirculation ; ow  decreases thethe r

tor steam  void and thus raises reactor pow er. The control rod position establishesfeac

the neutron m ultiplication rate.The levelis determ ined by the balance

l e
ïnsertïon

relationship betw een reactor PoW er
@

level and Core i ow .C ontrol rod w ithdraw al/
*

IS used for

snstained by using

quick m anoeuvrlng of

variable-speed electrically

the reactor. The recirculation S ow *IS

driven PUm PS and the ; ow is directed

to the reactor core by m eans of an array of jet pum ps. Feed-water flow is alsoin
tained by using electrically driven pum ps and adjusted by m eans of control valvesSus
m aintain the reactor w ater level at setpoint. Steam  pressure is m aintained by m eansto

f the turbine governor control valves.0

To illustrate the dynam ics and control of a B W R , let us consider its reSPOnSe

to an increàse

valve

controller

to

in load dem and.The

increase the steam S ow

governing system  responds by opening the control

and, in anticipation of this increase, the m aster

increases recirculation ; o w  . The steam Pressure setpoint

steam

@

IS m om entarily

decreased to perm it

outf ow  is increased.

the governor control valves to OPen.The Pressure drops aS

the steam
void in the reactor

A n increase in recirculation ioxv decreases the steam

Core 'e(1. .,
*

m oderatordensity increases)and thereactor poxverlevel
r1SeS. ss?itlz the increase 111 reactor PoW er,

original

steam PCCSSUCC

The

is restored and the steam

PCCSSUCC
follow ing

increase

ày the recirculation

setpoint is returned

the increased steam

ttl its value. reactor w ater level decreases

outi ow ,but the w ater inventory *IS SOOn restored by an
*

1l1 feed-w ater i ow . The B W R m axim um load m anoeuvring rate @IS dictated

controller reSPOnSe and l))r lilllits set on changes ttlreactor Nvater

leveland steam PCCSSUCC.
*

ISA  B W R capable of load

lkexver units, such aS the B W R 6

follow ing over the reactor

design, are capable of step changes

-?

entire operating range.

+25%of UP to

RFP.

A B W R unit Can w ithstand a decrease in load of UP to alm ost 100% w ithout

trillllilllj.

to tem porarily

to the turbine.

For decreases @111 load of m ore than 25% , the turbine bypass

relieve CXCCSS steam  w hich

The bypass valves close

supplied

autom atically

*

IS by the reactor

operate

but not delivered

valves

aS reactor PoW er is reduced by

a com bination of ;ow control and control rod insertion.

9.3.3 M odelling of Therm alEnergy System s

D ynam ics of therm al energy system s
lynam ic response ofindividual elem ents ofPoW er system s. I11

play an im portant role in the long-term

addition to the process physics of the

these system s, the associated auxiliaries,

controls need to be appropriately represented in the study

protections, and

of long-term  stability.
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energy system s system

evolving, and standard m odels for com m on use by the utility industry

been developed. R eference 30 presents detailed nuclear and therm al

m odels

M odels for representation of therm al *1l1 studies are still

nothave yet

PoW er plant

*recently developed by Ontario Hydro and CRIEPI (Japan) under a Joint
EPR I/C M E PI study.
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High-v oltage

Transm issio n

D irect-c urrent

H igh-voltage
*

direct-current (HVDC) transm ission
transm ission

transm ission

111 special

betw een

situations. The first

W aS the Sw edish m ainland

advantages over ac

com m ercial application of H V D C

and the island of G otland in 1954.

has

This system

Since

used nlercury-arc

there

valves and provided a

steady increase

20 M W underw ater lilllk of 90

km . then, has been a *ln the application of H V D C

transm ission.

ssritll the advent of thyristor valve converters, H V D C transm ission becanae

CVCn nxore attractive.The ûrst H V D C system  using thyristor valves w as the E e1 R iver

schem e com m issioned @111 1972,form ing a 320 M W back-to-back dc interconnection

hetw een the POW er system s of the C anadian provinces of N ew B runsw ick and

Quebec.
stations.

Thyristor

R ecent

valves have h0W beconae standard equipm ent for dc converter

developm ents *111 conversion equipm ent

developm ents

have reduced their size and

cost,

widespread use of H V D C transm ission. ln N orth A m erica, the total capacity of H V D C

links in 1987 w as over 14
,000 M W  (11. There are m ore links uhder construction.

and im proved their reliability. These have resulted *111 a nlore

The follow ing are the types of applications for w hich H V D C transm ission has

been used:

1. U nderw ater cables longer

because

than about 30 km .A C transm ission *IS im practical

* *for such distances of the high capacitance of the cable requlrlng

internaediate com pensation stations.

4 6 3
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2. A synchronous

feasible

lilllc betw een tAs?tl ac system s

problenAs

w here aC ties w ould nOt%%
because of system stability Or a difference *111 aom tnal

frequencies of the tw o system s.

3. Transm ission

H V D C

of large am ounts of pow er over long distances by overhead lines
.

transm ission is a com petitive alternative to ac transm ission for

distances *111 CXCeSS of about 600 km .

H V D C system s

have

have the ability

im pact

to rapidly control the transm itted POW e#
.

Therefore, a signiû cant

system s. A n understanding of the

the

they on the stability of the associated aC POW er

characteristics of the H V D C system s is essentialfQ<

study of the stability of the pow er system .
*

IS

slore im portantly,

perform ance
Proper
of the

design

overall

of the
H V D C controls essential ttl ensure satisfactory ac/dc

system .

This chapter Ahrill provide a general introduction to the basic principles of

operation and control of H V D C system s and describe their m odelling for pow er-now

and stability studies. Tw o term inal system s w ill be considered in detail, follow ed by

a brief discussion of m ultiterm inal system s.

For additional general inform ation on H V D C transm ission, the reader m ay

refer to references 2 to 8. R eference 9 provides inform ation related to speciûcation

of H V D C system s.

1 0 . 1 H V D C S Y S T EM C O N FIG U RA T IO N S A N D C O M PO N EN T S

1 0 . 1 . 1 C lassification of H V D C Links

H V D C links m ay be broadly classis ed into the follow ing categories'.

@ M onopolar

B ipolar

H om opolar

links

links
@

@ links

The basic conf guration of a

One conductor, usually of negative

m onop olar link is show n Figure 10.1. lt uses

olarity. The return path is provided by ground 0rP

*

111

w ater.C ost considerations often lead to the use of such

transm ission.This type of conf guration m ay

system s, particularly

also be the srst stage in the developm ent

for cable

of a bipolar system .

lnstead of grotm d return,a m etallic return m ay be used in situations w here the

resistivity is too high or possible

m etallic structures is objectionable. The
1ow  voltage.

earth interference

conductor

underground/underw ater

form ing the m etallic return is at

w ith
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A C

system
'

c returntallle
-  

O  tional -P

A C

system

F igure 10.1 M onopolar H V D C lilllt

A C

system

+

#  V

U  U

#  V

A C

system

F igure 10.2 B ipolar H V D C link

The bip olar link cons guration *IS show n in Figure 10.2.lt has tw o conductors,

0ne positive

voltage,

grounded.

connected

and the other negative. E ach term inal has tw o converters of equal rated
*

111series on the dc side.The juùctions
poles

betw een the converters *IS

N orm ally, the currents *111the tw O are equal, and there @IS nO ground

current. The tw o poles can operate independently. lf one pole is isolated due to a fault

on its conductor, the other pole can operate w ith ground and thus carry half the rated

load or m ore using capabilities of its converters and line.

From  the view point of lightning perform ance, a bipolar H V D C line is

considered to be effectively equivalent to a double-circuit ac transm ission line. U nder

norm al operation, it w ill cause considerably less harm onic interference on nearby

facilities than the m onopolar system . R eversal of pow er-: ow  direction is achieved by

changing the polarities of the two poles through controls (no m echanical switching is
required).

by the overload

ln situations w here ground currents are not tolerable Or w hen a ground
electrode
#

IS

*

IS not feasible for CCaSOnS such aS high earth resistivity, a third conductor

used aS a m etallic neutral. lt Serves aS the return path w hen

service Or w hen there @IS im balance during bipolar operation.

one pole is out of

The third conductor

requires
@

l()A!? insulation and m ay also Serve aS a shield w ire for overhead lines@ lf it

ls fully insulated
, it Can Serve aS a Spare.
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The hom op olar

m ore conductors,

because

conf guration is

a11 having the sam e polarity. U sually

less

link,w hose show n in Figure
@

10.3,hastw o ot

a negatlve polarity is preferred

it Causes radio interference due to Corona. The return path

entire

for Such R

system  is through ground. W hen there

is available for feeding the rem aining

capability, can carry

reconnection of the

usually not feasible. H om opolar conhguration offers an advantage

situations w here continuous ground current is acceptable.

The ground current can have side effects on gas or oil pipe lines that 1ie

is a fault on one conductor,the converttx

overtoa;conductorts) which, having Son;e
nAore than the norm al POW er.

pole

In contrast, for a bipolar schem t

w hole converter to One of the line is m ore com plicated an2

in this regard ic

w ithin
grounka few m iles of the system electrodes. Pipelines

the

act aS conductors for the

current w hich Can Cause corrosion of m etal. Therefore, conlgurations usinp

ground return m ay nOt alw ays be acceptable.

A C

system

A C

system

F igure 10.3 H om opolar H V D C link

E ach of the above H V D C system cons gurations usually

and

has cascaded group s

of several converters, each having a transform er bank a group of vqlves.
@

111

The

converters are connected

dc side (valve)
B ack-to-back

giveto

in parallel

the desired
On the aC side (transform er)

from

and seriej on the

level of voltage pole to ground.

H V D C

for m onopolar

depending

M ost point-to-polnt (two-term inal) HVDC links involving lines are bipolar;
w ith m onopolar operation used only during contingencies. They are norm ally designeë

system s (used for asynchronous ties)
operation w ith a different num ber of valve

m ay be designed

per pole,or bipolar

on the PurPOSe
*

of the interconnection and the desired
grOuPS

reliability.

ttl provide m axim um independence betw een poles

form ed

to avoid bipolar

the

shutdow ns.

A m ultiterm inal H V D C system @IS w hen dc system

cons gurations

@

IS to he

ofconnected

m ultiterm inal

to nAore than tAArtlnodes on fhe aC netw ork.The possible

system s Alrill be discussed @111 Section 10.8.
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10.1-2 C om ponents of H V D C Transm ission System

The m ain com ponents associated w ith

10.4, using a bipolar system aS an exam ple.

r e
description

ssentiallyC 
.

the SanAe aS those show n

an H V D C  system  are in Figure

The com ponents for other conf gurations

in the s gure. T he follow ing is a brief

show n

of each com ponent.

sm oothingC
onved er reactor 

,
1 

.
1 C onverter

= > ''''''' ; ; N >c bus A C busA  
I

C B  1 D CI

l û lter
I

U  I UB
ridge l

lt j I t
j **-*--œ*-R**œ-*œœœ-*-(-œ*œœ*œ*œl jyyggy/gyyg gyTransform er I l 

;) Electrodes ll
!

a  I z
.

D C

flter l 
jl 
I

:' D C line I A CA C  I I

slter slter vT 
v  v  T

U  U  U  U

R eactive R eactive

ow er source C B : C ircuit breaker pow er sourceP

D C

.n

F igure 10.4 A schem atic of a bipolar

com ponents

H V D C system

identifying m ain

They perform

and transform ers w ith tap

connected

Converters. ac/dc and dc/ac conversion, and consist of valve bridges

changers. The valve bridges consist of high-voltage valves
*

1l1 a 6-pulse Or lz-pulse
@

arrangem ent aS described @111 Section 10.2. The

converter

level

transform ers provlde ungrounded three-phase voltage SOUCCC of appropriate

to the valve bridge.W ith the valve side of the transform er ungrounded, the dc

system  w ill be able to establish

positive

its ow n reference to ground,usually by grounding the

or negative end of the valve converter.

Sm oothing R eactors. These are large reactors having inductance as high as 1.0 H

connected in series w ith each pole of each converter station. They serve the follow ing

PG POSCS:
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@ Ilecrease harm onic voltages and currents in the dc line.

@ Prevent com m utation failure @1l1 inverters.

@ Prevent current from being
@

discontinuous at liljllt

short-circuit

load.

* L im it the crest current ln the rectif er during On the dc line
.

H arm onic generate harm onic voltages and currents on both ac anu.

dc sides. These harm onics m ay cause overheating of capacitors and nearby generators
,

and interference with telecommunication system s. Filters are therefore used on bott?
ac and dc sides.

F ilters.C onverters

R eactive P ow er Supplies. A s W e Ahrill SeC *11A Section 10.2,

the

dc converters iaherently

consum edabsorb reactive
@

IS about 50%
pow er.

of active

U nder steady-state conditions, reactive POW er

thePOW er transferred.U nder transient conditions, consum ptioc

of reactive pow er m ay be m uch higher.R eactive POW er SOurCeS are therefore providek

of shuntnear the converters.

capacitors. D epending

reactive

For strong ac system s, these are usually in the

on the dem ands placed on the dc link and on

form

the aC system
,

part pow er source m ay

static var com pensators. T he capacitors

of the reactive pow er required.

of the be *111 the form of synchTonous condensers 0r

associated w ith the ac f lters also provide part

E lectrodes. M ost dc links are designed to use earth as a neutral conductor for at least

brief periods of tim e. The connection to the earth requires

conductor to naininAize current densities and surface voltage

a large-surface-area

gradients. This conductor
*

IS referred to aS an electrode. A s discussed earlier, if it @IS necessary to restrict the

current ; ow through the earth, a m etallic return conductor m ay be provided as part

of the dc line.

D C L ines. T hey m ay
*

be overhead lines Or cables. E xcept for the num ber of

conductors and Spaclng required, dc lines are Very sim ilar to aC lines*

A C C ircuit B reakers.For clearing faults in the transform er and for taking the dc link

Outof service,circuit-breakers are used on the ac side.They are not used for clearing
(

dc faults, since these faults Can be cleared nAore rapidly by converter control.

10 .2 C O N V ER T ER T H EO RY A N D PER FO R M A N C E EQ U A T IO N S

A  converter perform s ac/dc conversion and provides a m eans of controlling the

power ;ow through the HVDC The m ajor elem ents of the converter
bridge and converter transform er. The valve bridge is an array of high-voltage

or valves that sequentially connect the three-phase alternating voltage to

term inals

link. are the valte

sw itches

the dc

SO that the desired conversion and control of POW CC are achieved. The

converter transform er provides the appropriate 'lnterface betw een the ac and dc system s.

In this section, W e Ahrill describe the structure and operation of practical

converter circuits. In addition, W e Arrill develop equations relating dc quantities and
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fundam ental frequency aC quantities.

10.2 .1 V alve C haracteristics

The valve in an H V D C converter is a controlled electronic sw itch.lt norm ally

conducts

it is

when

conducting,

only@113 One direction,
@

IS

the forw ard direction, from anode to cathode. sVhen

there only a sm all

the

anode,

voltage applied

valve

R CrO SS

voltage

the valve is

drop aCCOSS *1t.ln the reverse direction,

such that the cathode @IS positive relative

ttlthe the blocks the current.

The early H V D C system s used n3ercury-arc valves. s4ercury-arc valves AAritlz

rated currents of the order 1,000 to 2,000 A  and rated peak inverse voltage of 50

and used. A m ong the disadvantages of m ercury-arc valves

of

ttl150 kv

their

have been llllilt

are large size and tendency to conduct @111 the reverse direction.

A 11 H V D C system s llllilt since the m id-1970s have used thyristor valves.

Thyristor

thyristors

available
@

@

111

valves rated at 2,500
@

111

to 3,000 A and 3 to 5 kv have been developed. The

arC connected series to achieve the desired system voltage. They arC

various designs'. air cooled, air insulated;

insulated.

oi1 cooled,

valves

oil insulated;

be designed

Nvater

cooled,a1r insulated; and freon cooled,SF6 The Can for

indoor Or outdoor installation.

For the valve to conduct, it @IS necessary for the anode to be positive relative

ttlthe cathode. ln a nAercury-arc valve, AAritllthe control grid

voltage

tlltl

w ith respect to the cathode,the valve is prevented

at suff ciently

from  conducting,

negative

although

anode m ay

Sim ilarly

be positive. The instant of sring can be controlled by the grid.

a thyristor valve w ill conduct only w hen the anode is positive

cathode

Arritll

respect

Conduction

theto and w hen there *IS a positive voltage applied
@

to the gate.

m ay
@

be initiated by applying a m om entary Or sustalned current pulse of

Proper polarlty

O nce

to the gate.

conduction @IS initiated, the current through the valve continues tllltil

current drops

direction,

to Zero and a reverse voltage bias appears aCrOSS the valve. 1l1 the

forw ard the current *IS blocked lllztil a control

Nuhen not conducting, the valve should be capable

cathode

pulse is applied to the gate.

of w ithstanding the forw ard or

andCCVCCSC bias vo1tages appearing betw een its anode.

Figure 10.5 showsthe sym bolused to representa controlled valve (naercury-
arCor thyristor).

C ontrol grid

Or gate

A node

(+)

/

C athode

(-)

f

F igure 10.5 Sym bol for dontrolled valve
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10 .2 .2 C onverter C ircuits

The basic m odule of an H V D C converter @IS the three-phase, full-w ave bxtdzt
circuit show n in Figure 10.6.This circuit is also know n aS a G raetz bridge.

bridge

M thouzh
there are several alternative confgurations possible, the G raetz has bttn

universally

transform er

used for H V D C converters as it provides better utilization of the converttr

*

IS referred

and a low er voltage across the valve w hen not conducting

to as the peak inverse voltage and is an im portant factor

of the

(2,61. The lattey
that determ ines

the rating valves.

Id

P

O

Three-phase

=

+

Md

?7

C onverter transform er C onverter bridge

F igure 10.6 Three-phase, full-w ave bridge circuit

The converter transform er has on-load taps on the aC side for voltage control.

The aC side w indings of the transform er

neutral;

ungrounded

the valve side-w indings arC

are usually star-coM ected w ith groundez

delta-connected or star-connected w ith

neutral.

Analysis of three-phase,full-wave bridge circuit

For PUCPOSCS of analysis, W e Arrill naake the follow ing assum ptions:

(a) The ac system , including the converter transform er, m ay be represented by an
ideal source of constant voltage and frequency in series w ith a lossless

inductance (representing prim arily the transform er leakage inductance).

(b) The directcurrent(&)@ISconstantand ripple-free; this
on the dc side.

*

ISjustifed becauseof

the large sm oothing reactor (f :)used
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The valves(c) are ideal sw itches AA?itll Zero resistance when conducting, and
infnite resistance w hen nOt conducting.

B ased on the

ented by thefePCCS

L et the instantaneous

above assum ptions, the bridge converter

equivalent èircuit show n in Figure 10.7.

of Figure 10.6 m ay be

line-to-neutral Source voltagçs be

eJ f cos(œf+60O)

f cos(Yl-60O) (10.1)

eC f cos(Yf-180O)

The line-to-line voltages are then

e
J C e -dJ C 4 f-cos(Y/+30O)

e e -dba J 4 F,,cos(of-90o) (10.2)

e e-dcb C tïF.cos(of+150o)

Figure

10.2.

To sim plify analysis and help understand the operation of the bridge copverter,

we will frst consider the case with negligible source inductance (i.e., fc=0) and no
ignition delay. A fter developing a basic understanding of the converter perform ance,

we w ill extend the analysis to include the effect of delaying the valve ignition through

gate/grid control and then the effect of source inductance.

10.8(a) shows the voltage waveform s corresponding to Equatibns 1 0. 1 and

A nalysis assum ing negligible S@lfrCd inductance

(a) With delay

ll1 Figure

together.

10.7, the cathodes of valves 1, 3, and 5 of the upper rONV arC

colm ected Therefore, w hen the phase-to-neutral voltage of phase J *IS rnOCC

positive

potential

1.

than the voltages

of the cathodes

tw o phases, valve 1 conducts. The com m on

of the three valves is then equal to that of the anode of valve

of the other

Since the cathodes of valves 3 and 5 are at a higher potential than their anodes,

these valves do not conduct.

ln the loqver COW , the anodes of valves 2, 4 and 6 are connected together.

Therefore,

phases.

valve 2 conducts w hen phase c voltage is m ore negative than the other tw o

Frona the waveform s shown *111Figure 10.8(a) We See thatvalve 1 conducts
when o t is betw een -1200 and 00

5 since

when ô t *IS betw een -600 and 60O
> since

e is greater than eb Qr cc.J

e is m ore negative than eaC

V alve 2 conducts

Or eb during this
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F igure 10.7 E quivalent circuit for three-phase full-w ave bridge converter
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(b)
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F igure 10.8 W aveform s of voltages and currents of bridge circuit

(a) Source line-to-neutral and line-to-line voltages
(b) Valve currents and periods of conduction
(c) Phase

of Figure 10.7

current 'x  N
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@penod.This *ISshown in Figure 10.8(b),which identisesthe period of conduction of

each

direct

valve, and the m agnitude and duration of current in it. Since, by assum ption, the

current Id is assum ed constant, the current in each valve is Id w hen conducting

ZCCO w hen

L et us

not conducting.

nQw  exam ine the

1

period w hen O t @IS betw een 00 and 1200.Just before

+t=0,valves and 2 are conducting.

ignites;

its

valve

Just after o t =0O e

its

beconaes m ore positive
*

IS

than

and 3 valve 1 @IS extinguished because cathodee
c

tentialP0

m oïe

than anode. For the next 60O5

4

valves 2 and 3 conduct.

now  at a higher

A t o t =600, ea is

negative than e , causingC
@

e

vàlve to ignite and valve 2

A t O f=120O C

Sim ilarly,

IS m ore POsitive than e

extinction

the low er

of valve 3. at o f =1800

resulting in the

conduction sw itches

to extinguish.

ignition of valve 5 and

from  valve 4 to 6 *111

COW 'at œ f=240O conduction sw itches from  valve 5 to valve 1 in the UPPCF

rOW .This com pletes one cycle, and the

The valve-sw itching sequence is
Sequence
illustrated

continues.

in Figure 10.9,w hich show s on1y

the conducting valves during the six distinct periods of a com plete cycle.

conducting, the

positive current

Each valve thus conducts for a period of 1200. W hen it *IS

p agnitude

and

of valve current * f .IS d,the valves @1I1 the upper rO5V Carry

the valves in the loqver rONV Carry

of the ac
negative (or return)current.

The current in each phase Source is

valves

Figure 10.8(c),
side) winding of the

coM ected to that phase. For exam ple, the

com posed of currents in the tw o

current in phase a, as show n in
*

IS equal to * @lj -14.

converter

represents current

transform er of Figure 10.6.

from

This the @111the secondary (valve

The transfer of current One valve to another *111 the SanAe r05V @IS called

(( tation-''Com m u 111 the above analysis, W e have assum ed that the Source inductance

fc

ttoverlap.

negligible.@IS Therefore, com m utation OCCUrS instantaneously,

(one

@

1.e., w ithout

55The result @IS that no m ore than tAl?tlvalves from the tOp rONV and the

Otherfrom the bottom row)conductatany tim e.
Frona Figure

of vd PCr cycle
10.8(a), we see

of alternating voltage

that the num ber
@

IS *SIX
. H ence,

of pulsations (cycles of ripple)
the bridge circuit of Figure 10.6

ISreferred ttl aS a ii6-pulse bridge @ @ 5 7clrcult.

Average direct voltage:

The instantaneous direct voltage

anodes
V#aCCOSSthe bridge (between thecathodesof

theupper-row valves) is com posed of 60O segm ents
Of the line-to-line voltages. Therefore, the average direct voltage can be found by

integrating the instantaneous values over any 60O period
.

D enoting o t by 0, and considering the period betw een o t = -600 and 0O, the

average direct voltage w ith no ignition delay is given by

valves and of low er-row

0

F 3
do Je--de

- 60Q
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+ +

e 1J

eb

e c

2

e 3J

eb

e c

2

(a) Ot -600to 00 (b) Ot 00to 60O

+ +

e 3J

eb

ec

4

e 5J

eb

ec

4

(c) Ot 60Ottl1200 (d) Ot 1200to 1800

+ +

e 5J

eb

e c

6

N .

e 1J

eb

e C

6

(e) Ot 1800to 2400 (f) Ot 2400to 3000

Figurv 10.9 V alve-sw itching Sequence w ith no iéjllitit)ll delay and nO overlap
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substituting for e fromGC E quation 10.2,W C get

0
F 3
do

- 600

4 F.cos(0+30o)J0

0 (10.3A)
E sinto +300)

- 60*

E 2s1300 M E 1
.65f

where E m

ln

@

IS the peak

of

value of the line-to-neutral

ternls RM S line-to-neutral (fzx)

voltage.

and line-to-line (/5zz) voltages, the
expression for Fd0 beconaes

Fdo Q x 2.34F (10.3B)

Z E 1
.
35f (10.3C)

LL LL

r d V IS called the ççj tjtjjjj no-load directd0 1t1tIj().''VO

(b) With ignition delay

The

(tdejay

grid or gate

angle'' is denoted

ss?itll

control Can be used to delay the iéjllitit)ll of the valves. The

by â *

ignites

it corresponds to tim e delay of G/œ seconds.

delay, valve 3 when (D/=G (instead
This

of ot =0),valve 4 when
ôt=a +6005valve 5 w hen o t=a +1200

lilllitetl ttl

and SO On. @IS illustrated @111 Figure

fails to

10.10.

The delay angle @IS 1800.lf a exceeds 1800 the valve @ @lgnlte.

For exam ple,
* * *

consider the ignition of valve 3.W ith a =0, valve 3 ignites at o t =0.The

Jgnltlon

and

Can be delayed UP

not ignite.

o t =1800.to B eyond tlliS,$% *IS no longer greater than ec>

hence valve 3 Alrill

Average direct voltage..

is equal

R eferring

to G is

to Figure

given by

19 .10,the average direct voltage Vd w hen the delay angle

3L Jedè 3aC J 4F-cos(e+30o)Je
- 4600 -l) a -600

Fap J cOS(0 +300 ) #0 Lpsinto +300 )l -600 (10.4)
a -600

F gsinta +300) -sinta -30O)qdo

Fd0(2s1 30O ) cos a F COS ado
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(a)

e b e c ebc eba eca ecbJ J

z z K .z' Z Z
z

/
/

/ N

/L? > (, (,/ N C
/ N

/ &
z 

,,
z %

:/ A 
zz / z j #A

/ ..e' . N

/ a  hN

l h ô tl ï

- 1201 60O a o 60O 1200 1800 2400

c

(b)
- 1200 ij 0 1 -@ 1200 i5 2400

UD

* 

- -600 iz 60O 14 1800 *

F igure 10.10 V oltage w aveform s and valve currents, AAritll iljllitit)ll delay

The effect of the delayed iljllitit)ll is thus to reduce the average direct voltage by the

factor COS J .

Since G Can range from 00 to 18005 COSJ Can range

discussed

from 1 to - 1 .T herefore,

Vd

represents

Can range from Fd0 to -V#p@ N egative

rectif cation.

Vd, aS later *ln ,this section,

inversion aS opposed to

C urrent and p hase relations..

A s the iéjllitit)ll delay

alternating

illustrated

voltage and

angle

alternating

@

IS increased, the phase

phase

displacenAent

also

betw een

current @111 a supply changes.

show n

This is
*

111 Figure 10.11 for phase J.The current W ave shape, aS *111 Figure,

10.8(c),
4.

is com posed of rectangular segm ents associated w ith currents in valves 1 and
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@ 00

â = 30O

60O

e J

. V alve 1 conductingl 
1a

Z *l
a  f oz x d 18O

OjtI 
o o x o .1-120 0 60

l
I N  Z

I .-
I .

' V alve 4 conductlngI
l el 

aI

I
I

I
I *l
1 a
I
I

J

I
l
I
I
I
l
l
I
l eJ
I
I
I
l

I *I
J

I
l

@

I
I

I
1 eI 

a

fa1
E a

fu1

E J

Iaj

E J

@

I
I
I
I
1 .

lJ
lo
l c
I

I
l
l

I

eJ

1

l
I .

la

I1200 I GI
l

l
j '-
I

l
I
l
l

l eI a

1
l
I
I .

la
lO  
I

I

l t

œ f

l t

fu1

E a

fu1

E a

61

E J

e J
*

x  ;

phase

phase

J line-neutral voltage E a

fu1

voltage phasor

J line current = fundam ental current phasor

F igure 10.11 V ariation of phase displacenAent betw een voltage

and current of phase J Alritll delay anglç
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hQ,

current Id constant by assum ption (f d in Figure 10.7 prevents /
from  changing). Since each valve conducts for a period of 1200 the alternating lixd5
currents appear as rectangular pulses of m agnitude Ia and duration of 1200 or 2a/)

rad. W ith the assum ption that there is no overlap, the shape of the alternating line

currents is independent of G . O nly the phase displacem ent changes w ith a .

T he direct *IS

The fundam ental

determ ined by Fourier

frequency com ponent

analysis of the current

of the alternating line currentCan%%
W ave shape show n in Figure 10.12

,

Id 2a/3

- a/2 -a/3 0 a/3 a/2 r
)2#

F igure 10.12 L ine current w aveform

The peak value of the fundam ental
@

IS

frequency com ponent of the alternating line

current

x/3 60>

IZ;T -
a  J Id crS x A2 2-f sZxaa

- 600
- a/3

2 (10.5A)
(sin60O - sin(-60O))

24 Id 1
. 116

The R M S value of the fundam ental frequency com ponent of the alternating line

current *IS

IZ;T
f M
fl 4 (10

.5B)

Id 0.78%

sl?itlz losses @111 the converter neglected, the aC POW CC m ust equal the dc POW CC.

T herefore,

3E &; cos:LN L  Id

(V pcosalf:
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where

fzx

#

R M S value of the line-to-neutral vo1tage

angle

voltage

by w hich fundam ental line current lags the line-to-neutral Source

aS show n *111 Figure 10.11

Substituting for Vd0 from E quation 10.3B and for fzy from E quation 10.5B ,W e have

(3s/6 g cos:LN a # 3#sI cosaLN d
ilence,the POW CC factor of the fundam ental W ave *IS

cosè COS? (10.6)

The

(tdisplacem ent

cospterrn @IS referred to by SonAe authors aS the i(vector PoWer factor'' Or
factor''(21.

thusThe converter Operates aS a device that conved s alternating to direct

current

voltage

(or
ratio

direct

varies
to alternating current)
w ith the ignition delay

SO that the current ratio @IS fixed but the

caused by grid Or gate control.

The iéjllitit)ll delay shifts the current W ave and its fgndim ental com ponent

sy an ( =G, as shown in 10.1 1. W ith G =00, the fundam ental current
component (iaj) is in phase with the phase voltage eg; the active power (Pa=Ealajcosq)
is positive and the reactive power (Qa =fgfujsin () ls zero. As G increases from 00 to
900, Pa decreases and Qa increases. At a =900, Pa is zero and Qa is m axim um . As a
increases from  90O to 1800, Pa becom es negative and increases in m ignitude; Qa
rem ains positive and decreases in m agnitude. A t a =1800, Pa is negative m axim um  and

Qa is zero. W e see that the converter, whether it is acting as a rectifer or ap an
inverter, draw s reactive pow er from  the ac system .

angle Figure

A nalysis including com m utation overlap

D ue to the inductance L c of the ac source 
.
tsee Figure 10.7),the phase currents

cannot change instantly.Therefore,the transfer of current from one phase to another

requires

overlap

a fnite tim e, called the com m utation tim e or overlap tim e.The corresponding

or com m utation angle is denoted by F.

In norm al operation,

the

the overlap angle is less than 600; typical full-load values

0O<g<60O, during com m utation three valvesarç

conduct

*

111 range of 15O to 25O@ hà?itll

A new

sim ultaneously. H ow ever, betw een com m utations only tw o valves

com m utation begins every 60O and lasts for an angular period of p.

conduct.

T herefore,

period when two valves conduct with no ignition delay (i.e., is
60O -p, as show n in Figure 10

. 13. D uring each com m utation period, the current ln the

incom ing valve increases from  0 to Id
, qnd the current in the outgoing valve reduces

from  Id to 0
. For sim plicity, in Figure 10.13 w e have identif ed only the valve

conduction

the angular G=0)
@

periods, but not the valve currents.
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.

- 600 60O 1800
- 1200 00 1200 2400

*  *  *  *

O t

=  00 Q = â

5 1 3 5

*  *  *  *
60-g

pt

600

O t

=  20O Q = â

F igure 10.13 E ffect of overlap angle on periods of conduction of valves

If 600/:< 120O,

four

an abnorm al m ode of

three and valves conduct (21.llere We

operation occurs in w hich alternately

w ill consider only the norm al operation

w hen @IS less than 600.

L et US analyze the effect of overlap by considering the com m utation from

valve 1 to valve 3. Figure 10.14 show s the periods of valve conduction,w hen ignition

delay

o t =a +g =ô,
is included.The com m utation beginswhen O/=a (delay angle)and endswhen

where isextinction angle (equalto the Sum of the delay angle and
com m utation

A t

angle p).
the beginning

the
of com m utation ((of =a): ' =f11 #

' 

= 011

and ' = 013

At end of com m utation (œf =a +p=8): and ' =112 #

G 1 a 3 5
/ / / /
/ / / /
/ / / /
z 

- 600 , g ,, lsoo ,,/ 
.

- 1200 N 00-- g N: 1200 N 2400N N
ï N N
î N N

6 2 a 4
8

F igure 10.14 Periods of valve conduction AAritll iéjllitit)lz delay

D uring

effective

period of com m utation,

converter circuit is as show n in

the valves 1,2 and 3 arC conducting

û gure,

and the

Figure 10.15.From  the for the loop

containing valves 1 and 3,W C have

# I'3

d t

d i1
d te - eb a LC LC



10 .2 C onverter T heoSeC
.

ry and Perform ance Equations 4 8 1

P

((2)1 ((()3
ea L j jj jaC

J v
u

eb f jC 
b?/ v

, vd

ec f jc
c

V c

iz

N ote:N on-conducting valves n0t show n.

F igure 10.15 E quivalent circuit during com m utation

The voltage eb -e is called the çtcom m utatingJ 1tétéj().''VO From  E quation 10.2, it is equal

to(jEm sinof .Therefore,

f3f.sinYf LCJI'3
d t

&Qdi3
d t

Since . .é - j.11 # 3,

d i3

d t
0

d i3

d t

Hence,

e-eb a f3fmsinof di5
d t

21C (10.7A)

0r

d i5

d t

J F sino/ (10.7B)
IL

C

Taking

beginning
a desnite integral w ith respect to f,w ith the loxver lim it

of com m utation (œ/=G Or/=a/œ)and a running

corresponding to

upper lim it, w e have

the
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i5

Jdïa
0

AE tj Siner#r
aIA

21
C

lntegration of the above equation yields

is
4 F
2Y Z

C

(cosa -coso/) (t0
.%Aj

Inlcosx -cosœf)

w here

I
J f
2Y ZCS2

(10.8B)

The current is incom ing valvù during com m utation consists of a constant term

(Incos a) and a sinusoidal term (-lncosot) lagging the com m utating voltage by 900.
This is to be expected because w hat w e have here is a line-to-line short-circuit

through

ttl

of the

an inductance of 21 .The constantcomponentof h depends On â *itServes
naake i?=0 atthe

A s show n

beginning of com m utation.

in Figure 10.16, the current

Ah?itll

during com m utation *IS a segm ent of a

sinusoidalcurrent a peakvalueofIn -f3f-/(2Ofc) .Theshapeof thesegment
@

IS a function of the control angle @ .Therefore, the overlap angle depends On Id,LC

and G .

D uring

1800),

com m utation, the shape of ïl satisf es . g .j.l 1 = d g .For nearly Cqualt
.
0

00(or the com m utation period or the overlap is the greatest. The overlap is the
is associated w ith the segm ent of the sine w ave w hichshortest w hen Q =90O5 since fm* <

@

IS nearly linear. A lso, if the Source voltage Em @IS low ered Or if Id @IS increased, the

overlap increases.

Voltage reduction due ft? com m utation overlap :

D uring com m utation,

V

d i5
d ta R* e - Zb c
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eba

eba - J3f.sinœ,

= O t

C om m utating voltage

@

13
.

xetZ/
Z

/

/
/

/ f/ Sl
/
/
/
I
/

/
/

- - - - - - - - - - -  - - - - - - -  (lffset
J

/
I
/

Ivncosa . Inlcosa -cosœ/)I L'= '
ç

,%2 '
I
I
l

xs o jZI I
/  I I

x  I l

I
1
r

C om m utation currents

1 I
l l

. l I .
11 l l 13

l j
IId l I
l l
I I

ô t
l l
l 1G  !

I

V alve currents

F igure 10.16 V alve currents during com m utation *111 relation

to com m utating voltage

Fronx Equation 10.7A ,

Lcdi5

d t

e - d &

2

Hence,

e - eb a

VJ 4* eb
l

e + e
a b

2
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A node voltage of valve
@ pt z after com m utation/

. ! -/
CJ 1 I , z z zz/ Z Z / eb -z--

Com m on anode 1 u ' /ZZ ' ,z'
ltages of ----. W  e + evo

- -

'-
w  77:47 B a b

valves 1 and 3 /''
xu  2during com m utation 

a

a/3 o =o f
/

0 /
Md

W o

//

/

, 
y,z ,y- zz/

/ e

1

F igure 10.17 V oltage

during

w aveform s show ing the effect of overlap

com m utation from valve 1 to valve 3

B ecause of the overlap, the voltage

(ea+eblll, instead
is m easured by

term inalof the P (see Figure 10.15)
*im m ediately after

Figure 10.17, the

area A

O /=G reCOVerS to of eb.Therefore, RS show n 1!ï

effect of the overlap

(a/3

subtracting an area A from  the

05Once every 60O rad).

ô ê

d
F

e + e b
-  6 d uC#

2

e b - e J 

du
2

A E ô
2
Jsinege AE (cosa - cosô)

2

The corresponding average voltage drop (due to overlap) @ISgiven by

AL dM

l/3

3 f3s (cosa - cosô)
1 2 (10

.9)
F

(cos a -cos ô)2do

w here Zd0 @IS the ideal no-load voltage

the

given by E quation
@

10.3.

FronA E quation 10.8A , current *>u durlng com m utation @IS

iz
4 L (
2Y Z

C

cosa -cose /)
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Since at the end of the com m utation o t=& and ' =I,12 J,

Id
J f
2Y Z

C

(cosa -cosô) (10
. 10)

f52(cos a -cos ô)

llencc,

A E (
cosa - cosô) IdoLcl

Substituting in E quation 10.9 gives

AL 3- f OL
d c

V ith
represented

com m utation overlapâa and ignition delay, the
the direct voltage is

reduction *11l direct voltage @IS

by areas and A ; given by

L Lpcosa -AL (10
. 11)

L pcosa - Rch

where

<

R
C

3
O L

C

3 X
C

(10.12)

and Rc

drop due to com m utatlon

*

IS called the ttequivalent
@

com m utating istance-''res lt accounts for the voltage

overlap.lt does not, how ever, represent a real resistance and

COnSUDACS nO POW CC.

RectT er operation

The Cquivalent circuit of the bridge rectis er based On the above analysis
@

*

IS

given in Figure

average

angle

10.18.The direct voltage and current in the equivalent circult are the

values.The internal voltage
@

is a function of the ignition angle G .

ln the equivalent circuit; the effect of

The overlap

com m utationg does not explicitly appear

Overlap is represented by R
cr . 

The voltage w ave

Conduction for rectiû er m ode of operation, including

shapes and periods of valve

com m utation overlap,are show n

ln Figure 10
. 19(a).
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R rC

Id

Vdo cosa Fdr

3
= -R Cr X C

r

3/3sL
p - m

F igure 10.18 B ridge rectif er equivalent - ;circult

Inverter op eration

lf thereis no commutation overlap,% = V pcosa.Therefore,Vd reverseswhen
a =90O.

sh?itll overlap,

L F cosa -AVdo

Eitlll stittltilzéj for p d from E quation 10.9,W e have

F
L L pcosa - (cosa -cosô)2do

(10.13)
F

(cosa +cosô)2do

The transitional value of the iéjllitit)ll delay angle, G /,beyond w hich inversion takes

place *IS given by

cosaf+ cosô, 0

O r

+% a - 6t J - ? - /t

(10.14)l-/

2

The effect of the overlap @IS thus to reduce Jt

to

from

A t srst sight,

beconaes

it m ay

negative.

SCCDA strange

anode voltage W e should,

to 90O -p/2.

delay the ûring pulse

how ever, realize that

90O

tllltil the actual

com m utation @IS

alw ays possible

the outgoingaS

as long as the com m utating voltage

valve w ill have reversed voltage
(ebf=eb -ef) is positive

applled to lt after it extinguishes.

and as long
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.

Since valves conduct in only One direction, the current *111 a converter calm ot

rsed.revehe 
.

m ust

oltagev

exlst

A reversal of Vd results

side

@

111 a reversal of POW er.

inverter operation. The direct

a dc m otor, and is called a

M alternating vo1tage

On the prim ary of the transform er for

of the inverter OPPOSCS the current, aS *111

tervoltage Orcoun

t tk ough the inverter valvescurren

Figure 10.19(b) shows the
tion Operation. For successful com m utation, theonducc

eover from  the outgoing valve to the incom ing valve m ust be com plete beforechang

om m utating voltage becom es negative. For exam ple, com m utation from  valve 1the c

1ve 3 is possible only w hen eb is m ore positive than ea; the current changeoverto va

back voltage. The applied direct vultage from the rectiûer forces

against this back voltage.

shapesvbltage W ave aqd periöds Uf valve

for inverter m ode of

ffom
with suffcient

valve 1 to valve 3 m ust be com plete

For

m argin

description

to allow for valve

ea

de-ionization.

before beconaes nAore positive than è

of rectil er operation, W e uSC the follow ing angles:

â iéjllitit)ll

overlap

extinction

delay

angle

anglù

delay angle J +:

Asillustrated @111 Figure

the

10.20, @ @IS the angle by

for

w hich iéjllitit)ll

3)
ternAs

at w hich

IS delayed

and

from the

instant com m utating

operation
voltage (eba valve @ISZero increasing.

The inverter m ay also be described @1C1 of a and defned *111

tlltl

tàe

y for describing inverter perform ance. These angles are defhed by their advance

respect to the iùstant ((of =1800 for ignition of valve 3 and extinction of valve 1) when
the com m utating voltage is zero and decreasing, as shou  in Figure 10.20. From  the

practiceComm on is to uSe ijillitil)lladvance angle p and extinction advance angle
w ith

valuesSam e W ay :S for the rectif er,but having betw èen 90O and 1800.H ow ever,

figure,W C SeC that

l -Q iéjrlitit)lz

extinction

advance angle

Y a -8 advance angle

ô-G fs -y overlap

since cosa =-cosp
of

and cosô =-cosy, E quations 10.10 and 10.13 m ay be w ritten ill

ternls l and aS follow s'.

Id &2(cosy -dosp) (10.15)

Fa F cösy +cosp
do (10.16)

2

0r

L Z cosp +Rchgp (10.17A)
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o

(a)Rectifer m ode:

+

eac ebc eba ecaI 
z , -  z - -  . -

z

Z
/

/
/

/e
a z es N ec 

w . -  v alvesN

z z Q1 z , r 13 z z . . 15
Z  / / / & /

/ N
/  Z ' N /

/ / Z N /
Z / / / N Z

/ N / / N ' N & /
Z N / N / N N /

- 1200 Nx-60O ' 00 Nx 60O ' 1200 Nx 1800 ' 2400
N N N
x â  x x
X v  jvese a

N< Yx Nx

N 
x  12 ' x x 14 - x x(()6 we

b ec ea

Q

A 15 Q1 13 Q5

B 06 12 14 Q6

*

11lUPPQr<Q7

l t

illlow er<û*

Ld

1 3 5 '---*e
a  L c Ia

%  f c
N

ec L c

4 6 2

W

@
(b)
a >

lnverter m ode :

1200

+

ea c, cc . - -  

v alvesx x 
x  xN  

x 
. 

x 94 N x , /6 = x . /2 x x
X Nx N  N

N N N N
N N N N

v v 6ao z 12aox. p lgaoz 24aox.N Z N
N

- 1200 N -60Oz' 00 N zz a y z/
/ Z 1 /

Z / Z
/ Z /

< -- V alves
. 

*

z ze ,A

z Z #03 . 15 z Q1 z 13e
b ec ea

Q Y

ill loyver r0W

l t

ilz upper r0W

F igure 10.19 V oltage W ave shapes and valve conduction periods
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Converter Angle Deflnitions

e e

i eba
l

- 

-1

l I
1 SlI

l Il
n (cosa -coso/ . ,l l

l I o t
1 l l
1 l 1
l 1 1
l l 1.

l I l
I l l

I
l

R ectifler lnverter

ba com m utating voltage

In (cosa -cosœ/) current
during com m utating period

j i ; i ; i
i l 1 j j ,1 l j l1 I ' 3 1 ' 3 '

l I I l l r
I I I I I 2 #I I I l 1

O t

a g g Y

ô p
G

ij

53

current in valve 1

current in valve 3

F igure 10.20 A ngles

and

used in the description of rectif er

inverter operations

0r

Fd V pcosy - Rch (10.17B)

The inverter voltage, considered negative *111 general converter equatiöns, is usually

taken as positive

B ased

w hen w ritten

On the above

specif cally

equations, the

for an inverter.

inverter m ay be represented by the tsA?tl

alternative equivalent circuits show n *111 Figure 10.21.

Relationshlp between JC and dc quantities

Frona E quation 10.13,the average direct voltage Vd is given by

cosa +cosôV L pcosa -AL F (10.18A)d0 2
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R ci -R ci

+

+

Vdi V p COSP

+

Id

+

Vdi Vao cosy

(a)1n ternAs of p (b)In ternAs ofY

Figure 10.21 lnverter equivalentcircuits (Ah?itllF positive)di

64 tlll stitlltilïéjfor F from  Equationd0 10.3B in term s of R M S line-to-neutralvoltage Ezs
,

W e get

V 3V6 cosa + cosôE (10.18B)
LN2

sh?itll losses neglected, aC POW er *IS equal ttl the dc POW CC:

# #
JC #c

H ence,

3foxfs; co<è Vdld

w here

E LN R M S line-to-neutral voltage

fL1 RM S fundam ental frequency current

Frona E quation 10.18,

3E /oy cossLN 3V6 cosa + cosôX
x
ld

2
/

H ence,

fcosèL1 @g tcosa +cosô---a d z l (10.19)
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q Uations 4 9 1

From Equation 10.5B ,Ahritll =0

fL1 A z
#

noting9e thisvalue of 1L1(when p=0)by fzyp,Equation 10.19 can be Mœiûen aS

IL1cosè cosa + cosôI
L1o 2

(10.20)

where

fL10 (10.21)

Approxim ate expressions

A s an approxim ation IL1 m ay be considered equal to I @L10'

I N IL1 L10 (10.22)

The above relationship

(normal

is exact if =004ht ,Ahritll =600 the error is 4.3% , and w ith B<30O

value)the error @ISlessthan 1.1% (21.
*lt follow s that the PoW er factor @IS glven by

cosè cosa +cosô (10
.23)

2

A s a result of the approxim ation, from E quation 10.18A ,

L N L pcoss (10.24A)

Hence,

Lcoss
N

F
(10.24B)

d0
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FronaEquation 1 0. 1 1 ,% = Vdocosa -#cQ .Hence,

cosè N COS? R Ic d

F (tq.2$
do

Substituting for F#p from E quation 10.3A in E quation 10.24A , W e get

L NNM sLNcosè (10.26)

W e See from E quation 10.22 that the converter has essentially fxed current rati;

Idl1zl ,the variation w ith load being only a few

Seen from E quation 10.25, depends On load @111

percent.

addition to

The POW er
@ @

factor cosl,1%
iéjllltlt)ll delay angle @

.

10 .2 .3 C onverter T ransform er Rating

The RM S value of the transform er secondary current(totaland not just the
fundam entalfrequency component) lTRus iSgiven by

F

2I
vu s

1

F jizltldt
0

The alternating line-current W ave consists of rectangular

Therefore,

pulses of am plitude Id and

Arritltlz 2a/3 rad aS show n @111 Figure 10.12.

l/2

jilltldt
- x/2

12I
vu s

l/3

Jzld'
- %13

1

2
- Id
3

2

and hence,

Ivv s > & (10.27)

The R M S value of the line-to-neutral transform er secondary voltage @IS given

by

E - V
3)8LN d0
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Itansform er volt-am pere rating *IS given by

3-PhaSe rating 3f zxfr

3 ( sjlvdo Aazd (10.28)
3
Vdold

1.0472 (idealno -load direct voltage) (rated direct clpaent)

10.2.4 h; ultiple - Elritl (J e C onverters

Tw o or m ore bridges

The

are colm ected @111series to obtain as high a direct voltage

as requirçd
.  

.

sank of transform ers

bridges are @111 series On the dc parallel on the ac side. A

source and bridge-connected valves.

side and

is connected betw een the ac
%

The ratiosof the transfornlers are adjustable underload.
ln ractice,P

@

ranged *111Pa1rS SO

m ultiple-bridge converters have an

as to result in a lz-pulse arrangem ent.

even num ber of bridges

A s show n in Figure 10.22,

Ld
+

1 3 5

4 6 2

1' 3' 5'

4' 6/ 2/

F igure 10.22 lz-pulse bridge converter
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'
s

&. , . . ,

tw O banks of transform ers,OnC colm ected Y -Y and the other Y -A,are used to sqppïl' 
tvoltages supplied at one bridge are displaced u

30O from those supplied at the other bridge. The ac wave shapes for the two bridge;
as illustrated in Figure 10.23, add up so as to produce a w ave shape w hich is m out

sinusoidal than the current w aves for each of the 6-pulse bridges. A s w e w ill see it

Section 10.6, with a lz-pulse arrangem ent, /#à and seventh harmonics are cf/àc/jpe/y
elim inated on the ac side. This reduces the cost of harm onic f lters signis cantly

.

ln addition, w ith a lz-pulse bridge arrangem ent, the dc voltage ripple ië

reduced; sixth and eighteenth harm onics are elim inated (6-pulse bridges hau
m ultiples of sixth harm onics on the dc side w hereas lz-pulse bridges have only

m ultiples of the twelfth harm onic).
For converters having m ore than tw o bridges, higher pulse num bers au

possible'.

each pair of bridges.T he three-phase

l8-pulse,

coM ections required are m ore com plex than those for lz-pulse

it is m ore practical to use lz-pulse converters and provide the

three-bridge converter; 24-pu1se, four-bridge converters. Tlw

transform er converters
.

Therefore,

f ltering.
neCeSS&<y

D irect voltage A lternating current

<- - t-

<. . .

%
Y A

%
Y Y

l

60o l
J

I
l
l
1 

m

l

I

!
i

- ? F- l
30O 1

l

>

I 1/2 cycle

/ .
h

/ ï

ï /
h /
N J

N

/ N
/ N

/ ï

N /
N /

N J
N

(a)6-pulse Y -A bridge

(b)6-pulse Y-Y bridge

#

/ h

I l
l î
l 1

ï /
î I

l

h I

N /

(c) ll-pulse bridge

N ote:overlap neglected

> 11

F igure 10.23 D irect voltage and altem ating current W ave shapes
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Relationshès bebveen JCand dcquantities,with m ultiple bridges

L et

B nO.of bridges @11l series

T trahsfornAer ratio

1 : F +3
-

phase y  oc
a c ' -

$heidealno-load voltage (corresponding to Equation 10.3C) *IS

F BTEdo 3.35Q5BTE (10.29)
LL LL

Since

voltage

voltage drop Perbridge @IS1j?XcIz)and there arC B bridges @111series,the dc
(corresponding to Equations 10.11) *ISgiven by

L 3L pcosa -Id ; - Xc
a

(10.30A)

0C

L 3L pcosy -IdB  - X
c

(l0.30B)

The dc voltage in ternls of the PoW er factor per E quation 10.24A @IS given by

L N* Fd0coss (10.31)

How ever, Ahritll lllllltillle

ofOutput

cönverter.

voltage a

bridges, Vdo

lz-pulse bridge

value

@

IS given

therefore,

by
*

1S,

E quation 10.29.

tw ice that of a

The average
@

dc

6-pulse brldge

The RM S of the fundam ental

alternating current(corresponding ttlEquation

frequ/ncy com ponent10.22) is given by of the total

I NL1 BTId 0.78BTId (10.32)

Exam ple 10.1

A three-phase, lz-pulse rectifer IS fed from a transform er shritll nom inal voltage

ratings of 220 kV /110 kV .

(a) lf the prim ary voltage is 230 kv and the effective turns ratio F IS 0.48,
determ ine the dc output

anglethe com m utation

voltage

yt is 180.

w hen the ignition delay angle G @IS 20O and
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(b) If the direct current delivered by the rectifer @IS 2,000 A , calculate the
effective com m utating

current,

reactance X ,C R M S fundam ental

altem ating

of the transform er.

PoWerfactorcosl,and reactive of
pow er at the prlm ary side

Com ponent
*

Solution

(a) A lz-pulse bridge circuitcom prises > 0 6-pulse bridges.Hence #=2.

The no-load direct voltage @IS

F M
do

l rfss

1.3505x2 x0.48x230

298.18 kv

The extinction angle is

l +/ 20O +180 38O

H ence, the reduction *111 average direct voltage due to com m utation overlap @IS

A L F cosa -cosô
do 2

298.18x cos20O -cos38O

2

22.61 kv

The dc output voltage @IS

L F cosa -A Vdo

298.18c0s200 -22.61

257.58 kv

A lternatively,

L F cosa +cosô
do 2

cos20O + cos38O298
. 18x

2

257.58 kv
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(b) AL BR Id.C Hence,

A F

B Id

22.61R
C

5.65 Q
2 x2

Z R C a x5.65X
C 5.92 Q/phase3 3

Fundam ental com ponent of alternating current on the prim ary side *IS

IL1 B TId

0.7797x2x0.48x2

1.497 G

Pow er factor at the H T bus @IS

cosè N Fd

F

257.58

298.18
0.8638

do

Hence, -1 0 8638) = 30.250è = cos ( .

# PJC #
c

Vdld 257.58x2 515.16

Qn L ctanè 515.16xt> 30.250 300.43 M V

The solution is show n in F igure E IO.I.

230

+

kv  1 : 0
.48 & -2,000 A

y 128.79 kv
fsy = 1,497 A 257

.58

l : 0.48

>  
.

kv

# =515.16 M W

: =300.43 M VAr

F igure E 10.1
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10 .3 A BN O RM A L O PERA T IO N

10 .3.1 A rc-back (Backfire)

A rc-back refers to conduction in the reverse direction and is one of the

problem s

it can occur

associated w ith nAercury-arc
* *

valves. Since arc-back *IS reverse
serious

onâudion
,

only w hen there IS lnverse voltage

approxim ately tw o-thirds of each cycle
,

during rectif cation than during inversion
.

valve.aCFOSS a ln rectifcation eacà

vqlve

Therefore,

@

IS exposed to inverse voltage during

arc-backs aCe nAore Com m on

A rc-back *IS a random phenonaenon. Alnong the factors that tend ttlincrease

its occurrence are high-peak inverse voltage, overcurrent, high rate of change of

current at the end of conduction, condenkation of m ercury vappur on anodes, and higk

rate of increase of inverse voltage. The effect of the arc-back is to place a short-circuit

across tw o phases of the secondary of the convçrter transform ers. These short-circuit

currents subject the transform ers and valves to m uch greater current than in normal
operation. The

short-cirçuits

transform er

num erotls than

w indings m ust be frm ly braced

ordinary pow er transform ers', this

to w ithstand

to

nlOrC

adds the cost.The

valves require

T o

increased m aintenance.

FCm OVC an arc-back, current is diverted illttl a bypass valve. The bypass

valve @IS a separate valve connected RCCOSS a 6-pulse

capable

valve group.
*

This valve has a

higher

for about 60 seconds.

ratingcurrent than other valves and @IS of Carrylng 1 Pu direct current

grid of the bypass valve is norm ally blocked. W hen

a bridge is to be bypassed, its bygass valve is unblocked and the main valves are
yim ultaneously blocked by discontlnuiqg the transm ission of positive pulses to their

grids. The direct current shifts from  the m ain valves to the bypass valve in a few

m illiseconds. B y sim ultaneously unblocking the m ain valve and blocking the bypass

valve, the direct current can be transferred back to the m ain valves.

T he control

1 3 5

4 6 2

-  B ypass valve

F igure 10.24

A rc-back does

a shorted condition.

not occur in thyristor valves. Thyristors can individually

H ow ever, thyristors arrayed intq converter valves utilize

fail in

redundancy and protection to prevent reverse conduction.
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10.3 .2 C om m utation Failure

Failure to com plete com m utation before

(With suffcient m argin
@

forde-ionization) @IS

the com m utating voltage reverses

referred to as com m utation failure. lt is

due to any m lsoperation of the valve but to conditions in the circuits outside then0t

jve. C om m utation failures are m ore com m on w ith inverters and occur duringva

turbances such as high direct current or low  alternating voltage. A  rectif er can#is

a com m utation failure only if the sring circuit fails.have

Figure

of com m utation

illustrates10.25 how com m utation failure OCCUCS 111 an inverter. A

failure from  valve 1 to valve 3 *IS considered.

eba

/3 eba (

l 1

1 l
h

I i 18000

l l
l l

1I
nlcosa -cosœ/)

C t

*

l

* I *

l ', I l

* 1 I *l ' l f#
0 la j Ot

F igure 10.25 C om m utation failure in inverters

Because of increased directcurrent,1()AA?alternating voltage (possibly caused
by an ac system short-circuit), late ignition, or a com bination of these, valve 1 is not
extinguished before eba reverses. C urrent in valve 3 w ill decrease to zero and the

valve w ill extinguish. V alve 1 current w ill return to Id, and thus valve 1 w ill continue

to conduct.

A s show n *111 Figure
*

IS

10.26, w hen valve 4 ires next, because valve 1 *IS still

conducting,

keeps

extinguished

tllkl

a short placed aCrOSS the dc side of the bridge. The Zero dc voltage

voltage aCrOSS valve

and valve 6 *IS

negative so that valve 5 cannot

ignited in the norm al fashion.

5 conduct.V alve 4 @IS

V alve 1 thus conducts for One full cycle

next

(3 tim es norm al duration) and
extinguishes w hen valve 3 ignites during the cycle.

For the period
@

when valves 1 and 4 are both conducting 'e(1. .,
the

for 1200),the
inverter dc voltage IS Zero and hence there is no POW CC ; ow On dc system

.
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ï1 i if
# i?

0 O t

0

-  L
G  * * * @ @

-

l6 - I; - l4 - l6 - J;

O t

F igure 
.
10.26 V alve currents during com m utation failure

D ouble com m utation failure *IS the failure of tw o successive com m utations *ll1

the SanAe cycle.

by

lf the unsuccessful com m utation from valve 1 to valve 3 sYeïe

follow ed a failure *111 the com m utation from valve 2 ttl valve 4, valves 1 and 2

w ould be left conducting tllltil the next cycle w hen they w ould be norm ally
@

conducting again. D uring the tim e that only

alternating voltages of term inals a and c appear

valves 1 and 2 are conductlng, the

aCFOSS the dc term inals.

D ouble com m utation failures

failure,

by the

w ell as valves

either the tiring angle illitifttilléj

are very rare. U sually,

the next com m utation

after One com m utation

is advanced suffciently

inverter control,Or ttdouble

2 and 4 are

overlap'' during

conducting hastens the

the period w hen valves 1 and 3 as

com m utation. D ouble com m utation

failure, like the single failure, @IS self-curing.

10 .4 C O N T R O L O F H V D C S Y S T EM S

A n H V D C transm ission

On appropriate tltiliirlttit)lz
system is hijhly

of this controllabllity

objectives
of

sôritll

controllable.

to en sure

lts effective use depends

desired perform ance of the

POW er
m axim izing

*

system . the

equlpm ent,

iexibility

various levels
PoW er

of control

of providing eff cient and stable operation anë

control w ithout com prom ising 'the safety 'of

are used in a hierarchical m anner. ln this section,

W e Ahrill describe the principles of operation of these controls, their im plem entation

and their perform ance during norm al and abnorm al system conditions.

10 .4 .1 Basic Principles of C ontrol

Considerthe HVDC lilllCshown *111Figure 10.27(a).lt represents a m onopolar
andlilll: Or One pole

show n

of a bipolar link. The corresponding equivalent

Figures 10.27(b) and (c), respectively.

circuit voltage

prof le are *111
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D C line

ThrCC-Pha:e

aC

fX  
R ectis er Inverter V

U  U

T k ee-phase

a c

(a)Schem atic diagranA

R cr R L -R iC

Id

Vdorc o sc X- Vdr Gj X- Vdoizosz

(b)Equivalentcircuit

Vdorcosa G , Vdi G pjcosy

(c)Voltage profle

F igure 10.27 H V D C transm ission lilllû

The direct current S ow ing from  the rectif er to the inverter *IS

F cosa -Fd
o r COSYdoi (10

.33)
R  +R  -Rc

r L ci

The PoW er at the rectiûer ternainals @IS

# d
r L rf: (10.34)

and at the inverter term inal *IS

Pdi L jz, 2Pà,-RLId (10.35)
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Basic of control

The directvoltage at any pointOn the line and the current(orpower)
controlling the internal voltages (Zyorcosc) and (Vdoicosz).

accom plished by grid/gate control of the valve ignltlon angle or control of

voltage through tap changing of the converter transform er.

Grid/gate control, which is rapid (1 to 10 m s), and tap changing, which is slow
(5 to 6 s per step), are used in a com plem entary m anner. Grid/gate control is usej
initially for rapid action, follow ed by tap changing to restorç the converter quantities

y(G for rectiser and y for inverter) to their norm al range.
Pow er reversal is obtained by reversal of polarity of direct voltages at botk

ends.

controlled by
caa bt

:Tbïs ik
' 

'k :.t*t t

Basis for selection of controls

The follow ing considerations iniuence the selection of controlcharacteristics'
,

1. Prevention of large Guctuations in direct current due to variations in ac system

voltage.

2. M aintaining direct voltage near rated value.

3. M aintaining

possible.

POW er factors at the sending and receiving end that are as high as

4. Prevention of com m utation failure in inverters and arc-back in rectifiers using

nAercury-arc valves.

R apid
*

control of the converters to prevent large S uctuations @111 direct current @IS an

lm portant requirem ent for satisfactory

E quation 10.33, the line and converter

Z

operation of the H V D C link. R eferring

resistances are sm all; hence, a sm all change

t0.

ill

dor #of

either the rectis er

Or Z Causes a large

the

change in Id.

couldOr inverter

For exam ple,

cause direct

a 25% çhange

to

@

111the voltage at

current change by aS m uch as

This im plies that, if both a r and yj are kept constant, the direct current can vafy

over a w ide range for sm all changes in the alternating voltage m agnitude at either enë.

Such variations are generally unacceptable for satisfactory perform ance of the pow er

system . In addition, the resulting current m ay be high enough to dam age the valves:

d ther equipm ent. Therefore, rapid converter control to prevent iuctuations Ofan o

direct current is essential for proper operation of the system ; w ithout such a control,

the H V D C system  w ould be im practical.

100% .

be

For a given pow er transm itted, the direct voltage proûle

close to the rated value. This m inim izes the direct current

along

and

the line should

thereby the line

losses.
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There are several re@SOnS for m aintaining the PoW er factor high:

(# To
nd voltagea

thekeep rated POW er of the converter as high aS possible for given current

ratings of transform er and valve;

(b) To reduce stresses in the valves;

To m inim ize lossesand current(c) rating of equipm entin theaC system to which
the converter @IS connected;

(d) To m inim ize voltage drops atthe aC ternAinals aSloading increases;and

(e) To m inim ize costof reactive POWer supply to the converters.

Frona Equation 10.23,

cosè N 0.5(cosa +costa +p))
N
N 0.5(cojy +costy +g)1

Therefore,

àe kept

to achieve high pow er factor, for a rectiser and Y for an inverter should

as as possible.

The rectif er, how ever,

1()AA?

h4s a m inim um G lim it of about 50 ttl ensure adequate

voltage across

positive voltage

Supply circuit

cannot

the valve before sring. For exam ple, @1C1 the Case of thyristors,

to

the

appearing RCCOSS each thyristor before ûring *IS used charge the

O CC U F

providing the sring pulse energy to the thyristor. Therefore, fring

earlier than about a =5O (10). Consequently, the rectifer norm ally
Operates

*

at a value of G w ithin the range of 15O to 20O SO aS to leave SonAe room for

increaslng rectis er voltage

of

to control dc POW CC i ow .
'

N

1l1 $he Case an inverter, it *IS necessary to m aintain a certain lzzislilzztllll

extinction angle
@

to Avoid com m utation failure. lt im portant to ensure that

allow  for de-ionization before

@

IS

comm utation IS com pletçd :,,1t11 suffciept m argin to
com m utating voltage reverses at a = 1800 or y=0O. The extinction angle y is equal to

p -g, with the overlap jt dependlng on Id and the com m utating voltagç. Because of the
possibility of changes in direct current and alternating voltage even after com m utation
àas bçgun, sufs cient com m utation m argin above the m inim um  y lim it m ust be

m aintained. Typically, the value of y w ith acceptable m argin is 15O for 50 H z system s

and 18O for 60 H z system s.

Control characteristics

Ideal characteristics
.

.

ln

voltage
satisfying the basicregulatlon and current requirem ents identifed above, the responsibilities for

regulation are keps kdistinct and are assigned to separate
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term inals.

1 cEA) m aintaining adequatethe inverter operates with constant extinction angle ( ,
com m utation m argin. The basis for this control philosophy is best explained by usix

the steady-state voltage-current (V-n characteristics, shown in Figure 10.28. T uu
voltage Vd and the current 1d form ing the coordinates m ay be m easured at sonu

com m on point on the dc line. ln Figure 10.28, w e have chosen this to be at tàe

rectif er term inal. The rectif er and inverter characteristics are both m easured at tlk

rectif er; the inverter characteristic thus includes the voltage drop across the line
.

nderU norm aloperation,therectifer m aintainsconstantcurrent((2(2),Q111

Vd A

E (operating point)
c  /

DX

Inverter (CEA)

Rectiser (CC)

. gg
B

Vd

rectif er;

nleasured atthe

inverter

characteristic includes

R IL d drop

F igure 10.28 ldeal steady-state V-I characteristics

sl?itlzthe rectis er m aintaining constant current,its V-1 charaçteristic,
I

10.27(b),

show n as

line A B @1f1 Figure 10.28, @IS a vertical line.FronA Figure

L L pjcosy +(Rt-Rci)Ia (10.36)

This gives the inverter characteristic,
@

IS

AAritllY

than

m aintained at a tixed value.lf the

com m utating

characteristic

resistance R ci sliéjlltl)r
*

of the inverter, show n aS

larger

llne C D  in Figure

the line
;
'

resistance Rf, tht

10.28,has a sm all negative

slope.

1 C onstant extinction angle control m ode is

. U nder norm al operation, the com m utation m argin angle and the extinction angles art.

The distinction arises during conditions such as operation w ith a large overlap angle; the

essentially the sam e as constant m argin angle

control

equal.

valve voltage

have

m ay becom e positive earlier than w hen the sinusoidal portion of the voltage

w ould crossed ZCrO under norm al conditions. U nder these conditions the concept
@

of

m aintaining m inim um  extinction angle is not m eaningful.

angle

voltage across the valve becom es positive)

interval betw een the end of conduction and the instant w hen the actuat
T herefore,the com m utatlon m argin

(representing the
is m aintained for safe inverter operation.
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Since an operating

is defned

condition has to satisfy both rectif er and inverter

teristics, it by the intersection of the two characteristics (E).chN':c
The rectifer characteristic can be shifted horizontally by adjusting the iicurrent

Comm ând''

regulator

Or çicurrent der ''or . lf nAeasured current *IS less than the com m and, the

advances the ûring by decreasing G .

can be raised or low ered by m eans of its transform er

hanger. W hen the tap changer is m oved, the C EA  regulator quickly restores thetaP C

ired y. A s a result, the direct current changes, w hich is then quickly restored by#eS

current regulator of the rectiû er. The rectis er tap changer acts to bring G into thethe

jred range betw een 10O and 20O to ensure a high pow er factor and adequate room#es

The inverter characteristic

f0rcontrol.

To Operate

w hich

the inverter at a constant

com puter

voltage

takes illttl consideration
7,

variations

the valve

ill

sring is controlled by a

the instantaneous values of

and current.T he com puter

de-ionization

controls the sring tim es so that the extinction

valve.

angle

is larger than the angle of the

Actual characteristics..

The rectiser m aintains constant current by
@

changing J .H ow ever, a calm ot be

less than its m inim um

is possible,

the rectifier

and
value (amin).

w ill

O nce G min IS reached,no further voltage increase

the rectiû er Operate at constant ignition angle

FA)
angle

characteristic
((2lJ%).Therefore,

has really tw O segm ents

m inim um
(2tl)
iljllitit)ll

and aS show n in Figure

19.29.The segm ent FA corresponds

segm ent

to and represents the

C1A

control

control m ode; the AB rçpresents the norm al constant current (CC)
m ode.

111 practice, the constant current characteristic m ay nOt be truly

has

vertical,

ëepending

negative

On the

slope

current regulator. W ith

due to the fnite gain of the

a proportional controller, it a high

current regulator, aS show n below .

Vd Rectiûer (C1A)

F N orm al volt I u
er (cEA)nVeA

S -uouuuuyuuuuuuuuuuuuc

? E DF >
- . - . .

. . . . .
. . . .

. . . . .  

.... s jR educed volt s ,

Rectifier (CC)

Inverter

(CC)

H  B .

1 -.>

F igure 10.29 A ctual converter control
.  
steady-state characteristics
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hô?itll a regulator gain of K ,W e have

1ord

L pcosa K(I -Ia)ord

V  + R f:Cr

+

Id Z K G p cosq

Therefore, I dOr current order

L KI - LK + R ) hord cr Figure 10.30 Currentregulayor

ln ternls of perturbed values,

AL - LK+R ,) hhC

O r

hvdlhld -LK +R )Cr (10.37)

W ith a proportional plus integral regulator,

com plete rectiser characteristic at norm al

voltage

the C C characteristic *IS quite vertical.The

voltage @IS desned by FA B .A t a reduced

it shifts, aS indicated by F'A 'B @

The C EA characteristic of the inverter intersects the rectif er characteristic(CD) at
E for norm al voltage. H ow ever, thç inverter C E A characteristic does nOt

intersect the rectif er characteristic at a reduced voltage represented by F'A 'B#

Therçfore,

be

a big reduction in rectiû er voltqge w ould Cause the current and pow er tù

reduced to Zero after a short tim e depending on the dc reactors.The system w ould

thus rtm  dow n.

111 order to avoid the above problem , the inverter @IS also provided
@

w ith a

current controller, w hich is set at a loqver value than the current settlng for the

rectii er. The com plete

of C E A

inverter characteristic *IS given by D G H , consisting of tw 0

segm ents: One and Oqe of constant current.

The difference betw een the rectis er current order and the 'lnverter current order
@

IS called the current m argin, denoted by f @1C1Figure 10.29.lt is usually set at 10 to

15% of the rated current SO aS to enstlre that the tw o çonstant current characteristics-

do n0t CCOSS each other due to Crrors in nleasurenAent Or other CauSeS.

U nder norm al

the rectiû er controls
operating conditions (
the direct current and

reduced rectiservoltage (possibly caused
is represented

the

by the intersection oint E '.P

represented by the intersection

the inverter the direct voltage
point E),
W ith a@

by

The

a nearby
@

fault),
takes

the operating

current control

condition

lnverter OVCC and

rectiser establishes the voltage. ln this operating m ode, the roles of the rectifer

and inverter are reversed. The change from One m ode to another @IS referred to aS a

mode shift .

Cqm bined rectifler and inverter characteristics

ln m ost H V D C system s, each converter @IS required to function RS a rectifer
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V  converter l s
1C 1A  l 

c onverterl l

l l (CEA)l l
ll l

l l
: C C ll l

0 
. 

Id
l I ll 

m l
C C t ll l

) /
l l
1 l
t l

L ' Converter(2I
J% ----- xx ((yjyyj)E

2C onverter 2

2

1

F igure 10.31 O peration

inverter

w ith

and

converter having

converter characteristics

each conabined

ZS

characteristic

w ell aS an inverter.

aS show n

C onsequently, each

in Figure 10.31.

converter is provided Nsritll a com bined

The characteristic of each converter consists of three segm ents:

((2(2),

con stant

ignition

extinction

angle ((21yt) corresponding to minn constant current and constant
angle (CEA).

The POW Cr
@ *

transfer is from  converter 1 to converter 2, w hen the

condition

characteristics

are

operation is represented by point E 1.

The pow er ; ow  is reversed w hen the characteristics

show naS 111Flgure 10.31 by stllitl lines*The operating in this m ode of

are aS show n by the dotted

m akinglines*This #IS achieved by reversing the ççm argjn ttillg ''SC , @1.e.,by tlltl current

order setting of converter 2 exceed

represented

polarity

that of converter 1.The operating condition is now

by

changed.

E 2 in the s gure;the current f: is the SanAe aS before, but the voltage

has

A lternative inverter control m odes

inverter

The follow ing are variations to the C EA  control m ode described

. These variations offer som e advantages in special cases.

above for the

D C voltage control m ode:

lnstead of regulating to a fxed Y value (CEA),
m ay be used SO aS to m aintain a constant voltage at

a closed-loop voltage control

a desired point on the dc line,
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usually

desired

the sending

voltage

control

dc

end
*

IS

(rectifer). The necessary
estim ated by com puting the

inverter voltage

drop.

to m aintain tht
line R 1 A s com pared to

constant Y (which
m ode has the advantage

drooping

that the inverter

has voltage

V-I characteristic
characteristic), the voltage eontrol

show n in Figure

value

@

IS flat as

10.32(a).
thus

a Y

In addition, the voltage control m ode has a slightly

less prone to com m utation failure. N orm ally the voltage

of about 18O in conjunction with the tap changers.

higher

control

of y and Is%

m ode m aintains

Vd

C onstant Voltage

Control

. gg

V

Constant p
control

pCC

m .

Y+:

(a)Constantvoltage m ode (b)Constant m ode

F igure 10.32 A lternative inverter control m odes

Beta r#? control..

T he inverter equivalent

W ith constant
circuit in term sof ignition advance angle p is as shown

in Figure

a positive
*

10.21(a).
slope

*

p, the V-I characteristic of theinverter thereforehaF
as shown in Figure 10.32(b). At low loads, constant p gives additional

securlty agalnst com m utation failure. However, at higher currents (larger overlap), the
m inim um  y m ay be encountered. Constant p control m ode is not used for normal
operation. lt is view ed as a backup type of control m ode useful for acting directly

upon the s ring angle during tran'gient conditions.

M ode stabilization

A s show n @111 Figure 10.33,the intersection of rectif er Cmin characteristic an2

the inverter C EA m ay not be w ell desned at certain voltage levels near the transition

betw een the inverter C E A  and C C characteristics. In this region,a sm all change in ac

voltage

tendency

Ahrill Cause a large (l0ù )
m odes

change

and

*

111 direct current. There w ill also be a

to tap ln order to avoid this problem ,

a characteristic with positive slope (constant p) at the transition betweeh CEA and CC
control characteristic of the inverter is often provided as shown in Figure 10.34(a).
Another variation, shown in Figure 10.34(b), controls the direct voltage with a voltage
feedback

çljy t'5un betw een changing.

loop.
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Vd c IA  sa

C C C C

W

r M ode am biguityV

a cIA ( y
?, A , AA

C E A

C C C C

= Id

(a) (b)

F igure 10.33 R egions of m ode am biguity

Positive slopeV
d c IA  'x

C E A

C C C C

>

Vd C lA

C E A

C onstant

C C C C

>

voltage

Id

(a) (b)

F igure 10.34 M odif cation of V-I characteristic for m ode stabilization

Tap changer control

T ap changer control @IS used to keep the converter fring angles Al?itllill the

desired range,whenever (for rectiûer) OrY (for inverter) exceeds this range for
DAOFC than a few seconds.

N orm ally, the inverter operates at constant extinction angle, thus f xing the line

toltage w ith superim posed voltage control by the tap changer. The rectiû er operates

in current control m ode w ith superim posed a =anomina; control by the tap changer.

T ap changers are usually sized to allow  for m inim um  and m axim um  steady-

state voltage variations, and for m inim um  to m axim um  pow er ; ow  under w orst-case

steady-state voltage conditions. U nnecessary tap m ovem ents during transient

conditions are prevented by using tim e delays. H unting of the tap changer is avoided
by having a dead band w ider than the tap-step size.

Current /ill,f/x

The follow ing lim its have to be recognized in establishing the current order.

(a) M axim um current/;-> I-f .@

The m axim um short-tim e current *IS usually lim ited to 1.2 to 1.3 tim es norm al
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full-load current, to avoid therm al danAage to valves.

(b) M inim um current/;-- /-f .-

A t 1()A4, values of current, the ripple *111 the current m ay Cause it to %%
discontinuous Or interm ittent.ln a lz-pulse operation,the current *IS then interrupttd

12 tim es per cycle.

in the

at the

This is objectionable because of the high voltages (Ldildt) inducet
transform er w indings and the dc reactor by the high rate of change of currect

instants of interruption.

At low values of direct current, the overlap is sm all. Operation is objectionable
even current overlap is too sm all. W ith a very sm all overlap

,

the two jum ps in direct voltage at the begilm ing and end of com m utation m erge to
form  one jum p twice as large, resulting in an increased stress on the valves. It may
also cause fashover of protective gaps placed across the term inals of each bridge g2j.

A'ritll continuous if the

Voltage-dependent current-order 1limit (VD COL) ..

U nder 1ow  voltage conditions, it m ay not be desirable or possible to m aintain

rated direct current Or PoW er for the follow ing reaSOnS:

(a) svhen voltage
dem and of the rem ote

at One converter drops by
*

ln c re a se s,

rnore than about 30% , the reactive

POW er
effect

converter and this m ay have an adverse

On the ac system .A higher

the

G Or Y at the renlote converter necessary to

control the current CaUSCS increase @111 reactive

system

by

absorbed

voltage

s lters

levels also signiû cantly decrease the
pow er.
reactive

The reduced éc

PoW er
reactive

supplied

the and capacitors, w hich often supply m uch of the PoW er

by the converters.

(b) Atreduced voltages,there are also 'sksr. 1 of com m utation failure and voltage
instability.

These problenzs associated AAritll operation under low -voltage conditions m ay

be prevented by using a

reduces the m axim um
tçvoltage-dependent current-order lim it'' (VDCOL). This limit
allow able direct current w hen the voltage drops below  a

predeterm ined
@

value. The V D C O L characteristics m ay be a function of the aC

com m utatlng

Figure

voltage or the dc voltage.The tw o types
'
x ..

of V D C O L S are illustrated @111

10.35.

The rectis er inverter static V-1 characteristics, including V D C O L , /re show n

in Figure

the

10.36.T he inverter characteristic m atches the rectif er V D C O L to preserve

current nAargin. The general

through voltage-dependent current

practice is to transiently reduce the current

lim it. For V D C O L operation, the m easured direct

order

1 This is also referred to aS voltage d
ependent current lim it (V D CL).
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L .V . I
oIdesired select

idm ax

V L im its
J C

R D

2#v;r

- - - - - - - - - - - - - - - - - - -  typper jjypj*t
l

' V oltage-dependent) 
. . 

,

1 lllzAlt
!
1 1. lillAitl j U 'n

.

I I
1 l w V

JCF1 %

(a)Currentlim itaSa function of alternating voltage

L .V .
z ired select 1#c:

Idmax

V  Limits

O RD

fyp,ux

- - - - - - - - - - - - - - - - - - -  jgpper jjynjt
) '

' V oltage-dependentl 
. .

l llm lt
l

l L ow ef lim itl )

1 1
l I = V

d

(b)Currentlim itaSa function of directvoltage

F igure 10.35 V oltage-dependent current lim its

Vd

C IA

C E A

C C C C lnverter
Im

M iù. a R ectif er

lim it
V D C O L

I M in. current lim it
' ' ' ' >  

h

F igure 10.36 Steady-state V-1

m inim um  current

chargcteristic An?itll V D C O L ,

lirlxit and fring angle lim its
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voltage is through a frst-order tim e 1ag elem ent. G enerally, this tim e lag is

different for lncreasing and decreasing voltage conditions. M ile the voltage is going

dow n, fast V D C O L action is required; hence, the tim e lag is sm all. lf the sam e short

tim e

passed
*

létéj is used during voltage

the
CCCOVCU ,

larger

it m ay

l:léj

lead to oscillations and

instability.
@

recoverlng.

To prevent this, tim e #IS used w hen the direct
possibly

voltage is

M inim um W rfag angle /f?,,//

A s show n *111Figure 10.31,POW er transfer OVCC the dc line can be controlled

by m anipulation

the

of current order and current nAargin.These signals are transm itted &è

converter stations through
*

a telecom m unication lilzlc. ln the event that tlw

com m unication fails Or ln Case of a dc line fault, there @IS a possibility

result

that the inverter

station m ay

T o

sw itch ttlthe rectiscation m ode.This w ould in a reversal ofPoW er

w ithiow . prevent this from occurring, the inverter control @IS provided a

m inim um -a by the low est portion of the inverter V-1 characteristic

in Figure 10.36. This restricts the fring angle of the inverter to a value greater than

900, typically in the range of 95O to 1 100. The rectis er is, how ever, allow ed to operate
*

11I

@ @111zA1t,as indicated

the inverter region
*

ttl assist the system under certain fault conditions. A s a

Consequence,
betw een

the m axlm um lim it im posed On the rectiû er fring angle is typically

90O and 1400.

P ow er control

U sually, an H V D C link is required to transm it a scheduled POW er.

equal

ln such an

application,

order(#0)

the corresponding current order is determ ined

divided by the m easured direct voltage:

as being to the POW CC

fo
rd PoI F:

The current order so com puted is used as input signal to the current control.H ow ever,

high-speed

Frona

constant PoW er

of

control m ay have an adverse effect on ac

system  ty, high-speed constant

superim posed slow  pow er control is preferable. This is acceptable since the dispatcher

is not interested in a very high speed pow er control. Thus, from  the stability

view point, the H V D C system  control

the dispatcher it appears as constant

the viesvpoint stabili

system  stability.

current control w ith A
-

perfornas aS
K

.

a constant current control,but for

POW er control.

controls for ac system

T o enhance aC system perform ance, auxiliary

converters.

signals derived from the aC

system  quantities m ay be used to control the

include m odulation of either direct current or

T he control strategy could

direct voltage, OC both. 111 addition,

special

T hese

control nAeasures m ay be used to assist recovery of dc

higher-level controls Alrill be discussed @111 m ore detail

system s

later in this

from faults.

chapter.
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Summary of basic control principles

The H V D C system *IS basically constant-current controlled for the follow ing

> 0 im portant reasons:

@ To lim it overcurrent and m inim ize dam age due to faults

@ To
voltages

Prevent the system from running dow n due to iuctuations of the aC

It is because of the high-speed constant current control characteristic that the H V D C

System operation

The

*

IS Very stable.

follow ing are the signis cant aspects of the basic control system '.

(a) The rectiûer
m inim um

provided w ith a current control and an

reference is set at about 50 so that sufû cient

@

IS a-lim it control. The

positive voltage

aCCOSS the valve exists at the tim e of û ring,to ensure successful com m utation.

In the current control m ode, a closed-loop regulator

direct

controls the f ring

the

angle

and hence the dc voltage to m aintain the current equal

brings

to current

order.T ap changer control of the converter transform er sAritllill the

range
m ovem ents

of 10O ttl 20O@ A tim e delay @IS used ttl prevent unnecessary tap

during transient excursions of a .

(b) The inverter *ISprovided Ahritlla constantextinction angle (CEA)
to

control and

a current control.ln the C EA control m ode,y is regulated a value of about

150.

a

T his value represents

low  risk of com m utation

a trade-off betw een

failure.W hile

acceptable var consum ption and

C E A  control is thç norm , there are

andvariations w hich include voltage

of

control control. T aP changer control
@

IS used to bring the value Y close to the desired range of 15O to 200.

(c) Under norm al conditions, the rectiser *IS On current control m ode and the
inverter is On C EA control m ode. If there is a reduction @111 aC voltage at the

rectif er end,the rectis er fring angle

to

decreases tllltil it hits the %min @ @llm lt.A t

this point, the rectiser sw itches G min control and the inverter Aprill aSSUDAC

current control.

(d) To ensure
recognized

satisfactory operation and equipm ent safety, several lim its are

in establishing the current order: m axim um  current lim it, m inim um

current lim it, and voltage-dependent current @ @llm lt.

(e) Higher-level
im prove

controls m ay

interaction

be used,in addition to the above basic controls,to

ac/dc system and enhance aC system perform ance.

A ll schenaes used to date have used the above m odes of operation for the

rectiier and the inverter.H ow ever,there are SODAC situations thatm ay w arrant serious
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investigation of a control schem e *1i1 w hich the inverter *IS operated

control

continuously *1<ï

current control m ode and the rectifer @111 a -m inim um m ode. E ahanced

perform aùce into w eak system s m ay be One Case.

10 .4 .2 C ontrolIm plem entation

ln Section 10.4.1 W e consldered principles of control of one pole
.

for im plem enting the controls. ln m any cases

the basic>

Figure

there

10.37 illustrates a general schem e

are tw O ttl four converter bridges Per pole connected @111 series. U sually, tw 0

bridges w ith Y -Y  and Y -A connected transform ers are

unit. Thus, the sm allest unit to be controlled is a 6-pulse

considered aS One 12-pulse

unit.Or a lz-pulse bridge

The control hierarchy varies from One dc system

the

to another, but the general

concepts

bipolar

coùverter

H V D C

are Com m on. Figure

T he

10.38 illustrates control hierarchy

four

of a typical

bridge orsystem . control schem e *IS divided illttl levels:

unit control, pole control, m aster control and overall control.

The bridge or converter uhit control

w ithin a bridge and defnes a min and ymin

the control hierarchy.

determ ines the lring instants of the valves
. 

.lilnlts.This has the fastest reSPOnSe Ah?itllill

The pole controlcoordinates the controtof bridges *1#1a pole.
and

T he conversion

of current order ttl a fring angle order, tap changer control, certain protection

jequences

deblocking,

are handled by the pote control. This
and balancing of brldge controls.

includes coordination of starting tlP
,

R ectin er lnverter

Line

+ Id +
A C A C

System  System

q  =

a nneasure = = Y nneasurc
VdR

a desired Y desired
a Y

a 0 + a err Ydrr + Y0
ference R eg. Id R eg. referencere

z 

'

V

. . - - - - w - - - - m  

*  *

' C urrent C urrent
I l

C tlrrent I Cflff Cffofl + +

I Ofder l - - - - - - - - - - - a
1 I
I Pow er . + I + - Im

u m its1 or er . I I current m argin
l +  ord 1

I j

l j

I A uxiliar v v ap changer controlI

l signal ) (Function of aor V jl
l j

M aster control

F igure 10.37 B asic control schem e
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O verall

system  contro

Telecom m unication link
- - - - - - - - - - - - - - - - - - , V aster T ejecom m uRlfcY l'oR1 

- - - - - - - - - - - - - - - - - - - - - - - - - - +
.j j---------------. control to renlote FIXJI;IZ ternAlnal1

l I

I I D C
1 l
l 1
I l B C B ridge
l I j(

-  pc P O eI
l
l B C
1
I - jB lpo el

l
l B C U
l
1---- PC

B C

B C : B ridge control

line

PC :Pole control

F igure 10.38 H ierarchy of different levels of H V D C system controls

The m aster control determ ines the current order and provides coordinated

current order signals to al1 the poles.It intçrprets

interface

the broader denaands for controlling

the H V D C system by
* @

providing an betw een

system

and ac

control.T hls lncludes P0W er-tlow scheduling

pole controls and the

determ ined by the control

overall

centre

system

The basic control

stabilization.

functions are sim ilar for m ost applications.H ow ever,higher-

level control functions are determ ined by the speciic perform ance objectives of
individual

control and protection functions should be

segregated and im plem ented at the low est possible level of hierarchy.

The control of H V D C system s clearly requires com m unication betw een

term inals for proper operation. In the case of rapid changes in pow er level, high-speed

com m unication is required to m aintain consistent current settings at the tw o term inals.

For

function

system s.

as independently

reliable operation of the H V D C system , each pole should

as possible.The

Change
@

of PoW er
/

direction requires com m unication to transfer the

settlng

require

required

from One ternzinal to th'e other. The starting and stopping

current m argin

of the term inals

coordination of the operations at the tw o term inals. C om m unication *IS also

for transm ittal of general

com m unication

status inform ation needed by the operators.
Protection m ay also require betw een the term inals for detection of

SODAC faults.

There are several alternative transm ission m edia available for the

telecom m unications'
. direct w ires via private lines or telephone netw orks, pow er-line

carrier, m icrow ave

m edium  w ill depend

speed

system s, and fbre optics. The choice of the telecom m unication

on the am ount of inform ation to be transm itted and the required

of reSPOnSe, degree of security, and noise im m unity.
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10 .4 .3 C onverter Firing-c ontrolSystem s

The converter fring-control system establishes the fring instants for t*t
converter valves SO that the converter Operates @111 the required m ode of control.

*

constant current ((2(2),constant iljllitit)ll angle ((2IJ%),Or constant extinction angle
(CEA).

Tw o basic types of controls have been used for the generation of converter

f ring ulses:P

@ lndividualphase control(11?(2)
(EPC)@ Equidistantpulse control

T he im plem entation

the

of the above basic fornAs of converter

OVer years. There arC several different versions *111

sring

existence

control has evolved

depending On the

m anufacturer and the vintage of equipm ent. Their detailed description

descriptions illustrate the principles

@

IS beyond
*

the

SCOPC

the

of this book.The follow ing of operatlon of

tw O forn:s of converter fring-control system s.

Individual phase control system f11,12l

This system  w as w idely used in the early IIAJI)IZ installations.lts m ain feature
@

IS that the fring pulses arC generated
@

individually for each valve, determ ined by the

Zero crossing of its com m utatlon voltage.

*T he com m utation PCOCCSS

Figure

111 three-phase bridge

10.7A , the com m utation

circuit W aS analyzed * .z'111

Section 10.2. R eferring to

by

10.15 and E quation voltage
*

IS given

e C - eba J

f3fwsinof 21Cdi5
d t

A s depicted

and

@

11I Figure 10.39, com m utation begins w hen e t equals the iljllitit)ll angle

(a) dsCn when
lf f =f1 at

ot equals the norm al extinction angle (a-y).
the beginning of com m utation, and t=tz at the end of com m utation,

W e m ay w rite

tz

J'f-kinorJ'
J1

Id

2Z
c J di5
0

O r

-
(3E (cosœf

z- cosofl) IL IaC
O
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.

eba éj g sjno /
I

é' I2
O f cl y

.

x ..,.yf
> o t

0 I i a
' I

i I

I
l

ij . l i?
z: ! J

w cjt
< G  -  yB

F igure 10.39 C om m utation voltage and valve currents

0C

- (jEmfcosta -yl-cosœ/l) 2YZ IdC

Thus the control has to satisfy the condition

available betw een (9/=0 /1 =a and O t =œ /a =1 -y.

that the voltage integral 2œ f cld is

The equation to be satiss ed m ay be

written aS

- v3o cosofl-v3o cosy +lXcId 0 (10.38)

CEA contràl w ith IP C ..

ln E quation 10.38, the direct

with
current (1d) and the com m utating
The grid control, therefore, senses

voltage Vary

tAsétlchanges in operating conditions.

quantities to determ ine the instant of lring (f =/1) so as to satisfy Equation
extinction angle equal to a set value yc, and X c =œ f c, w e have

these

10.38.shJitll

- c3Emcosotq-c3Emcosyc+zxcld 0 (10.39)

The required

is
iéjllitit)ll tim e fl

analog
@

can be found from  the solution of E quation 10.39.This

accom plished by using circuits in the early

the

converter control applications.

The control system conslsts of three *unlts : first unit giving a dc Output

proportional

E cosy
c;

voltage

to the direct current 1d; the second giving an output proportional to
@

and the third giving an alternating voltage proportional to the com m utatlng

butArritlla phase lag of 90O 'e(1. .,Emcosnt).
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The three Outputs are added, and

PaSSCS

w ith

through Zero.U nder steady-state
@

a fring pulse is

conditions, such a

generated w hen the Sqm

system

and

controls each valNt

constant com m utation m argln, irrespective of load voltage variations 0r

unbalance.

C onstant current control w ith IP C ..

ln this Case, an additional signal V IS added toCC Equation 10.39 aS follow s.
.

- c3Emcosotq-c3Emcoszc.2X I + Fc d cc 0 (10.4%

w here

VCC = r(Jo -Id)
Io

K

current order

actual direct line current

gain of C C control

The SaDAC circuit

error (Io-1d) is
am pliûer output

(1o -f:)>0,

m ay

am plised only w hen Id is less than 1o.

is clam ped to zero, and the converter

be used for both C EA and C C control operations
'
@

(121.The
W hen Id ls greater than 1

o , the

operates on C EA  control.W hen

it operates on constant-current control.

The converter characteristics for the full range

of C IA

of inverter and rectiûer

operation *ISshown in Figure 10.40.The realization control(a=ac)is similar r
to that of C E A control.

3
cosa X  f:d d0 c 

a cVa yF cosa
do c

C 1A
C C 3

L  = -Fapcosyc+ -a XeIa+K(Io -h)
,
f

Rectiser! Io
f (

i Inverter

l

1 3$ L  = -Fapcosyc+ - X
c
Ia

l vzzz

*  AS 6666 ***********************d0 
c C EA

= FF

F igure 10.40 C onverter characteristics w ith 1PC



10 .4 C ontrolof H V D C5eC
.

System s
/

5 1 9

IPC system  has the advantage able to achieve the highest possible

t voltage under unsym m etrical or supply w aveform s since the fringJrec
tant fOr each valve is determ ined independently. H ow ever, the 1PC system  in effectins

a voltage feedback, since the control signal is derived from  the alternating linehas

jtage. A ny deviation from  the ideal voltage w aveform s w ill disturb the sym m etryvo

f the current w aveform s. This w ill in turn cause additional w aveform  distortions, thus0

troducing non-characteristic harm onics (see Section 10.5). lf the ac network toin
rhich the converter is connected is weak (i.e., has high im pedance), the feedbackp
ffect m ay further distort the altering voltage and thereby lead to harm onic instability.e

The harm onic instability problem  can be reduced by altering the harm onic

characteristics

filters in the control

The of being

distorted

of the aC netw ork
* *

clrcu lt.

(for
A lternati

exam ple, by using

vely, a fring control
additionalflters)öradding

of thesystem independent

describedac systezn quantities m ay be used. This leads to the E PC system next.

Equidistant pulse control system f1% 13I

ln this system , valves are ignited at equal tim e intervals, and the

angles

contrèl

of al1 valves are retarded Or advanced equally SO aS to obtain

ignition

the desired

m ode. There *IS only
*

uslng

indirect synchronization to the

A n EPC system a phase-locked oscillator to

ac system  voltage.

generate the sring pulses

as srst suggestedW

equipm ent

in reference 13.Since the late 1960s,a1l m anufacturers of H V D C

have used this system for converter fring control.

Figure 10.41 show s an E pc -based constant-current control system .The basic

com ponents

counter.

of the system arC a voltage-controlled

at a frequency

is fed to the ring

oscillator

The V C O delivers pulses directly
(VCO) and a ring

proportional to the input

control

Stages
*

vbltage. The train of pulses

(depending on the pulse num ber

counter,w hich has six or tw elve

of the converter).On1y one stage is on
on stage of the ring

at any

tlm e, w ith the pulse train output of the V C O  changing the

in cyclic m anner. A s each stage turns on, it produces a short

counter

output pulse Once PCr

B ridge
converter

Three-phase ac system  D C

(t) 1

Frequency
to voltage Firing
transducer pulses1

r1
.. v oltage p ing oounterI

o + c ontrol V
: jjser + Z z controlled 6 or 12 stagesam p 

a osoiljator (
Id

line

F igure 10.41 C urrent control system Arritll equidistant pulsç control
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cycle.

the
Over One fullcycle,a com plete setof 6 (or 12)output pulses produced Ly

the sring-pulse

*

IS

ring counter at equal
@

intervals. T hese pulses

converter

are transferred by

generator to the approprlate valves of the bridge.

U nder steady-state conditions,

This

Fa is zero

the aC line frequency O 1 . generates

constant sring delay angle J .lf there *IS

I Or line frequencym , 1 5

the frequency of the fring pulses. A change in Sring delay angle (Aa) results from
the tim e integral of the differences betw een line and fring pulse frequencies. lt is

apparent that this equidistant pulse control fring schem e is based on pulse frequency

control.

and the

O a change @111 Z3

proportional to

pulses at line frequency, and m aintains a

a change in current order 1o, m argin setting

occurs w hich in turn results in a change in

voltage L @IS

A n alternative equidistant

reference

pulse

14.

control fring schem e based On pulse phase

control @IS proposed
*

Spaclng

@

11I ln this schem e, a step

Causes the of only One pulse to change; this results

change in control signal

in a shift of phase only
.

For C EA control,the basic circuits

m ust supplem ented by additional

cannot be controlled directly, either a predictive

ln

be

of Figure 10.41, illustrated for

circuitry. Since the extinction angle

C C control
,

(y=a -a -jt)
Or a feedback controlhas to be used

.

the schem e described *111 reference 10,a predictive m ethod @IS used to ensure that

adequate cqm m utation voltage-tim e area (see Figure 10.39) is
of iring for successful com m utation. The fring angle is based

overlap

feedback

angle

available at the instant

of theOn calculation

(g)frorn nxeasured values of currentand voltage.Reference 13 USCS a
m ethod to achieve this.

T hese schem es provide

the

equal

vulnerable

pulse spacing in the steady state. Sym m etry ls

m aintained relative to m ost control angle.

voltage

For exam ple, the sm allest'L(

beconaes the set angle *111 the PFCSCnCC of fnite ac unbalance.

The equidistant ûring control results @111 a loqver level of non-characteristic

harm onics and stable contröl perform ance w hen used w ith w eak ac system s.H ow ever,

andw hen the ac netw ork asym m etry is large,it results in a low er direct voltage P0W0f:l'

than the individual phase control.

F iring system

ln m odern converters,

interface.

the valve f ring and valve

through

thyristor.

an op tical guides are used to Carry

m onitoring

the ûring

unit

are providtd

E ach thyristor is

L ight

provided

pulse to eaçà,

w ith a special control

pulse

condition

to an electrical pulse to the gate input on
@

the thyristor.

changes a ligàt

lnform ation about tà:

that

of

transm itted

thyristors, required for protectlon and supervision

by a light guide system  from  each thyristor.

of valVeS, @IS a1s0)

Atpresent ERany m anufacturers are developing thyristors that arC triggerezq
directly by tibre optics.

10 .4 .4 V alve Blocking and Bypassing

Valve blocking (stopping)
111

*

IS by interruption

H ow ever, this m ay result

achieved

gates of a11 the valves a bridge.

of positive pulses
in overvoltages due tk

to tà'ztf''
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ctr ent

ta continuous conduction through prevlously conducting phases

the dc line and direct current on the converter transform er.on

extinction. ln SonAe instanceS, blocking
@

of the valves at the inverter Can lead

placing the ac voltage

lt *1S,therefore, necessary
*

to bypass the bridge w hen the valves are blocked.

This

10.42.

is achieved by uslng a bypass valve and bypass sw itch, aS show n @111 Figure

The valve currents arC com m utated into the bypass valve and then the bypass

swïtch @IS closed to relieve the bypass valve from carrying current continuously.

nypass #Jïr operation

ln converters using thyristors,the use of a separate bypass
* *

valve per bridge has

àeen as show n in Figure 10.43, bypass ls lm plem ented

1ve to establish a series pair on the sam e phase as an already conductinga va

A bypass sw itch closes to relieve the valves during a sustained blocking.

discontinued.lnstead, by fring

valve.

The logic for bypass operation *IS naade pa= of the converter control.

1 3 5

B V  B S

4 6 2

B V

B S

bypass

bypass

valve

sw itch

F igure 10.42

B P 1 3 5

B S

B P 4 6 2

B P bypass pair

F igure 10.43

10.4 .5 Starting
, S topping, and Pow er-Flow Reversal

The Sequences that are used for starting and stopping
ëepending

current,

steps

on the m anufacturer and

and PoW er is tailored to

equipm ent

the individual

capability.

application.

system s vary

The rate of rise of voltage,

The follow ing are typical

H V D C

and procedures involved (151.
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N orm alstarting (deblocking) SeqMence

1. E ither the invetter or the rectif er m ay

conduction.

start frst.The converter that @IS started

frst establishes valve fring

being

and V oltage @IS held l()A4, Azpitlït*t

deblocking fring angle in the range of 60O to 70O@

2. Follow ing

A

a com m unication delay,the other converter also establishes fling
.

andfairly l()A,; voltage *IS m aintained Apritll a tiring angle of 60O to 70O

starting current On the order of 0.2 to 0.3 Pu (optim ized to equipm ent 0r
system conditions) @IScircutated.

3. A fter a successful start has been established, voltgges are increased according

to the relaxation rate On sring angle

voltage
(cz

has reached a setpoint

the desired value.

illitiftlOfp).The currentorderof 0.2
to 0.3:he Pu is m aintained until the of 40% to 80%

.

current order @IS then released to

4. W hen the current @IS established and Can be m aihtained by the rectifer,the

inverter goes into voltage/m argin angle control m ode.

The entire procedure Can take aS short a tim e RS a fraction of a second Or aS

long as several m inutes,

loadaC system . The

depending on the pow er order and lim itations '

m ay be increased exponentially or in sm all steps.

lm posed by the

Norm al stopping (blocking) &d#&dDCd

U nlike *111 aC system s w here a circuit-breaker *IS

dc lilllc @IS shut dow n gradually through controls. The

operated to

blocking of a

isolate a line,the

pole *IS achieved

by reducing the voltage and current to Zero aS follow s:

1. The current and voltage
*

rectiû er *IS operated 111

are ram ped dow n

or near the inverter

Ahritllill 100 to 300 m S. Then the

region. T his rem oves any stored

energy from  the dc system .

2 B ypass sw itches, if provided, arC closed.

lf One of tw o valve grOuPS eIS to be blocked, it cannot involve reduction of

current tlow  to Zero.T herefore,the

w ith a bypass

regulator

f ring

sw itch,

m ode

angle

and the

of the valve grotlp

blocked.

is ram ped to 900

a bypass is form ed

m ay be lim ited to

valves arC T he ranAp rate

avoid changes.

lîeversalofpower # /w

H V D C Sy

full

stem s afe inherently

featuresschem es have control

capable of pow er tlow  in either direction.

that perm it bidirectional pow er i ow .

M ost
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fam ps

Pow er a prescribed series

or it can be very fast w ith or w ithout blocking of the ûring of the valves.

Control techniques for power reversal m ay include the following (15):

reversal can be sm oothly executed by follow ing of

1. R eduction of current to- 0. 1 to 0.5 Pu via a step Or ranAp.

2. Ilecrease/increase of voltage via ranAp or exponential function follow ed by a

current ran;p to reach the required level.

The basis for

tlltl

wïthïn

JC system to

deciding the sequence to be

survive the resulting disturbance

tim e.

follow ed is norm ally the ability of

and the need for PoW er

be

reversal

a specif ed

30

Typically, fast POW er
@ *

reversal tim es w ould on the order

of 20

Jispatch

entire range

to m S,although ac system lim ltatlons, dc cable design constraints,

controls
Or PoW er

conditions m ay
*

increase it to several seconds.H V D C Can m eet this

of requlrem ents.

10.4 .6 C ontrols for Enhancem ent of A C System Perform ance

In a dc transm ission system ,the basic controlled quantity is the direct current,

controlled by the action of the rectiûer AAritll the direct voltage m aintained by the

inverter.A  dc link controlled in this m aM er buffers OnC aC system from disturbances

0n the other. H ow ever, it does not allow the ; ow of

assists in m aintaining stability of the aC system s.

loads

The

synchronizing pow er w hich

converters in effect appear to

the aC system s aS frequency-insensitive

sw ings.

and this m ay contribute to negative

collapsedam ping

during

Supplem entary controls are

controllability of dc links for enhancing

of system Further, the dc links m ay contribute to voltage

sw ings by draw ing excessive reactive POW er.

therefore often required
*

to exploit the

the aC system dynam lc erform ance.P Thçre

A C a variety of such higher level controls used @111

depending On the characteristics of the

practice. T heir perform ance

associated ac system s. Theobjectives vary
follow ing are the @m alor reasons for using supplem entary control of dc links.@

@ lm provem ent of dam ping of ac system electrom echanical oscillations.

@ lm provem ent of transient stability.

lsolation of system disturbance.

@ Frequency control of sm all isolated system s.

R eactive PoW er regulation and dynam ic voltage support.
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R eferences 18 to 21 provide descriptions of supplem entary controls used

num ber of H V D C transm ission

The controls used tend to be

system s

unique to

control

for enhancem ent of ac system perfornaance
.

each system . To date, nO attem pt hasbetn
naade to develop generalized

The

m odulate

supplem entary

the dc quantities.

controls

The

applicable to al1

use signals derived from

m odulating signals can b.e

schenAes system s.

the aC system s to

frequency, Nohatc
systemm agnitude and angle, and line i ow s.

characteristics and the desired results.

The particular choice depends On the

The principles of dc m odulation schem es and details of their application fo<

enhancenaent of ac system perform ance are discussed further *111 C hapter 17.

10 .5 H A R M O N IC S A N D FILT ER S

C onverters

111 this section W C

generate

w ill brietly

characteristics

harm onic voltages and currents On both aC and dc 'desS1 
.

describe the types of harm onics produced

adverse

by the

converters and the of l lters used to m inim ize their effects.

10 .5 .1 A C S ide H arm onics

Figure 10.12 show s the w ave shape of the alterhating current under the ççideal''

condition w ith no com m utation overlap, ripple-free direçt current, balanced purely

sinusoidal com m utating voltages, and equally-spaced converter firing pulses. The

current m ay expressed as a Fourier series.

For a 6-pulse bridge w ith Y -Y  transform er

expansion for the alternating current is

be

connection, the Fourier series

@

I
1 1 1f

#
tsinœ/ - -sinsef - -sin7œ/ + sinllof + sin13œ, - ''')5 7 11 131 (10.41)

For a A -Y  transform er connection, the current @IS

@

I
2/3z tsinor+

-

lsinso f+ -lsin7o r+ 1 sin llo f + 1 sinlgof+ ...)d 5 7 11 13 (10.42)

The second harm onic and a11even harm onics are absent in the above because

there are tw O current pulses of equal size and opposite polarity Per cycle. Since the

current pulse

T he

AAritltll *IS one-third of a cycle, third and all triple-n harm onics arC also

absent. rem aining harm onics are On the order of 6n+ 1, w here n @IS any ositiveP

integer.

Ahritll

ln a lz-pulse

Y -Y  connection

bridge, there

and the

are tw o 6-pulse bridges w ith tw o transform ers,

other with Y-A colm ection (see Figure 10.23).

On C

The

harm onics of odd values of n cancel Out.H ence,
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@

I
2832: (shof +

-

1 sinllo f + -1 s1 13o f+ -1 sinzgo f. -1 sinzsor+ ...) (10.43)' d
l 11 13 23 25

The rem aining

into the ac

harm onicswhich have the order 12n+1 'e(1. .,11tlz5 th ggth13 , , th2 5 ,etc.)

f10W
harm onïc

system .

has m agnitude

the

Their m agnitudes decrease w ith

11h tim es the fundam ental.

increasing order; th deran h or

% en com m utating reactance @IS considered, the overlap angle
@

during

utation rounds off the squarecom m

nitude of harm onic com ponents.m ag

is given by (31

edges

The reduction

of the current W aVeS, and thls reduces the

factor of the harm onic com ponents

*

I # 2+r 2-2#rcos(2a +@) (10
.44)

*

Iho cosa -costa +g)

where

ih

iho

=  harm onic current

harm onic current w ith no overlap

harm onic order

H gsintà + llplljllh + 1)
(sintà -1)g/2)/(: -1)K

It *IS apparent
@

that the harm onics produced On the aC system are a function of the

Operatlng

reduction

conditions. A s increases, the harm onic

being DAOCC pronounced at higher

com ponent

harm onics. U nder

decreases, w ith the

typical full load

conditions,

30 to of those

@IS about 20O and a is about 150.>the 11tlland 13tllharm onics are about

40% show n *1l1 the basic equations, w hich neglected overlap.

and

D uring
*

afaults,

line current

how ever, reaches nearly 90O5

increase.

the overlap angle @IS reduced, for glven

the ac harm onics Ahrill

The above discussions consider only

referred

balanced conditions. The harm onics

groduced under such ideal conditions are to aS (tcharacteristic harm onics.''

V arious unbalances, such aS non-equally spaced sring pulses, bus voltage

unbalances and unbalances ilz the com m utating reactance

aëditional harm onics w hich are referred to aS

betw een phases w ill produce

ttnon-characteristic harm onics.''

Transfornler excitation current also contributes to these harm onics.

The converter m anufacturers

of the

characteristic
term inals. ss?itll m odern

attem pt to m inim ize these harm onics in the design

day equal-spaced firing, the biggest sources of non-

harm onics are bus voltage unbalance,transform er im pedance unbalance
and the transform er excitation current

. U nbalances *1l1 RC system voltages
*

depend
*

O n

the operating

System .

conditions and are determ ined by the design

the

and opèratlng

of the transform er

practlces of
the U nbalances in the reactances betw een phases are
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1%  of the phase values. W ith bus voltage unbalance of less than 1%

and norm al excitation current levels, non-characteristic harm onics are not signincaut
,

unless a resonant condition exists at a particular harm onic frequency.

usually less than

A C harm onic f lters

H arm onics have to be Sltered Out suffciently at the term inal SO that t*t

harm onics entering the aC system

AAritllill

are sm alland distortion of the ac voltage caused Ly

the harm onic currents @IS @ *llm lts. H arm onics,
@

if not reduced by flters, Cùq

produce
@

111

undesirable effects such as telephone lnterference, higher losses

ac equipm ent (m achines, capacitors,
Ov ercurrents.

etc-), Or resonance problenAs

and heating

w hich could

produce overvoltages and/or

T he penetration of the harm onics illttl the ac system

netw ork,

and resonance

depends on the

deternAine. lt is

harm onic inapedance of the aC w hich @IS

conditions

dif/cult to

constantly varying aS the circuits

the system

unded aken

operating conditions are varying.

are that consider various factors

are being added or sw itched out anë

ln s lter design, quite elaborate studies

including possible system  tesonance

conditions.

typical û lter system  for a lz-pulse converter term inal is show n in Figure
th d 13th harm onics resulting from10

.44. The f lter im pedance is m inim um  at the 1 1 an

the tw o series-resonant tuned branches. The high pass f lter m aintains a low

im pedance for higher harm onic frequencies.

Part of the capacitors required for reactive pow er com pensation is provided bï

flters. The additional cost of converting the re'quired reactive pow er capacitors to
s lters is not

A

very high.

f lter

O f the 50%  reactive pow er com pensation required, about 30%

eleventh, thirteenth, and high pass ûlters.w ould be @111 form divided am ong the

A C bus

th j gth11 H i
gh pass

=

B ranches tuned for 1 lth
and tll13 harm onics

filter

F igure 10.44 T ypical ûlter system conf guration
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10.5.2 D C Side H arm onics

A n ideal 6-pulse bridge converter, w ith repetitive

fOdUCCSP

voltage

etc.).
erating0P

w aveform

a direct voltage w aveform aS show n in Figure 10.19.

sw itching every 600,

Fourier analysis of the

6nshowsthatltcontains harm onics of order 'e(1. .,
@

th6 
,

th1 2 
,

th1 8 
,

The m agnitude of the effective harm onic voltage varies w ldely OVCC the

range of c * operation

of G .

at G near 90O produces higher levels of harm onics

tàan
m agnïtude

sm allerat values The overlqp angle also has a signis cant im pact On the

of the harm onics.

In a bipole system

be
consisting of two 6-pulse bridges (one @111each pole),the

tfansfornAers

cancellation

effect

bridges,
*

O n

w ould connected Y -Y and A -Y  because the 30O phase

of low order harm onic on the ac bus.This w ould also

shift produces

have a benef cial

the dc side.The th6 ,
tll

th1 8 
,

th3 6 
,

th3 0 
, *@@ harm onics arC out-of-phase @1f1 the tAA?tl

w hile the th1 2 
, 24 *** harm onics are *1115 phase. The out-of-phase

w hereasharm onlc

in-phase

vo1tages produce ground return m ode currents in the dc

m obe
line, the

com ponents of harm onic voltages produce line-to-line currents.

111 theAlritl Case of a lz-pulse bridge,the out-of
voltages

roouceP
harm onics

harm onic

cancel Ah?itllilz a lz-pulse

the

bridge;

- phase cum ponents of harm onic

only the in-phase com ponents w ill

balancedcurrents @111 line. For a condition,
@

111the voltàge produced by a dc term inal are therefore

signiû cant

of order 12 and its

the

integral m ultiples.

The non-characteristic harm onics due to unbâlances w ould be sm all @111a w ell

designed

flters.

dc slters are designed

The:ystem . dc side harm onics are reduced by the sm oothing reactor and

M ost of the harm onic voltages

to shunt

are dropped acrbss the sm oothing reactor.

a m ajor portion of the direct harm onic currents so

T he

that

harm onic currents i ow ing
@

into the dc line are AAritllill the perm issible @ @llnnlts.

The sm oothlng reactor and the restof the dc system beyond the reactor (dc
slters, dc line and rem ote term inals) act as voltage dividers for the harm onic voltages.
ln general, a larger value of sm oothing reactor w ill require less dc f ltering. H ow éver,

the sm oothing reactor size ij iniuenced by other considerations associated w ith

converter term inal design.

The follow ing are som e of the considerations iniuencing the selection of the

sm oothing reactor *S1Ze *.

1. The sm oothing reactor has a dom inant effect On the ripple *1l1the

bridge current; the ripple current is

discussed in Section 10.4.1, the ripple

operating point for the term inal.

less for higher

determ ines

values of the reactor. A s

curreht the m inim um  current

size of the

2. The

ttl

th :4th ) but theGenerally, this is not a prèblem  for the higher harm onics (12 - , ... ,
né 4th 6th ) oannon-characteristic harm onics generated at low frequency (2 

, , , ...

produce high harm onic currents if the effective im pedance is 1ow  at these

andsm oothing

the dc bridge

reactor,f lters,

can be

dc lines com bine to produce

w hich resonant at Son3e generated

an im pedance

voltage harm onics.
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frequencies.

w ith control

The high harm onic currents

circuitry

at 1ow  frequencies can cause problem s

circuits.and interference w ith com m unication

the sm oothing
*

reactor @IS selected to avoid a low inapedance
*

at

Therefore

nd or 4tl2

harm onlc frequency. 111 addititlll, 1ow  frequency harm onlc resonance m ust be

avoided for other reasons.R epeated com m utation failures On an inverter m ay

introduce fundam ental frequency

affecting the

high transient5

pulseson the dcline (see Section 10.3.2).lf
the input inapedance bridge

voltages
svere near resonance at tht

fundam ental frequency w ould OCCUr.

3. The sm oothing reactor

failures during a dip

com m utation

size has an ini uence on the likelihood of com m utation
@

111 aC voltages and On the likelihood of Consequent

failure.

4. A higher sm oothing reactor lim its the fault current near the rectis er.

10 .6 IN FLU EN C E O F A C S Y S T EM S T R EN G T H

O N A C /D C SY S T EM IN T ERA C T IO N

The nature of ac/dc system interactions and the assoçiated PrO

capacity

blenls are Very

nauch dependent On the strength

be

of the aC system

W e a

relative to the of the dc

lilplc.The aC system Can considered aS from two aspects:(a) aC system
lninapedance

section
m ay

Arpill
be high,(b)aC

W e discuss

system

associated
m echanicalinertia m ay be 1()A4?g18). this

system s and m ethods

problem s

of dealing

w ith dc system s connected to w eak aC

w ith such problem s.

10 .6 .1 S hort-c ircuit Ratio

Since the aC system strength has a Very signiû cant im pact in the ac/dc system

relativeinteractions,

strengths of ac system s.

It is def ned as

it is usefulto have a sim ple
- circuit

DAeans of m easuring and com paring

The short ratio (SCR)has evolved aSsuch a m easure.

SC R shoh - circuit M V A  of ac system

dc conveh er rating

T he short-circuit M V A *IS given by

2E
J C

Z
SC M V A

w here E @IS the com m utation busGC voltage at rated dc POW er and Zth @IS the Thevenin
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eguïvalent inapedance of the aC system .

theThe

iew pointv

A ctive
assocïated

strength of the ac system . From  the

of the H V D C system  perform ance, it is m ore m eaningful to consider the

short-circuit ratio (ESCR), which includes the effects of ac side equipm ent

basic SC R gives inherent

AAritlz the dc li nk -@f lters,

H V D C controls play an

capacitors,

im portant role in

shunt synchronous

m ost

condensers, etc.

ac/dc system interaction

hCnOERCZR,P

System

g161:

and m ust be taken into consideration @111assessing

strength. Traditionally, the aC system strength has

acceptable levels of ac

been classis ed as follow s

* H igh, if E SC R *IS greater than 5,'

@ M oderate, if E SC R @IS betw een 3 and 5,'and

@ Low , if E SC R @IS less than 3

W ith refnem ents

13 recom m ends

in dc and ac system  controls,

classif cation:

these classis cations change.R eferehce

the follow ing

@ H igh, if E SC R @IS greater than 3,'

* L ow , if E SC R @IS betw een 2 and 3,.and

* V Cry low ,if E'VCR *IS less than 2.

$he above classiscation of aC system
interaction

strength provides a DAeans for

prelim inary

how ever,

circuit ratio,
nCCCSSaCY

assessnlent of potential ac/dc problem s. D etailed studies are,

for Proper evaluation of the

the phase
@

0p

on the dc

the ac/dc system

angle of the Thevenin

lnteraction. It is term ed the

problem s. ln addition to

equivalent im pedance Zth has

the short-

an im pact

system  control stability.L ocal

Gtdam ping angle''

resistive loads, w hile not

an im pact

having a signif cant

and has

effect on E SC R ,

are in the

im prove

of 75O

dam ping of the system .Typicalvalues of the dam ping angle

range to 850.

10.6.2 Reactive Pow er and A C System Strength

FronA E quations 10.12 and 10.25, W e have

cosè NN COS? - - 3X
CFdo

Therefore
,

POW Cr.

each converter COnSun3eS reactive POW er
* @

w hich increases w ith increased

sàTitll norm ally accepted rectifer ignltlon delay angle (a) and inverter
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extinction advance angle (y)of 15O to 18O and com m utating reactance (Xc)
absorbed

of l 5%
s

a converter COnSUDACS 50 to 60% reactive

each converter *IS0.5 to 0.6 pu).
pow er flow  through

capacitors associated

pow er
this has

'

e(1. .,if Pdc
provided

= 1.0 Pu, by

G enerally to be at the Conveder
*

site to prevent large reactive

required is provided by the

aC lines@Pa= of the reactlve POW tr

w ith the aC s lter banks.

The least expensive Nvay to provide

capacitor
*

banks. Since the

capacltors' m ust

state ac voltage is held w ithin an acceptable

This is also infuenced by the strength of the

the larger the sw itchable bank size can be for

the required reactive pow er is to use shunt

reactive pow er varies w ith the dc pow er transm itted

in appropriate sizes of sw itchable banks, so that steady-be provided

range (usually +5% ) atal1load levels.
aC system . The stronger

voltage

the aC system
)

an acceptable change.

*G enerators, if present near the dc term inal,

SOE?C of the reactive P0W er

For

dem ands and

an acceptable
*

com pensatlon

condensers.

range.
in the

w eak aC system s,

can very ln handling

in m aintaining steady-state voltage w ithin

it m ay be necessary to provide reactive

be helpful

form of static VJr compensators (SVCs) Or synchronous

10 .6.3 Problem s w ith Low ESC R System s 116-18)

The follow ing are the problenas associated w ith the operation of a dc system

w hen connected to a w eak aC system '.

@ H igh dynam ic overvoltages,

@ V oltage instability,

@ H arm onic resonance, and

@ Objectionable voltage iicker.

D ynap ic overvoltage

W hen there *IS an interruption

converters

to the dc PoW er transfer, the reactive POW CC

absorption

resulting

could

of the H V D C drops to Zero. sàTitll a l()AA? E SC R

increase *1C1alternating voltage

This w ill require a

due to shunt capacitors and

system ,

harm onic slters

the

be excessive. high insvlation

also

level of term inal equipm ent,

thus im posing an econom ic penalty. It m ay Cause dam age of local custom er

equipm ent. Special schem es m ay be necessary to protect the thyristors @111 CaSC of '

restartdelays g17j.

Voltage stabilip JJ</

slritll dc system s colm ected to w eak aC system s, particularly On the invetter

side,the alternating as w ell as direct voltages are Very sensitive to changes in loading.
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M increase *111 direct current @IS accom panied
@

1ê1

by

be

a fall of alternating voltage.

Consequently,

voltage

the actual increase PoW er m ay sm all Or negligible. C ontrol of

and recovery from  disturbances becom e diff cult.

eveD

a nounts

contribute to collapse
*

of the aC system . The

The dc system  response m ay

sensitivities increase w ith large

of shunt capacltors.

In such a system ,

a reduction

the dc system

alternating

controls m ay contribute to voltage instability

by espondingr ttl @111 voltage aS follow s'.

@ Pow er control increases direct current to restore POW er.

* lnverter Y m ay increase to m aintain volt-second com m utation m argin.

@ lnverter drasvs nAore V A R S,'Ah?itll reduced voltage, shunt capacitors, how ever,

produce feqver V A R S.

@ The alternating voltage *IS reduced, further aggravating the situation.

The PCOCCSS thus leads to progressive fall of voltage.

R arm onic M J/SJSC'

M ost of the PrOblenAs of harm onic resonance are due to parallel
*

re so n an c e

betw eeh aC capacitors, s lters, and the aC system at losver harm onlcs.

while

large num bers of capacitors are added, the natural frequency
th 3rd or even 2nd harm onic

. lf a resonance at one of thesebus m ay drop to 4 ,

frequencies occurs, there can be a high im pedance parallel resonance betw een the

inductive elem ents and capacitive elem ents on the com m utation bus. A  low -im pedance

series resonance condition could arise @111 renAote points *111 the system . H arm onic

C apacitors

inductive

tend to loqver the natural resonant frequencies of the aC system ,

elenzents (nAachines and lines) tend to increase frequencies. lf
seen by the com m utation

the

voltages from  rem ote points w ould tend to

harm onic resonance is extrem ely im portant

be am plis ed.The avoidance of low -order

to reduce transient overvoltages.

Voltage f icker

A nother characteristic of a w eak ac

O d reactors Causes unacceptably

system  is that sw itching of shunt capacitors

large voltage changes in the vicinity of

com pensation

reactive

equipm ent.
*

The transient voltage i icker due to frequently sw itched

devices lncreases w ith higher levels of dc POW er transfer.

10.6.4 S olutions to Problem s A ssociated w ith Vveak System s

The traditional approach to the solution of w eak system

addition,

ac/dc interaction

problerns @IS ttl uSe synchronous condensers Or FV CS. ln H V D C controls
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w hich sw itch to current control from POW er control and reduce direct currentfo< low

alternating voltage (forexam ple,VDCOL) willhelp
also

the situation.

The uSe of synchronous condensers reduces the effective V steo

@im pedance and hence shifts the parallel resonance frequency to higher frequencles at

w hich the system  dam ping is usually better. W ith lz-pulse bridge circuits, there are
th harm onic; the possibility of excitation of parallel resonanceno large f lters below  1 1

at low er harm onics is therefore low .

A n alternative solution to the reactive pow er and voltage problem is to control

voltagethe dc converter itself so that the reactive POW CC

The shunt

is m odulated in response

and f lters

to

variations in a m alm er sim ilar to an SV C . capacitors

control

provide the
required

A rtif cial

reactive P0W er; the converter fring angle stabilizes the aC vo1tato
.

Or forced com m utation, discussed @111 Section 10.6.6,provides considerably

nAore freedom *111 controlling

17

reactive POW er.

R eference describes 5ve dc links

system s, and special techniques used to
(a1l back-to-back) connected to weak ac

achieve their satisfactory perform ance.

10 .6 .5 Effective Inertia C onstant

The ability of the

depends on the rotational

ac system  to

inertia of the

m aintain the

ac system .

required voltage and frequency

For satisfactory perform ance, the

aC system should have a m inim um inertia relative to the size of the dc links. A

nAeasure of the relative rotational inertia @IS the effective dc inertia constant, deûned

aSfollows g18j:

H total rotational inelia of ac system , > .s
dc M W rating of dc lilllc

A n effective inertia constant, dcnof atleast 2.0 to 3.0 S *IS required for satisfactory
operation.

For ac system s Ahritll Very l()A,rOr nO generation,

assist

synchronous condensers have

to be used ttl increase the inertia and @11I satisfactory operation of line

com m utated inverters.

10 .6 .6 Forced C om m utation

The converter bridge circuits W e have discussed SO far rely On the natural

voltage

téttit)ll ''Com m u ,

of the aC system for com m utation. Such a com m utation is know n aS çfnatural

and requiresthe iéjllitit)llangle (a) to
turn-off

be in the range

valves)
@

of 00 to

successful
1800(20

to 1650 @111 practice for reliable turn-on and of the for

com m utation. A s a Consequence,
* *

the converter absorbs reactlve PoW er from the aC

system , w hile operatlng

objective

aS a rectlf er aS w ell aS an inverter.

lf Our *IS to have the converters supply reactive PoW er to the aC

System  w hen so

On the aC cycle.

desired, w e need to be able to force com m utation at any

This can be 
,
achieved by superim posing harm onics or

desired point

by uSe of
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special
*

capacitor

to ac system

using this

circuits to m odify the

elatlonr voltages.

form

Such a

voltages across the valves

com m utation is called ttforced

appropriately in

com m utation.''

A
wïthout

system of com m utation Ahrill also allow feeding into a system

any generation.

A  converter bridge

10.45

circuit AAritlz a forced com m utation schem e @IS show n *11l

Figure
auxiliary

@ *

(3,51.Forced com m utation @ISinitiated at the desired tim esby sring the
valves (A 1

*

to A6)
how ever,

Ahritll the associated capacitors

stress

pre-charged. Such

capacltlve

converter

com m utatlon s,

equipm ent.

CaUSC considerable on the valves and other

+

, P
1 A 1 3 A 3 5 A 5 la

-

+F
a

Vb

A 4 6 A 6 c A 24

-  n

M ain circuit

A uxiliary com m utation circuit

F igure 10.45 B ridge circuit Ah?itll forced com m utation

W hile converter circuits w ith forced com m utation are feasible, they are Very

expensive.
- com m utated voltage sourced inverters using gate turn-off (GTO) thyristors

have been used in industrial applications, for exam ple, variable speed drives,

uninterruptible pow er supplies, and battery system s. The voltage and current ratings

of these devices are increasing. lt is likely that their application for H V D C

date they haveT o not found application in conznzercial H V D C converters.

Self

transm ission Ahrill beconae econom ically practical *111 the future.

10 .7 R ES PO N S ES T O D C A N D A C S Y S T EM FA U LT S

The operation of H V D C transm ission @IS affected by faults On the dc line,

converters,

of

Or the aC system .

ln ac system s,

The im pact of the fault *IS rei ected through the action

converter controls. relaYS

associated

and circuit-breakers are used to detect and

rem O V C

clearing

faults. ln contrast, m ost faults AAritlz dc system s

O nl

either are self-

Or are cleared through action of converter controls. y @111 Sorne CaSCS @IS it

necessary

play

w ell

to take a bridge or an entire pole out of service.The converter controls thus

a vital role in the satisfactory response of H V D C system s to faults on the dc aS

aS the aC system s.
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10 .7 .1 D C Line Faults

alw ays pole-to-ground faults. A  pole-to-pole fault

is uncom m on since it requires considerable physical dam age to bring conductors of

two poles together. Lightning never causes a bipolar fault (7).
A  pole-to-ground fault blocks pow er transfer on that pole; the rem aining pole

is virtually unaffected. A s discussed below , the im pact of a dc line fault on the

connected ac system s is not as disruptive as that of ac faults.

Faults on dc lines are alm ost

Response of norm al controlaction J2/

A short-circuitm om entarily causes the rectiser current to increase (since the
1ow  im pedance fault rather than the high back voltage of therectiser *IS feeding a

inverter)and the invertercurrentto decrease.
The current control of the rectiser acts to reduce the direct voltage and bring

back thecurrent to set value (Iord). At the inverter, the current becom es less
than its current controller reference setting (Iord-lm). Consequently, the inverter mode
of

its norm al

operation changes from C EA control to C C control. This Causes the inverter

voltage

10.46.

to run dow n to zero and then reverse

The voltages

rectif er

are equal to the

polarity

RI drop in the

aS show n by curve

each

2 of Figure

line ftbm converter to the

fault. The curf ent @IS I dOr

current

and inverter current *IS 1 d-lm0r *111 the opposite

direction.The steady-state

15%

fault is thus equalto the current nAargin f ,w hich
*

IS only about of the rated current.

V +oltage 1

(Normal)7

o d

k yault ? )h 2
O <y  0

2

3

D istance along line-

F igure 10.46 V oltage

1.

PrO; le of a dc j* .1ne .

U nder norm al operation

2.sàTitll dc line fault and norm al control

3.sh/itll fast-acting line protection
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t-actingFas line protection JV

The norm al controlaction of the converters,w hile lim iting the fault current to

I.,

the

does n0t extinguish the fault arc.Therefore, additional control @IS used to reduce

fault current and recovery voltage aCCOSS the fault path to Zero.

The fault is detected by a collapse

the inverter.

in dc

a decrease in the current at B oth

voltage usually at the

m agnitude of voltage

rectiû er and by

drop and rafe of

change of voltage m ay be used to detecy the fault.Faults on the aC system beyond the

gc lilllc (ltlnOt produce such

T o clear the fault,

rapid voltage changes.

the inverter is kept in '

establish

lnversion and the rectif er @IS also

driven

learing,c

to inversion. T o ternAinal voltages
* @

of correctangle p of theinverter@ISgiven a m axlm um llm it of aboutpolarity for
80O (Fhich

fault

allow s

tlltl
ignition delay angle G is shifted considerably beyond 900, to about 1400. The resulting

voltage prof le is as indicated by curve 3 in Figure 10.46. T he current in the pole

voltageinverter to run down to l()A,?vàlue butnotto reverse) and the rectifer

qttem pts

because

to CCVCCSC direction. H ow ever, the current in the rectif er calm ot reverse

of the unidirectional current characteristic of the valves.Therefore,the current
*

IS

dcforced
reduced to Zero rapidly (in about 10 m s).This fault clearing PrOCCSS @IS called

d ''retar .

D C overhead lines are restarted after allow ing

fault tem porary

Typically, the

for de-ionization of the air

surrounding

successful,

clearing

the arC (60 to 200 m s).lf the *IS and the restart @IS
the voltage and current are ram ped uP. total tim e for fault

and return to rated

CCCOVCFY tim e @IS higher for
pow er

dc links

transfer *IS On the order of 200 to 300 m S. T he

çonnected to w eak aC system s.

A utom atic restarts are not attem pted for w holly cable system s because cable

faults are nearly alW ays perm anent faults.

10.7.2 C onverter Faults

M ost dc POW CC circuit faults @111 the converter station Arrill require either the

valve group Or the pole to be shut dow n.

A valve grotlp fault,unless it @IS of a m inor nature,

fast

Ahrillrequire the entire pole

to Cease transm ission

ordered.

possibly
*

111

C oincidentally

w ell into the

pow er. a very zero
the fring angle at the rectifer is shifted to at least 90O and5

inverter region. The current in the pole can be brought to zero

of U sually current reduction to @IS

less than 30 m S.

A n isolation SCQUCnCC Arrillfollow w hich m ay take several seconds t: execute,

depending

in the

on the type of valve group isolators used.Then the rem aining valve grOuPS

pole m ay be restarted in the norm al m anner.

10.7 .3 A C System Faults

For ac system  transient disturbances,

faster

the dc system 's

Them uch than that of the aç system . dc

response is generally

system  either rides through

shuts

Very
the

disturbance w ith tem porary reduction of PoW er Or dow n 'juntl the aC system
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reCOVerS sufs ciently to allow restarting and restoration of POW er. C om m utatiou

failures and recovery from aC system faults represent im portant aspects of dc system

operation.

lîectkner side ac system  faults

For rem ote three-phase faults, the rectif er com m utation voltage drops

This results in a reduction of rectif er direct voltage and hence the current. The

regulator decreases a to restore current by increasing

the rectif er sw itches to C 1A  m ode of control. This

slightly
.

current

voltage.

transfers

If G hits the G )j* *min m lt
,

current control to the

inverter w hose current order @IS less than that of the rectif er by an am ount equal&è

the current m argin (1m).
restore the direct voltage

drops,

faults,

dow n

lf the l()A,?voltage persists,

and current to norm al.

tap

D epending

the changers w ill operate to

On how 1()A,?the vo1tagt

the V D C O L

the

m ay regulate

rectif er com m utation

current and

voltage

the

pow er
drops signif cantly.

transfers.For close-in three-phase

The dc system shuts

under V D C O L control lllltil fault *IS cleared.

ln theory,
*

dc POW er m ay

to

be transferred at VCFX l()A,? rectifer voltagçs. This

w ould requlre the inverter assunAe current control by low ering its voltage and

greatly

n Ao re

increasing p.
detrim ental to

T he resulting increased

the aC system

consum ption of reactive

perform ance than briefy shutting

POW er m ay be

dow n the dc

system .

R em ote single-phase and phase-to-phase faults do not usually result in shutting

dow n of the dc link. The average of the alternating voltages is higher than that for

three-phase faults. lf the resulting direct voltage is suff ciently high, the dc system  is

likely to ride through the disturbance w ithout any noticeable effect. 1f, on the other

hand, the reduction in direct voltage is signis cant, the response is sim ilar to that for

rem ote three-phase faults.

For close-in unbalanced faults, the harm onic ripple in the direct voltage

Ahritll
m ay
largebe higher than norm al. This

second harm onic com ponent.

m ay produce ripples in the direct current

The line reactors and l lters, designed for

a

sm oothing 0ut

norm al characteristic harm onics, are not effective *111reducing
@

the second harm onics.

The high ripple current could result in current extinctlon. D epending on

valve-ûring system  used, this m ay require blocking of the dc link (7j.

the type of

Inverter side ac system faults

increase

For rem ote three-phase faults

in direct current occurs. The

resulting in sm all voltage dips at the inverter, an

rectiser CC and the inverter CEA (or constant
voltage) controls respond to the changes. Tap changes will occur to restore
ûring angle and direct voltage, if the low  alternating voltage persists.

com m utating voltages m ay

lead to tem porary com m utation failure at the inverter, prior to any corrective control

action. W ith inverter operation at a y of 180, it is likely that a voltage reduction by

10%  to 15%  w ill cause com m utation failure. It takes about 1 or 2 cycles to clear the

com m utation failure. Follow ing this, som e pow er m ay be transm itted w ith the rectifer

converter

lf the voltage dip *IS signif cant, the reduction @111
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direct

incïease
@

voltage reduced to m atch the reduction in inverter direct voltage.T he resulting

V D C O Le111 reactive POW er m ay necessitate reduction of direct current. The

functlon (see
this reduction

com m utation

Section 10.4.1)
current. D uring

cannot be avoided.

norm ally provided by the dc control

of direct extrem ely

Therefore,

l()A5, voltage

system

conditions,

AArill Cause

repeated

failures it m ay be necessary to block and

bypass the valves lllltil the aC voltage reCOVefS.

faults (both rem ote and close-in) m ay lead to com m utation failure,
t1y due to phase shifts in the tim ing of the phase voltage crossings. For a severepar

ntingency, it m ay be necessary to block and then restart the inverter.co

W hen the fault has cleared, the allow able rate of restoration is dependent on

the strength

U nbalanced

of the aC system .The controlsare adjusted to provide the desired rate of
pow er
disturbance

also insuenced

buildup. The perform ance

largely

of the overall POW er

interaction

system follow ing

discussed
any

below .

system

depends on the ac/dc system aS lt @IS

by the subtle

controls.the

trategiess

converter

design features and response adjustm ents
These tend to vary w ith m anufacturers. S

@

111

associated Asritlz

pecial control

m ay be helpful specif c CaSeS.

Recovery from ac system  faults J;V

The post-fault system  perform ance for ac system faults is far m ore sensitive to

systenl Paranleters

and can be nAore rapid

than for dc system faults.R ecovery after an ac system fault is easier

w ith a strong aC system .sVeak aC system s m ay have

rovidingP

Such

suff cient reactive POW er at the rate required for fast dc system

diff culty

restoration.
system s also er ' .exhibit high

due to harm onics caused by

tem porary

inrushing

overvoltages
@ *

and Severe voltage distortion

m agnetlzlng currents. T hese m ay CaUSC

subsequent com m utation failures. C onsequently the rate of recovery has to be slow .

The tim e for the dc system  to recover to 90%  of its pre-fault pow er is typically

500 m s, depending on the dc and ac system  characteristics

used.

in the range of 100 m S to

and the control strategy T he dc system

inductance

characteristics w hich ini uence the

allow able rate of recovery

dc
are the line and capacitance (particularly for

cables),
transfornzer

size of reactor, resonant harm onic frequencies of the line, converter

and f lter characteristics. The signif cant aC system characteristics arC

ESCR ,

near the

inapedance

dc system ,

nd to 4th) harm onics, dam ping characteristicsat low order (2
system  inertia, and m ethod of voltage control near the

of loads

converter

bus.

Controlstrategiesthatassist@1f1satisfactory dc system recovery (withoutP0St-
faultcom m utation failures) include delayed Or slow ranAp recovery,and atreduced
current level

The
recovery.

V D C O L function can

during

play a signil cant role @111 determ ining the recovery

ffom  faults
.

alternating

of depressed

lt lirnits the current order aS a function of either the direct

voltage. C onsequently, reactive PoW er dem and *IS reduced

voltage or the

during periods

Follow ing

rem oved

voltage. This helps prevent further deterioration of ac system

fault clearing, the current order lim it im posed by the V D C O L

after a delay and gradually increased at a desired ram ping rate.

voltage.

m ay be
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From fhe vieqvpoint of

interruption,

be

tOO slow a rCCOVery

ac system

is undesirable.

stability and m inim ization of dc POW Q:

The control strategies
@ @

m usttherefoxt
tailored to m eet specif c needs of an application SO aS to m axlm lze the TCCOVQFy

rate w ithout com prom ising Secure

be based On a deiailed study
recovery

of the individual

of the dc system . Such strategies sbould

system .

Sp ecial Y dlf/rds assist rdc/Vdry

Special nleasures m ay be used to assist H V D C system

on either
recovery

thç
fxom

disturbances and to protect the valves. These nleasures act fring

directly or

installation.

the current order. They depend On the requirem ents of a
angle

specinc
The follow ing arC exam ples of such m easures:

@ C ircuits that increase G min frqm approxim ately 50 to OVer 30O during aC

undervoltage copditions.

@ C ircuitp in the

* *llm lt.

inverter w hich transiently increase Y should

Then Y @IS increased On a11 succeeding lrings for

y slip below  the ï
. i,

a prescribed periqd of

tim e.

@ C ircuits that advançe

valve

the fring angle lim its

second group *111 a pole to prevent

by about 10O during

com m utation fqilures.

start-UP of the

@ C ircuits that increase inAnAediately follow ing com m utation failure so that the

next early to aid the recovery and to lessen the likelihood of

subsequent com m utation failure. Typically, p m ight be m oved to 400, 600, and
70O on successive com m utation failures. Should com m utation failure ceasç, p
w quld gradually retreat to its original value over a few  hundred m illiseconds.

H ow ever, if it does not cease, a tem porary bypass is usually ordered.

valve @IS fired

10 .8 M U LTITERM INA L HV D C SY STEM S

ln the

point-to-poiht

system s

AAritll

previous

dc links,

sectiony,
@

I.C .,

led

W e considered the perform ance and application of

tw o-term inal dc system s. Successful application of such

w orldw ide has POW er system planners to consider the uSe of dc system s

nAore than tAA?tl term inals. lt is increasingly
*

being realized that m ultiterm inal dç

(M TDC)
and

system s m ay be m ore attrqctive ln m any cases to fully exploit the eCOn0m 1Crt

technical advantages of H V D C

The irst M T D C system

teclm ology.

designed for continuous operation *IS

tw o-term inal

Sardinia-the

C orsica-ltqly schem e. This is

system  built in 1967; a third

term inal dc system  betw een

H am pshire built in 1986 is being extended to a three-term inal

fve-term inal schem e (221. Sim ilarly, other M TD C system s are

ofan expansiqn

@term lnal tap W aS

the Sardinia-ltaly

added at C orsica in

2c,

1991. The tW 0-

D es Cantons @111 Quebec and Conlerford *111 New
and then posjibly to a),).4 .

:7.

likely to evolve

the expansion of existing tw o-tçrm inal schem es.
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In this section, W e Arrill describe alternative M T D C system conf gurations and

basic rinciplesP of

recom m ended for

controlling such

further reading.

system s. R eferences 8, 23, 24, and 25 are

10.8. 1 M TD C N etw ork C onfigurations

There are tAA?tl possible connection schem es for M TD C system s'.

@ C onstant voltage parallel schem e

@ C onstant current series schem e

the arallelP schem e, the converters arC coM ected @111 parallel

nlesh.

and operate at a

Com m on

10.48

voltage. The connections Can be either radial Or Figures 10.47 and

depict the tAArtl types of connections.

N N

2 3

W  W  AC system

1 4

>  >  AC system

+

1 2 3 4

#  >  k V
I ' I ' I ' I '

>  # k V

(a)System diagrana (b)Conveder stations'connection

Figure 10.47 Parallel M TD C bipolar schem e w ith radial dc netw ork

N

1# 2 1

31 41

A C system  A C system

1 2 -h 3 4

# # V k
I ' I ' l ' I '

# # k V

(a)System diagram (b)Conveder stations'connection

Figure 10.48 Parallel M T D C bipolar schem e Alritll nAesh type connection
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N  N

l Q  1 2

4 1 1 3

A C system  A C  system

1 >' 2

Id :)

t la z: )4 3

>  1 V
#

=

(a)System diagrana (b)Conveder stations'connection

Figure 10.49 Series M TD C schem e

ln the series schem e, the converters are cpnnected *1f1 series AAritll a Com m on

direct current S ow ing through al1 term inals.

Figure 10.49 illustrates the series connection.

lt is also conceivable to have a hybrid

parallel-connected converter stations. The availability

add to the iexibility of M TD C system s and iniuence

T he dc line *IS grounded at One location
.

M TD C system involving

circuit breakers

both series and

of dc (25) will
their selection.

m ajority of studies and proposed applications of M TDC have considereë'
x

parallel conl guration w ith radial-type connection. The m esh connection, although

offering m ore redundancy, requires greater length of dc lines.

C onsideration of series connected schem es has been generally confned to

applications with sm all power taps (less than 20% ) where it m ay be m ore economical

The

to Operate at a higher current and losver voltage than for a full

voltage and reduced current.ln a series tap,the voltage rating is

voltage tap at full

proportional to the

PoW er
netw ork

capacity of

voltage

tap.

insulation.

the H ow ever,

l'lellillilit)r

the converter transform er m ust have full dc

of the

range for the transform er taps of the series
PoW er

stations.

transfer could require a w ide

ln any specil c

netw ork

M TD C system application,its special needs AArilldeterm ine the

preferred

the m ost practical

conl guration.

schem e w ith

ln general,the parallel schem e is w idely

few est

colm ected schem e,

for

it results in feNver

operational problem s.

line losses, is easier to control,

C om pared

accepted as

to the series-

and offers m OrC

flelkillilit)r future extension.

10 .8 .2 C ontrolof M T D C System s

M T D C system s a generalization of that

tw o-term inal system s. T he control characteristic for each converter is com posed Of

segm ents representing constant-current control and constant-sring angle control (CEA

The basic control principle for @IS for
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forinverter and C1A for rectifer).In addition,an optionalconstant-voltage segm ent

m ay
The converter characteristics, together w ith the dc netw ork conditions, establish

he operating point of the system . For a com m on point to exist, converter controlt

haracteristiçs m ust intersect.c

For M TD C system s, there is considerable room  for providing P exibility of

included.be

options

dïfferent

to m eet the requirem ents of individual system s.R eferences 23 and 25 discuss

proposed control strategies.

The

of parallel-

follow ing is a general discussion

and series-connected system s.

of signif cant aspects related to control

Parallel-connected system s

ln a parallel-connected system ,

al1

One of the term inals establishes the operating

voltage

control.

of the dc system ,
*

and other ternainals

The voltage settlng term inal is the one w ith
operate on constant-current (CC)
the sm allest ceiling voltage. T his

m ay be either a rectif er On C 1A control Or an inverter On C E A control.

The V-I characteristics for a four-term inal dc system are show n *111

Figure

and the

10.50. The individual converter characteristics are show n

com bined characteristics are show n in Figure

and
10.50(b).

in Figure 10.50(a),
lt is assum ed that tw o

of the term inals are operating aS rectis ers the other tAA?tl ternxinals aS inverters.

The characteristics show n

not show n.lt is assum ed

are one pole.

that each term inal

for For the sake of sim plicity,

m odes

V D C O L S are

has only tw o

not considered.
of control(CC,and

CEA Or(2I?t);the voltage controloption @IS
111 Figure 10.50,

changers

it @IS assum ed that rectif er 1 *IS the

(CIA m ode).
control

T aP keep angles Apritllill the desired

voltage-setting term inal

range. T o m aintain stable

operation,

lf an

a positive-current m argin m ust be m aintained.

inverter *IS the voltage-controlling station,it is vulnerable to inadvertent

overloading.

disturbance

lt is unable to controlthe current at its term inals in the

or load change.

of rectis er

D isconnection of a current-controlled

event of a system

inverter w ill require

reallocation current settings to prevent overloading the voltage-controlled

inverter.

O n the other hand, if a rectif er defnes the

m ore stable.A llinverters controlcurrent, thereby

system

avoiding

voltage,
@

the operation @IS

operatlon in the less stable

voltage-controlling rectis er is capable of protecting itself

w ithout causing overloading of other stations. The system  is less dependent on high-

speed com m unication and hence is m ore secure. In general, voltage control at a large

rectiier term inal should provide better perform ance.

CEA control m ode. The

The follow ing are the m ain drayvbacks of parallel-connected M T D C system s'.

@ A ny

the
disturbance On the dc system (line faultOrcom m utation failure) affects

entire dc system .

@ R eversal of POW er at any ternAinal requires m echanical sw itch operation.
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Vd

' N *  
-

fl Iz 12 14

R ectifer 1 R ectifer 2 lnverter 1 lnverter 2

(a) lndividualconveder characteristics

Vd C om bined rectifer
characteristics

l

,
1 c om bined inverter
i haracteristicsl c

I Im
I
l
l

>

Iz Id

/3 +& fl +h

(b)Overallcharacteristics

F igure 10.50 C ontrol characteristics of parallel-connected M TD C system s

@ B locking of a single bridge, in a converter station consisting of tw o or m ore

series-connected bridges, requires either operation of the w hole system  at

reduced voltage or disconnection of the affected station.

* C om m utation failure atan inverter can draxv current from other ternainals and

this m ay affect recovery.

S eries-connected system s

111 a series-connected system , current *IS controlled by One term inal, and a1l

other ternAinals either operate at constant-angle

Figure 10.51 illustrates the control strategy
or y) control or regulate

usually considered for series system s.
(ct voltage.
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Vd c IA

()% ,?

l
l c c
l
I

j = gf
lI

Vd c IA
I

)(

C C

= IdN
Iz

Z#

C E A  I
):I

C C I
I

l
I

> IdI
12 I

lV
d l

r c EA)t
I
l

C C '

I
I

= Id1
4

C om bined rectiser
Vd characteristics

/

C om bined inved er
characteristics

l
l
l lI 

I x .  

I#h 14 Iz fl

(b) Com binep characteristics

(a) lndividualcharacteristics

F igure 10.51 C ontrol characteristics of series system s

Current control is assum ed by a rectifer if the SunA of the rectitier

thç ordered

the

current *IS greater yhan the SunA of the inverter voltages;

the

voltages at

the rçctif er w ith

low est current order aSSUDICS the current control. O n other hand, if the Sun;

of the inverter voltages *IS greater, the inverter w ith higher current order aSSUDACS

current control.

For series system s, the voltage references m ust be balanced, w hereas for

parallel

tllkl

system s current

coordination problem

references m ust be coordinated. H ow ever,

w ith parallel

for series system s
*

IS not aS critical aS it could be system s.

The series

the need

system s allow  high-speed reversal of pow er at any term inal w ithout

for sw itching opefations. B ridges and term inals can be taken out of service

without affecting the rest of the system .

f0r controlling line loadings to m inim ize

slow  com m unication
.

C om m unication betw een term inals

losses;this can be achieved

is required

w ith a relatively

ûring

bridge

operation of converters in

angles. This can bç m inim izçd

against

The series requires converter

by tap-changer control

operation w ith high

and backing off one

another.
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The follow ing are the m ain drasvbacks of the series-connected syjtem s :

@ A s the voltage to ground

coordination is com plex

loNver

is different in various pad s of the system ,
@

insulatton
*

and expensive. Losses are higher 111 portlons w tt:

vo1tage.

@ A  perm anent line fault CaUSCS interruption of the entire system .

* Flexibility for future extension @IS lim ited.

10 .9 M O D ELLIN G O F H V D C S Y S T EM S

ln this section,w e w illdiscuss the m odelling of H V D C system s @1l1pow er-now

and stability

follow ing:

studies. The representation of the dc system s requires consideration Of

the

@ C onverter m odel

* D C transm ission line/netw ork m odel

@ lnterface betw een aC and dc system s

@ D C system controls m odel

The representation of the converters *IS based On the follow ing basic

assum ptions'.

(a) The directcurrentId isripple-free.

(b) The ac system sat the inverterand therectiserconsistof perfectly
balanced

sinusoidal,

constant frequency, balanced voltage SOurCeS behind im pedances.

This RSSUDACS that a1l harm onic currents and voltages introduced by the

com m utation system do nOt propagate into the ac system because of f ltering.

(c) The convertertransfornAers do notsaturate.

The A?ftlitlit)r

been

of m aking the ûrst tw o assum ptions

27.

for pow er-i ow and stability

studies has dem onstrated in reference

10 .9 .1 RePresentation for Pow er-Flow S olution

Frona the analysis presented @111 Section 10.2,the converter equations m ay be

sum m arized aS follow s'.
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F M BTE
do Jf

L F cosado 3*- X I
d
B

C

OC

3L L
o
cosy -- X  IdB

C

è N -1(z jg )cOs d yo (10
.45)

# Vdld P
J C

Q P tanè

where

E RM S line-to-lineGC voltage on HT bus
F transform er turns ratio

B nO.of bridges @111 series

# active PoW er

X c

reactive POW Cr

O LC = com m utating reactance

per bridge/phase

E  ->'C 
1 : T I#

H T L T

Vd

Vd, direct voltage and current Per pole

equation used above for determ ining the power factor angle (() is approxim ate.
lt sim plifes analysis signiscantly and gives results of acceptable accuracy, consistent

with the level of accuracy associated w ith iterative solution techniques used for

pow er-i ow  analysis. For specif c applications requiring greater accuracy, exact

relationships betw een ac and dc quantities derived in Section 10.2.2 m ay be used.

For the purpose of illustration, w e w ill consider a tw o-term inal dc link. U sing

tllkl

The

subscripts r and *l ttl denote rectif er and inverter quantities, respectively, the

equation for a dc line having a resistance R L @IS given by

F Fd
r

+R f:di L (10.46)
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(a) A C/D C interface at the H T bus

Power-flow analysisrequires jointsolution of the dc and aC system equations.
O ne approach is to solve the tw o sets of equations iteratively,

10.52, with the converter transform er HT bus (ac side)
betw een ihe ac and dc equations.

aS illustrated in Figure
*

lnterfaceproviding the

lnterface
1

# 1r l

a a- i--d peotiner p- . l
a-i- z--- J

I
I

Transform er A CI
ora D C line

H T bus system

IE
aci '

l Q 1min Ijw erter i '
Im F j g

(m argin) l
I

D C system

Flgure 10.52

llere E and f are considered to beaCr aci input quantities
* *

for the solution of dc

system  equations.

V ariables #

T hey

, Qr, Pi and Qi are considered to be the outputsr
equàtions. They are used in the next iteration

theare know n from PreV1OuS Step 111 aC solution.

from thè solution

of the dc system
*

for so1ving the aC

system equatlons.

The

depend

dependent and independent variables in the solution of

on rectiû er and inverter control m odes. The three possible m odes

dc equations
@

of operatlon

are :

s4ode 1.. R ectis er On C C control; inverter On C EA control

s4ode 2.. lnverter On C C control; rectif er On C IA control

s4ode 3 .@ R ectif er On C IA control; inverter On m odiû ed characteristic

ln m ode 1, alternative invzrter control functions are constant voltage control

constant-p
here

control(see
control

Section 10.4.1).ForPUCPOSCS of illustration WC Ahrillconsider
only the C EA m ode.
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H ode l ..rectifler On CC controland inverttr On CEA control..

111 m ode 1,W e have

@ lnverterlring angle adjusted to give
Y=Y *mlll *

# Rectifer sring angle adjusted to give
1d=1ord.

@ Rectifer transform er tap adjusted to
give Alritllill a desired range.

Fd C IA

C E A

Inverter

C C  C C

R ectifer

Im
>

I dOr

@ lnverter transform er tap adjusted to give Figure 10
.53d

esired voltage.

From  E quation 10.45, w ith Id=lord, w e m ay w rite inverter equations aS follow s:

F M
doi

B i TiE
aci

F Fdi #oï(cosymin) 3X 
i
B ilC o

rd

(10.47)

#f -1 j; / j; )cos ( di #oj

P i Vdilord

Qi 'jtanèj

Since Ymin and 1ord are know n and E aci is given by the previous ac solution, P i#j,

-thinW 1

andZ

Qi
desired

Can be computed. The transform er tap Can be adjusted to give Fdi the
range.

The rectifier equations are

F F +R IL 
, ord#r di

F Edor B TJCr 
r r (10.48)

F:
r 

X
cr
lord

- 1 +c o s

Vd
o r X2Fuc, Fr
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ln the above

ratio Tr @IS

equations voltage

adjusted to give a

E ac; is know n from  the previous

w ithln the desired range.

aC solution.T he tum s

èr -1 z /z )cos ( dr dor

P
r

Vdrlord (10.49)

Qr 'rtanèr

llere P P*ln r'Qi and Qrare Outputsto be used in the next iteration of the aC solution.

(2) M ode 2 ..inverter OD CC controland rects er OD C1A control

ln m ode 2,W e have

* R ectil er f ring angle G =G ' .mln V
a

@ lnverterfring angle adjusted to give
Ia=lord -1m.

* Rectiûer transform er tap adjusted to
m axim ize dc voltage.

C E AC lA

lnverter

C C C C

R ectiûer

Im
m .

@ lnverter transform er tap adjusted
*

SO that I dOr

7>Ymin and Var consum ptlon *IS F i
gure 10.54

m inim ized.

shTitll f# I d-1 ,0r Y the rectil er equations are

F M
dor

B  T  E
r r J Cr

F F 3
dr COS?dor min X (f d-Im)BrCr Or

(10.50)

èr - 1 z / z )cos ( dr :o,

#
r F (f d-lm)dr or

Qr 'rtanèr

In the above

1 -1ord by

equations,

the inverter.

E is know n from  the previousadjustedGCr aC solution,and Id is
F

held at

T urns ratio Tr m ay be to m axim ize #r*
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Ss?itll E  i know nGC from the RC solution, 'the inverter equations m ay be solved

aS fOll0W S:

F M
doj

E  B  Ta
ci i i

F Fdi - R  Id
r L d

Z - Ro (Iord-lm)dr

Y
Z#f Xciçlord-lmt- 1 +C O S

Lof 4 E Taci i

(10.51)

èf -1COS (Vdilvaoi)

Pi Vdild F (f d-lm)di or

Qi 'jtanèf

Turns

Variables
ratio Fjm ay be adjusted

Qi

to ensure 7>y in and m inim ize Var consum ption.

P Pr' @15Qrand are Outputs of the above calculations to be used forthe
next iteration of the aC solution.

())M ode 3 .-rectifler OD C1A controland inverter OD mods ed characteristic

For P0W er-

for

flow studies, it *IS usually suff cient to consider m odes 1 and 2.

How ever,

associated
P0W er-
stability

;ow solutions (solution of network algebraic equations)
w ith studies, it @IS

lpodes

m odified

1 and 2. For reasons given

10.55.

necessary
in Section 10.4.1,

T he

to consider the transition betw een

the inverter characteristic *IS

aS show n in Figure segm ent JK ,

FK .

AAritll a positive

m ethoda nAore stable control m ode than the

m odifed characteristic @IS to Operate

segm ent

the inverter

O ne

slope, provides

of realizing this
@

111the constant-p m ode.
ln m ode 3,W e have

R ectif er iljllitit)lz delay angle Q *'mlN *

lnverteriéjlzitit)lladvance angle pc.

I =Jd dsuch that 1Or fP (1 rd-lm).o

The dc system equations are solved aS follow s to com pute the line current.
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Vd

Kj/
y - . . u u u .

' Dl

J l
I
I
l
I

I
-

&1 p YId ''x Id

1 #-0r Im I d0r

F igure 10.55

F M
dor

B  T  E
r r a Cr

(10.52A)

Fdoi 3J2 s n
.si aci

V ariables E and EJCr aciare know n from the previous aC solution.

3F F
COS?dr dor min I ' X  B# 

cr r

(10.52B)
3F F

di doicosp +- f 'Xc d Bci i

Frona line equation, W e have

Fd
r

F  + R  f 'di L d

H ence,

F -V
I ?d dr di

R s

1 3 ,F
w - - c o s a - a-

-  

Fw-zcoso --- h (XcrBr+XR Or m'n GU' ' c l
L

#f)ci
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Rearranging,Wehave the following expression for f)in ternAsofF Zdorn #oj,Jminand
pc,whose values are known.

F COS? -FId/- dor min doicospC

3R
L+- X  B  +- X  iB iC

T r g  C

3 (10.53)

ith the value of IL known, Vdr andW
uantities can then be calculatedac q

Zdiare calculated by using E quation 10.52B .The

aS follow s:

èr -1 z /z )cos ( dr :or

èj -1 j; / jz )cos ( di aoi
(10.54)

# r F  f /#
r d Qr 'rtanèr

Pi F I /di d Qi 'jtanèj

For transient

considered.

stallilit)r sim ulations, the tap-changer action @IS toO slow and hence not

For any given system condition, the rectis er

ay not be know n prior tom

rocedureP

equatiöns.

the solution of system

operatingm ay be used to establish

operation

equations. T herefore, the follow ing

m odes and sölve the ac aùd dc

and inverter m odes of

1. Sölve for aC equations; Output E  ,GCr E *GCI *

2. (a) Sblve m ode 1 dc equations.
1lf a>amin,m ode condition @IS satissed; g0 to step 3.

(b)lf aLamin,
If y>y

solve for m ode 2 dc

minnm ode 2 condition @IS
eq

satiss ed;

uations.

gO to step 3.

(c) lf y<y solve form ode 3minn equations.

3. Calculate P *P
'

equatlons.

andQi,Pr
*

ç?r.If m ism atch @ISgreaterthan tolerance,gO back to step
1and solve aC

ô. lf m ism atch *IS less than tolerance
, solution @IS com plete.
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(b) A C/D C interface atthe LT bus

ln the representation discussed above,the ac/dc interface @IS at the H T side Of

the com m utating transform er. A n alternative representation
*

*

IS to have the ac/dc

interface at the LT side (the valve side)of the com m utatlng transform er.
A n of using the ac/dc interface at the LT bus is that it allow s the

com m utation reactance to be different from  the leakage reactance of the com m utating

transform er. Ideally, it should be the leakage reactance plus the equivalent system

reactance at the H T bus. ln m ost cases, the system  reactance is sm all com pared to the

transform er reactance and, therefore, the L T bus representation m ay not be essential
.

ln

advantage

w eak system s, this

representation

SV C S,

is useful

m ay true G exibility offered by the

. The L T bus representation also offers i exibility

not be and the so-called LT

in m odelling

synchronous condensers, and flters connected to the tertiary w inding of the

converter transform ers.

ln the L T bus interface approach,

solution

the aC system representation includes

ac com putation of L T bus voltages
.

The L T voltages are used as input to the solution of dc equations. The H T bus voltage

(or m ore precisely the com m utating voltage) is computed from  the LT voltage, and
used in the solution of dc equations, w hich are essentially the sam e as those for the

H T bus interface approach. The output of the solution of dc equations, for use in the

converter transform ers, and the includes

next iteration of ac solution, *IS P and at the L T bus.

T he follow ing
*

are the details of the calculations. Since an equivalent H T bus
@

IS used, there IS nO need for a transform er tap ratio *111the dc equations.

Calculation of equivalentH T bus line voltage..

L et

f zw

E

R M S line-to-line voltage

voltage

at L T bus

RM S line-to-line behindGC X

X C

#zw

equivalent

angle

com m utating

betw een L T bus

reactance per phase

phase voltage and line current

H T L T

(ac side) (valve side)
Ia LT

IaC

Fzw/tx
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fsingtlztlLT busline-to-neutralvoltage(15zw/' )aSreferencephasor,Wehave

E E
*

-  

+7aC LT X C

B
fc

ctcosèzw-/sinè )LT4 #

EaC Q r+/V3x /-6 IdBM
B

(coss -jsinèsw)Lv (10.55)

6X c
lE Lv+

W a

6X
in +j c Is Yowd 7-2a cosèow

Calculation of reactive#OWCr at theL T bus:

A s before, active POW er @IS

P Vdld P
J C

and the reactive PoW er at the equivalent H T bus *IS

QHT ' tan4sw

w here

#HT -1(z /z )COS g do

To tind the reactive PoW er at the L T bus,
*

111

QHv is reduced by the 2tk ee-phase XJ loss.
Since there are # bridges parallel,

QLT Q,w X zC
- 3-- 1JC

B

Q
2y y 6

-  3 - hBHT # (10.56)

Q 182-B XHT c 2

Reference 28 USCS the above approach
.
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Inclusion of converter station losses

The dc system equations used SO far did notconsider converter station losses
.

There are severaltossesassociated with a converter station such as those ofconveder
transform ers,

transform er

flters, valves and valve auxiliaries, and sm oöthing reactors. Th:
COPPer loss m ay be represented

are heglected. lnclusion

how ever, results in considerable

usually

losses

by a series

of this resistance in the

tesistance,w hile other ac side

com m utation Uverlap
#

equation
,

@ @

com plexity irl the converter equatlons; thls IS nOt
'

ustiû ed.J

The losses assoclated sAritllthe valves and their auxiliaries m ay be conlbined
resistanceAsritll the sm oothing reactof and explicitly represented

valve

aS equivalent

voltage drop (Vdrop due toi
n thyristors. T helr effects

series

(Reqt
arC

on the dc side.There *lj also a sm all forw ard

drop @111 nAercury-arc valves Or forw ard voltage drop

m ay be included by m odifying the contertef equations aS follow s'.

L L ocösa -Rch-11 f: - b'dropeq (10.57)

w here
*

R C equivalent com m utating

resistance
resistance (3/a)#c

%eq
F

= equivalent representing the losses in the valves and auxiliaries

drop voltage dröp aCCOSS the valve

The above equation is applicable to a rectif er as w ellas an inverter.H ow evef,

for inverter calculations W e prefer to A ite the equations in ternAs of Y'*

L F cosy -R Id+R fa+L rosdo c eq (10.58)

Figurè 10.56 show s the corresjonding equivàlent circuits.
original equations present little com plexity and are easy

These m odiû cations to the

to incorporate.

Rc Fe4 Vdrop
> +

- -  + '

+

Vd

-  .  

g  .-

Zdrop >:q -RC
+%

+ '  - -

Id +

ï'd

(a)Rectifer (b)lnverter
V

Figure $0.56 Converter equivalent circuits
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The effect of neglecting losses @IS to introduce a sm all error in the com puted

value

1271.

of active POW er and a relatively signif cant error in the value of reactive POW er

These effects could be im portant for the Case of back-to-back links.

K ultiterm inal I)f7 systetns

The form ulation of POW er-flow equations developed above applies to tw o-

term ïnal dc system s.

approaches

The m ethod Can be readily

for

extended ttl m ultiterm inal system s.

Tw o have evolved the solution of P0W er-

and

S ow equations. O ne
#

IS

separately
sequentialtlltl solution approach (291 *111which the aC dc equations are solved

at each iteration. T he other *IS the unil ed solution approach
@

(301in which
the

iteration.

andaC dc system s are com bined and solved aS One set of equatlons during each

Exam ple 10.2

Figure E 10.2 show s a

resistance is 10 D /line.

bipolar dc link w ith a rating of

conved erE ach has a

1,000 M W ,

lz-pulse bridge w ith

+250 kV .The line

Rc=(?Iz% c = 12 fl
(6 foreach of the 6-pulse bridges).

The perfonn ance of the bipolar link is to be analyzed

m onopolar link of +500 kV . The rectifer ignition delay

jo@

considering

angle lim it (amin)

by it to be a

is equalto

The effects of converter station losses and forvvard voltage drop across the valves

m ay be neglected.

The dc link is initially operating

C EA

w ith the rectiser on C C control w ith a =18010'0 >and

the inverter On control w ith 70=18010'@The current

the transform er turns ratio at each converter @IS 0.5.

m argin Im is set at l 5% , and

A t the inved er, the dc pow er is

1,000 M W ,and the dcvoltage IS500 kv (for the equivalentm onopolar link).

10220 W +250 kv  220

HT LT LT HT# l25 kv V
lz-pulse4 12s kv V

1. 11

#  V

# V
l 0 fl

- 250 kv

kv

R ectis er lnverter

F igure
,
E 10.2
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(a) For the above operating condition,com pute the follow ing:

(i) Powerfactor and the reactive POWerat the invederHT bus.

(ii) lnverter com m utation overlap angle :.

(iii) RM S values of the line-to-line
com ponent

bus.

of the line current and

alternating voltage, fundam ental

the reactive pow er at rectifer HT

(b) If the rectiferside HT busac voltage dropsby 20% ,com pute the following:

(i) DC voltages at the rectiser and invederterm inals.

(ii) Rectiserangle J,and inveder anglesY and /t.

(iii) Active and reactive PoWerat the inveder and rectifer HT buses.

A ssum e that the transform er taps have not changed and that the inverter side

ac voltage is m aintained constant.

(c) If the inveder side HT busaC voltage
value,

drops by

determ ine

l5% and the rectifer side ac

thevoltage

changer

rem ains at its initial the follow ing after tap
*

actlon :

(i) The dc voltage at the rectiserand invederterm inals.

(ii) Rectiferangle and the inverter angleY.

(iii) Active and reactive PoWerat the rectifer and inverterterm inals.

The rectiser transform er control action

20O5

dc voltage w ithin the range

m inim um  tap positions are

and the inverter transform er control

attem pts

action

to hold behveen 15O and

attem pts to hold the inveder

of 500 to 5l0 kV .A ssum e that the m axim um  and

l.2

of 0.6 and 0.4) respectively,Avith a
and 0.8 Pu (corresponding to turnsratios
tap step size of 0.01 Pu.

Solution

Figure

m onopolar

E 10.3 show s the equivalent circuit of tlztl bipolar link represented aS a

link of +500 kV .

(a) The initial operating condition is as follows:

1 0

Fr
YO

Fj

18.1670 ' j

ï'di

1,000 M W

500 W0.5
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R cr A o=20 fl -R  i

Id

Vaorc o s a X- Vdr Vdi X-

=

Vdoicosl

B r = 4

R cr = 6 D /bridge

B i = 4

R ci = 6 D /bridge

F igure E 10.3 E quivalent circuit

The direct current @IS

P i

V
*1
500

Ia 2 G

The inverter ideal no-load voltage @IS

F +#  R  Id#f i ci
Fd0i

COSY;

500+4x6y2

cos18.167O

576.75

(i) The POWerfactorat the invederHT bus *IS

Fcosèj di 500
F 576.75

0.8669

doi

and

Yj 29.8960

The reactive PoW er at tlztlinverter H T bus *IS

* 

eD 'j tan4j 1000tan29.8960 574.94 M V
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(ii) Since F =Fdi (cosy + cospl/z ,doi

cosp 2 Fdi
F COSY0
d@

5002
x -cos18.167O
576.75

0.7837

and

38.3990

H ence, the inved er com m utation angle *IS

Ff )-Yc 38.3990 -18.1670 20.2320

(iii) At the rectifer,w e have

Fdr L f + Rzf: 500+2x20 540 kv

and

F +B  R  Iddr r cr
F#0r

C O S I 0

540+4x6x2

cos18.167O

618.85 kv

The R M S line-to-line aC voltage at the H T bus IS

F
E  rJC dor

1.35055 Fr r

618.85

1.3505x4x0.5

229.12 kv

The SuDA of the R M S fundam ental line currents in the four transform ers is

IL1r /-6 s w g
r r d

0.7797x4x0.5x2

3.119 G
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The dc PoW er at the rectifer is

Pr L rf: 540x2 1080

The PoW er factor at the rectifer H T bùs @IS

Fdr 540
cosèr N F 618

.85
0.8726

d0r

ahd

oi 29.240

The reactive POW er at the rectiGer H T bus *IS

Qr # ian4rr 1080t2n29.240 604.57 M V

(0)
Therefore,

sôritli the trahsform er taps

H T bus voltage

unchanged, Vd0 @IS directly propodional to EaC*
w hen the rùctifer drops by 20% ,w e have

F 0.8x618.85 495.08 kvd0
r

W e w ill frst assum e that the dc link continues to operate in m ode 1 :rectifer on C C

control w ith 1d=1ord=2 kA , and the inveder on

corresponding direct voltage at the rectifer is

C EA control Apritll Fdi=500 kV .The

V r L j+ Rgh 500+20x2 540 kv

Therefore,

F + # R f,dr r cr
C O S ?

V or

540+4y64 > 1
.0

495.08

Tàerefore,m ode lcondition is notsatisfed.The controlsswitch to m odù2 :rectifer
On C lA  control w ith =a =5OQ ja ,and thè inveder On C C controlAhritlz

Id I - Iord m (1.0-0.15)x2 1.7 G

(i) The rectiserand invederdirectvoltagesnOW are

Fdr V qrcosa -B,RcrIa

495.08c0s50 -4x6x1.7

452.39 kv
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F Fdi - R  fdr L d

452.39 -20x1.7

418.39 kv

(ii)
kA ,

Since the inveder ac bus voltage has not changed, Vd0i=576.75 kV .w ith I = 1 )d 
.

W e have

F +s  R  jz,di i c

COSY F
d0i

418.39 +4x6x1.7

576.75

0.796

and

Y 37.230

N ow ,

F F cosy + cosp
di d0i 2

H ence,

27
-  

cosyV
pf

di
cosp

2x418.39
- 0.796

576.75

0.655

and

p 49.100

The inved er com m utation angle *IS

Bf p-y 49.100 - 37.230 11.870

(iii) The dcP0Werat the inverter @IS

P i za z, 418.39x1.7 711.26
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The pow er factor at the inved er H T bus *IS

N

Fdi

F

4 18.39
576.75cosèj 0.725

d0i

and

èf 43.49O

The reactive PoW er at the inved er H T bus is

Qi #f tan 4j 711.26+n43.49O 674.85 M V

The dc PoW er at the rectiler is

P r Vd
r
ld 452.39x1.7 769.06

The PoW er factor at the rectif er H T bus @IS

Fd
r

N

F

452:39
495.08cosèr 0.914

d0r

and

èr 23.970

The reactive PoW er at the rectiGer H T bus *IS

Qr 'rtan4, 769.06tnn23.970 341.87 M V

(c)
at its norm al value, m ode

W hen the inveder side ac voltage drops by l5%

1 operation is possible.

and the rectiser voltage rem ains

H ence, the rectiû er is on C C control

w ith

Ia Io
r#

2 G

and the inved er @IS On C E A control Alritll

Y 18.1670

D ue to the reduction 111 aC voltage, the inved er

increases and the dc voltage decreases so that Id

dc voltage drops. The rectifer G

is m aintained constant. The rectifer

transform er tap

tap

changer acts to hold behveen 15O and 20O5

5l0 kV .

and the inved er

transform er changer acts to hold Fdibetw een 500 kv and
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The ideal no-load voltage of a conveder is directly propod ional to the ac

the transform er turns ratio. ln (a), we com puted the rectiser and invedçr '
voltages

voltage and

ldeal no-toaà

undernorm alac voltagesand 1.0 Pu tap positiop (turnsratio of 0.5) to be

F 618.85 kvd0r

and

F 576.75 kvd0i

W ith norm al ac voltage and tap changer action, for the rectifer, W e have

Fd0r 618.85F /
r

w here r is the pu tap position.

Sim ilarly,for the inved er w ith qc voltage reduced by 15% ,w e have

Fd@ 576.75(0.85) 6.' 490.24 Fj/

H ence, the inved er dc voltage is

F Fdi çosy -B iR cildd0i

490.24 Ff'cos18.167O -4x6x2 (El0.1)

465.72 6./ - 48 kv

The rectifer direct vpltage required to nxaintain Id at 2 kA @IS

Fdr L j+ Rsf: F +20x2di L  + 40 kv (E10.2)

This should be equalto

F Fdr cosa -B  R  Idd0r r cr

(E1û.3)
618.85 F 'cosa -48F

From E quations E 10.2 and E 10.3 W e have

V j+ 88
C O S ?

618.85 F /r
(E10,4)

Table E 10.l show s the variations *111 Vdiand aS F ?i and F !r change from their initial

values to satisfy the control requirem ents.
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T able E 10.1

Fj' Fr' Vai (kV) G (degrees)

1.0 1.0 417.7 35.2

1.01 0.99 422.4 33.6

! E i E

1.07 0.93 450.3 20.7

1.08 0.93 455.0 19.4

E ! E E

1.10 0.93 464.3 16.3

1.1 1 0.93 468.9 14.6

1.12 0.94 473.6 15.1

1.13 0.95 478.3 15.6

i E E E

1.17 0.98 496.9 15.3

1.18 0.99 501.5 15.8

N otes : V com puteddi using E quation E 10.1

a com puted using Equation E 10.4

From the table W e See that the inved er

(corresponding to a turnsratio of 0.59)

tap position increases until

w hich results in a Vdi of 50 1.55

F ' = 1.18i

kV .
Pu

The rectifer pu tap position

ratio of 0.495),.tlltl

F ' w hich m eets ther

corresponding a is 15.80 and

control requirem ents is 0.99

the direct voltage from
(turns

E quation

E 10.3 *IS

F 618.85x0.99xc0s15.80 -48 541.51 kvdr

A t the rectiser W e have

# r Vdrla 541.51x2 1083.02

Fdr 541
.51

cos4r F 618
.85x0.99

0.884

d0r

Qr 'rtanèr 1083.02tnn$, 573.2 M V
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A t the inverter w e have

Pf L f Id 501.55x2 1003.1

cosèf NN Fdi

F

501.55

490.24x1.18
0.867

d0i

Qi Pi tanèj 1003.1tan$j 576.7 M VM

10 .9 .2 Per U nit System for D C Q uantities

A convenient Per unit system for the dc quantities has the follow ing base

values'.

F B F Fd
cbn e Jchr c do

Idc base Idcrated (10.59)

Z Fd
cbase /f#chcsedcbue

P dchr c Z  fd
cbase dcbase

w here

B num ber of bridges @111 series in the dc converter

V = line-to-lineac base ac base voltage referred to the L T side of the com m utating

transform er

lf the com m utating reactance Per

the

bridge

B bridges

expressed @111 ohnls is X ,then the PCr

unit total com m utating reactance for *1f1 series *IS

X B X
Zdc (10.60)
#c base

R elationship betw een # dr unit quantities //J t! dc and JC system s

The base PoW er and base inapedance for the aC system arC

Pac base MVA#U,C /-3 Vac baselac base

Z baseJC rac baselll-jlac baset
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111 the aC solution, the com m utating read ance is represented by parallel

of X  in theC

the

com bination of B individual transform er reactances. The Per unit value

ac #e1'unit system @IS

X
J C

X

B Z N.eaC

Therefore, the ratio of the Per unit values of X c *111 the tAArtl system s *IS

X #
c B X

X -  XZ
dcbase

B Z
acbase

X
J C

Z2 
acb@ eB

Z#chœ
çc

2#1: b
ase dc base2 acB

F  #dcba e cchr e

(10.61)
2

3f2 Pdc ,.,e
a #

acbk e

18 # dcbase

2 #
acbu e

Idc Id
c ac base

I

I I IJ
c acbase

I Idcbase JC A zB Idcbase
Jc

P Facbase dcbas
e##  # a c b ., e -a B 3 /-2

#

# (10.62)

dcbaseJ Facbase ac- e @  #a4

P Jch
r e

# d
cbase

U sually,

to

P dc base

nom inal

*

IS chosen to be equa1 to # ac base.

lt

A lternatively,

obvious

P gc base m ay be chosen

be the rating
* @

of the dc line. @IS that the uSC of the Per unit

system

fact be handled
for the dc quantltles offers nO particular advantage. The dc quantities m ay

do

*

111

in ternls of their natural units, and nAany com puter ProgranAs SO.



566 H igh-v oltage D irect-c urrent Transm ission C hap.A%

10 .9 .3 Representation for Stability S tudies

11l a stability Program ,
@ *

the aC netw ork

positive-sequence

of the dc

are represented in

a fundam ental lim itation on the

equations ternls nf

system s.
@

quantltles. This im poses

In particular, com m utation failures cannot be accurately

m odelling

predicted
.

C om m utatlon failure m ay result from a Severe three-phase fault near the invefte'
,

unbalanced faults On the inverter side

during dynam ic overvoltage

N otw ithstanding the above lim itation, m odels of various degrees of detail have

been effectively used to represent dc system s in stability studies (28,31-371. A general
functional block diagram  m odel of dc system s is show n in Figure 10.57.

Som e of the early efforts to incorporate H V D C system  m odels into stability

program s used detailed representation w hich accounted for the dynam ics of the line

saturation

transfornzers

ac system ,

conditions.

0r of converte:

and the converter controls (28,31,32j.1r1recent years, the trend has been toward
sim pler

of
m odels (331.

w hich

Such m odels are adequate

connected

for general PurPOSe stabilit)r studies

system s *1l1 the dc link @IS to strong

com plex

pad s of the aC system
.

H ow ever,

for

for w eak ac system applications

detailed

requiring dc system controls and

thesystem s, are trend is

reversing and the preference is to have P exible m odelllng capability w ith a w ide range

of detail (8,34,35,361. The required degree of detail depends on the purpose of the
study

m ultiterm inal dc m odels required.
*

Therefore,

and the particular dc system .

E ach dc system tends to have unique characteristics tailored to m eet the

specif c

not been

needs of its application. Therefore, standard m odels of sxed structures have

developed for representation of dc system s in stability studies.Instead,three

categories

m odel,
of m odels have evolved'.(a)

S exible
sim ple m odel,(b)

capability.

reSPOnSe Or perfornaance

and (c)detailed m odelAnritll m odelling

(a) Simple m odels

For renlote dc links,w hich do not have a signif cant im pact on the results of

the stability analysis, Very sim ple m odels are usually adequate. The dc links m ay be

represented

converters.

aS constant active and reactive

W here m ore realistic
pow er

m odels are required,
injectionsat theaCterm inalsof the

the dc link is represented by the-

static converter equations
@

and functional effects of the controls. The m odels aPPCA

aS algebraic
* @

equatlons and the interface betw een aC and dc system s @IS treated @111 a

m anner slm llar to that described for pow er-i ow analysis @1l1 Section 10.9.1.

(b) Response m odels

For general PurPOSe stabilit)? studies

controls m ay be neglected.The pole control

dynam ics of the dc line and

action is assum ed to be instantaneous

polç

and

the

the lines are represented

of the

by their resistances.

s4any

than

control functions are represented @1C1 ternAs of their net effects,

rather actual characteristics of the hardw are. The follow ing are the features

included ill a typical rCSPOnSC type m odel.
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tiser side M odulation lnverter sideRec

i nal control ac signalac s g

+

set pow er or + + R unback
E

et current signal Scheduled dc voltages

B lockingr nblocking

signals

C urrent D C voltage

M easured order order M easured

com putation com putation dc voltagedc voltage

(m aster cöntrols) (optional)

B ypassingr nbypassing
sigpals

M easured
C urrent m argin direct current

+ Z

M easured C urrent C urrent

direct current regulator regulafor

Rectiser qc R eçtiser lnverter lnverter aç
DC line tions injection businjection bus equàtiops equa

h4in.fring angle h4in.m argin aqgle

F igure 10.57 Functional block diagram .of an H V D C system m odel
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C onverter and line equations..

The three m odes of control, aS identif ed before, are

@ R ectiser On C C and inverter On C EA control

@ R ectil er On C 1A and inverter On C C control

@ Rectiser On ClA and inverterOn constant-p control(transition m ode)

T he control

the stability

logic associated w ith the three m odes of control m ay be incorporated into

solution as described in Section 10.9.1. ln this case, how ever, transform er

adjustedtaps
@

arC not aS they are not fast enough to be effective during the period of

lnterest..

C urrentucontrol or#cr w ith /J-?n?-fJ.-

The current order is determ ined SO RS to provide either current control Or

PoW er
the

control aS desired. C onstraints

current w ithin m axim um and

are im posed on the current-order level to keep

m inim um  lim its. T he m axim um  current is

determ ined by thevoltage-dependent current-order lim it (VDCOL) as shown in Figure
10.58. The V D C O L m ay be given a tim e delay to assist in riding through ac system

faults (see Section 10.7).

J

*M W # i

l
l

lf ,1M1N 
,
l

>

r#0

*M W#

>

1

D V Vd fyex/rey

F igure 10.58 V oltage-dependent current-order lim its

Controlactions during ac faults..

It is

aC faults.

necessary to have adequate

The follow ing is an exam ple

representation of the actions of controls during

of the logic that m ay be used to account for

the control actions.

lf the ac voltage On either side falls below a certain value for longer than a

specis ed

of

tim e, the direct-current order *IS set ttl Zero. A ram p lillait restricts the rate

decrease of direct current. The line *IS shut off w hen the current falls below a

specis ed m inim um value.
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The direct line current is restored after the ac voltage recovers to an acceptable

has reached its m inim umlevel.

value,

If the

the desired current is im m ediately

voltage reCOVerS before the direct line current

restored to its originalvalue.The line current

eases at a specifed m axim um  rate. lf the voltage recovery occurs after the line hasincr

n shut dow n, the recovery is delayed by a specif ed tim e. A fter this, the direct linebee

ent is restored to its original value at a specif ed m axim um  rate.curr

The follow ing r e exam ples of tw o alternative types of recovery procedures'.

(i) The current @IS increased by controlling rectifier G,AA?itll the inverter sring
angle

current

sxed at 900. W hen the current reaches the desired value m inus the

m argin, the inverter extinction

value (norm ally originalvalue)at a

angle

specil ed

*

IS ram ped dow n to a specif ed

rate.

(ii) The current*ISincreased with the m axim um POssible dc voltage (Nsritll7=Y0Or
AhritlzG =aminj.

Option (i)ensures thatduring
be

recovery the m axim um reactive POW er *IS draxvn from

the ac system  m ay to overvoltages. Option (ii)
m axim um  possible pow er is transm itted through the dc link.

The m ode of operation and dc blocking and deblocking sequences

dependent.

and used control the ensures that

are system

sequence experim entation.

A  typical dc controller representation is show n in Figure 10.59.

recovery sequence for ac system  faults is illustrated in Figure 10.60.

The optim um *IS established by

The dc shutoff

Commutation failure checks..

The dc m odel usually includes a logic

com m utation voltage or converter m argin

for slltlttilléj off the dc line for

com m utation failure, detected by m onitoring

angle.

Pèw er/c urrent orJcr m odulation..

D ynam ics
*

of controls used for ac system  are represented

used for other form s of stability controls

stabilization

accurately, conslstent w ith the representation

(for exam ple, power system  stabilizers).

Detailed f exible m odel

A  w ide range of dc system -m odelling detail is required in stability studies.

Either separate m odels each representing a dc link in detail or a single detailed m odel

w ith facilities for sim plif cation should be provided to achieve this iexibility. B ecause

Of the variety of controls associated w ith dc links, ttuser-defned'' control m odels are

likely to be required *111 addition to the basic ac/dc interface m odel.
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Idreset

R ate lim it0
-

.
-
-
-
- 

1 + swj s. s 1 
-

1 
1-

-
-
- 

gvI a +0r
Z

S 1 + sh - Fa S S... 1 2

Iu  dulation

N ote: 1.SI

S2

greater

L is the response

*

IS sw itched ttlo if E <E or E  jmin r ac<E  in i for a period A & F
2. @IS sw itched qcrto Idreset lf line shuts off and E acr and E aci are D1

lïaxï lïrecovertt and h > TD2

3. tlm e of current control loop

F igure 10.59 C urrent-control block diagram

E JC

G C

rdcover'
1 I 1

I
l

l .1
I l
l I
I l
1 1

- 

I I
I l
I l
l 1

I I I ''m ln
1. l l
I l
I I I

l I I
I l l

I I y I dl l 1
I I 1
l l I
I I l
l I l
l I I

I 1 I -------------
I l l d reset1
. l I
l l l
I l l
1 I 1
l I l
i l ) .

1 C

FDl TD2

Figure 10.60 Shutoff and rCCOVery Sequence

A t the highest level of detail, the follow ing m odelling features should be

provided'.

@ D C line a dynam ic m odel w hich represents
@ @

the rçsistance, inductive and

capacitive
*

effects of the dc line. The capacltlve effects m ay be particularly

lm portant for cables.

@ C onverter controls represented by appropriate dynam ic m pdels for
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M aster controls

V D C O L including

C urrent/pow er

Fast

dynam ics

m odulation

POW er

controls

change logic, including

Pole capable of representing

blocking/deblocking

different control options such aS

C C , ac voltage, constant dc voltage, etc.

C om m utation failure sim ulation logic

Special controls used to assist H V D C system  recovery

disturbances,

C E A , constant

from

prevent com m utation failure, etc.

* A C/D C interface correct representation of the

com m utating

synchronous

reactance, and transform er tertiary

com m utating voltage,

bus to w hich SV C S and

condensers and other devices are connected.

ln such m odels,the converter angle lim its are enabedded in the dc controls SO

that no special m ode shift algorithm  is required. H ow ever, the converter characteristics

are still represented by equations relating average values of dc quantities and R M S

values of aC fundam ental com ponents. This m odel m ay be referred to aS Ki *quasl
@

steady-state

stability studies

used

del ''m o . lt w ould accurately represent

operation,

the H V D C system  perform ance

w ith

111

for analysis of balanced consistent the representation

for other elem ents of the POW er system .

Since the xvavefornAs of the voltages and currents are nOt represented @111 the

m odel, only SonAe gçneral

These Can be based On

predictions

the m agnitude

regarding com m utation failure Can be m ade.

of com m utating voltage Or inverter m argin

(extinction)
A

angle.

S exible quasi steady-state m odel should have facilities for sim plil cations

SO that m odels w ith a level of detail that is appropriate for the PurPOSe and SCOPC of

the stability study m ay be used.

D etailed H V D C system m odels include dynam ics w hich are usually m uch

faster than those associated w ith the aC system
@

m odels. ln stability studies involving

solvetim e-dom ain sim ulations,

H ence,

Very sm all

dc equations. Care should

integratlon tim e steps are

be exercised in ihtegrating

required to the

the aC and dc system

equations. O ne approach often used in such situations is to solve dc equations

using tim e steps w hich are subm ultiples of tim e steps used for ac equations.

by

D etailed three-p hase rep resentation:

The detailed m odel described above, based

representation

and

of ac system  quantities, is not accurate

of com m utation failure. A ccuratefor prediction

on positive-sequence phasor

for analysis of unbalanced faults

sim ulation of such conditions

requires

the

a detailed

aC line,

the

f lters

three-phase, cycle-by-cycle representation including dynam ics of

and converter controls, during the disturbance and initial recovery.

Thus,

sm all

tAA?tl types of sim ulation, One using detailed three-phase representation of a

Pa= of the system near the dc lilllk and the other a single-phase quasi steady-
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state com plete pow er system , are a com plem entary

m anner. The first type of sim ulation can be perform ed by using an electrom agnetic

transients program (EM TP) (38j or a dc sim ulator. lt is conceivable that in the future
this type of sim ulation could be incorporated into a transient stability program  (6,39j

.

representation of the used @111

A n example of detailed m odel

A  converter control m odelused by som e early stability program s

Figure
(28,31)ssritll

detailed

used

representation

for the Pacif c D C

of dc lilzks @IS show n @11l 10.61. lt represents controls

lntertie and other sim ilar system s.

f ring

control

In system s, p hase control is used tö generate the converter

pulses (see Section 10.4.3). This is reiected in the m odel. The heart of the
system  is the ttdelay angle com puter,'' w hich is represented by block 7 of

these individual

Figure

10.4.3,

proportional

10.61. It @IS based On

the control system

E quations

consists of

10.39 and 10.40. A s discussed @1l1 Section

three *unlts : the frst provides an output

to direct current I the seconddn provides

E  cosyc, and the third provides an alternating voltage

an output

proportional

proportional to

to # cosœ/(121.
The control system USCS the aC voltage to establish zero fring

lt then adds a direct voltage proportional

com puter

to the error current to

point reference
.

establish the proper

tiring

The input E o, the com m utating voltage, in reality

one for each pair of elem ents connected to an ac

point.T he delay angle adds a bias signal E ocosy

of three

to the*mln
*

aC voltage.

consists slnusoidalvoltages,

term inal.The Output COSQ actually

is a signal suitable

angle

Figure

J .The

for producing a

follow ing is the basis

sring pulse at the Proper tim e, @1.e.,delayed by an

for the içtjt;j jjjr angle 57com puter block show n @111

10.61.

FronA E quation 10.39,the instant of ûring a =())/1 @IS given by

C3Emcosœtq 21Xc- V3o cosy

H ence,

COS? cOSO /1

I X  f:
q -

4 Em COSY

(10.63)2# f l
c d

4 fw COSY3

FC

Q COSY
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D C voltage

transducer 1 ConstantY
1 v  p

des constant power mode r t de: l z g 
.1+ ,r  + des v  Id

esv +
. .  

'

' (4)3 I
desI

yor inverter only I Iu' xx :4
(See 4) I

uAx z' I d = IdesR  z
- 

u A x  o r

II Mzx % I ord % IMAX

I Iugs v

I oetermine/5 I >
1 current order

/ j l D etere ne M A X  currentd

1+ xFc Iord

D C transducer cosa m in ; co sa  stopL IM

Io -

+ -ra(1+JF1) Kc V  
. .

s.7  cosa
t E cosa = - cosyo(1+

-vr2) (1+:ra) + + Eo+
Ix current V

(See 1) 0 regulator cosa
- u x

/8 Delay angle computerI
o %z s 

c

1 E n1
.35F uc j

+su(
= %p) C

om m utating voltage

transducer

N otes :

1. fx = f -f d for rectifer;re/ mo Ix = 1 formargin inved er,

w here Imod

under

is m odulating

state.

signal if used, and Iref is com puted to give required COS?

steady

2. Lim it on currentregulatoroutput: L1M - Eolcosyo+zosamin) - rc

3. YO @ @ *= lnltlal inved er extinction angle.

4. P #
e?

drop

is specifed at rectifer end. Therefore, to determ ine I ry for inved er,?

due to line resistance has to be taken into consideratlon.

the voltage

F igure 10.61 A detailed converter m odel
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w here

Zc

E o
2#.4
Output of com m utating voltage transducer

V
3# f 54 Eaq

d0 1.35f GC

T o include current control, an additional signal V *IS added SO thatCC

C O S ?

F
C

FCC

+ - COSYE  E

0 0 (10
.64)

F

X COSY

The UPPCC pa= of Figure

m ode

10.61 show s how the current order @IS determ ined
.

T heE ither constant POW er

by

Or constant current m ode m ay
@

be speciû ed. current

order @IS lim ited the m axim um and m inim um current llm its. The m axim um lim it
*

ISvoltage dependent(VDCOL).
There arC three possible m odes of operation:

@ C onstant iéjllitit)lz angle, AAritlz J =Q ' 'mlnn

@ C onstant current; and

@ C onstant extinction angle, w ith Y=Yu.

(a) CIA mode..

Them ode of opefation existswhen V LIM .TheCC corresponding Q @IS

F F +FCC C L lM +FC

(fo(cosyo. cosxmin) -Fc1 +Fc

H ence,

C O S ?

FX COSY E0
fo0 (cosy +cosawa) -cosyo0

C O S J m in
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@?CC J .mo C.

This @IS the norm al m ode for the rectifer.In this m ode F lies betw een 0 andCC

toLJM .

conditions.

lllitiftll)?1 @ISref com puted SO aS to give the required COSG satisfy steady-state

CEA m ode..

This @IS the norm al m ode for the inverter. For this m ode,

AAritll

V @ISCC

= 0

equal to its

lo:ver lim it of zero.From Figure 10.61 and E quation 10.64, F andCC Y=Y0,W C

have

C O S ?

F

Eo

2 #  Id
C

COSY0 COSY;X

Therefore, the control Alrill ensure that COS? corresponds to a conditiqn Ahritll Y=Yu.

L im its OD t;t tr Outp ut block..

The lim its ensure that the ûring angle is lim ited to the desired values.U sually,

ömin=5O and =1100.
W stop
e see that the above m odel rei ects the dynam ic

controlhardAvare closety.ln contrast,a FCSPOnSC m odel

perform qnce of the converter

uses logic to represent m any

of the functions.

Chapter 17 (Section
@

17.2.3) *g1VeS an additionalexam ple of a dc lilzlûm odel
with a detailed representatlon of pole and m aster controls.

Guidelines for selection of m odelling detail

The m odelling requirem ents of dc systçm s are iniuenced by the follow ing

factors-.

@ N ature and SCOPC of the study,

@ Type of disturbance considered, and

@ Strength of the associated aC system s.

The follow ing provide general guidelines for selection of m odelling detail.

1. For

m odels

studies involving disturbance,

unless

renlote from dc links, sim ple algebraic
*

m ay he used Very 1()AA? frequency interarea
w hich xinclude

oscillatlons are

excited by the fault.In such a Case,reSPOnSe m odels the dc link
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m odulation controls should be used.

2. For studies associated w ith prelim inary planning of a dc link,CCSPOnSC m odels

are usually adequate.

3. For studies

m ay

relevant

be

involving dc links connected to w eak ac

used for initial planning studies provided

control action adequately. D etailed m odels

system s, CCSPOnSC m odels

that

are

represent the
necessary if special

they

dc lilll: controls are to be studied.

4. For studies associated Asritll planning and design speciscations of equipm ent

close to dc links, detailed m odels are required.

5. For studies involving m ultiterm inal H V D C system s, detailed m odels a<C

required

C onvergence

to ensure that the coordination of the converter controls *IS correct
.

difs culties are often experienced w ith the use ofresponse m odels

for such system s. In initial studies, sim ple

m inim ize the m odelling requirem ent.

pole

Special

controls m ay be used to

controls necessary for

m ultiterm inal system s such aS current balances m ust be m odelled.

6. For determ ination of the effects of dc m odulation controls, a reSPOnSe m odel
*

IS usually adequate.

7. For studies involving w orst-case disturbances specif ed by planning/operating

criteria, the m odelling requirem ents depend On the disturbance aS follow s:

(a) Bipolar outage
m alfunction) or
m odel

with no restart (say,
restart

due to high-level

poles

control

shritll unsuccessful On both A sim ple

could be used, since the dc PoW er w ould be either ZCrO 0r

relatively 1()A,,.

(b) Rectiser side single-line-ground aC fault with breakerand pole outage
rem aining pole would be ram ped to coyer the loss, subject to

overload lim its) -  A response m odel is norm ally adequate. The zero
sequence im pedance of the Y -A converter transform er should be

included in the fault shunt.

(the

(c) Three-
C a se

phase

either

aC faults at critical locations near the rectif er, *111 w hich

Sorne dc POW er Can be transm itted during the fault, or the

dc shuts dow n and m ust be restarted rapidly -  The restart Or I'CCOVCCY

characteristic @IS im portant.For exam ple, a Very fast recovery could be

counterproductive
@

IS

if the ac system

planning stages,

is w eak.G enerally,a detailed m odel

m odelrequired. ln early

including restart m ay be

how ever, a reSPOnSe

used.
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(d) lnverter side single-phase
of com m utation

aC faults w hich block dc PoW er

m odel required

m ultiple dc

during
@

IS

the

fault because failure A detailed

since rCCOVery tim e and characteristic Can be critical(and
linksm ay be affected).

(e) Variousac disturbances where dc specialstability controls(m odulation
@

ISor power changes)
needed. M ore detailed

fast are used A reSPOnSe m odel

representation of controls w ould be

norm ally

required in

the case of w eak ac system s.N orm alPOW er m odulation can be counter-

productive,

dc

and it m ay be

POW er during voltage
necessary

dips (desynchronizing

to m odel controls w hich decrease

effect).

8. For studies involving unbalanced ac disturbances and unbalances caused by the

dc system , depending on the purpose of the study, an E M Tp/transient stability

com bination m odel m ay be desirable.
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Control of A ctive Pow er

and Reactive Pow er

So far this book has concentrated On the characteristics and m odelling of

individual elem ents

POW CC
characteristics

and reactive

and

pow er system s.

pow er by considering the system  as an entity.

m odelling of equipm ent used for control w ill be

of the T his chapter w illexam ine control of active

ln addition, the

described.

The flow s of active PoW er

other

and reactive PoW er @111 a transm ission netw ork are

fairly

Section

independent of each and are insuenced by differentcontrolactions (see
6.3).Hence,they

@

m ay
closely

be studied separately for a large class of PrOblem s.

A ctive POW er
*

IS

control IS related to frequency

A s

control, and reactive P0W er

control closely related to voltage control. constancy of frequency and voltage

are im portant factors in

POW CC and reactive

determ ining

pow er is vital to

the quality of pow er supply,

the satisfactory perform ance

the control of active

of POW er system s.

1 1 . 1 A C T IV E PO W ER A N D FR EQ U EN C Y C O N T R O L

For satisfactory operation of a pow er system , the frequency should rem ain

nearly constant. R elatively close control of frequency ensures constancy of speed of

induction and synchronous m otors. C onstancy of speed of m otor drives is particularly

im portant

dependent

feed-w ater
@

111

for satisfactory perform ance generating units as

on the perform ance of all the auxiliary drives associated

and

of they are

w ith the

highly

fuel,the

the com bustion air supply system s.
@ @

ln a netw ork, considerable drop

andfrequency could result *111 high

transform ers.

tilzlirïij

T he extensive uSe

m agnetlzlng currents

of electric clotks and the use

induction@1l1 nAotors

of frequency for other

PUrPOSCS require accurate m aintenance of synchTonous tim e w hich *IS

58 1
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proportional

only

to integral of frequency.A s a Consequence, it is necessary to regulate not

the frequency itself but also its integral.

The frequency of a system is dependent on active
@

IS a Com m on factor tk oughout the system , a change

change

pow er
in active

balance.A s freqUCIKX

atPoW er denland O1W

point is ref ected

m any

allocate change

unit provides

generators

throughout

supplying

system

pow er into

the by a @111frequency.B ecause there 1<C

the system , SonAe DAeans m ust be provided to
*

11I dem and to the generators.

the prim ary speed control

A  speed governor on each generating

function, w hile supplem entary control

originating at a central control centre allocates generation.

ln an interconnected system

frequency,

Ahritll tw O Or m ore
@

11I addition to control of the generation

i dependently controlledn

w ithin each area has
aTCAS

,

to bt
controlled SO aS to m aintain scheduled PoW er interchange. The control of generation

and frequency is

W e w ill

com m only

f rst review

referred

the
to as load-k equency

requirem ents for prim ary
control(LFC).

*

speed governlng and then

discuss supplem entary control.

1 1 . 1 . 1 Fundam entals of S peed G overning

The basic concepts of speed governing

local

are best illustrated by

1 1 . 1 .

considering an

isolated jenerating unitsupplying a load aS show n in Figure

Steam Or

V alve/gate m
o  P  Pm 

G  cw ater Turbine

Te

SpeedG
o v ern o r

=

L oad

F G enerator

# f

F m echanicalm torque Fe

' c

electrical torque

P m echanical PoW er electrical PoW er PL load PoW er

Figure 1t.1 G enerator supplying isolated load

G enerator rdJ'# /Dfd ttl load change

W hen there @IS a load change,

of

it is rei ected instantaneously as a change in the

electrical torque Output Te the

m echanical torque F and the

generator.

electrical torque

equation
@

This CaUSCS a m ism atch betw een the

Fe w hich @111 turn results *111 speed

variations aSdeterm ined by the of m otion.Asshown @111Chapter3 (Section
3.9),
a S

follow ing transfer functlon represents

a function of the electrical and m echanical

the the relationship betw een rotor specd

torques.
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S Laplazç

M echanical

operator

F  1+ a
Z > hO rT

. 2s s

F torquè (pu)
Te

TJ

H

Electricaltorque (pu)
=  Accelerating torque (pu)
=  Inertia coùstant (V W -Sec/M VA)T

e A*r Itotor speed deviation (pu)

Figure $1.2 Transfer function krelatlng speèd and torques

For load-frequency

term s of m edhaùical and

studles,it *1: preferable ttlCXPCCSS

than

the above

electrical Puw er

by

rather torque. T he

relationship

relationship

betw een POW CC # and torque F is given

DX O
r
t (1 1.1)

By considering

hy

a sm alldeviation (denoted by prefx A)from initialvaluès (denoted
subscript0),We m ay write

P #c+l#

F FC+AF (1 1.2)

O
r

lo+A Or

From  Equation 1 1 . t ,

Po+LP (Yc+AOr)(% +AF)

The relationship betw een fh: perturbed values, AAritll higher-order teràAs neglected, *IS

given by

A# YCAF+ 4 A% (1 1.3)

Therefore,

A #  - A #
m  e % (A& -A6 )+(L c- 6o)AOr (1 1.4)

Since,

speed

in the steady state,electrical
=  1 .

and m echanical torques are equal, F j=F ().m e sàTitll

expresjed @111Pu,O t H ence,



584 C ontrolof A ctive Pow er and Reactive Pow er C hap
. hA

L P  -A #
m  e

A F  -A F
m  e ( l lj:- )

Figure 1 1.2 Can nOW be expressed in ternAs of A # and Y e aS follow s:

.. 1E 
-  - - -

M s
A œ r *111 Pu

M 2//

F igure 11.3 Transfer function relating speed and POW er

sàTitllill tlle

m echanical

range of speed variations w ith w hich w e are concerned,

pow er is essentially a function of valve or gate position and '

the turbine

lndependent

of frequency.

Load rdJ'#/DSd to frequency deviation

ln

devices.

general, pow er system  loads are

For resistive loads, such as lighting

a com posite of a variety

the

of electrical

and heating loads, electrical PoW er

is independent of frequency. ln the case of m otor loads, such as fans and pum ps, the

electrical pow er changes w ith frequency due to changes in m otor speed. The overall

frequency-dependent characteristic of a com posite load m ay be expressed as

AC A& +DL% (1 1.6)

w here

= non-frequency-sensitive load changez

D h o r = frequency-sensitive load change

D load-dam ping constant

The dam ping

in frequency.

change in frequency

constant is expressed as a percent change in load for one percent change

Typical values of D  are 1 to 2 percent. A  value of D =2 m eans that a 1%

w ould Cause

The system block diagranA

a 2%  change in load.

including the effect of the load dam ping @IS show n
@

111 Figure 1 1.4.
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+  1E 
-

m - M S

A # D
L

A * r

F igure 11.4

This m ay be reduced to the form show n in Figure 11.5.

+  1Z 
-  - - >

M s+D
A O r

f

F igure 11.5

ln the absence of a speed gOVCrnOr,

and

the system
@

reSPOnSe to a load change *IS

determ ined by the

such

inertia constant the dam plng constant. T he steady-state speed
*

deviation *IS that the change
@ * @

@

111 load *IS exactly

load due to frequency sensltlvlty. This *IS illustrated

com pensated by

in the follow ing

the variation 111

exam ple.

Exam ple 11.1

A sm allsystem

M W .

consists of 4 identical 500 M V A generating units feeding a total load

of 1,020

varies

The inedia constant H  of each unit is 5.0 on 500 M V A  base.The load

by

M W ,

1.5% for a 1%$ change *111 frequency. W hen there *IS a sudden drop *1l1 load

by 20

(a) Determ ine the system block diagram Alpitllconstants H  and D expressed On
2,000 M V A base.

(b) Find the frequency deviation, assunaing that there @IS no speed-governing
action.

Solution

(a) For 4 unitsOn 2,000 M VA base, H  = 5.0x(500/2000)x4 5.0.Hènce,

M = 27/ = 10.0 S
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Expressing D for therem aining load (1020-20=1000 M W )On 2,000 M VA base,

D 1.5x1000/ 1000 0.75%

(b)
expressed

W ith =0 (1z()speed
@

111Pu On 2,000
governing),

M V A  is

the system block diagrana Ahritll param eters

-

AT 1
-  w h o rL
M s+D

This m ay be expressed in the standard form in term s of a gain and a tim e cohstant:

-

V K
-  e a o rL 
j+sw

w here

K 1

D

1

0.75
1.33

F M

D

10

0.75
13.33 S

The load change *IS

AQ -20 M W

- 20
- 0.012000 Pu

For a step reduction 111load by 0.41 Pu,Laplace transform of the change *111load * .IS

-  

0.0114(x)
S

H ence, from the block diagranA

AY,(x).( - 0s.0 1 j ( y yj yj
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Taking the inverse transform ,

t

A Y
,
(r) -0.01# e F+0.01r

t

- 0.01x1.33 e 13.33+ 0
.01x1.33

- 0.0133 e-0.075,+ 0
.0133

The Pu speed deviation aS function of tim e is show n in the follow ing figure.

A œ r l

F
I

-
-  1 3 .33 s /

/
/

/
I
I
I
I
I
1

I
/
I
I

, a ts -- : .0 j g 3' ss
I
#
I

I
I

>

Pu

t in seconds

The tim e constant F is 13.33 s and the steady-state speed deviation @IS

L PZ
N/ss 0.0133 PuD

0.0133x60 0.8 H z

Isochronous W VdrD/r (1,21

The adjective isochronous nAeans constant speed.
back to the nom inal

isochronousA n governor

scheduledadjusts
value.

the turbine valve/gate ttl

Figure 1 1.6 show s the

bring the frequency

schem atic of such

O r

a speed-governing

m easured rotor speed

system .

(t)0. The error signal (equal

The

tospeed deviation)
theactuates m ain

(kbr is çom pared w ith reference speed

is am plif ed and integrated to produce a

steam  supply valves in the case of a steam

control signal A F  w hich

turbine,

integral
@

IS

of a hydraulic

reach

CaSC

Or gates @111 the

turbine.B ecause of the reset action of this controller, A F

svill a neW steady state only w hen the speed error her ZCCO.
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Steam Or

V alve/gate P
m

w ater T urbine G  P e

A F  O r
+

lntegrator -K  . Z - Speed ref. (t):
â lkbr

O r

P

rotor speed F = valve/gate position

m echanical POW CC

F igure 11.6 Schem atic of an isochronous gOVCrnOr

1 1.7 the tim e response of a generating unit, w ith an isochronous

governor, when subjected to an increase in load. The increase in Pe causes the
frequency to decay at a rate determ ined by the inertia of rotor. A s the speed drops

, the
turbine m echanical pow er begins to increase. This in turn causes a reduction in the rate

of decrease

Figure show s

of speed, and then an increase *111 speed w hen the turbine PoW er *IS ilï

CXCCSS of the load

the steady-state
pow er.

turbine pow er

T he speed
@

In CCC a SC S

Alrill ultim ately return to its reference value anë

by an am ount equal ttlthe additional load
.

A n isochronous governor xvorks

an isolated load or w hen only one

satisfactorily w hen a

generator in a m ultigenerator

generator
@

@

IS supplying

system ls required to

connectedrespond

the

to changes in load.For PoW er

droop

load sharing betw een generators to

system , speed regulation Or characteristic m ust be provided aS discusseë

next.

T im e @1l1 seconds

F igure 11.7 R esponse of generating unit AAritlz isochronous governor
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Gavernors with speed-droop characteristic J#,21

The isochronous governors cannot be used w hen there are tAA?tl OC nlore units

connected to the

Sam e

system

Speed

sam e system

setting. O therw ise,

since each generator w ould have ttl have precisely the

they w ould f ght each

frequency
@ @

to its OW n setting. For stable load

other, each trying to control

division betw een tw o or m ore

tulits

Speed

Operatlng

drops

The

a S

ln parallel, the governors

the load is increased.

are provided w ith a characteristic SO that the

speed-droop

feedback

Or regulation characteristic m ay be obtained by adding a

teady-stateS loop around the integrator aS show n *111 Figure 11.8.

Steanz/qvater

V alve/gate
ShaftT

urbine

A F  (kbr
+

lntegrator K  Z - Z -
-  A œ r

R

T o generator

Speed ref.0 0

F igure 11.8 G overnor AAritll steady-state feedback

The transfer function of the governor of Figure 11.8 reduces to the form  show n

in Figure 1 1.9.

with a gain of LIR .

This type of governor @IS characterized aS a p rop ortional controller

-  

1A O Z K  
-

r S

R

A F

(a)Block diagranx with steady-state feedback

1 1
A (nr --  -> A FR  1 

+ s% 1F
* - -

G K R

(b)Reduced block diagranA

F igure 11.9 B lock diagranA of a spùed governor Ahritll droop
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P ercent sp eed regulation Or droop :

T he value of R determ ines the steady-state

the 11.10. The

speed

ratiogenerating unit as show n in Figure

frequency deviation (AX  to change in
*

IS

versus load characteristic qf

of speed deviation (Ao ) orr
valve/gate position

speedequal to R .T he paranAeter R *IS referred to aS
(AF) or power output (àp)

regulation or droop. It can àe

expressed *111 percent aS

Percent R Percent Speed Or frequency change
x 100

percent PoW er output change

Y x s - O so

x100
O o

w here

O NL steady-state

steady-state

nom inal

speed

speed

rated

at no load

FL at full load

O t Or speed

For exam ple, a 5%1 droop

Causes 100% change @111 valve

or regulation m eans that

position or pow er output.

a 5%1 frequency deviation

Frequency

dOr Spee (D
N L

J-
G  -- X

ID  ---,--------------,-''''-'-''''-'''-' 111 -jII11i;:r-'''''0 0 I I
I l

I I IO  l I IFf 
l I I
I 1 I
I I l
I l I
I l I
1 I I

I I I
I

l I l
I l l
I I 1
I I I
I I l
I I I
l I I
I I I
I I I

R =A//A#
hf=f-h

0 1.0

Pow er

valve/gate
output Or

position (pu)

F igure 11.10 Ideal steady-state
@

governor

characteristics

of a w lth speed droop
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zpl# sharing by parallel @unlts:

If tw o or m ore generators w ith drooping governor characteristics are connected

ow er system , there w ill be a unique frequency at w hich they w ill share a loadto a P

e. C onsider tw o units w ith droop characteristics as show n in Figure 1 1.1 1. Theychang

itially at nominal frequenc# h , with outputs #1 and Pz. W hen a load increasee in
causes the units to slow  dow n, the governors increase output until they reach aAcz

w com m on operating frequency /'. The am ount of load picked up by each unitne
Jepends on the droop characteristic'.

A # 1 # ?-#1 1
# 1

P ' -P2 2 &LPz

Hence,

L P

A # a

&
# 1

If the percentages

of each

of regulation

be nèatly

of the units are nearly equal, the change in the outputs

unit w ill @111 proportion to its rating.

zZ

0 ' II I
I I

I I I I
l I I I
I I I 1
1 I l 1

I I I l
I ' I I I
l l I l

I 1 I I J I
I I 1 I
I I I I
l I I I
l l 1 l

#1 P '1 Pz P1
Pow er output Pow er output

U nit 1 U nit 2

Figure 11.11 Load sharing by parallel units slritlz drooping governor characteristics

Tim e rd.ç# /N&d

Q

mFigure 1 1.12 show s the tim e CCSPOnSC of a generating lllzit,w ith a speed-droop

governor,
the

when subjected to an increase in load.Because of the droop
speed

characteristic,

increase *111 POW CC Output *IS accom panied by a steady-state Or frequency

deviation (hess).
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O  (Dr 0

tOr s ee Or re u en co

*

C C a n lc a  O W ef

0

SS

T im e ill seconds

F igure 11.12 R esponse

having

of a generating unit Apritll a governor

speed-droop characteristic

1 1.1.2 C ontrolof G enerating U nit Pow er O utput

The relationship betw een speed
@

and load can beadjusted by changing an input
show n aS itjti jjtj reference t oint''Se P 111 Figure 1 1 . l 3.

setpoint is accom plished by

operating the itspeed-changer m otor.'' The effect of this adjustm ent is depicted in
Figure 11.14, w hich show s a fam ily of parallel characteristics for different speed-

changer m otor settings. The characteristics show n are for a governor associated w ith

a 60 H z system . Three characteristics are show n representing three load reference

settings. A t 60 H z, characteristic A  results in zero output, characteristic B results in

50%  output, and characteristic C results in 100%  output. Thus, the pow er output of

the generating unit at a given speed m ay be adjusted to any desired value by adjusting
the load reference setting through actuation of the speed-changer m otor. For each

setting, the speed-load characteristic has a 5%  droop; that is, a speed change of 5%

(3

ln practice, the adjustm ent of load reference

Hz)Causes a 100% change @111PoWeroutput.
svhen tAs?tl Or nAore generators arC operating *111 parallel, thecharacteristic (corresponding to a load reference setting) of each speed-droop

generating unit

w hennlerely

change

establishes the proportion of the load picked UP by the unit a sudden

in system load OCCUCS.The Output

load

of each unit at any
@

given

effect

system frequency

theCan be varied

droop
y

characteristic

on1 by changing its reference, w hich 111 m OVCS speed-

UP and dow n.
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V alve/gate

shaft v o generatolsteam /w ater Turbine

A F  Iutegrator (n
r

+

1 K  z - z - speed ref
. (o oS 

-  A lor

+

L oad reference - s p

setpoint

(a) Schem atic diagranA ofgovernor and turbine

1 - 1A
(nr -  Z

R  1 + sTa
+

A F

L oad reference

(b)Reduced block diagranzofgovernor

F igure 11.13 G overnor Ahritll load reference control

foradjusting speed-load relationship

N

I
Q

* e A

o
Q
O
>
=

m

0Z  -- 0

I l
l 1
1 I
l 1
I l
I

l l
l 1
l I
I I
1

N
1 I
l I
l l
I I
I I
l I
l I
# :

l I
I I
l I

I L-  + .

0 50 100

Percent PoW er output

F igure 11.14 E ffect of speed-changer setting On gOVCrnOr characteristic
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W hen a generating unit is feeding an isolated load, the adjustm ent of the speek
changer changes the unit speed. H ow ever, w hen the unit is syqchronized to a powey

system , the speed-changer adjustm ent changes the unit power output; it has only a
m inor effect on system  frequency, depending on the size of the unit relative to that

of the total system generation.

A ctualspeed-droop characteristic J;/

The

1 J . 1 0
dçparts

and

governor speed-droop characteristic

1 1.14) represents the ideal relationship.
straight-line relationship as depicted in

discussed in Chapter 9, steam  turbines have a

haveW C considered

ln actuqlpractice
so (Figures

fhe characteristic

far

from the Figure 1 1.15.

A s num ber of control valNCS
S

theeach having nonlinear flow area VCCSUS position characteristic. H ence, they have

speed-droop characteristics of $hç general nature of curve 2 in Figure 1 1.15. Eacà

section of curve 2 represents the effect of one control valve. H ydraulic turbines, w hicà

have a single gate,tend to have the characteristic sim ilar to Curve 3.

The actualspeed-droop characteristic m ay thus exhibit increm ental regulatioz

ranging
@

governlng
linearizing

from 2$1 to 12% , depending On the unit

system s

circuits or

m inim ize the/e variations @11I

output.

increm ental

M odern electrohydraulic

regulation by using

frst-stage Pressure feedback.

N

Q
* e

O
Q
O
>

m

œV  
o

1

0 100

Percent POW CC output

C urve 1:ldeal linear characteristic

C urve 2:A ctual characteristic for steam units

C urve 3:A ctual characteristic for hydraulic units

F igure 11.15 A ctgal and ideal governor speed-droop characteristics
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11. 1.3 C om posite Regulating C haracleristic of Pow er System s

111 the analysis of

collectïve perform ance
load-frequency controls (LFCs),

of al1 generators in the system . The

W e are interested *111 the

interm achine oscillations

transm ission system perform ance are therefore not considered.W e tacitly assunle

tlltl
yy an equivalent generator. The equivalent generator has an inertia constant M oq equal

the sum  of the inertia constants of a1l the generating units and is driven by theto

m bined m echanical outputs of the individual turbines as illustrated in Figure 1 1. 16.co

of allcoherent response generators to changes @1C1 system load and represent them

Sim ilarly,the effects of the system loads are lum ped illttl a single dam ping constant

D .
nnït

The speed of the equivalent

equal.

generator represents the system

rotor

frequency, and @111PCr

the tAA?tl are W e Ahrill therefore uSe speed and frequency

interchangeably *111 Our discussion of load-frequency control.

m  1

+ 1
+A # z Z u  s +0m 
+

E - eq

mn A# f

A/=Aœr

F igure 11.16 System equivalent for L FC analysis

The com posite

on the com bined effect

pow er/frequency characteristic of a pow er system  thus depends

of the droops of allgenerator

loads

speed governors.lt also depends

0n the frequency characteristics of a11 the in the system . For a system Ahritll n

generators

deviation

and a com posite

follow ing a load

load-dam ping constant

change A #z is given by

of D , the steady-state frequency

- A #
Lfss L

(1/R1 + 1/ + ... + 1/Rn) +D (1 1
.7)

- L P L

1/# + Deq

w here

19tA 1/R1 + 1/ (11.8)
+ ... + 1/A*

Thus,the com posite frequency FCSPOnSC characteristic of the system @IS
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p -A#

Lfss

1
- +DF
:A

( 1 l-9)

The com posite

lt *IS also

frequency response

som etim es referred to
characteristic p is norm ally expressed in M W /l1z

.

aS the stffness
ua1

of the systezn . The com posite

regulating characteristic of the system

speed

@

ISeq to 1/p.
The effects of governor droop and the frequency

the net frequency change are illustrated *1l1 Figure 1 1.17,

sensitivity of load on

F hich considers the

com posite effects the generating units and load in the system . A n increase of

system  load by A'z (at nom inal frequency) results in a total generation increase of
A# g due to governor action and a total system  load reduction of A#o due to its

frequency-sensitive

of al1

characteristic.

1
A# f

A#  A #G D

0 I
I
I

I
l
l
I

1A ,1
I
I

I
I
I
I
I

L P G 1 L P
-

. VD

. - - ayG R

G

t A#o = DV
=  =

l

t A#z

L P

A # 1
=  A# - A#o = --  -D 1/L G R

A/ R A/ *
@ @

- A#sA/
=

1/R +D

F igure 11.17 C om posite governor and load characteristic

E xam ple 11.2

A POW er system has a total load of 1,260 M W at 60 H z. The load varies 1.5% for

every

w hen
191 change *111frequency (D =1.5).

is suddenly tripped,

Find the steady-state frequency deviation

a 60 M W load if

(a) There @ISno speed control.

(b) The system has240 M W  ofspinning reserve
59$

evenly spread am ong 500 M W

of generation

generators

capacity
@

Alritll

are operatlng

bands

Alritll

regulation based

valves w ide open.

on this capacity. A 11 other

ytssunae that the effect of

governor
reduction

dead IS such that only 80% of the governors respond to the

in system load.



1 1 .1 A ctive Pow er and Fzrequency C ontrol 597

N eglect the effects of transm ission losses.

Solution

Total rem aining load is 1260-60 1200 M W . The dam ping constant of rem aining

load *IS

D ( jt 5, x laoo)-(200-01)30MW/HZ
(a) shritllnO speed control,the resulting increase in steady-state frequency *IS

Lf -A#L - (-60) M W

30D > /H z

2.0 H z

(b)
generating

Since there @IS a reduction 111 system

spinning

load and an increase @111 frequency, a11

units (not justthose On reserve)
@

respond.

contributes

H ow ever, due to the

effects of dead band,only 80%  of the total generatlon to speed regulation.

The total spinning generation capacity @IS equalto

L oad +reserve 1260 +240 1500 M W

G eneration contributing to regulation is

0.8x1500 1200 M W '

A regulation of 5% DReans that a 5%1 change in frequency Causes a 100% change @1l1

POW er generation. Therefore,

1

R

1200
(5/100)x60 400 M W /HZ

The com posite system frequency reSPOnSe characteristic *IS

1
R +I) = 400 +30

430 M W /H Z

Steady-state increase in frequency *IS

hf = -LP - (-60) >

430p M W /HZ

0.1395 H z K
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1 1- 1 .4 R eSponse R ates of T u rbine-G overning S ystem s

So far, w e have analyzed steady-state perform ance of speed-governing system s
.

rates of steam  and hydraulic turbines andW e w ill nOW exam ine the relative feSPOnSe

their governing system s.

A s discussed in C hapter steam  m ay be of either reheat type or nom

reheat type. Figure 1 1.18 show s the block diagram  of a generating unit w ith a reheat

turbine. The block diagram  includes representation of the speed governor, tuybine
,

rotating m ass and load, appropriate for load-frequency analysis. The turbine

representation is based on the sim pliû ed transfer function developed in C hapter 9

(Section 9.2.1), and assum es constant boiler pressure.

9, turbines

L oad

ref.

C n
I I
l I
I l

l 1 II I
I -
I I
1
, s  Ij
l I
I l

! !
l I
l l
1 I
I I
I -  I

1 1 a r 1 1 + SF  T 1
I -b I HP M  p, + Puy  5)

l - 1+xF l (1+xF )(1+xF ) - M s+DI G I cS RS -
I I
l I

I I . - -Turblne R otor lnertla

Aœ

G overnor h PL and load

Typical values:

R 0.05 F 0.2 S F 0.3 F 7.0 SG HP

TCH 0.3 S F LP 0.7 M = 10.0 S D l.0

F igure 11.18 B lock diagranx of a generating unit Ahritll a reheat steam turbine

The block diagranA of Figure 1 1 . 1 8 @IS also applicable to a unit w ith non-reheat

turbine. H ow ever, in this Case Fws =0,and the turbine transfer function sim plises to

that show n *111 Figure 11.19.

1
A r S m1 

+ sTcg

Typical value:

FCH 0.3 S

F igure 11.19 N on-reheat turbine transfer function
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In C hapter

transient

9 (Section 9.1.3), we showed thatthe governors of hydraulic units
reqnïre droop

* *

comp ensation for stable speed

of the

control erform ance.P B ecause

short-term

@

11Ichange the posltlon of the gate at the foot penstock produces an initial

turbine PoW er change

have- relatively

w hich *IS opposite to that sought, hydro

long

turbine

vernors areg0
s. This ensurestig;e

landing). Consequently, the response of a hydraulic unit to speed change or to(is
hanges in speed-changer setting is relatively slow .c

The block diagram  of a generating unit w ith a hydraulic turbine is show n in

yigure 1 1.20. The governor includes transient droop. The transfer fupctions for the

turbine and the speed governor used in the block diagram  w ere developed in C hapter

9. For fast-frequency deviations, the governor exhibits a high regulation (or 1ow gain);
for slow changes and in the steady state it has a low er regulgtion (or high gain).

designed to large transient droop, w ith resetting

stable frequency regulation under isolated operating conditions

l l
I 1 l
l, R  l#

Transient droop
com oensation

I - *' ' I
I . 1 1 + sTR l 1 - sTw a p + 1Load 
l I ,, sZ

ref. I 1+xF 3+s(RplRp)TR j 1+#0.5F. - Ms+ Dl G
1 I
1 l
! 2 Turbine R otor/L oad

A o r

G ovem or M z

Typical values'.

R p

T

=  0.05 F 0.2 S M =G 6.0 S D 1.0

1.0 S R T 0:38 TR 5.0 S

F igure 11.20 B lock diagranl of hydraulic unit

The nature of the CCSPOnSCS of generating units AAritll reheat and non-reheat

steam turbines, and hydraulic turbines when subjected to a step change in load (A#o),
is illustrqted in Figure 11.21. These responses have been com puted by usipg the

linearized m odels and typical param eters show n in Figures 1 1.18 and 1 1.19. C onstant

boiler pressure has been assum ed for the steam  turbines. D epending on the fype of

boiler and its controls,

be signifcantly

and on the size of the load change, the reSPOnSe of the steam

turbines

hydraulic

m ay slow er than that show n. O n the other hand,a low -head
Vx *

ûnlt m ay have a signis cantly faster reSPOnSe than the One considered here.

The results presented here dem onstrate tllltt,although

there

the

deviation
*

111

is the Sanle for a1l three units considered, arC

steady-state speed

signifcant differences

illtheir transient CCSPOnSCS. U nit reSPOnSe characteristics, fact, Vary w idely
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F igure 11.21 R esponses of steam and hydraulic
@

111

generating units

to a sm all step
*

111

increase load dem and; values

show n are PCr unit of the step change.
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Frequency C ontrol 60 1

endingJeP

controls

int (e.g.,PO

and

On riany factors. These include, *11I addition to the type of plant
, plant

@m ode of

n e a rn e ss

operation (e.g., boiler-follow ,
to valve point, load lim it).

turbine-follow), and operattng

1 1.1.5 Fundam entals of A utom atic G eneration C ontrol(3-61

W ith speed control action, a change in system  load w ill result in a

dy-state frequency deviation, depending on the governor droop characteristic andstea

uency sensitivity of the load. A 1l generating units on speed governing w illfreq

tribute to the overall change in generation, irrespective of the location of the loadc0n

hange. R estoration of system  frequency to nom inal value requires supplem entaryc

ntrol action which adjusts the load reference setpoint (through the speed-changerco
otor). Therefore, the basic m eans of controlling prim e-m over power to m atchm
ariations in system  load in a desired m alm er is through control of the load referencev

etpointss

nCCCSSaCF

prim ary

of selected generating

the

*

unlts.A s system load @IS continually changing, it *IS

to change
*

Output
*

of generators autom atically.

ThePrlm ary objectlvesof automaticgeneration
and

control(AGC)are to regulate
frequency

betw een

ttl the specif ed nom inal value to m aintain the interchange

Output

PoW er

control areas atthe scheduled values by adjusting the of selected
generators.

A  secondary

This function *IS com m only

distribute
referred to aS load-k equency control(LFC).

objective
@

is to the required change *11l generation am ong units

ttlm inim ize Operatlng costs.

A G C  in isolated ' /- èr system s

In an isolated PoW er system ,m aintenance of interchange

Therefore,

This is accom plished by adding a

reference settings of the governors

the function of A G C is to restore frequency to the
pow er

specif ed nom inal value.

w hich

is not an issue.

reset Or integral control acts On the load

of units On A G C , aS show n @11I Figure 1 1.22.The

integral control action CnSUCCS Zero frequency Crror in the steady state.

The supplem entary generation control action is m uch slow er than the prim ary

As such it takes effect after the prim ary speed control (which acts
on a11 units on regulation) has stabilized the system  frequency. Thus, AGC adjusts load
reference settings of selected units, and hence their output pow er, to override the

effects

speed control action.

of the com posite frequency
@

regulation

of al1 other units not on A G C to

characteristics of the POW er

scheduled

system . ln

so doing,it restores the generatlon values.

A G C interconnected # /W dr system s

T o form  the basis for supplem entary control of 'lnterconnected PoW er system s,

let us first look at the perform ance w ith prim ary

system

Speed
*

control only.

Consider the interconnected shown 111Figure 1 1.23(a).ltconsists of
tAhrtl areas connected by a tie line of reactance X ie.t For load-frequency studies, each

area m ay be represented by an equivalent generating unit exhibiting its overall
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. AA

A œ
F
I
l
I 1
l s lem entary -Rl upp

,
1 control on A' s
i lected unitsseI

I K  - , -
+  A#m + 1L

- - - - - - - - -  -
- f s G overnor Turbine Z Ao
s M s +D+

L oad ref. R otational
inertia and

a p ,, joad+ mL
oad ref. Z G overnor Turbine

U nits on prim al
speed control qnly

1

R

A œ

Figure 11.22 A ddition of integral control On generating units selected for A G C

perform ance.

interm achine

Such com posite
* @

m odels are acceptable since w e are not concerned about

oscillatlons w lthin each area.

Figure 1 1.23(b) showsthe electricalequivalent
equivalent

of the system , w ith each area

represented

tie

by a voltage Source behind an reactance aS view ed from  the

bus.The POW er tlow  on the tie line frona area 1 to area 2 *IS

#
E E

12 sintôl- ôa)X
T

L inearizing about an initialOperating point represented by ô1 =:10 and :2 =:2:, w e have

L P F A ô12 12

w here A ôI2 =A ôI -A ôa,and F is the synchronizing torque coeff cient given by

F
E E

costô - ôa,)10 (1 1 . 10)
X T
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# 12
r'

A rea 1 A rea 2

X ie

(a)Txvo-area system

# I2

f jz 8j

1 1 X tie * 2
N
u

E zz nzX
v

U  U

(b)Electricalequivalent

A o 1 1 A 61 A ô2 1 A o a

S + - S

1 1

M js+D j ' T  M zs+D z

M 12

zkpzy s z zupsc
+  +

A #,,,? h p m:

Turbine Turbine

A rj A rz

G overnor G ovem or

1 
-  -  

1
-  

Z E -
A o ! R 1 

.  +  &  Ao2

Load ref. 1 L oad ref.2

E quivalent

representing

plant Equivalent

representing

plant

area 1 area 2

(c)Block diagranl

F igure 11.23 Tsvo-area system Ahritll enly prim ary speed control
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T he block diagrana

w ith each area represented
@

representation of the system  is

by an equivalent inertia M ,

show n @111 Figure t ï 
.23/)l

oad-dam ping

droop
constant D

tsturbine,

represented
@ @

and governlng system w ith an effective speed

F.

R . The tie line

by the synchronizing

transfer

torque coeff cient A positive
@

12
*

IS

represents
equivalent1nCreaSC 111 PoW er from area 1 to area 2. This 111 effect to

increasing

of A #

the load of area 1 and decreasing the load of area 2.therefore,feedback
has12 a negative

steady-state

change

The

sign

frequency

for area 1 and a positive sign for area 2.

deviation 1-4 )is the SanAe forthetAA,tlareas.F0<
a total load of A #Ln

- A #
A/ AY1 LAOa

(1/
(1l .11)#

1 + 1/& )+(D1+D2)

C onsider the steady-state values follow ing an increase @11l area 1 load by A#L l .For

area 1 W e have

A# -LP -LP12 L 1-1 A/D 1 (11.12)

and for area 2,

A# +LP-2 12 LfDz (1 1.13)

The change *111 m echanical POW CC depends on regulation. H ence,

A# âf
- 1 (1 1.14)#

1

A# Lf
- 2 ( 1 1 . 15)A

c

Substitution of E quation 11.14 ill E quation 11.12 and E quation 1 1 . 1 5 ill E quation

1 1 . 1 3 yields

az tisj +o1 j-A#-âP (1 1.16)12 Z1
and

hf (t +o, jA#12 ( 1 1 . 1 7)
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Solving E quations 11.16 and 11.17,W e get

- L P
A/ Z1

( 1/

- L P #1

p
(1 1.18)

#1+D1)+(1/& +Dz4 1+p2

r d

- A# (1/Z1 Rz+Dz4 -A#A# Z1p2
( 1/12 (1 1.19)
#1+D1)+(1/& +Da) p1+ pc

here p1 and pa are the com posite frequencyw
2 respectively. The above relationships are

response
depicted in

characteristics of areas 1 and

Figure 11.24.

1 1AQ 1 = -- H  A#-o = --  HR
1 a# -  - &12

* -  A #21

M ol -D 3hf A& 1 A#o2 -Dzhf

=  =  =

F igure 11.24 E ffect of change *111 area 1 load

A n increase *111 area 1 load by

A

results @111 a frequency

indicative of flow

reduction ill bothfl
*

areas and a tie line ; ow of M 1z.

tlow

negatlve A# 12 @IS from area 2

to area 1. The tie line deviation reiects the contribution of the regulation

characteristics (1/A +D)of one area to another.
Sim ilarly, for a change @111 area 2 load by f 2:W C have

- L P
A/ 12

p1+ pc
(1 1.20)

and

L PA# -LP L2p1
12 21 (11.21)

p + pz1
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The above relationships form the basis for the load-frequency control Of

intercolm ected system s.

F requency bias tie /fz, e control

The basic objective of supplem entary
T his

control @IS to restore balance betw een

each area load and generation. is m et w hen the control action m aintains

@

@

Frequency

N et interchange

at the scheduled value

POW er w ith neighbouring areas at scheduled values

The supplem entary

that

control *111

changes

be

*

111 area.ln other w ords,

a given

if there is

area should ideally correct only for

supplem entary control action only *111 area 1

a change in

and not in

area 1 load,there should

area 2.

E xam ination

UP
w ould

of tie line flow

of E quations 1 1.18 to 1 1.2 1

deviation added to frequency

the

indicates that a control signalnlade

deviation weighted by a bias factor
accom plish

(A CE).
desired objectives.This controlsignalis known as area control

e rro r

Frona E quations

frequency-response

11.16 and 11.17, it *IS apparent

p.

that a suitable bias factor for

an area is its characteristic Thus,the area controlerror for area

2 @IS

ACE; LP +szay21 (1 1.22)

w here

1S
a pa - +Dz& (1 1.23)

Sim ilarly, for area 1

ACEI l#1z+#1A/ (1 1.24)

w here

1#
1 p1 - +D 1R

1

(1 1.25)

The A C E represents the required change @1l1 area generation, and its unit is
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1% ':1 
.
The unit norm ally used for expressing thç freqvency bias factor B is M W /0.1

IIz.
The

control

eferencer

diagram

is im plem ented. lt is
@

block show n @1l1 Figure 11.25 illustrates how supplem entary

applied to selected units in each area and acts on the load

setpolnts.

area frequency-response

factors can be estim ated

The charactçristic

by
(1/# +D)required forestablishing

follow ingtlltl

sfgnif cant

bias exam ination of chart records a

disturbance such aS a sudden loss of a large unit.

Baslb forselection of bias factorJJ-#/

A ctually, from steady-state perform ance considerations, the choice of bias

factor is not im portant. A ny com bination of area control

af tie line pow er deviation and frequency deviation

restoration
*

errors containing

w ill result in

com ponents

steady-state

of the tie S ow  and frequency since the integral control action

consider the follow ing

CnSUrCS that

A CE ls reduced to Zero.ln order to illustrate this, area control

CrCOr signals applicable to a tw o-area system :

ACEI #1A#1a+#1A/ 0 (11.26)

ACEZ #aA#a1 +Bghf 0 (1 1.27)

The above equations resultin A#12=0 and A/=0 fora11 npn-zero values of Wj,
X2,

H ow ever, the com position of area control error signals is m ore im portant

dynamic performance considerations. This can be illustrated by considering

# 1 and B z.

from

the

transient
j

1n CrCa Se

reSPOnSe
*

111

of the A G C system  to a suddçn increase in area 1 load.The suddeh

load Alrill result @111 a decrease *1f1sysfem

reSPOnSe
frequency

tlltl

(prim ary speed controlof units @111both

freq

areas)
uency,
w hich

follow ed by governor

@lim its the m axlm um

excursion and subsequently (typically Qn the order of 10 seconds)
the

brings

frequency deviation bqck

characteristics of both system s:

to a value determ ined by regulation

-

AQ !.
p1+ pa$fR (1 1.28)

1 literature
, several .alternative

zom m only used alternative form  is

ln the equations have been used to 'express A C E . A

ACE LP @ûe-#A/

where B = -J,a negative number.
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A rea 1 A rea 2

/  <N

A œ 1 1 A 81 A5z 1 A œ 2

S + - S

1 1

M  s+D  r M zs+D z1 1

-  -  jg .4. -
Z Z zlL1

+  +  +  +

# ?# !/ /

n31 p,/ ZPJ nl2

Turbine Turbine Turbine Turbine

G overnor G overnor G overnor G overnor

1 - - 1
Z EX

1 + +

L oad ref. 1 L oad ref. 2

1 - - 1
Z ZR

1 + +

l D  T * œ œ  - 7
l I l I

! ! I - !
I I I l

I K  I l K  lI 1 I I 2 I
I -  l I -  l
I 1 I 1'

I S I I S I
I l 1 I
l I I I
I I I I

I I I I
l A C E ' ' A C E '1 1 I I ' 2 I
I I t l

' A -h -. 1 ', - + A o lI œ j 2 
jl I I

I B  E X B  II 1 I I 2 I
I I I i12 

I II I
l 1 I I

A G C on selected units

F igure 11.25 B lock diagrana of tw o-area system w ith supplem entary control

A t this point, there is a deviation of tie line PoW er flow  from  the scheduled value.The
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upplem entaryS

com m ellce

control,w hich is m uch slow er than the prim ary speed control, w ill now

L et us exam ineresponding.
@

f0r
#equency

different settlngs of the area

the perform ance of the supplem entary control

frequency bias factors at the instant w hen the

deviation *IShfR.

(# W ith Bjequa1to p1,and #2equalto p2,We have

ACEI 1# + sjays12

- A #
(p2+ p1)p

1+ p2

Z 1

- L P Z1

and

ACE: -A# + szaya12

- A #
(-pa+ pz)p

1+ p2

Z 1

0

O nly

generation

the supplem entary control' *111 area 1 Ahrill respond to A' zl
@

111

and change
*

ISSO aS to bring

supplem entary

A C E I to Zero. The load change area 1 thus

unobservable to the control @111 area 2.

(b) 1f,
frequency-response

theOn other hand, # 1 and B z svere set ttl double their respective area

characteristics,

ACEI A# a.sllys12

- L P

(p2+2p1)p
1+ pa

Z 1

1
- A #  ' 1 -r1

42

Sim ilarly,

ACEZ -A#12+2p hfR2
- L P Z1

42
Thus, both area 1 and area 2 supplem entary controls w ould respond and
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correct the frequency

subsequently ref ect itself as

off again in the steady state.

deviation tw ice aS fast.H ow ever, the generation

of A C E Z,
picked

up by

be

area 2 w ill a com pohent and sh?ill

backed

(c) IfWC setthe bias factors signifcantly losver than the respective area ps,a
situatiun opposite to the above w ould @exlst. ln this Case, the supplem entary

control @111 ârea 2 w ould tend to back off the generation picked

geherators

result in a

action.
up

This
by tts

as a result of prim ary speed control or governor

degradation of system  frequency control.
w ould

ln addition to the above considerations,

stability

a Very high valuç

signif cantly

of bias factor *IS n0t

desirable from the control viesvpoint.A t values higher than the

areé p,the controlaction m ay beconae unstable.

are a

appropriateness of setting the frequency

from  dynam ic considerations has been exam ined

A

The bias factor B nearly equal to the

by a num ber of investigators

(3-81.
(2?
reported

equalto nearly 0.5p) has not gàined
in reference 8 showed that B =6

recom m endation naade ill reference 7 to use signif cantly

subsequent optim ization

logical choice.

loqver bias settings

acceptance. A study

is indeed a

System s w ith m ore than tw o JFJJS

The description of the frequency bias tie line control descrl'bed above applies

equally

applicable

w ell to system s AAritll m ore than tAA?tl areas. The

to each area is the algebraic SunA of POW er tlow s
interchanje schedule

on all the t1e lines from

that area to the other areas.

sVhen an area is interconnected AhritllDAOCC than one additional area,

through

scheduled

interchange transfers

lines colm ecting the

through other

is illustrated

betw een them do not necessarily S ow directly the tiè

respective areas. A ctual i ow s could split

areas, depending on the relative im pedances of the

in Figure 1 1.26 w hich considers a three-area system .

OVCC parallel

parallel

Pashs

paths. This

Peform ance Of A GC under norm al ca# abnorm alconditions

U nder norm al conditinns, w ith each area able to Carry Out its control

obligations,

def cit

steady-state corrective action of A G C @IS confned to the area w here the

Or CXCCSS of generation OCCUrS. lnterarea POW er transfers arC m aintained at

scheduled levelj and jystem frequency *IS held constant.

U nder abnorm al conditions, One Or nAore areas m ay be unable to correct for

the generation-load m ism atch due to insuff cient generation reserve on A G C .In such

an event, other areas assist by perm ittihg the interarea pow er transfers to deviate from

schedulçd values and by allow ing system  frequency to depart from  its pre-disturbance

value. E ach area participates itz frequency regulation in proportion to its available

regulating capacity relative to that of the overall system .

The follow ing exam ple illustrates the above aspects of A G C perform ance.
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N et eXPOIX
150 M W

100 M W  x et im port

A rea 1 A rea 2 z()() M w
-  -  -  >  r

120 M W

%  +
'

,h% # '? ++ .
, + .,,/+V e

N

N et export - - - A ctual flow
A rea 2 scheduled interchange

=  50 M W

F igure 11.26 Three areas connected by tie lines

Exam ple 11.3

C onsider tAA?tl interconnected areas as follow s:

l

A rea 1 1 0O0 M w  A rea 2
5

L oad = 20,000 M W  *-  L oad = 40,000 M W

G en. = 19,000 M W  G en. = 4 1,000 M W

D 1.0

R = 5%

The connected load at 60 H z IS 20,000 M W  in area 1 and 40,000 M W  in area 2.The

load in each area varies

1,000 M W from area 2.

1%  for every 1%  change in frequency. A rea

The speed regulation, R , is 5%  for al1 units.

l @IS im porting

A rea l @IS operating w ith a spinning
*

reserve of 1,000

operating w ith

M W spread uniform ly
* @

O v e r a

generation

1,000

of 4,000

spread

M W capaclty, and area 2 *IS a Splnnlng reserve of

M W uniform ly Over a generation of 10,000 M W .

D eterm ine steady-state frequency,

pow er for the follow ing cases.

the generation and load of each area, and tie line

(a) Lossof 1,000 M W load @111area 1,assum ing that there are no supplem entary
controls.

(b) Each of the follow ing
@

contingencies, w hen

reserve @111 each area IS On supplem entary

generation carrying spinning

control w ith frequency bias factor

500

the

settings of 250 M W /0.1 H z for area 1 and M W /0.1 H z for area 2.
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(i) Lossof 1,000 M W load in area 1

(ii) Lossof 500 M W  generation,
l

carrying part of the spinning rCSCW Q
, ill

area

(iii) Loss of 2,000 M W  generation, not carrying spinning reserve,*111area l

(iv) Tripping of the tie line,
interchange schedule of the supplem entary

assunaing that there is nO change to the

control

(v) Tripping
sw itched

of the tie

to Zero

assum ing that

w hen the ties are lost

line, the interchange schedule *IS

Solution

(a) W ith no supplementary control.

A ssum ing that none of the governors

respond to the

are blocked,al1 generating units in the tw o areas

loss of load.

A 5% regulation on 20,000 M W  generating

M W ) in area l corresponds to
capacity (including spinning reserve of

1,000

1 20,000
X

0.05

1

R 1
6,666.67 M W /H z60

Sim ilarly,

to

a 5% regulation On 42,000 M W  generating capacity in area 2 corresponds

1 1

& - X0
.05

42,000 14
,000.00 M W /H z60

Totalregulation due to 62,000 M W generating capacity in the tw o areas *IS

1

R

1 1
- + -

R 1
20,666.67 M W /HZ&

L oad dam ping
@

due to 19,000 M W load (rem aining after loss of 1,000 M W load)111
area l IS

D 1 lx 19,000 100
X--- 316.67 /H z100 60

L oad dam ping due to 40,000 M W load in area 2 is

lx 40,000 100D
z X--- 666.67 M W /H Z100 60
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Total effective load dam ping of the tw o areas *IS

D o l+o a 983.33 M W /H z

C hange in system frequency due to loss of 1,000 M W  load in area 1 is

- LP - (- 1000)Lf 
= SIR +D 20,666.67+983.33 0.04619 H z

Load changes @111the tw o areas due to increase in frequency are

LPD1 D 1A/ 316.67x0.04619 14.63 M W

A#D2 Dzhf 666.67x0.04619 30.79 M W

G eneration changes in the tw o areas due ttlspeed regulation are

1A #
G1 -- LfR

1

6,666.67x0.04619 -307.93 M W

1L P
Gl -- ay =& 14,000.00x0.04619 -646.65

The neW load, generation and tie line PoW er flow s are aS follow s.

A rea 1 A rea 2

Load = 20,000.00 -1,000.00 +14.63 Load * 40,000.00 +30.79
=  40,030.7919,014.63 M W M W

G eneration 19,000.00 -307.93

18,692.07

G eneration = 4 1,000.00 -646.65
=  40,353.35M W M W

Tie line PoW er flow  from area 2 to area 1 is 322.56 M W . Steady-state frequency is

60.04619 llz.

(b) W ith supplementary control.

(i) Loss of 1,000 M W load in area 1:

A rea 1 has a generating capacity of 4,000 M W  on supplem entary control,

2 generation

and

this Ahrillreduce generation so as to bring A C E Ito zero. Sim ilarly, area

On supplem entary control w ill keep A C E Z at Zero:

ACEI Bjhf + A'ta 0

ACEa Bzhf - A#1a 0
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H ence,

Lf 0 A# 012

A rea 1 generation

in area 2

and load are reduced by 1,000 M W . There is no steady-statt

change generation and load,or the tie flow .

(ii) Lossof 500 M W  generation carrying pad of spinning reserve in area 1 :

Prior to loss of generation,
*

area 1 had a spinning reserve of 1,000 M W Spread

uniform ly over a generatlon

S4SV reserve).
of 4,000 M W  capacity (3,000 M W  generation plus1,û0â

Spinning reserve lost w ith generation loss @IS

500
x1,000 166.67

3,000

Spinning

m ake up for 500 M W  generation

rem ainingreserve is 1,000.00 -166.67 =833.33

loss. H ence, the generation

M W . This @IS suffcient to

and load in the tw o arQaS

are restored to their pre-disturbance values.There are no changes in tie line ;ow 0r

system

833.33

frequency.

M W .

H ow ever, area 1 spinning reserve *IS reduced from 1,000 M W to

(iii) Lossof 2,000 M W  generation in area 1,not carrying spinning reseW e:

H alf of the generation loss Al/ill be

supplem entary

to control A C E .

control @111 area 1.

up by the

W hen this lim it is

m ade 1,000 M W

reached, area

spinning

1 is no

re serv e

longer ahle

On

Supplem entary controlin area 2, how ever, is able to control its A CE,

H ence,

ACEZ Bzhf - A#1a 0

O r

A#12 W2A/ = 5,0001/

There is thus a net reduction *111 system frequency. This Causes a reduction *111 loads

due to frequency sensitivity.

A rea l load dam ping is

lx 20,000D
1 X

100

60
333.33 /H z100

The balance of generation loss *111 area 1 *IS m ade UP by a reduction *111 load and tie

; ow from area 2.H ence,
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- 1,000 D thf + l#1z

333.33A/ + 5,0001/

Solving for hf we have

- 1,000A/ 5,000+333.33 -0.1875 H z

C hange in area 1 load @IS

A#D1 X 1A/ = 333.33x(-0.1875)

- 62.5

The tie flow change is

A#12 5,000x(-0.1875) -937.5 M W

C hange in area 2 load @IS

A#/2 Dzhf 666.67x (-0.1875)

- 125.00

The area load and generation are aS follow s.

A rea 1 A rea 2

Load 20,000.0 -62.5

19,937.5

L oad 40,000.0 -125.0

39,875.0 M WM W

G eneration 19,000.0 -1,000.0

18,000.)

G eneration = 4 1,000.0 -125.0 +937.5
=  41,812.5M W M W

The steady-state tie line PoW er ;ow from area 2 to area 1 is 1,997.50 M W ,and the

system frequency @IS 60.0 -0.1875=59.8125 H z.

(iv) Tripping of the tie line,assurning no chànge in interchange schedule'.

Thel,j00 M W .supplem entary control of area 1 attem pts to nxaintain interchange schedule at
H ence,

ACEI A# + slayl12 1,000+2,500A/ = 0

Solving, w e 5hd

A/1 1000 - 0.4 H z
2500
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C hange @111 area 1 load @IS

A#D1 Dbhh 333.33x4-0.4) -133.33

Sim ilarly for area 2, w e have

Lh 1,000
5,000

0.2 H z

and

A # 666.67x0.2 133.33 M WDl

The area load,generation, and frequencies are aS follow s'.

A rea 1 A rea 2

L oad 20,000.00 -133.33

19,866.67

L oad 40,000.00 +133.33

40,133.33M W M W

G eneration 19,866.67 M W G eneration 40,133.33 M W

59.6 Hz h 60.2 Hz

(v) Tripping of the tie line,w ith interchange schedule sw itched to zero:

W ith interchange schedule sw itched to Zero,

for

area 1 supplem entary

im pod

M W

1,000

control w ill pick

UP
supplem entary

M W generation

control

to m ake UP loss of POW er. Sim ilarly, area 2

reduces generation
*

by 1,000

export.

frequencies

The generation @111 each area IS equal to the

com pensate

respective loads and

to for loss of

the area

are equal to 60 H z.

Econom ic allocation of generation

A s noted earlier, an im portant
@

secondary

that

function of autom atic generation

control *IS to allocate generatlon
*  @

SO each POW CC Source *IS loaded m ost

econom ically. This functlon IS referred

theory of econom ic
to as economic dispatch control (EDC). The

on the principle of equal increm ental costs.

For control

dispatch is based

of tie line pow er and

generating
@

generatlon

be

plants to

to satisfy

control generation.

econom ic dispatch

frequency, it is necessary to send signals to

lt is possible to use these signals to control

criteria. Thus, the requirem ents for E D C can

handled as part of the A G C function.

system  load is continually changing, econom ic dispatch calculations have

to be m ade at frequent intervals. The allocation of individual generation output is

accomplished by using base points and particlpation factors (PFs). The base point
represents the m ost econom ic output for each generating unit, and the participation

Since
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factoï
eration.gen

the@IS rate of change of the unit output w ith

desired output for each generator

respect
*

IS

to a change @1ll total

The nCW calculated aS follow s g21:

# #desired base point+PF(A#total) (1 1.29)

where

A # total neWtotal generation - slpm of # for a11base point generation

Sum of participation factors of allunits *IS equal to unity.

1 1 . 1 .6 Im plem entation of A G C

In m odern A G C schem es,

location

the control actions are usually determ ined for each

control area at a central called the dispatch centre.lnform ation pertaining

to the

to

tie

location

tlow s,line system

the

frequency, and unit M W loadings *IS telenzetered central

w here contrql actions are determ ined by

channels

a digital com puter.

the

The control

signals

A G C

are transm itted via the SanAe telenaetering to generating units On

aS show n #111 Figure

lengths

1 1.27.
.?

to

The norm al practice

control

*

IS to transm it raise Or losver

ulsesP

changes

of varying the *unlts. The equipm ent at the plants then

the reference setpoints of the units UP Or dow n @111 proportion to the pulse

length.

Figure 1 1.27 illustrates the im plem entation

individual

of A G C for One control area

(norm ally
interconnected

the service area of an tltilitli). Each control area of an
system  is controlled in a sip ilar m anner,but independently of the other

control areas.That @1S,the control of generation in the interconnected system @IS area-

wise decentralized.''

R aise/low er

h pulses

sleasured

/

Telem etered
tie iow s

K
-

- 2+
Z B B hf Xo S

R egulating p
*

+ and > KT 
uZ Filter econom ic -

A C E SA C E allocation %  S+
Q

algorithm 1
=+ 

cE E 
-  Z

K
-  -  .

A A/gyg ...g.
S

Speed
changer

position

Scheduled
interchange

net

G enerating units

on A G C

F igure 11.27 A G C control logic for each area
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E arly A G C system s, developed @11l the 1950s,

equipm ent.

1960s.

T hese svere gradually

system sN ow , all-digital

superseded by

are the universal

w ere on analog control

digital system s begilm ing in the late

choice for A G C applications
.

based

Filtering Of A CE

s4uch of the change in A C E is usually

units need not respond. ln

due to fast random variations *1l1 load

to w hich generating

random

fact, control action in response to these

com ponents does nOt reduce A C E but nAerely Causes unnecessary W ear and

tear On governor nAotors and turbine valves. Therefore,

f ltering

to

schem es to s lter out random variations,

program s norm ally

and smoothed ACE (SACE) is

A G C uSC

used
control

T he

generation.

conventional approach is to use a low -order f lter w hich reduces noise at

the expense of speed of I'CSPOnSC.

R eference 9 suggests a m ethod

sustained load-change requirem ents by

of correct inadvertent interchange.

of distihguishing random  variations and

evaluating w hether or not the error is in the

direction

R ate lim its

In establishing A G C signals, it should be recögnized that there is a lim it to the

rate at w hich generating unit outputs can be changed. T his is particularly true of

therm al units w here m echanical and therm al stresses are the lim iting factors. The

m axim um loading

rating) per m inute.
forrate therm al units @IS On the order of 2% M CR (maximum

continuous For hydro units,the rate is on the order of 100% M CR

Per m inute.

Control peform ance criteria

The guidelines follow ed by N orth A m erican utilities for load-frequency contrql

arC developed by the

Council (NERC).

O perating C om m ittee

T he follow ing criteria

of the N orth A m erican E lectric R eliability

specify the m inim um control perfornaance

standards set by

norm al
N ERC g101.

U ndèr conditions the follow ing critéria aPPly:

1. A 1 criterion The A C E m ust return to zero w ithin 10 m inutes of previously

count for each subsequent lo-m inutereaching zero. V iolations of this criterion

period that the A C E fails to return to zero.

2. A 2 criterion - The average A CE for each of the six lo-m inute periöds

40,

during

the hour 'e(1. .,for the lo-m ihute periods ending at 10,20,30, 50,and 60
m inutes past the

determ ined
höur) m ust be within
the

specif c lim its,

from control area S rate of change of

referred to as Ld, that are

dem and characteristlcs:

L 5 +0.025 1 1 M Wd
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w here M  is the greatest hourly change in the net system  load

on the day of its m axim um  sum m er or w inter peak load.

of a control area

Under disturbance conditions (sudden loss of generation Orincrease of load)
tlltlfollow ing criteria aPPly:

1. B 1 criterion - The A C E m ust return to Zero Asritllill 10 m inutes follow ing the

start of the disturbance.

2. 8 2 criterion - The A C E m ust start to return to Zero AAritllill 1 m inute follow ing

the start of the disturbance.

A disturbance @IS said to have occurred w hen a sam pled value of A CE exceeds 31 d.

Tim e deviation correction

It is the practice of U .S.and C anadian intercolm ected system s to assign

standard

to One

r Ca the m aintenance of a system tim e standard. For exam ple, the for the

eastern

canton, O hio. Through designated com m unication channels,

of the system  tim e deviation is relayed to al1 control areas, and certain

gesignated as tim e-correction periods. D uring such periods, a11 areas are

sim ultaneously offset their frequency schedules by an am ount related to

system  tim e deviation.

@

ISsystem s m aintained by the Am erican Electric Power (AEP) com pany at
inform ation on the status

periods

expected

a re

to

accum ulated

Frequency Of A GC execution

The stability

by phase

of an A G C system
@

and its ability

iniuenced lags @1l1the lnput system quantities

to react to changing inputs are

and in the transm ission of its

control signals.

W ith digitally

0nCe every 2 to

com puted and the

system s, experience has show n that the execution of A G C

4 seconds results in good perform ance. This m eans the A C E is

raise/low er control signals are transm itted to the generating plant

seconds.

based

0nCe every 2 to 4

Figure 1 1.28 show s the overall function diagrana of a typical A G C system .

Frequency bias setting

The general practice in N orth A m erica

control area OnCC a year based on the 7area S

to frequency bias in each

natural regulation characteristic (1/A +D)

@

IS establish

corresponding to the
bias setting em ployed

spinning reserve. The

forecasted peak load of the com ing

2%
year.

the

The average frequency
@

IS about Per
*

0.1 H z based On estim ated peak load and

bias factor rem alns fxed through the year for al1 load levels.
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appears to be that, at tim es of low  loads, the bias

tor is m uch higher than the actual frequency regulation characteristic of the area.fac

his is suspected of som etim es causing unstable control action resulting in lim it cycleT

illations, large inadvertent interchange power accum ulation and tim e deviation (3j.0Sc
R eference 1 1 describes a schem e using a variable, nonlinear frequency bias,

A  result of the above practice

whfch results *111 im proved control perform ance.

GC tuning and peform ance 118,191

The overriding consideration @111 the design and tuning

characteristics

of the A G C system @IS

the im pact on the pow er plants that are controlled.The ofpow er plants

vary
m anoeuvrability. A

dam ped system  is

rapidly. The plant

w idely and a num ber of physical constraints exist w ith regard to their

sim ple system that results @111 sm ooth control and a fairly w ell-

preferable to a rapid control that attem pts

characteristics in relation to variations in

to bring A C E to Zero

A C E arC such that it *IS

im possible to perfectly m atch generation and load continuously. T he realization of the

control function is lim ited by the am ount of stored energy in the generating units and

the rapidity w ith w hich generation can be changed. Therefore, the control attem pts to

atch the average of generation and load over a tim e.m

The control strategy should include the following objectives:

# To m inim ize fuel cost

@ To avoid sustained operation

for

of the generating units in the undesirable ranges

(e.g.,valve points steam units)

@ To m inim ize equipm ent

units

W ear and tear by avoiding unnecessary m anoeuvring

of generating

Practical A G C system s

and
achieve theaboveobjectivesby keeping the controlstrategies

sim ple, robust,

The stability

reliable.

of the control system

associated

and its ability to respond to the A C E signals

arC iniuenced by the phase lags w ith the nAeasurenAent and transm ission

of control

The

signals.

ideal W ay to determ ine the A G C system paranleters @IS by DACanS of

sim ulations. A n im portant param eter

gain; its value

that has an ini uence On the stability of A G C

system is the overall loop should be snalized based On s eld tests.

Em ergency m ode op eratioh

For @m aJOC system upsets causing slllittilléj

A G C

of the interconnected system

be

into

separate

detection
islands Or opening of tie lines, *IS suspended. This m ay based On

.Z of

suspended

very large changes in frequency or A C E . ln som e cases, A G C m ay be

for intentional tripping of load/generation so that A G C m ay not defeat the

PurPOSe of such tripping.
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Eg ectof speed-governor dead band

T he dead band associated AAritll a speed governor

w ithin w hich

*

IS defned aS ççtkg total

m agnitude

nAeasurable change in the position

is expressed in percent

of the change @111 steady-state speed

governor-controlled

rated

of the

there @IS nO resulting

valvesOr 55gates 7Q .
D ead band of the speed.

The effect of the dead band On the governor speed-droop characteristic @IS

depicted

j*a lne.

in Figure 11.29.The speed-droop characteristic appears as a band rathertban

*

=

=
K

C a  a n
M  '-

N
N
N
N  -- - -.

-  w  %  -  wN  h
.N

x
. 

N x
N  - . -

wN -  - >  w
N  x.
N  NN

* 
- - - -  X  w- - --- x% -- .

N -  N  V  NN  
x.N  
NN
NNo a x o o o x x  x

N
N

N

N
N

100%

V alve/gate POsition

F igure 11.29

D ead band @IS caused by coulom b friction and backlash effects @1l1 various

governor linkages, and by

T he current IE E E

valve overlap in

standards specify

the hydraulic
*

relays (11.
a m axlm um dead band of 0.06%

Hz) governors of large steam  turbines g121. For governors of hydraulic
the standards specify a m axim um  speed dead band of 0.02%  and a m axim um  blade

control dead band of 1.0%  (131. Dead bands of m odern electrohydraulic governors are
in fact m uch sm aller. ln som e cases, special m easures have been taken to practically

elim inate the dead band (141. However, there are m any older units in operation with
signiû cant

for
(0.036

turbines,

governor
effect

dead band.

The of the dead band On the speed

deviation

governor reSPOnSe depends

rem ain

on the

m agnitude

w ithin the

of the frequency

dead

deviation.lf the is sm all,it

band; consequently, the speed control Arrill be
m ay

inactive.

entirely

111 any given

situation,

position

for

how ever, the entire dead band AAritltll Alrill not have to be OVeCCOm e. The

of each governor w ould be random ly distributed Ahritllillits dead band;hence,
sm all changes in input signal the response of the individual generating units w ill
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tcnd
Juctuations.
the order of 0.01

beto random g15j.Speed governor dead 'bands result *11I random
In large POW CC system s, these random Puctuations have

frequency

a m agnitude on

H z.

R esults of investigations of the effects of gOVCrnOr dead bands On the

erform anceP
the dead band

of A G C system s

reduce

arC reported *1f1references 5, 16 and 1 7.O ne effect of
@

IS to the

increase
yas setting to ensure
Jepth analysis of A G C

dead
condsSe

bands

the effective

area frequency

regulation). This
reSPOnSe

@

chàracteristic 'e(1. .,to
frequency

satisfactory

requlres a reduction in the frequency

ReferenceAGC perform ance (161. 3 provides @an 1n-
system dynam ic

systemm ay Cause A G C

perform ance

lim it cycling

hypothesizes that

w ith periods ranging

and gOVCrnOr

from 30

to 90 seconds.

Furtker reading on A G C

The state-of-the-art A G C system s have evolved from  the early analog system s

to the present digital system s. is a sim ple, yet robust, decentralized system

that controls a com plex, highly nonlinear, and continuously changing pow er system .

There is a large am ount of literature on the subject, som e of which hag attem pted to
use m odern control theory in an effort to achieve optim al perform ance. H ow ever,

these techniques have not been applied to practical A G C system s.

The result

R eference 20 provides a good

system s

review of the

A G C

m odern control theory. It identises potentlal areas ln w hich the conventional

d b in concepts based on m odern control theory.m ay be im prove y us g

properties of the conventional

in the literature that are based onsystem s and of som e of the roposedP
* *

approach

R eference 21 presents a generalapproach to the analysis and synthesis of A G C

system s

of the

based on m ultivariable control

load-frequency

line
controllers:(a)

of controls

theory. lt proposes tw o

non-interaction betw een

criteria for the design

controls of frequency

and tie

variations
POW CCS;

during steady-state
(b)autonom y of each area in taking Care of itsload

aS w ell aS transient conditions.

R eferences 20 and 2 1 provide

They

additional insight into the requirem ents and

perform ance of A G C system s. are both recom m ended for further reading.

11.1.7 U nderfrequency Load Sheddin9

Severe system disturbances Can result @111 cascadihg Outages
@

and isolation of

areas,

tm dergenerated, it w ill experience a frequency decline. U nless generation

with ability to rapidly increase output is available, the decline in frequency w ill be

largely determ ined by frequency sznsitive characteristics of loads. In m any situations,

the frequency decline m ay reach levels that could lead to tripping of steam  turbine

generating units by underfrequency protective relays, thus aggravating the situation

causing form ation of electrical islands. If such an lslanded area @IS

sufdcient

further
.

frequency
,

T o prevent extended opetation of separated areas at loxver than norm al

load-shedding schem es

level that Can be safely supplied
are em ployed to reduce

by available generation.

the conhected load to a
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Ifazards of undefrequency operation

There are tw o m ain PrOblenAs associated w ith the operation of a PoW er system

at 1ow ttl generating *unlts.

The frst problem

blades.

*

IS concerned Ahritll the vibratory stress On the ton: low
-

pressure in Chapter 9 (Section 9.2.3), operation of steam
turbines below  58.5 H z is severely restricted. Since the effects of vibratory stress are

cum ulative w ith tim e, restoration of norm al frequency operation as soon as possible

is essential.

turbine A s discussed

frequency, both related therm al

The second PrOblenA *IS concerned Ahritll the perform ance of

driven by induction m otors.A t frequencies

of

below 57 H z,

of

the plant

plant auxiliaries

capability m ay be

severely reduced because

supplying com bustion air

overheat

the reduced Output boiler feed PUm PS Or fans

(221.1l1the Case of nuclearPOWer
frequency

plants,the reactors m ay

due to reduced flow of coolant RS the declines. L ow -iow

protections or underfrequency

lf the frequency decline is

relays
*

are norm ally

CXCCSSIVC, the

used to guard against this condition
.

generating units m ay be tripped off the

PoW er system .

In addition to avoiding the above Consequences, it *IS necessary to restore

norm alfrequency aS SOOn aS POssible so thatthe affected area m ay be reconnected to
the m ain POW er system .

Lim itations of prim e m over system s

The prim e m overs have several lilzlitfttitllls w hich affect their ability to control

frequency decay'.

1. The generation can be increased

w ithin each affected area.

only to the lim its of available spinning reserve

2. The load that Can be picked UP

about

by a therm al unit #IS lim ited due to therm al

stress in the turbine.lnitially,
@

UP quickly w ithout Causlng

10%  of turbine rated output can be picked

dam age by too rapid heating. This is follow ed by

a slow increase of about 2%$ Per m inute.

3. The abilit)r
*

of a boiler

increase ln Steam

to up a signif cant

; ow  w hen the turbine valves

pick am ount of load *IS lim ited.A n

Open
uired

results in a Pressure drop.

ThisA n increase @111 fuel input to the boiler @IS

takes several m inutes and @IS of little uSe
req

irl lim iting

to restore PFCSSUCC.

drop.frequency

4. The speed governors have a tim e delay of 3 to 5 seconds.

A s
@

IS

Consequence
lim ited to a fractipn

a of the above,generation
* @

CCSCCVC available for control of frequency

of the rem alnlng generation.
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Factors inf uencing frequency #eccy

A ssum ing that the separated

' the extent to w hich the

area has negligible

of the

spinning reserve AAritll speed

OVCCXIZg,g
he rate of decayt

@

frequency separated area Ahrill decrease and

depend m ainly on three factors: the m agnitude of the overload A f,

i e., generatlon defciency), load-dam ping constant D applicable to the area load, and( .
he inertia constant M  representing the total rotational inertia of the generators in thet

:1'Ca .

B ased on the results of Exam ple 1 1 . 1 ,W e m ay w rite the follow ing expression

f0r tlltlfrequency decay'.

t

A/ - LL ( 1 - e T)K (1 1.30)

where K =1ID and T =M /D .

For exam ple, Ahritlz D  =1.0 and ;T=10 S,the frequency reduction aS a function

of tim e / is

t

A/ - LL ( 1 - e 10 ) Pu
t

- Af(1-e 10)60 Hz

Figure 1 1.30 show s the frequency decay for four values of hL .

N

Q
* > A

o
Q
O
>

%

a
2
K

58

56

54

52

50

48

46

D  = 1.0

M = 10.0

A f = 0.1 pu

A 1 = 0.15 pu

Af = 0.25 pu

Af = 0.5 pu

60

0 5 10 15 20 25 30 35 40

T im e @111 seconds

F igure 11.30 Frequency decay due to 'generation def ciency
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Basis for selection of load-shedding schem es

R esults such aS those

estqblishing

the

the basis for

presented in Figure

load-shedding schem es.

m axim um generation

frequency, likely

1 l .30 are helpful as a frst step

C onsiderations in the selection

*

m

Of
schem e include the def ciency for w hich protection +1%

required,

the

the m inim um pernaissible areas of system

D .

separation,an4

range of inertia constant M  and load-dam ping constant

R eference 23 describes a procedure for developing a load-shedding schem t
.

A  typical schem e shedding logd @111 three steps @IS aS follow s:

@ 10% load @IS shed w hen frequency

shed

drops

frequency

59.2to H z

@ 15% additionql load *IS w hen drops

reaches

to 58.8 H z

@ 20% additional load IS shed w hen frequency 58.0 H z

Typical operating tim e w ith solid-state relays @IS *111 the range of 0.1 to 0.2 second
.

A  schem e based on frequency drop alone is generally acceptable for generation

desciencies UP to 25% .For greater generation deûciencies, a schem e w hich takes into

account both frequency
*

drop and rate of change of frequency

(241.selectivity by
trip

trend

preventlng unnecessary tripping of load

provides

O ntario H ydro

relay
*

increased

USCS such
a relay ttl appropriate am ounts of load @111 an area. The *IS referred to aS a

lïequency
relay

relay (FTR),and itstripping
T he

logic @IS show n 11l Figure
@

IS

11.31.The

sheds UP to 50% of area load. system Ahritllill O ntario divided into 22

are a s,

integrity

and the load shedding @IS applied to several stations in each area to m aintain the

of the area under disturbance conditions.

The procedure described above provides a sim ple DAeans of determ ining the
settings

@

for

separatlon

be

underfrequency load

and specif c load blocks

shedding. A fter selection of possible areas of

for shedding, detailed dynam ic sim ulation should

carried out to CDS&rC satisfactory system performance, with due regard /t?poWer
p lant

Section
and nehvork protections/controls and /t? system voltages (see Chapter 16,
16.5.2).

Trip signal

58.8

1.0 H z/s

2.9 H z/s

4.0 H F s

H z

59.5 H z 0.4 H z/s

Reject 10% load

Reject 15% load

Reject 10% load

Reject 15% load

F igure 11.31 Tripping logic for frequency trend relay
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11.2 REA C T IV E PO W ER A N D V O LTA G E C O N T RO L

For efficient and reliable operationrd reactive POWer should satisty the power system s,
following objectives:

of the control of voltage

(a) Voltages of al1 equipm ent in the system  are within acceptable
lim its. B oth utility equipm ent and custom er equipm ent are designed to operate

at a certain voltage rating. Prolonged operation of the equipm ent at voltages

outside the allow able range could adversely affect their perform ance and

possibly cause them  dam age.

at the term inals

(b) System
system .

and

stability

A s

@

IS enhanced to m axim ize utilization of the transm ission

W e Ahrill See later in this section,

signis cant

and in C hapters 12 to 14,voltage
*

reactive POW er control have a im pact On system stabillty.

(c) The reactive POWerSow @ISm inim ized SO as to reduce 2 d X11 lossesRI an to a
practical

+

m inim um

transm lssion system
Chapter 6, Section 6.3). This ensures that the

operates efs ciently, i.e., m ainly for active pow er transfer.
(see

T he PrO

pow er system

generating units. A s loads

blenA of m aintaining

ày the

from

transm ission

fact that the

voltages w ithin the required lim its is com plicated

supplies pow er to a vast num ber of loads and is fed

m any Vary, the reactive PoW er requirem ents of the

system

ofcharacteristics

calm ot be transm itted

vary.

transm ission

This is abundantly clear

lines discussed in C hapter

distances,

from the perform ance

6. Since reactive PoW er

Over long voltage controlhas to be effected by using

special

frçquency

devices dispersed throughout the system . This @IS *111contrast to the control of

w hich depends On the overall system active POW CC balance. The Proper

selection and coordination ofequipm ent for controlling

of

reactive pow er and voltage are

am ong the *m aJ Or

Alrill

challenges POW CC system engineering.

W e frst brieiy

of reactive

review the characteristics of POW er

discuss

-
: 

.. ..

system  com ponents

m ethodsfrom the viesvpoint POW er and then W e Ahrill of voltage

control.

11.2 .1 Production and A bsorption of R eactive Pow er

the

Synchronous generators can generate or absorb reactive pow er depending on

excitation. W hen overexcited they supply reactive pow er, and w hen underexcited

they absorb reactive

PoW er
heating

norm ally equipped w ith

excitation so as to control

POW CF.
lim ited

The capability

the

to continuously supply Or absorb reactive
*

1S,

lim its,

how ever, by
*

11I

f eld current,

(Section

arnlature current, and end-region

aS discussed Chapter 5

autom atic voltage
5.6). Synchronous generatorsregulators which continually adjust are

the

the arnAature voltage.

O verhead lines, depending

below

on the load current, either absorb or supply reactive

lines produce netPOWer.At loads the natural (surge im pedance) load,the
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reactive POW er; at loads above the natural load,the lines absorb reactive POW er
.

*
Tkt

reactive PoW er characteristics of transm ission lines are discussed in detail111Chaptt'
6.

Underground cables,ow ing to their high capacitance,have high naturalloads
.

They

under

are alW ays loaded below their natural loads, and hence generate reactive POW Q:

all operating conditions.

Transformers always
@ *

absorb reactive POW CC

predom inate;

regardless of their loading;at

load,

leakage

the shunt m agnetlzlng reactance effects and at fullload, the series

inductance effects predom inate.

f oads norm ally absorb reactive pow er. A  typical load bus supplied by a pow er

system  is com posed of a large num ber of devices. The com position changes

depending on the day, season, and w eather conditions. T he com posite characteristics

are norm ally such that a load bus absorbs reactive pow er. B öth active pow er and

reactive pow er of the com posite loads vary as a function of voltage m agnitudes. Loads

at low -lagging pow er factors cause excessive voltage drops in the transm ission

netw ork and are uneconom ical to supply. lndustrial consum ers, are norm ally chargeë

for reactive as w ell as active pow er; this gives them  an incentive to im prove the loaë

pow er factor by using shunt capacitors.

C omp ensating devices are usually added to supply or absorb reactive pow er

and thereby control the reactive pow er balance in a desired m anner. ln w hat follows
,

w e w ill discuss the characteristics of these devices and the, principles of application
.

1 1.2 .2 M ethods of V oltage C ontrol

The control of voltage levels *IS

absorption,

provide

f eld

and ; ow  of reactive POW er

accom plished by

at al1 levels in the

controlling production,

generating units

the

system .The

the basic nAeans of voltage
@

control; the autom atic voltage

atexcitation to m aintaln a scheduled voltage level the

regulators

term inals

control

of the

generators.

system .

A dditional DAeans are usually required to control voltage throughout the

The devices used for this PurPOSe m ay be classis ed aS follow s:

(a) Sources Or sirtks of reactive POWCC,such aS shuntcapacitors, shuntreactors,
synchronous condensers,and static Varcom pensators (SVCs).

(b) Line reactance com pensators,such aS series capacitors.

(c) Regulating transform ers,such aStap-changing transfornzers and boosters.

Shunt capacitors and reactors, and series capacitors provide

transm ission

p assive

com pensation.

distribution

They are either perm anently connected to the and

netw ork

system ,

characteristics.

or sw itched.They contribute ttlvoltage controlby m odifying the
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Synchronous condensers and SV C S provide active com pensation; the reactive

so as to m aintain voltageswer absorbed/supplied by them is autom atically adjustedP0
f the buses to w hich they are colm ected. Together w ith the generating units, they0

tablish voltages at speciû c points in the system . V oltages at other locations in thees

stem  are detçrm ined by active and reactive pow er tlow s through various circuitSy

jem ents, including the passive com pensating devices.e

The follow ing is a description of the basic characteristics and form s of

lication of devices com m only used for voltage and reactive pow er control.aPP

11.2 .3 Shunt Reactors

Shunt reactors afe used to

articularlyP to lim it voltage rise

com pensate

on open circuit

for the effects of line capacitance,

Or liéjllt load.

They

overhead

are usually

line

required for E H V overhead lines

Shorter

weak system

of the line is
(low
opened,

*

m ay
short-circuit

also require shunt reactors

capacity) as shown in

longer than 200

if the line is supplied

km . A

from a

Figure 1 1.32.W hen the far end

the capacitive line-charging current flow ing through the large

SOIIFCC inductlve reactance (X,4 ArrillCause arise *11Ivoltage Es at
*

the sending

a further rise

end of

the

receiving-end
line.The CçFerranti''effect(see Chapter6,Section 6.1) w11lCause *111

voltage E #'

1ch
E 1 X s E E R

=  E H V  line
* 1
sveak source ch

f z E s E R

(a)System diagranA (b)Phasordiagranl

F igure 11.32 E H V line colm ected to a w eak system

A shunt reactor of suff cient size m ust be perm anently colm ected to the line

to lim it fundam ental-frequency

Of less

tem porary overvoltages to about 1.5

than 1 second. Such line-colm ected lirnit

for a duration

overvoltages

norm al

(switching transients). reactors also serve to energization
A dditional shunt reactors required to m aintain

voltage

in Figure

under light-load

show n
*

1ï1

1 1.33,

D uring

This

Figure 1 1.34.

be disconnected
.

m ay

or to the tertiary w indings

heavy loading conditions

conditions be connected to the E H V bus aS

of adjacenttransfornlers aSshown
SonAe of the reactors m ay have to

is achieved by sw itching reactors @uslng circuit-breakers.
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T o
system

w eak

# l1 X R1 X R?

=  =  =

T o
system

strong

X Rz - perm anently line-connected reactor

X pj, X a3 - sw itchable bus-connected reactor

F igure 11.33 L ine and bus-connected E H V reactors

T o

system

w eak T o strong
system

X Rz s

X RL

= X Rs
=

=

X - perm anentlyR1 line-connected reactor

x pj, # s3 sw itchable reactors connected ttl tertiary

w indings of transform ers

F igure 11.34 L ine and transform er-connected reactors

For supplied from  strong system s, there m ay not a

reactors connected to the line perm anently. In such cases, all the reactors used m ay

be sw itchable, connected either to the tertiary w indings of transform ers or to the EH V

bus. ln som e applications, tapped reactors w ith on-voltage tap-change

have been used, as show n in Figure 1 1.35, to allow  variation of the reactance

Shunt reactors are sim ilar in construction to transform efs, but have a

beshorter lines need fOr

control facilities

value.

single

w inding

of either
(Per phase)
single-phase

On an iron Core w ith *a1r-gaPS and inlnzersed * @1r1 ()11.They m ay be

Or three-phase construction.
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=

F igure 11.35 T apped shunt reactor

11.2 .4 Shunt C apacitors

Shunt capacitors supply reactive PoW er
* @

and boost localvoltages.They are used

tk oughout the system and are applied ln a w lde range of sizes.

Shunt capacitors svere frst used in the m id-1910s for PoW er factor correction.

The early

and high cost, their use at the tim e w as lim ited.

cqpacitors em ployed oi1 aS the dielectric. B ecause of their large size and

w eight,

of

brought about

dielectric

Jn the 1930s,the introduction

cheaper m aterials and

signif cant reductions

im provem ents in capacitor

in price and size. The use of shunf

other construction

capacitors has

increased

m Can S

phenom enally since the late 1930s. T oday, they are a very econom ical

of supplying reactive pow er. The principal advantages of shunt capacitors are

their cost operation. T hey are readily

applied af various points in the system , thereby contributing to effciency of pow er

transm ission and distribution. The principal disadvantage of shunt capacitors is that

their reactive pow er output is proportional to the square of the voltage. Consequently,
the reactive pow er output is reduced at 1ow  voltages w hen it is likely to be needed

m ost.

1()A,; and their S exibility of installation and

Application to distribution system s J2#,261

Shunt capacitors are used extensively
*

in distribution system s

correction and feeder voltage control.D istrlbution capacitors are
POW er-

usually sw itchçd

for factor

by

autom atic DAeans responding to sim ple tim e clocks, Or to voltage Or current-sensing

relays.

the
objective

point w here it is

The

loads absorb reactive

typical pow er factors

loads.

of power-factor correction is to provide reactive power close to
being consum ed, rather than supply it from  rem ote sources. M ost

pow er; that is, they have lagging pow er factors. Table 1 1.1 gives

and voltage-dependent characteristics of som e com m on types of
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T able 11.1 T ypical characteristics of individual loads

V oltage dependence

Type of load Power factor (lag)
P :

L arge industrial m otor 0.89 r 0.05 , 0.5

11 industrial m otor 0.83 F 0.1 / 0.6sm a

frigerator 0.84 F 0.8 / 2.5R e

l/heat) 0.81/0.84 F0.2 /2.5Heat pump (coo
D ishw asher 0.99 r 1'8 / 3.5

C lothes w asher 0.65 F 0.08 z 1.6

C lothes dryer 0.99 r 2.0 / 3.3

l T V  0 77 F 2.0 / 5.0C o our 
.

Fluorescent lighting 0.90 F 1'0 / 3.0

lncandescent lighting 1.00 F 1.55 -

R  n e w ater or space heat 1.00 F 2.0 -a g 
,

and
Power-factor correction is provided by m eans of sxed (perm anently connected)

sw itched shunt capacitors at various voltage levels throughout the distribution

system s.

afe used

L ow  voltage banks are used for large

at interm ediate sw itching stations. For

custom ers and m edium voltage bénks

large industrial plants, aS show n *1l1

Figure 11.36,(ii) PoWer factor correction @IS applied
overall

at different levels:(i) individual
m otors, grOuPS ofm otors,and (iii)the plant.

Iltility supply

=  

Plant corni T

M M T T
lndividual

com pensation

M M T

pensation

G roup
com pensation

Figure 11.36 Power factor correction @111industrialplants (261
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Switched shunt capacitorsare also used extensively foçfeedervoltage control.
are installed at appropriate locations along the length of the feeder to ensure thatThey

jtages at al1 points rem ain w ithin the allow able m axim um  and m inim um  lim its asvo

loads vary. A s discussed in Section 11.2.10, the application of shunt capacitorsthe

oordinated w ith that of feeder voltage regulators or booster transform ers.is c

licationJrr transm ission system

Shunt capacitors

to

are used to com pensate for the 2X I losses @111 transm ission

system s
@

and ensure satisfactory
@ @

voltage levels during

either

heavy

directly

loading

to the

conditions.

Capacltor

bus
They are breaker-sw itched either autom atically by a voltage relay or m anually.

sw itching of capacitor banks provides a convenient m eans of controlling transm ission

stem  voltages. They are norm ally distributed throughout the transm ission system  soSy

s to m inim ize losses and voltage drops. D etailed pow er-i ow  studies are perform eda

to determ ine the size and location of capacitor banks to m eet the system  design

criteria w hich specify m axim um  allow able voltage drop follow ing specii ed

contingencies. Procedures for pow er-i ow  analysis are discussed in Section 1 1.3.

The principles of application of shunt capacitors and other form s of

transm ission system  com pensation are presented in Section 11.2.8.

banks

OC to the

of approprlate

tertiary w inding

SIZCS are connected high voltage

of the m ain transform er, aS show n *111 Figure 11.37.

%' i
(a)Tertiary

capacitor
connected (b)HV capacitor bank
banks

F igure 11.37 C apacitor bank connections

11.2 .5 S eries C apacitors

Series capacitors are coM ected @111 series Ahritll the line conductors to

com pensate

betw een

be

for the inductive reactance of the line.This reduces the transfer reactance

the buses to w hich the line @IS connected, increases m axim um POW CC that Can

transm itted,and reduces the effective reactive POWCr x11)( loss.Although series
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capacitors are

im proved vol

by

self

not usually installed for voltage control aS such,

tage control and reaçtive POW er
@

balance. The

they

reactive

do contribute t
o

POW er produced
a capacitor increases
- regulating in this regard.

series Ahritlz increaslng POW CC transfer; a series capacitor ** e

Application /t?distribution feeders

Series capacitors have been applied to im prove voltage regulation Of

distribution and industrial feeders since the 1930s. W elders and arC furnaces 1<t

fypical

n ot

of loads Ah?itll POOr PoW er factor and interm ittent dem and. A series capacitor

only reduces voltage

changes

drop
@

1l1

*

111 the steady state, but it responds

by

alm ost

*instantaneously

inapedance

solving

to load current. The series capacitor,

betw çen the bulk P0W er SOUCCC and the Puctuating load,

reduclng the

is effective in

light-G icker problenAs.

num berThere are a of PrOblenAs associated w ith the application of series

capacitors to industrialfeeders that need carefulattention g:l :7-29) :

@ Self-excitation of large induction and synchronous

of synchronous

m otors during starting.The

nAotorm ay lock @111ata fraction (subsynchronous) speed due
to resonance conditions.

The m ost Com m on rem edy
@

SCCIC S

*

IS to connect, during starting, a suitable resistance

in parallel Ah?itll the capacitor.

* H unting

due to
of synchronous m otors (in som e

the high R IX  ratio of the feeder.

CaSCSinduciion m otors)at light load,

@ Ferroresonance betw een transfornAers and series capacitors resulting *1l1

harm onic overvoltages. This m ay OQCUr w hen energizing an unloaded

transform er Or w hen Suddenly rem oving a load.

B ecause of the above problenAs

series

and the diff culty

are not very w idely used

in subtransm ission system s

in protecfing the capacitors
*

111from system

distribution

fault currents, capacitors

system s. They are,how ever,

lines

used to

today's

m odify

load division betw een parallel and to im prove voltage regùlation.

A pp lication /t? E H V  transm ission systqm

B ecause series capacitors perm if econom ical loading of long transm ission lines,

their application to E H V  transm ission has grow n. They have been prim arily used to

im prove system  stability and to obtain the desired load division am ong parallel lines.

C om plete com pensation of the line is never considered. A t 100%

com pensation, the effective line reactapce w ould be zero, and the line current and

ow er : ow  w ould be extrem ely sensitive to changes in the relative angles of term inalP

voltages. ln addition, the circuit w ould be series resonant at the fundam ental

frequency. H igh com pensgtion levels also increase the com plexity of protective
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layingrc and the probability
@

the degree
It is

of serles

of subsynchronous

com pensation is about 80% .

resonance. A  practical UPPCr lim it to

not practical to distribute the capacitance

at a feqv

@

111 sm all units

Therefore,

f lum ped serles capacltors resùlts in an uneven voltage prosle.0

Series capacitors operate at line potential; hence, they m ust be insulated from

ound. A  w idely accepted practice is to m ount the capaçitors on platform s insulatedgr

from  ground. A lternatively, ground-base capacitor banks consisting of capacitor cans

laced inside oil-insulated tanks m ay be used.P

The follow ing are som e of the key considerations in the application of series-

along the line.

the line. T he uselum ped
@

capacitors
@

$

arC installed locations along

capacitor banks:

(a) Voltage rise due ft?reactive current.V oltage rise On One side of the capacitor
m ay

during

stress on equipm ent on the side of the bank experiencing high voltage. The

system  design m ust lim it the voltage to acceptable levels, or the equipm ent

m ust be rated to w ithstand the highest voltage that m ight occur.

be excessive w hen the line reactive-current flow is high,
*

aS m ight OCCUr

POW er sw ings or heavy pow er transfers.T his m ay Im POSC unacceptable

(b) Bypassing
voltage

percent

fault

and reinsertion. The series capacitors

regulation
are norm ally subjected to a

w hich @IS On the order of the of the line,

of the rated line voltage. lf,how ever, the line *IS

only a few

short-circuited by a

*

1.e .,

beyond the capacitor, a voltage On the order of the line voltage Ahrill

appear across the capacitor. lt w ould not be econom ical to design the capacitor

for this voltage, since both size and cost of the capacitor increase w ith the

square of the voltage. Therefore, provision is m ade for bypassing the capacitor

during faults and reinsertion after fault clearing. Speed of reinsertion m ay be

an im portant factor in m aintaining transient stability.

Traditionally,

m odule

bypassing W aS provided by a spark gaP
@

IS

aCrOSS the bank Or each

of the bank. H ow ever, the present

advantage

trend to uSC nonlinear resistors

of zinc oxide w hich have the that reinsertion @IS essentially

(301.
(())

instantaneous. Figure
*

111

11.38 show s alternative

schem e shown Figure 1 1.38(a) consists of a

bypass schem es

single spark gap

voltage

T he

w hich

bypasses

usually about three to four tim es the capacltor rated voltage. The dam ping

circuit (D) lim its the discharge current and absorbs the capacitor energy. Upon
detection of gap current, the bypass breaker (S) is closed, diverting the current

the capacitor bank w hen the capacitor
@

exceeds a set valuC,

from the gap.
@

W hen the current returns to norm al, the breaker

thereby

provide

into the line. This schem e @IS

opened,

designed to

*

IS

relnserting the capacitor

a reinsertion tim e of 200 to 400 m S.

A dual-gap schem e AAritll reinsertion tim e On the order of 80 m S @IS show n *111

Figure

spark
1 1.38(b).lt has an extra spark gap (G2)which *ISset low so thatit Alrill

Over frst.B reaker S2 is norm ally closed. ln the event of a fault, gaP
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C

V' 7: CCapacitorDamping circuitSpark gapbankDGSBypassbreaker
(a)Single-gap protective schem e

C

D

G 1

S2 6 2

S 1

C

D

G 1

6 2

S 1

S2

C apacitor bank

D am ping circuit

Spark gap, high-set

Spark

B ypass breaker

R einsed ion breaker

loNv-setgap,

(b)Dual-gap protective schem e

C

R

D

G

S

C C apacitor

R  N onlinear

D

G

S

bank

resistor

circuit
(ZnO)

D am ping

Spark

B ypass
gaP
breaker

(c)Zinc-oxide protective schem e

Figure 11.38 Series capacitor bypassprotective schenaes (301
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6 2 bypasses the capacitor bank.B reaker S 2

fault has been cleared and reinserts the
opens

capacitor

inlnlediately

bank

after the line

ilzttl the line. A s a

result,

G 1,

reinsertion *IS not delayed due to the de-ionization tim e. The other gaP

w hich is high-set, and the bypass breaker S 1 Serve aS backup protection.

111the schem e shown @11lFigure 11.38(c),a nonlinear resistor ofzinc oxide
(ZnO) the voltage across the capacitor bank during a fault and reinserts
the bank im m ediately on term ination of the fault current. The energy is

absorbed by the ZnO resistor without the need to 5re the spark gap (G). The
spark gap

@

lim its

@

IS provided

capacltor

resistor

bank and the

as a backup

Z nO  resistor

bypassing

delay

m ost of the

protection for the resistor. T he

rem aln ln circuit during the fault, w ith the

current; reinsertion takes place autom atically

cleared.

overvoltage
* *

w ithout w hen the fault @IS

(c) f ocation.
the line.

series-capacitor bank can theoretically be located anyw here along

Factors infuencing choice of location include cost, accessibility, fault

A

level,

im provlng

protective
*

relaying considerations,

capability.

voltage prof le and effectiveness @11l

POW er transfer

The follow ing are the usual locations considered:

@

@

M idpoint of the

L ine term inals

line

@ 1/3 Or 1/4 points of the line

ln practice all of the above arrangem ents have been used.

The m idpoint location has the advàntage that the relaying requirem ents are less

com plicated if com pensation is less than 50% . ln addition, short-circuit current

is low er. H ow ever, it is not very convenient in term s of access for

m aintenance, m onitoring, security, etc.

Splitting

provides

auxiliaries.

of the

n Ao re

com pensation

accessability

disadvantages

into tw o

and

parts,

availabili

shritll OnC at each end of the line,

othert)r of station service and

The are higher
@

fault current, com plicated relaying,

and higher rating of the com pensatlon.

The effectiveness of the

series capacitors and

com pensation schem e depends

the associated shunt reactors.

on the location of the

R eferences 31 and 32

present

different

results of com prehensive studies evaluating the effectiveness of

capacitor locations.

The choice of conf guration

detailed study

of the com pensation schem e for any particular

application requires a w ith regard to the overall econom y and system

reliability. T he study should take into account voltage pros les, com pensation

effectiveness, effect on transm ission losses, overvoltages, and proxim ity to an attended

station. R eferences 33 and 34 provide details of engineering considerations related to

series-capacitor applications on tw o pow er system s.
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A dding a

a series-resonant

capacitor in series

circuit. T he natural

w ith the inductance of a transm ission line foxm s

frequency

to

of the resonant circuit SO fornled
, for

the usual

frequency

subsynchronous

range of com pensation

The transm ission*
(20 70% of line reactance), *ISbelow the POWev

*

111netw ork thus has a natural frequency t*t
range. C onsequently, transient current com ponents subharm onic

frequency are excited during any disturbance and are Superim posed on the pow er
-

frequency currents. The subharm onic currents are usually dam ped rapidly w ithin a few

cycles, due to the resistances of the line and of any connected equipm ent such as

loads. T herefore, the subharm onic natural m ode introduced by the use of a series

capacitor is rarely troublesom e. O ne notable exception is the possible interaction w ith

a natural frequency of the shaft m echanical system  of nearby steam  turbine generating

units. lt m ay lead to a buildup of torsional oscillations, either spontaneously or after

a disturbance. This phenom enon is known as subsynchronous resonance (SSR). A
detailed discussion of the SSR  problem  and m easures available to counter it are

presented

of

@

111 C hapter 15.

1 1.2 .6 S ynchronous C ondensers

m o v er

either generate or absorb reactlve pow er. W ith a voltage regulator, it can autom atically

adjust the reactive power output to m aintain constant term inal voltage. lt draws a
sm all am ount of active pow er from  the pow er system  to supply losses.

Synchronous condensers have been used since the 1930s for voltage and

reactive pow er control at both transm ission and subtransm ission levels. They are often

connected to the tertiary w indings of transform ers. They fall into the category of

active shunt comp ensators. B ecause of their high purchase and operating costs, they

have been largely superseded by static var com pensators (discussed next). Recent
applications of synchronous condensers have been m ostly at H V D C converter stations

connected to weak system s (351. There are m any old synchronous condensers still in
operation, and they serve as an excellent form  of voltage and reactive pow er control

devices.

A  synchronous

or a m echanical

condenser is a

load. B y
@

synchronous

controlling the f eld

m achine running w ithout a prim e

naadeexcitation, it Can be to

Synchronous com pensators have several advantages

short-circuit

Over static

Synchronous

pow er production

(electrom echanical

com pensators

not affected by the system  voltage. D uring pow er sw ings

oscillations) there is an exchange of kinetic energy between a
condenser and the pow er system . D uring such pow er sw ings, a

condenser can supply a large am ount of reactive pow er, perhaps tw ice

rating. lt has about 10 to 20%  overload capability for up to 30 m inutes.

com pensators.

Their reactivecontribute to system capacity.
*

IS

synchronous

synchronous

its continuous

U nlike other form s of shunt com pensation, it has an internal voltage SOUCCC and *IS

to cope system  voltage conditions.

Som e com bustion turbine peaking units can be operated as synchronous
condensers if required. Such units are often equipped w ith clutches w hich can be used

to disconnect the turbine from  the generator w hen active pow er is not required from

them .

better able w ith 1()A,,
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11.2 .7 Static V ar System , 136-381

Terminology JJV

Static Var com pensators

Outputs

(SVCs)
@

are shunt-connected static generators and/or

aàsorbers w hose are varled SO aS to controlspecisc paranleters of the electric

#OWeC system . The ternA tt tatic''S *IS used to indicate that SV C S, unlike synchronous

com pensators,
#

of statlc

have nO m oving

(SVG)

Or rotating m ain

Var generator Or absorber devices

com ponents.

and a suitable

Thus an SV C consists

control device.

A static Var system

(M SCs)
(SV S) @IS an aggregation of SVCS and

switched capacitors Orreactors (M SRs)whose Outputs are

m echanically

coordinated.

Types of SVC

The follow ing arC the basic types of reactive POW CC control elem ents w hich

m ake UP allOr pars of any static Var system  ;

@ Saturated reactor(SR)

@ Thyristor-controlled reactor (TCR)

@ Thyristor-switched capacitor (TSC)

* Thyristor-switched reactor (TSR)

@ Thyristor-controlled transform er (TCT)

@ Self-Orline-com m utated converter (SCC/LCC)

A  num ber of different SV S conf gurations naade UP of a com bination
'

e(1. .,

of one

or m ore of the basic types

autom atic
of SVC and fxed capacitor(FC)

@

banksswitched via local control) have been usçd 111practice forcapacitors not
transm ission

system com pensqtion.

W e w ill frst discuss the general principle of SV S operation @1l1 an H V A C

system

of specif c

using a som ew hat idealized com pensator and then exam ine the characteristics

conf gurations.

@Statlc Var system s

They can therefore be used for control of nçgative-

as positive-sequence voltqge deviations. H ow ever, w e are interested

capableare of controlling individual phase voltages of the

buses to w hich they are coM ected.

Sequence
here in

aS w ell

the balanced fundam ental

therefore Our analysis w ill consider

frequency

only this

perform ance of PoW er system s and

aspect of SV S perform ance.
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Fundam ental frequency peform ance of an SVS (36,381

Characteristic of an idealSVS:

From  view point of pow er system  operation, an SV S is equivalent to a

shunt capacitor and a shunt inductor, both of which can be adjusted to control voltage
and reactive power at its term inals (or a nearby bus) in a prescribed m anner (see

the

Figure 1 1.39).

Is

L C

=

H V A C bus

F igure 11.39 ldealized static Var system

Ideally,an SV S should hold constantvoltage (assum ing that thisis the desired
objective), possess unlim ited var
reactive pow er losses and provide

SVS ac voltage (D  plotted against the
SVS reactive current (fs). The VII characteriytic of an ideal SV S is shown in Figure
1 1.40. lt represents the steady-state and quasi steady-state characteristics of the SV S.

generation/absorption capability

instantaneous response. The

of controlled

w ith no active and

perform ance of the

can be visualized on a graph bus

V L  ldeal

Is
L eading L agging

V1I characteristic

F igure 11.40 VI1 characteristic of ideal com pensator
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characteristic of a realistic SVS..

an com posed of a controllable reactor and a fxed capacitor.

he resultingT

f practical SV S confgurations.0

Figure 1 1.41 illustrates the deri

characteristics are sufû ciently generaland arC applicable to a w ide range

vation of the characteristic of an SV S consisting

f a controllable reactor and a ûxed capacitor. The com posite characteristic is derived0

yy adding the individual characteristics of the com ponents. The characteristic show n

jn Figure 1 1.41(a) is representative of the characteristics of practical controllable

W e consider SV S

reactors.

I

L ) IL

=

F

+ c i zcè
=

F I
s

L

=  =

C

F

h4ax.L s4in.L
F  !'!

I
l
I

I
Z

Z
/

Z

/
Z

/
Z

z slope K s/
Z

#

/
Z

/ fz

+

fiFC

F

I
1
I

l
I
l
I
I

, slopel
I
l

l

l
>

K s

Capacitive 0 Inductive Is

(a)Controllable (b)Fixed capacitor (c)SV S
reactor

F igure 11.41 C om posite characteristics of an SV S

Power system characteristic..

111 order to exam ine how the SV S perfornas w hen applied to

the characteristics of the SV S and the PoW er system need to be
a pow er

exam ined

system ,

together.

The system

equivalent circuit

characteristicVII m ay be determ ined by

RS view ed from the bùs w hose voltage

considering the Thevenin

is to be regulated by the

SV S.

is predom inantly

This is illustrated in Figure
*

1 1.42.The Thevenin inapedance
*

in Figure

an inductlve reactance. The correspondlng voltage VCCSUS
1 1.42(a)
reactive

current

with

characteristic *IS show n *111

capacitive load current and
1 1.42(b).

decreases linearly

Figure The voltage

w ith inducti

F  increases linearly

ve load current.
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lïth

lr

Is
7X ,

V ariable
M

reactive load

(a)Thevenin equivalentcircuitof HVA C network

V

f/F,1 z
s z

E th F  r E th

.VS'# /F, Is .V5W ,/;

C apacitive lnductive
>

0 R eactive load current Is

(b)Voltage-reactive currentcharacteristic

Z

E thz+h E th

f //,o

E yv-h Etyt

>  Is
0

F

t

>

lncreasing

N h

fs
0

(c)Effectofvarying (d)Effectofvarying
Source voltage ?î/, system reactance X th

Figure 11.42 Power system voltage VCFSUSreactive currentcharacteristic (38)
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For each netw ork condition,an equivalent circuit such as that show n in Figure

1 1.42(a)
characteristïc

Can be def ned. Figures

changes
1 1.42(c)
*

111

and (d) show how the network VI1
*

IS affected by SOUI'CC voltage E //;and the system equivalent

reactance X //,,respectively.

Composite SVS - p oW er system characteristic:

The system characteristic m ay be expressed aS

F E - X I (1 1.31)

The SV S characteristic, AAritlzilz tlle controlrange deûned by the slope reactance

Xsz,*IS given by

F Fo + X Is (1 1.32)

For voltages outside the control range,the ratio l'/fy is

tlltltsA?tl extrem e segm ents
*

of Figure 1 1.41(c).These are

equal to the slopes

determ ined by the ratings

of

of

tlltlinductor

The

capacltor.

solution of SV S

and

and PoW er system characteristic equations

considered

@

IS graphically

theillustrated in Figure 1 1.

corresponding to three

43.Three system characteristics are @111

values of the Source voltage. The m iddle

figure,

characteristic

F
SV S characteristic

Z1

a
F w  B

Ftl A  1 l .
slope x n  C

- - - - - - - - - -  

-  

1
. I

l V I s stem  reactive4 I yt l 
II l F

o  l load characteristics
l l -= I 1C

apacitor rating l : j '
I I 

, Il 
I1 1 ;I

nductor rating I j I
j.r

1 l 1 I
' 1 l I

1 l
I I
I l
I l

n gy

Capacitive & 0 h lnductive

F igure 11.43 G raphical solution of SV S operating

for given system  conditions

point
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represents

characteristic

nom inal system

A

conditions, and *IS assum ed to intersect the SN %
at point

system

where Z= V and Is=Q.
lf the voltage increases by Y th (for exam ple,

SV S.

due to a decrease *11ï

system

the

load level),
*

ôf Ahrill increase to V1,w ithout an sà?itll the SV S,

SV S

how cNe'
,

operating polnt m oves to B ;by absorbing inductive currentf3, the holdst*t

vo1tage at L  .
the

Sim ilarly,

SV S

if the

load level),
K s of the

holds the
source voltage decreases (due to increase in system

voltage at F4, instead of at Fa w ithout the SV S
. If the

slope

for

SV S characteristic svere Zero,the voltage w ould have been held at
&
X

both CaSCS considered above.

Effectof using switched capacitors..

ln the exam ple

larger

considered *11I Figure 1 1.43, the SV S control

exceeded for variations *1l1 system conditions. The uSe of
range

sw itched
w ould be

banks can extend the continuous controlrange

banks,

of the SV S.T his is illustrated

capacitor

in Figure

1 1.44,

thyristors

w hich considers three capacitor tAA?tl of w hich are sw itchable. Either

or m echanical sw itches m ay be used for sw itching the capacitors in and out

autom atically

includes

by localvoltage-sensing controls.

s ltering harm onics.

SV S

for

ln the f gure the unsw itched capacitor

@ reactor

W e see that an @IS nOt a Source

lnstead, it alters

current draxvn

system  voltage at the

or supplied to the system . ln effect,

of voltage

the

as a synchronous condenser
.

point of colm ection by varying the reactive

*

IS

the SV S acts aS a variable reactive

load which @ISadjusted SO aSto keep the aC voltage nearly constant.

V

03 *

1  system
03 1  variations

7

IsC
apacitive 0 lnductive

Z

i Is

t t
> =

*

(()3

F igure 11.44 U se of sw itched capacitors to extend

continuous control range
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111 general, the elem ents of an SV S operate On the principle of adjustable
susceptance. The controlled susceptance @IS either a reactor Or a capacitor. W e AArill

discuss
M SC .

eferencesf

next the

For a

operation of the m ore

description of other form s

and

com m only used elem ents: T C R , T SC , and

of static com pensators readers m ay consult

36 37.

hyristor-controlledf reactor (TCR) JJ<,J 71

Frïnc///p of operation..

The basic elem ents of a T C R are a reactor @111 series Alritll a bidirectional

thyristor switch aS shown in Figure 1 1.45(a).
The thyristors conduct on alternate half-

on the f ring angle a , w hich is m easured

cycles of the supply
@

frequency

depending

Full

reactive

conduction

from a Zero CrOSS1ng of voltage.
*

IS obtained Ahritlz

and sinusoidal.Partial

a sring angle of 900. The current is essentially

conduction is obtained w ith sring angles betw een 90O

and

allow ed
18005aS shown *111Figure 1 1.45(b).Firing

aS they produce

the

currents

angles

w ith a dc

betw een 0 and 90O are nOt

L et be

asym m etrical

conduction angle,

com ponent.

related to J by

2(c -a) (1 1.33)

The instantaneous current . @l IS given by

*

I

X Z(
H L

cosa -cosef) for a<Ol<a+c (1 1
.34)

0 for a +c< O /< a +l

Fourier analysis of the current w aveform gives the fundam ental com ponent:

fl @J -Sm J

X s

F (1 1
.35)

where fland F are RM S va1ues, and T z is the reactance of the reactor at fundam ental

frequency
.

The effect of increasing

equivalent
G 'e(1. .,

increasing
decreasing c) @ISto reduce the fundam ental

com ponent f1.This *IS to the effective inductance of the reactor.

ln effect,SO far as the fundam ental frequency current com ponent is concerned,

the TCR

ûring angle
is a controllable susceptance. The effective susceptance aS a function of the

G @IS
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# * h N
J  <

z xv
' *

'  *
' *

.
f 1 *
z N l
# *
# *
# *
# A

1 7
* #

& #
* #
* '

1

* #

o * '(a) a = 90 xx z
=  1 8 0 O X  ' *'C7 

h . .

i

R eactor T z

v

O L

T hyristor
sw itch

J
r

(b) a = 1000
c = 1600

(a)Basic elem ents
i

(c) a = 1300
c = 1000

00 90O 1800 2700 3600

Phase *111 degrees

(b)Currentwaveform

F igure 11.45 Thyristor-controlled reactor

#(a) f1

F

@

J  - Sln l

aXL (1 1
.36)

2(a -a)+siX a
a X L

The m axim um value of the effective

c=1s0o),
= 0OC .

and @IS equal to 1 /# z ;the m inim um

susceptance

value is zero,

*

ISat fullconduction (a=9ûO,
obtained Apritll a =1800 or
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This susceptance

into the system

control principle

for a

is know n as p hase control.

controllable fraction of every

T he susceptance

cycle.is swïtched

varïation ïn

half The

The
susceptance as
T C R  requires a

G)

w ell aS the T C R current *IS sm ooth Or continuous.

control system

last zero
which determ ines the fring instants 'e(1. .,

ing angle tage (synchronizationfir
f éring angles). ln som e designs the control system  responds to a signal that directly0
resents the desired susceptance. ln others, the control responds to error signals suchfeP

voltage deviation, auxiliary stabilizing signals, etc. The result is a steady-state V/1as

haracteristic show n in Figure 1 1.46, w hich can be described byc

naeasured from  -the crossing of the vol

Z z +x,o4ref (1 1.37)

whereX *IS theSL slope reactance determ ined by the control sysiem gain.

A s illustrated *111 Fi ureg
* @

1 1.44, the T C R voltage control characteristic can be

in parallel a fxed capacitor bank orextended

switched

into the capacltlve

banks.

region by adding

capacitor

CurrentZ (Pu) 
. . .

' le c llm ltlngC onductlon ang

oo
1.2 90O 1300 1500 1800

l J Z

l z z

l / V z
' 

z z
- - - - - - - -  - - - - x

.  Jiryzfl
' ref 'œ' * v tl / zz t y z

l z z x
l z z z
l z z ,'

z Zl / z 
a-0 . 8 / z z zl z z 

z
, ; z  z
l / Z .Z
l / / Z

l / z  z
l / /  ,e'
1 / z Az

/ / /  z
l z z a4l / / 

z
l z z  z
, ; 

z
z  

a . 
z  X gI / 

zl / / 
xI / z z

l / z z
l z z ./
/ z z '#

zI / / 
zI / /  

z
l / z z

z z .'l / z z
l z z ''

z/ /  
z

l /4 ,'F'''
>

0 0.2 0.4 0.6 0.8 1.0

Fundam ental current @111Pu

F igure 11.46 Fundam ental voltage-current characteristic of T C R

Harm onics
.

.

A s *IS increased from 90O to 18005the current w aveform beconaes less and
less sinusoidal; *111 other w ords

,
the T C R generates harm onics. For the single-phase
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-2

device considered SO far,

harm onics

if the Sring

are generated.
of the thyristors *ISsym m etrical(equalfo< boë

thyristors),only odd For a three-phase system ,thepreferrtt
arrangem ent

pulse

harm onics
TCR)

*

IS to have the three single-phase TC R elem ents connected @111delta
(3, (6-

aSshown in Figure 11.47(
closed

a).Forbalanced conditions,al1triple
circulate Ahritlzill the delta and are therefore absent from

9, .
.)th

e zat
currents. Filters are often used ttl rem ove harm onic currents.

r a

l l
I :

1 I
I
I
I

I

F

I

- - - - - - -  c ontroller r
-  -  -  -  -  refr

I

l
I I

(a)6-pulse TCR

a

b
C

A

L  X

F

c ontroller vrey

(b) lz-pulse TCR

F igure 11.47 T hree-phase T C R arrangem ents
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lïlilllilzJttit)ll of tll5 and tlz7 harm onics Can be achieved by using

of

tw o 6-pulse

TCRS
yansform ers,

equalof rating,

colm ected

fed from tANrtl secondary

other

w indings the step-dow n

OnC @111Y and the @111A aS shown @111Figure 1 1.47(b).

Since
àarm onïcs

the voltages
*

arC

applied to the T C R S have a phase

line

difference of 30O7
@

IS

tlz5 and tll7

ellm inated from  the prim ary-side current. This know n aS a 12-

ulse?

lilltl

arrangem ent because there are

voltage.

11

W ith the
th1 3 

.

lz-pulse

12 thyristor frings every cycle of the tk ee-phase

schem e, the low est-order characteristic harm onics are

slteredtllSe and These Can be AA?itlla sim ple capacitor bank.

V ndmic response:

The T C R responds

control

*

111 about 5 to 10 m S, but delays

stability the response

are typically around 1

introducedare by

m easurem ent and circuits. T o ensure control loop rate

m ay
cycles

have to be lim ited.For these reasons CeSPOnSC tim es to 5

of supply frequency.

Thyristor-switched capacitor 4FNO (26,36,3 71

Princlple of operation..

A  thyristor-sw itched capacitor schem e consists of a capacitor bank split up into

appropriately sized units, each of w hich is sw itched on and èff by using thyristor

switches. Each single-phase unit consists of a capacitor (Q  in series with a
sidirectional thyristot switch and a sm all inductor (f ) as shown in Figure 1 1.48(a).
The PurPOSe of the inductor @IS to lillxit Cw itching transienfs,

and to prevent CCSOnanCC w ith the netw ork.ln three-phase

to dam p

applications,

inrush currents,

the basic units

arCcolm ected in A aSshown @111Figure 1 1.48(b).

Ic

L

( Thyristor
r sw itch

C  Vc

&

r I
I I
I l
l l
I l
I I
I I

k Iu---
- - - - - - -  c ontroller

r -  *  *

Vref

(a)Single-phase unit (b)Three-phase unit

Figure 11.48 Thyristor-switched capacitor (TSC)
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The sw itching of capacitors excites transients w hich m ay be large Or sm all

depending on the resonant

thyristor f ring controls are

achieved by choosing the

sw itch is at a m inim um ,

The sw itciing-on instant
and

capacitors w ith the external system
. Tu

designed to m inim ize the sw itching transients. This is

sw itching instant w hen the voltage across the thyristor

ideally zero. Figure 1 1.49 illustrates the operating principle
.

(f1) is chosen so that the bus voltage F is at its m aximum

frequency of the

of the

sw itching.

Ahrillthen

sam e polarity as the capacitor voltage; this ensures a transient-free

The switching-off instant (fa) corresponds to a current zero. The capacitor
rem ain charged to a peak voltage, either positive or negative, ready for the

next sw itch-on operation.

)' B us voltage

Vc C apacitor voltage

C apacitor current

Ic

!
I
!

/1 /2 T im e

F igure 11.49 Sw itch operation of a T SC

The sùsceptance control principle used by a T SC is know n as the integral cycle

control;

The

the susceptance *IS sw itched @1l1 for an integral
@

num ber of exact half cycles.

by

cycle.

susceptance

controlling the

@

IS divided into several parallel unlts, and the susceptance *IS varied o

num ber of units *111 conduction. A change
@

Can be naade CVCrY half

This form of control does

Figure 1 1.50 show s the

not generate

basic schem e

harm onlcs.

of a T SC consisting of parallel A

connected T SC elem ents and a controller. W hen the bus

reference value dead band in either

voltage

direction, the

deviates from the

in (or out)
provided

(Vc/ beyond the
one or m ofe capacitor

coùtrol sw itches

banks until the voltage returns inside the dead band,

thatnotall the bankshave been switched @111(orUut).
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F
1SVC

F

j l II I
-p -J  - J

*  @ #

D ead band D V
C  C  C  ' . ' C1 2 3 n

Fref

F igure 11.50 T SC schem e

Dynam ic resp onse:

The V/1 characteristic of a T SC

that the voltage control provided

com pensator

is discontinuous

rating

num ber of shunt

and num ber of parallel connected @unlts.

ih Figure 1 1.51. W e see

or stegwise. It is determined by the
ln hlgh voltage applications, the

is show n

capacitor banks is lim ited because

P0W er

characterlstlcs

Vr e N D+ Z/ 2 ,

system
* *

V/1 characteristics, aS system

of the high cost of thyristors. The

conditions change, intersect the T SC V/1

voltageat discrete points.

the

The bus V is controlled Alritllill the

w here D V @IS dead band. W hen the system @IS operating SO
range

that its

o

v VA
C

' rc/
S1

C  C  C3 2 1
S2

T SC characteristics

System
characteristics

T SC current

F igure 11.51 VII characteristics of a T SC and POW CC system
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characteristic @IS represented by

operating point A  prevails.

voltage drops initially to a value represented point B . The T SC control

sw itches in bank Cz to change the operating bringing the voltage withk
the desired range. Thus the com pensator current can change in discrete steps

. Tu
tim e taken for executing a com m and from  the controller ranges from  one-half cycle

line S1, then capacitor C 1 w ill

system  characteristic suddenly

be sw itched *11ï O d

If the changes to Sz, the bus

by operating

point to C ,

to One cycle.

M echanically switched capacitor 4% NO

Typically, an M SC schem e consists

to the POW er system by a circuit-breaker.

m ore capacitor units colm ected

A  sm all reactor m ight be connected in series

of one or

w ith the capacitor to dam p

restrike-free circuit-breakers

energizing transients and reduce harm onics.Prestrike and

have to be used to avoid system overvoltages due tll

capacitor-sw itching transients.

The V/I characteristic is linear and sim ilar to that of a T SC .The reSPOnSe
@

tim e

is equal

of

to the sw itching tim e of the circuit-breaker arrangem ent

operation

are provided.

w hich ls on the order

instruction.100 m S

sw itching *IS

follow ing the initiation of sw itching

not possible unless discharge devices

Frequent

P ractical static VJr system s

A static Var

form ed by using

com pensation

com binations

schem e AAritll any desired control range

Several

Can be

of the elem ents described above. SV S

conl gurations have been successfully

The required speed of response, size

im portant

applied to m eet differing

losses,

system requirem ents.

range,tleltillilit)?, and cost are am ong the

considerations @111 selecting

a typical

a conf guration for any
@

particular

of a

application.

Figure

and

1 1.52 show s SV S schem e consistlng T C R , a three-unit

T SC ,

frequency,

of T C R

harm onic flters (for
* *

f ltering T C R -generated

reactive
harm onics). At PoWer

the f lters are capacltlve and produce POW er of about 10 to 30%

M V A r rating. ln order to ensure a sm ooth control characteristic, the TCR

current rating
*

should be sliéjlltl)? larger than that of one T SC @ùnlt; otherw ise dead

bands arlse (see reference 37,Chapter4).

the

The steady-state V/I characteristic

corresponding V/Q characteristic is
of the SV S is shown in Figure 1 1.53(a), and

linear controlshow n in Figure

m axim um
1 1.53(b).The

range
reactor,

lies Asritllill the lim its determ ined by

(#c)
the susceptance (d?

@

zvx)of the
the totalcapacitive susceptance aS determ ined by the capacltor banks 111

service and theslterCaPaC1*tance.lf thevoltage dropsbelow a certain level(typically
0.3 Pu) foran extended period,controlPoWerand thyristorgating energy can be lost,
requiring

recovers. H ow ever, the

during transient faults,

shutdow na of the SV S. The SV S Can restart aS SOOn aS the voltagb

suchvoltage m ay drop to l()A,? values for short periods, aS

w ithout causing the SV S to trip.

SV S is equivalentsàJitlzill the linear control range,

A s is evident

the to a voltage Source Vref
*

111 series w ith a reactance of X n . fronA Figure 1 1.43,the slope reactance
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JsL
m akes
variations

*

has a signil cant

SV S

effect On the

tlztl less responsive, *1.e.,

perform ance of the SV S. A

changes in system  conditions

large value of X n

Cause large voltage

at the SV S high voltage bus.The value oflfSL *IS determ ined by the steady-

currentstate

feedback

stability

galn of the controller (voltage regulator).ltm ay also be effected by a
(with P1 controller). lts choice should be based on detailed power-iow aqd
studies. Typically, the slope is set w ithin the range of 1 to 5% , depending on

the JC system strength.

H V busF

PT

Is

C ontroller Vrey

)
Filter

T C R T SC

F igure 11.52 A  typical static Var system

V
N
N
N
N
N
N I
N I

I

/ zs - (BLV -BCIVl
II = -#  Z ?s c 
?
I
1

I

I
I
l
I

I
I
l .x s  . .

/
I
l
l
l

I%  >  ,
w gs

L inear control V
'N

xrange
N
N

N
N

N
N
N  /
N /

J
#

/
J
7
/
l

2 IQ = -B V /C 
,

I 2Q -(#ovr-#c)Fl
l . 

,I
l
I
l
I

l
I

Quaang Qugging 
.  cS

(a)Voltage-current
characteristic

(b)Voltage-reactive
characteristic

PoW er

F igure 11.53 SV S steady-state characteristics
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Application of static #Jr compensators

Since their application in the late 1

increasing steadily. B y virtue

frst 970s,the use of SV C S in transm issioq
* 

.system s

and

has been of their ability to provlde contm uous

rapid control of reactive pow er and voltage, SV C S can enhance several aspects

of transm ission system  perform ance. A pplications to date include the follow ing:

@ Controlof tem porary (powerfrequency) overvoltages

* Prevention of voltage collapse

* Enhancem ent of transient stability

@ Enhancenaent of dam ping of system oscillations

R eferences 39 to 42 provide details of SV C applications On a num ber of PoW er

system s.

A t the subtransm ission and distribution system levels, SV C S are used for

balancing the three phases of system s supplying unbalanced loads.They are also used

to m inim ize iuctuations *111 supply

dragline loads of m ining plants,

voltage caused by repetitive-'

rolling m ills, and arc furnaces.

lm pact loads such as

A rc furnaces are a special Case of im pact

betw een

loads. They

10 H z.

C au se

iuctuations w ith frequencies 2 and These

voltage

resùlt in

i icker of f lam ent lam ps

random ly varying

in the adjacent load areas.Som e electronic equipm ent
S icker''

and

television receivers m ay also be adversely affected. The term  ttvoltage

to describe such rapid iuctuations in voltage. To m inim ize the adverse

d'acenta J
* @

m ln lm u m

is used

effects on the

load areas, the voltage

0.3% ).

i uctuations m ust be kept
*

below the acceptable

*level(typically SVCS provide an effectlve and econom lcalDICanS
of elim inating the

applications since

voltage G icker problenls and have been w idely used for such

the early 1970s.

1 1.2 .8 Principles of T ransm ission S ystem C om pensation

ln the previous sections W e have described various devices used for reactive

com pensation of transm ission

of these devices is essential

system s. A w ell-planned and coordinated

for the econom ical design and operation

application

of a reliable

system .

perform ance

A s reactive com pensation affects the steady-state

and

aS w ell

of the system , detailed P0W er-
@

:ow stability studies

as the dynam ic

are required for

establishing appropriate cop pensatlon

studies in Section 1 1.3. Stability studies

schem es. W e

w ill be covered

w ill describe the pow er-tlow

in C hapters 12 to 17 in w hich

W C consider different aspects of system stability.

to an understanding of the

reactive com pensation in transm ission system s is invaluable for proper

application of the compensating devices. This subject is covered very

ln addition detailed sim ulations, principles

selection

of

an2

w ell by T .J.E.
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M illeï
@

j0W

@

111 referehce 37. llere W e w ill briefly

affect perform ance

of uniform ly distributed

review these principles

dlfferent form s

W e w ill

com pensation

frst consider the ideal cases

of the

considering

of a transm ission line.

by

com pensation aS

they
f each type Of com pensation. W è w ill then consider specisc confgurations of lum ped0

concentrated com pensation to see how  they com pare w ith the ideal cases.or

understahklead to sim ple relationships which help us to the fundam entalnature

Unformlv distributed /'Ixe# series and shuntcompensation

tlltl

1e) 0. The objectiveang
in the desired voltage

In Chapter 6 (Section
characteristic im pedance

6.1)
Z c

W e saw  that the line perform ance %IS determ ined by

and the electrical length (also
paranleters

referred to aS line

of com pensation is to

and PoW er transfer

m odify these

characteristics.

SO aS to result

W ithout comp ensation, assum ing a lossless line, the expressions for the tw O

line aram etersP are

Z c t-) Ibc/) , (11.38)
0 pl (1 1.39)

with the phase constant given by

p Ax k----x B (1 1
.40)

l

where

f series inductance PCr unit length

lengthC shunt capacitance

inductive

Per unit

X L

bc

T z

lc

l

series reactance PCr unit length

shunt capacitive

series

susceptance Per unit length

total inductive reactance

total shunt susceptance

line length

Let US designate
* @

the corresponding quantitiej w ith comp ensation by using a

superscrlptprlm e (').
shlitll a uniform ly distributed shunt comp ensation having

by

a susceptance of bsh

per unit length, the effective shunt susceptance @IS given

b 'C -bC bc (1 = ksâ ) (1 1.41)
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where kshis the degree of shuntcompensation defned aSfollows:

k h sh

b
(1 1.42)

C

lt *IS positive
*

for inductive shunt com pensation and *IS negative for capacitive shunt

com pensatlon.

The effective values of the characteristic im pedance and phase

follow s:
constant w ith

shunt com pensation are related to the uncom pensated values aS

Z  /C Iz

b 'C

Zc (1 1
.43)

1-k ,
S

and

j' p 1-k,S (11.44)

Shuntcapacitive compensation in effectdecreasesZc and increases p,whereasshunt
inductive com pensation increases Zc and decreases p.

W ith a uniform ly distributed series cap acitive

length, the effective series reactance is

comp ensation of C Se PCr unit

1l
I L X -L

O C
Se

I - XL C
se

(1 1.45)

xo(1- kse)

where kseis the degree of series capacitive compensation defned aSfollows:

I Cse

kSe (1 1.46)
I L

lt is positive for capacitive series com pensation.

The effective values of characteristic im pedance and phase constant w ith seriçs

com pensation are given by

Z  JC

?I
L

C

Z  1-k(7 s
e

(1 1.47)
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j' p 1-kSe (11.48)

Series(capacitive)
W ith b0th shunt and series comp ensation,

com pensation decreases both Zc p.
the com bined

and

effects are as follosvs:

Z  /C
1-kSe

Z c
1 - k ,

(1 1.49)

j' p (1- ksA) (1- kse) (1 1.50)

The effective line angle (0/)and naturalload (#0')arC given by

0/ 0 (1 - ksâ) (1- kse) (11.51)

P  /0
1-k ,S

P O
1 - kSe

(1 1.52)

E@ ctof compensation On line voltage..

U nder liéjllt
*

load conditions,

exam ple,

a ; at voltage

shunt com pensatlon. For w ith k y, = 1S

increased
(100%

pfof le is achieved by inductive

inductive compensation), 0/ and
p /0

at zero

arCreduced to Zero and ZJ @IS to illfillitlr;thisresults *111a flatvoltage
load.

U nder heavy load conditions,

For

a ; at voltage Can be achieved

capacitive

prosle,

com pensation. exam ple, in order to transm it 1.4# 0

by adding shunt

w ith a ; at voltage

a shunt capacitive
* @

com pensation
@

of ksâ= -0.96 is required.

m ay, in theory, be usedSeries capacltlve com pensatlon instead of shunt

com pensation

voltage

com pensation

prof le

to give a ; at voltage

be achieved

prof le,

at

under heaVy

Can a load of 1.4# 0

loading. For exam ple, a

w ith a distributed series

flat

of k =0.49.In practice,

obtaining

Occur at points w here

voltage regulation at any

a sm ooth voltage prof le

lum ped series capacitors are not

along the line. O bviously, step changes

suitable for

in voltage

the series capacitors
@ @

are applied.

given polnt, 1.e.,voltage

T hey do,

changes w ith load

how ever, im prove

arC reduced.

Efgctof compensation OD maximum poWer.'

C hapter 6 w e

transferred by a line. W ith

ln developed
@

the expression
@ *

(Equation 6.51) for POWer
com pensatlon, thls CXPCCSSIOn beconaes
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E SE R
P R sin ô

Z  ' sino'c
(1l.53)

The m axim um POWer(corresponding to 8=900)can beincreased by decreasing eitàe?
Z 'C ,Or 0:>

The

Or both.

characteristic im pedance Z 'C Can be decreased w ith capacitive skunt

com pensation, but it is accom panied by an increase in the electrical length 0'. O n tlu

other hand, inductive shunt com pensation decreases 0', but increases Z c' . O nly series

capacitor com pensation contributes to the decrease of both Zc' and 0'.

W e should, how ever, recognize that com pensation is not required in all cases

to satisfy both objectives: (i) increasing Po', the power level at which the voltage
protile is iat, and (ii) decreasing electrical length in order to im prove stability. Short
lines m ay require voltage support, i.e., an increase in P o', even though the inherent

electrical length is sm all.This m ay

a result.

be achieved by shunt capacitors, provided that 0,

as we saw in Chapter 6 (seedoes not becom e excessive aS On the other hand,
Figure

of excessive
6.13),lineslonger than about500 km  camzotbe loaded CVCn up to Pobecause

0,.in such CaSCS, reduction of 0/is the frst priority.

Illustrative exam p le

ForPUCPOSCS of illustration,w e w ill consider a lossless 500 kv  line having the

follow ing param eters:

0.0013 rad/km Zc

bc
250 (J70 1,000 M W )

Xz 0.325 D /km 5.2 PS/G

The line is 600 km  long and transfers POW er betw een tw o SOurCeS aS show n

m agnitudes of the source voltages are held at 1.0 pu. O ur

exam ine the line perform ance w ithout and w ith com pensation. W e w ill consider shunt

capacitor and series capacitor com pensations chosen so as to m aintain 1.0 pu m idpoint

voltage

1 1.54.T he

in Figvre

objective is to

when the PoWertransferred (# )@ISequalto 1.4#0*

E sz & Fm f aZ 0

300 km  300 km 0

= E 1.0R Pu

pf
0.78

0.0013x600t

rad 44.70
P

F igure 11.54
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(a)Sy?itllnO compensation,the pow er-angle relationship @IS

E SE R
P sinô

Zc sino

hyritllE and ES R at rated values,

#

P o

1 1
sinôsino sinô

s1 44.70
1.42 s1 ô

A 1s0, considering One half of the sym m etrical line,P m ay be expressed @111ternAs of

V. aS

Es LP
sin(ô/2)z

csin(0/2)

F
. sin(ô/2)

s:1444.7 /2)

H ence,the Per unit value of m idpoint voltage aS a function of P *IS given by

F #

P v

0.38

sin(ô/2)

(h)
when P  =1.4#

sàTitllunformly distributed /xe#
have

shunt comp ensation, to m aintain Vm at 1.0 Pu

0, W C

1.4 #c #  /0 #  1-k0 
sh

Therefore,

length

k ,=-0.96.s This shiill, @11l fact, result @111 1.0 Pu voltage

0/

throughout the line

at P  = 1.4# 0*The corresponding values of Z  'C and arC

Z c 250
Z  /C 178.57 Q

1-k 1+ 0.96

0/ 0 l-k ,S 10.92 rad 62.570

The PoW er transferred *IS given by

E SE R
P sinô

Z  ' sino'c



66O C ontrolof A ctive Pow er and Reactive Pow er C ha9
. A A

H ence,

#

G

Z  s m' 6C 
.

Z  ' sino'c
1.58s1 ô

The m idpoint voltage *IS nOW given by

Z
z ' in(e?/2)P A s

#0 Zc

P  0.37 1

& sin(ô/2)sin(ô/2)

(c)
w hen

sàritllunformly distributed hxed series
have

comp ensation, ttl m aintain at 1
.0 Pu

# =1.4# 0,W e

1.4 % # #0 poj 1 - k.

Therefore, k =0.49.Se The line paranleters change to

Z  'C Z  1-kC 
se

250 1- 0.49 178.57 Q

0: 0 1-kSe 0.557 rad 31.92

The POW CC transfer and m idpoint voltage equations nOW beconAe

P

P0

Z  sinôC

Z  ' sino'c
2.65sinô

and

Z ' in(e?/2)P A s

% Zc

#  0.1964
#c sin(ô/2)F

sin(ô/2)

N ext, W e consider the perform ance

lum ped
@

of lum ped shunt capacitor and series capacitor

com pensations. W ith

relationships cannot

equations

to

be

com pensation, the expression for P -& and V%

obtalned by a sim ple m odiscation of the correspondlng

- J7

for an uncom pensated line.W e Ahrill,therefore,

line.

uSe a POW CC-; ow Program

analyze the perform ance of the com pensated
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(J)
uiredfeq

SàTitll lump ed m idp oint shunt comp ensation,

w hen

a capacitor

transferred

bank of 412 M V A r @IS

to m aintain F at 1.0 Pu the POW er *IS 1.4# 0*

A distributed shunt

749.This *IS nearly tAAritl ()

com pensation of -0.96 represents a total M V A r of

the M V A r rating of the lum ped shunt com pensation.

about

T he

tshrtl
ensationcom p

SOUCCCS at the ends of the line supply about half of the reactive PoW er

required w hen lum ped com pensation @IS used.

(e)
ill tlltl

sàTitlllumped series compensation,slplitillttlfourunits (two atthe endsand twO
m iddle of the line),

m aintain

aS show n in Figure

1.0

1 1.55,the degree of com pensation kSd

uiredfeq @IS 0.505 ttl F at Pu w hen the POW er transferred *IS 1.4# 0.

E sz ö Vm O ùERZQ

X 300 X X 300 XSe Se Se Se

4 x24.625X 24
.625 DS

e
k
NC

0.505
600x0.325

F igure 11.55 L um ped series com pensation

Figure 1 1.56(a)showsplotsof
angle : for all the tive cases

shunt com pensation,

compensation, and (e)
function

w e have
pow er

considered'.

transferred aS a function of transm ission

(a) no com pensation,(b) distributed
lumped(c)

lum ped

distributed

series

of PoW er transferred for the

com pensation,

com pensation. Plots of

5ve cases are show n in

series (d) shunt
m idpoint voltage

11.56(b).

a S a

Figure

and

W e

have considered here a 500 kv line.sh/itll line losses neglected POW er expressed
#

1l1 Per unit of natural

perform ance

voltage

Of

*

IS p.As
pow er
noted in

(370),the only
6,C hapter

param eter

is practically

that has an

the Sanle

im pact on line

for lines of a1l

levels.H ence,

level.

the results presented are generally applicable to a 600 line

any voltage

The P -ö and V -P  characteristics w ith each type of lum ped com pensation, for

tllkl system

corresponding

considered, are practically identical to the characteristics com puted w ith

the uniform ly

results

distributed com pensation.

FigureFrona the presented *111 1 1.56, W C Can naake SonAe general

observations:

1. The shuntcapacitorcom pensation (chosen to keep m idpointvoltage
1.58

at 1.0 Pu

when P =3.4Po) increases the m axim um power
pow er. This represents an increase of 0.16 pu

uncom pensated

capability ttl Pu of natural

OVer the lirlxit of 1.42 Pu for the

C a se .
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PIPO

2.5

2.0

1.5

1.0

0.5

0.0
0 40 80 120 160 200

3.0

+ D istributed shunt

Lum ped shunt

+ D istributed series

L um ped series

N o com pensation

A ngle in degrees

(a) Power transfer as a function of transm ission angle

F

1.2

1. 1

1.0

0.9

0.8

0.7
0.0 0.5 1.0 1.5 2.0 2.5 3.0

1.3

+ D istributed shunt

Lum ped shunt

+ D istrl'buted series

L um ped series

N o com pensation

#/Pn

(b) M idpoint voltage as a function of power transfer

F igure 11.56 Perform ance of 600 km  line sl?itll and w ithout com pensation
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n ile the shunt com pensation

rated values w hen P is equal
*

has helped m aintain the m idpoint voltage at the

to l .4 pu, the voltage m agnitude is very sensitive

to

com pensated
@

variations 11l POW er transfer level. For exam ple,

natural

w hen the shunt

line @ISoperating near the effective load (1.4#0),a sm all
change ln PoW er changes the voltage m agnitude signif cantly.

W e at a pow er corresponding to Vm

of 1.0 pu, the shunt com pensated line is m uch closer to the stability lim it than

the uncom pensated line. Thus, shunt com pensation has increased the effective

natural load at the expense of stability m argin and voltage regulation.

transfer levelalso see that, w hen operating

2. The series capacitor com pensation (chosen SO aSto keep
1.0 Pu

addition
when p = 1.4,4))increases the m axim um transfer

ln to nearly doubling the stabilit)r lim it5 the

m idpoint voltage at

capability to 2.65 pu.

voltage regulation is

variationsignif cantly im proved;

change

for exam ple,

Z  .

at #  = 1.4# 0:a large in #  causes

a Very sm all *111

Unform ly distributed regulated shuntcompensation

C onsider a shunt com pensation

(Po') is equal to the

in w hich ksh is continuously

transm itted

regulated

at al1 tim es.

SO that

the effective natural

Equation
load PoWer (#) From

11.53,

P  '0
# sinô

sino'

Therefore,

the

w hen a line

line angle (see

operating at natural load,

Chapter 6, Section 6.1.9). As a

*

IS the transm ission angle @IS equal to

result,AAritllcontinuously regulated

shunt com pensation, 0/ =6 at al1 @tlm es.H ence,

#

ô

p  '
A 0

0:

#  1 - k0 
sh

0 1-k ,
S

P0
0 constant (11.54)

W e thus have a linear relationship betw een # and ô,

that

instead of the sinusoidal

relationshiP w ith fxed or no com pensation. This nAeans the sm all-signal

shTitll
(steady-

state)stability lim it with the
line voltage, the slope

regul/ted

of thçrated P -&

com pensation is '

characteristic is given
lnfnite. L  denoting the

by

#0

0

2F
o

Z c 0

2L

X
(1 1.55)

L
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This @IS equal to the peak of the sinusoidal P -ö characteristic w ith 100% sbuat

inductive com pensation (ksh =1).
L et us consider the 600 km , 500 kv  line for illustration.

radians,

From  E quation lt 54
*

5

w ith and 0 expressed *111

PIh 1
0

1

0.78
1.282 Pu/rad6

This @IS illustrated @111 Figure

com pensation

11.57, w hich show s P -& characteristics AAritll uniform ly
*

distributed regulated and w ith fxed distributed shunt com pensatlon of

k ,=1.0.s

R egulated shunt0 
- - -

com pensation

j.; 82 ----------- ---- 'l

100%  tixed shuntI 
.
- - -

I com pensation (ksh =1.0)

l
- 

j'
>  ô (rad)0 1

.0 a/2 a

# /#

l = 600 km

p = 0.0013 rad/km

F igure 11.57 Pow er-angle

w ith regulated

characteristics of a 600-km line

and shunt inductive com pensation

The regulated shunt com pensation effectively changes ksh continuously

characteristic.

so that

P  ' =P .0

transm itted

For each value of k ,,S

the regulator

there *IS a sinusoidal P -ö A s the

pow er P  changes,

from
effectively adjusts

point shifts

a positive slope. For satisfactory operation

m ust be rapid and continuous to prevent m ovem ent

anotherone curve to @111 such a w ay

at high pow er transfer levels,

ksh

that

so that the operating

it lies on a straight line w ith

along the sinusoidal

the regulator

characteristiç

corresponding ttl the current value of ksâ before
@

m oving to the neW characteristic.

In practice,this form  of com pensatlon can be nearly achieved by placing active

com pensators,

intervals along

at m any points

for the effective

such aS synchronous

The

condensers Or static Var system s, at discrete

the line. com pensators

for a1l

w ould hold constant voltage equal to

requirem ent

'Kg

along the line load levels; this nearly satisf es the

naturalload (Po' ) to beequalto the current value ofPOWer(# ) being
transm itted.
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The regulators

requirem ents

m ust, how ever, have sufs cient capacity to satisfy the reactive

for m aintaining constant voltage at allreactive pow er supplied or absorbedOMVCrP 
.

the
ulatorsfeg

ldeal

possible load levels. For

Case, the total by the constant voltage
*

IS given by

Q F VlœC -I1oL)l(
(11.56)

'o 0 gl - (#/& )2 j

F0r # greater than P 05the reactive

increases aS the Square of the

pow er required

pow er transm itted.

*

IS capacitive. T he reactive POW er

Satisfactory perform ance of such a schem e depends On the abilit)T of al1

egulatorsr

reaches

to m aintain constant voltage

the

along
@

the line. lf one regulator fails Or if it

a reactive PoW er * @111)31t, stabillty of the entire system m ay be affected.

H ydro
*

com pensatlon.
@

POW CC

F.G .

m aintained

transm lssion

Quebec's Jam es
lt is of historical

B ay

interest
transm ission system (391 USCS this form of

to note that the concept of long distance aC

using distributed regulated

H e

shuntBaum aSfarback aS 1921 (431. envisioned com pensation
a 220 kv  line

w as proposed by

having its voltage

by

voltage
* *

synchronous condensers at intervals of about 100 @m 1.H e show ed that

w ith equal
*

to transm lsslon

(within 3% ) at all com pensatorstations, there was virtually no lim it
dlstance.

Regulated com p ensation at discrete intervals

W e w ill now  exam ine how  regulated com pensation applied at discrete intervals

approxim ates the perform ance of uniform ly distributed com pensation. W e w ill f rst

consider a m idpoint com pensator as show n in Figure 1 1.58, and then w e extend the

analysis to an arbitrary num ber of com pensators.

Esz& Q Zô/2 ERZQ

P  P

R egulated
com pensation

=

F igure 11.58 L ine w ith m idpoint regulated com pensation
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M idp oint regulated comp ensation..

susceptance that E m is constaut
.

For sim plicity, w e w ill assum e that Eg=E R =Em =E  . The line m ay be considered to Le

m ade up of tw o indep endent sections, each section having a line angle of 0/2
, w hzre

0 is line angle of the entire line. B y applying E quation 1 1.53 to each section
, the

expression for pow er transm itted is

The com pensating *IS continuously varied such

E l
P sintô/z)Zc sin(0/2) (1l .57)

lf E  is equalto rated voltage,the expression for P m a# be expressed in ternls of the

natural POW er P of the0 uncom pensated line aS follow s'.

%# s1n(ô/2)

shz(0/2)
(11.58)

For an unconapensated line,the POW CC transm itted is given by

#
P sin ô

s1 0
0 (1 1.59)

The ratio of m axim um PoW er
@

IS

that Can be transm itted AAritll and w ithout m idpoint

regulated com pensation

P ' sino

# shz(0/2)
(1 1.60)

Table 1 1.2 lists the values of the above ratio for different line lengths (assuming
p=0.0013 rad/km ).

w ithout

Figure 1 1.59 show s plots of pow er versus angle

m idpqint regulated com pensation for a line length

If the

characteristics w ith and

of 600

regulated
@

com pensation has lTlllislzitetl reactive PoW er
(0=44.70).

capability, itsrrill

the m idpolnt voltage through any load level as seen above. O n the other hand,

if it has a fnite size, it can regulate only up to its m axim um  capacitive output. l$s

perform ance beyond this lim it depends on the type of device.

hold
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T able 11.2

L ine L ength l L ine A ngle 0 - . ,-
F ' /F,,,=(km ) (degrees) max

200 14.9 1.98

400 29.8 1.93

600 44.7 1.85

800 59.6 1.73

1000 74.5 1.59

1200 89.4 1.42

P IP 0 2 63
*

I

'
. -

- -  W ith com pensation
l P IP V = 2

.63 sin(ô/2)
1.42

I W ith no com pensation

I P IP V = 1.42 sinô
l
1

l

1 I : (rad)
a/2 a

F igure 11.59 Pow er-angle relationship w ith and

m idpoint regulated com pensation

w ithout

A s an exam ple,1et us consider an SV S applied ttlthe m idpoint

com pensation

of the 600 km

line considered above. The SV S perfornls aS a regulated tlrltil the

reactive pow er

characteristic is

Output lilzzit @IS reached. lf the SV S has lzlllilllitetl capacity,

has

the P -ö

show n aS Curve 1 @111 Figure

voltage,

Thus

capacitive

tllkl

11.60. lf the SV S a m axim um

rating of 750 M V A r at rated w hen the capacitive lim it is reached

SV S behaves aS a sim ple capacitor. point A @111 Figure
@

11.60 represents the

transition from a variable susceptance voltage control Operatlon to a constant-f

operation represented by Curve 2.
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E sz & 300 F 300 E RZ Q E #--E =1
.âR

P
B  hS

=

3.0

pmo )
2.5

2.0

1.5

1.0

0.5

0.0

(()1
SV S w ith unlim ited capacityB

# * * * * * *

e'
z '

z' A 93 svs with 1,500 MVAr limitz
e  >A e

/  e'' 12 svs with 750 MVAr limit.éf, /
Z  A

#  A

4 x'
,*  c onstant-f

s,' A
'

z' operation
,G
#' V ariable-f y,& s
1 voltage control

00 40O 80O 1200 1600 2000

F igure 11.60 Perform ance of a 600 line Ahritll

an SV S regulating m idpoint voltage

lf the SV S capacitive lim it is 1,500 M VAr, the corresponbing constant-f,j

characteristic is represented by curve 3. ln this case, the transition point (B) is on the
unstable part (beyond 6 =900) of the power-angle curve. The operation would be
unstable im m ediately follow ing the transition from  the variable susceptance m ode to

the sxed capacitor m ode.

W ith an SV S of tllllillzitetl capacity,
*

IS

the m axim um POW er

supplying

that Can be

transm itted @IS

am ounts of

2.63# 0.

reactive

H ow ever, this achieved by

Figure

the SV S Very

plot

large

PoW er at high values of # . 11.61 show s a of the

reactive PoWer ((?) supplied (orabsorbed)
P  is varied.

by the SV S te intain 1.0 Pu
@

m idpoint

voltage

P

aS the transm itted PoW er
*

The SVS absorbsQ When
is

P  ls less than

05and supplies Q when P lsgreater than P0*The supplied notexcessive for ?
less than about 1.4#
SV S Ahritll the 0*

required

B eyond a certain

reactive pow er

* @llm lt, m ay

capability; it

it not be econom ical to provide an

m ay be cheaper to achieve the

desired transm ission capability by an alternative m eans.
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Q1Potl 4
. 5l

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

- 0.5

5.0

0 0.5 -1.0 1.5 2.0 2.5 3.0

# /# 0 '----*

F igure 11.61 R eactive PoW er supplied by SV S

RS a function of transm itted PoW er

ln our analysis, W C have neglected the effect of the SV S droop

effect

characteristic;

of a snite X nthat is, w e

is to reduce

have assum ed the slope reactance X sL to be Zero.The

the m axim um PoW er and the reactive PoW er requirem ents.

Arbitrary number of regulated compensators..

W e w ill next consider the general Case w here n - 1

applied

sections.

to the line at regular intervals SO that the line *IS

regulated com pensators are

divided into n independent

The POW er transm itted @IS nOW given by

P
%

sintô/nl
sinto/n)

(11.61)

The ratio of m axim um POW er that Can be transm itted Alritll and w ithout the

com pensation *IS

P ' sin o

# sù&(0/n)
(11.62)
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T able 1 1.3 lists the above ratio for different values of n for a line length of 600

(assum ing p=0.0013 rad/km).

T able 11.3

n 0/n (degrees) P ' lpmaxANJI

1 44.70 1.00

2 22.35 1.85

3 14.90 2.74

4 11.17 3.63

6 7.45 5.42

8 5.59 7.22

10 4.47 9.03

Figure 1 1.62 show s plots of P -ö characteristics for different values of n.

P IP 0 L ine length = 600 km  j2
.g3 sin(:/1O)p 

=  0.0013 rad/km  n =1O

0 = 44.70

5.16 sin(ô/4)
n =4

3.89sin(8/3)
n =3

2.63sin(ô/2)
n =21

.42 sinô

n = 1 (no com p.)

00 90O 1800 2700 3600

F igure 11.62 Pow er-angle relationships AAritll regulated com pensation

independentat discrete intervals dividing line ilzttl sections
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Comparative S/Y ZIJFA of alternative A r- of compensation (44-461

1. Sw itched shunt capacitor com pensation generally provides the m ost

econom ical reactive

com pensating

impedance (Z' ), ratherc
prim ary consideration.

pow er
transm ission

source voltage

lines if reduction

for control. lt @IS ideally
@

suited for

of the effectlve characteristic

than reduction of the effective line angle (0') @ISthe

H ow ever,

of sm all-signal

heaVy uSe of shunt capacitorstability(steady-state) com pensation
m argin and poor

could lead to reduction

voltage regulation.

2. capacitor com pensation is self-regulating, i.e., its reactive pow er output

increases w ith line loading. lt is ideally suited for applications w here reduction

of the effective line angle (0') is the prim ary consideration. lt increases the
effective

Series

naturalload as w ellas the

voltage

obtain

regulation. lt @IS norm ally

sm all-signal

used to im prove

stabilit)r

system

lim it and itim proves

stability and to

the desired load division am ong parallel lines*

Series capacitor com pensation

requiring
@

could cause subsynchronous resonance problem s

of linesspecial
*

solution nleasures.ln addition,protection w ith series

capacltors requlres special attention.

3. A com bination of series and shunt capacitors m ay provide the ideal form of

com pensation

characteristic

@

111 SODAC CaSeS.This allow s independent

angle

control of the effective

application

increasing the effective SIL , causes

desired value so as not to adversely

im pedance and the load

is a long line requiring

8. A n

com pensation

exam ple

w hich, in

of such an

addition to

the phase

affect

angle across

loading patterns

the line to take a

on parallel lines@

4. A static Var system  is ideally suited for Applications requiring direct and rapid

control of voltage. lt has a distinct advantage

voltage

OVer series capacitors w here

com pensation is

lines. Since shunt

required to prevent
@ @

Sag
to

at a bus involving

com pensatlon IS connected the bus and not to

m ultiple

particular

lines,

less

the total cost of the regulated
@

shunt

than that for series com pensatlon

com pensation m ay

of each of the lines.

be suhstantially

svhen to perm it a high pow er transfer

possibility

recognized.
*

of instability w hen the SV S @IS pushed

W hen operating at its

capacltor; it offers no voltage

capacitive lim it, the SV S becom es

control and its reactive pow er drops

square of the voltage. System s heavily dependent on shunt com pensation m ay

experience nearly instantaneous collapse w hen loadings exceed the levels for

w hich the SV S is sized. The ratings of the SV S should be based on very

over a long distance,

to its lim it m ust

an SV S 's used1 . the

be

a sim ple

w ith the

thorough

dynam ically

studies w hich defne its total M V A r and the sw itched qnd

andcontrolled ortions.P

series

A n SV S has lim ited overload capability

has higher losses than capacitor col pensation.
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1 1.2 .9 M odellin9 of Reactive C om Pensating D evices

1l1POW CC-tlow and stability

and series

studies, the passive

are m odelled

com pensating
@

devices(shunt
capacitors,

of f xed

shunt reactors,

T hey

capacitors) aSadm lttance elements
values. are included in the network adm ittance m atrix (see Chapter6

,Section 6.4.1)along with the othertransm ission network passive elem ents.
Synchronous condensers are m odelled aS synchronous generators but w ith LQ

steady-state

representation

sim ilar to that

active pow er output.Except for the

condenser

fact that

of a synchronous and the

there is no prim e m over
, the

associated excitation system  is

for

H ow ever,

a synck onous

special m odels

generator.

are required for representing static varcom pensators
.

M odelling of static var syste- (36,38,471

T C R

Figure 1 1.63

and sw itched

show s the schem atic diagranA
*

of a typical SV S.lt consists of a

(thyristor
in Figure

Or m echanlcal)
characteristic show n 1 1.64.

capacitors, and the

The characteristics and m odelling

has steady-state

of SV SS Ahpitll

different conf gurations com prising other types of SV C S arC conceptually the SanlC
.

Representation Of SVS #OWCr-#ow studies..

FronA Figure 1 1.64 w e see that the SV S has three possible m odes of operation
.

corresponding

in Figure 1 1.65.

The equivalent circuits of the SV S aS seen from  the H V  bus are shown

Z1

H v  busr
2

11 ) Transformer PT
Lv  bus

c ontroller

) S s
Filter

Fre/

S thyristor Or m echanically controlled sw itch

F igure 11.63 Schem atic of a typical SV S
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Z2

Ismax
Slope X n

Inductive

r ref

C apacitive lim it

m. h

l'm it1

F igure 11.64 Steady-state V-1 characteristic

X n H V L V X v H V L V X v H V

72

Is

Vref

U

F2

i
U

S c

F2

Is

fz
Is < Ismax

U

(a)Linearcontrol (b)Capacitive
lim it

(c)Inductive
range lim it

F igure 11.65 Steady-state equivalent circuits of an SV S

The norm al m ode

sV S aS Seen from  the H V

of operation is in the linear control range. ln this m ode, the

bus is equivalent to a voltage source Vrey in series w ith the

slope reactance

a sxed capacitive

X W hen the@SL SV S operation reaches the capacitive

connected

lim it,it becom es

the LV  bus

the SV S

susceptance

and the H V  bus is the
(#c) to the LV bus.The reactance between

transform er leakage reactance X P Sim ilarly, w hen

net value

operation hits the

is inductive. The

inductive lim it,it becom es

m axim um value of the
a sxed susceptance (#z) whose

SV S current is lim ited to Ismax.

Forpow er-i ow  analysis,the netw ork conf guration

Thebe used to represent the SV S
. transform er

show n in Figure 1 1.66 m ay

reactance X p is split into X n  and

Tr-f yz
, thereby

SV S
creating

* *

w hile Operatlng 111

a phantom

the linear
bus (
control

V .This allowsproper representation of the
m ode, including the effect of the slope

reactance.In this m ode,the SVS is represented aS a PV bus (with #=0) renAotely
controlling the bus M  voltage equal to Zre?
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L V  X v-x n  M  X yz H V

SV S

Z1 %

T o transm ission

system

F igure 11.66 SV S representation in pow er-f ow studies

W hen either of the reactive lim its @IS reached, the SV S beconaes a sim ple

longersusceptance

controlled.

of sxed value colm ected to the LV bus; bus M vo1tage *IS nO

T he SV S current @IS lim ited to Ismax.

The above

allthree m odes.ln

representation accounts fOr the

addition, it retains the identity

SV S perform ance

of the LV bus

appropriately in

to w hich the SV S is

colm ected.

R ep resentation stability studies..

Static Var system s are usually cons gured to m eet individual system

requirem ents.T he controltechniques suppliers

and on vintage of equipm ent. Therefore, standard stability

representing in detail the w ide range of SV SS in use have not been

basic m odels appropriate for general purpose studies have been

C IG R E

the m odels capable of

developed.lnstead
,

recornrnended by

(361.A neW set of basic m odels covering recent developm ents has been
prepared by the

studies in w hich

used vary depending on the equipm ent

IEEE (471. Such basic m odels are adequate for general PUCPOSC
the special features specif c

also

to individual installations do nOtaffect

stability analysis. These m odels

neW installations. For detailed
m ay
studies,

be used for prelim inary studies ihvolving

how ever, accurate m odels rei ecting actual

controls m ay be necessary.

Ahrillllere, W e describe the general approach to m odelling of an SV S of the

type

show n

show n
*

111

in Figure 1 1.63. A

Figure 1 1.67. T he

functional block diagranx

m ay be

representation

developed by '

of the SV S #IS

m athem atical m odel for each

stability m odel

functional block.

ldentifying the

M easuring %
circuitV

m V  m x
+  -  Lv  bus H v

Verr v oltage VR 
v c R  

B L 
s 

B svs 
InterfaceVref Z 

oregulator
.  -  

. -...,..... 
zj za

VR Mzx B c lsO ther

signals
C apacitor

sw itching
logic

buS

F igure 11.67 SV S functional block diagrana
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The thyristor-controlled reactor (TCR) block represents the variation of reactor
eptance as a function of the fring angle, thyristor sring circuits (Equation 1 1.36),stlsc

d linearizing circuit used for com pensating the nonlinear relationship betw een the

eptance S z and the conduction angle c . Figure 1 1.68 show s a m odel of the T C RSnsc

jcck with param eters expressed in per unit with the M VA rating (QvcR4 and kv
jng of the T C R  as base values. The conduction angle c is in per unit on a base offat

1800.

L inearizing
circuit

F iring
circuit

1B  
= o - -  sm' ( s c )a

B# l
.0

- s%d C U 1

U 1X j 
+xF jB 

I
I

>  
.X c  

. 
> C

mln () 1 .0(pu)

BL (pu)

M VA base (?rcl TCR M VArrating base 1800

F igure 11.68 M odel of T C R block

The lim its show n @1l1 the

conduction angle, w hich in turn

tiring circuit block

determ ine the lim iting

represent

values

the lim its On the

of #z.ln Per

T C R

tlllit, the

maxim um value of Sz @IS 1.0.Typically, the m inim um value of Sz

gating

for a @IS 0.02
*

/u;

kas

it m ay

value

be assum ed to be Zero. The paranleter Td ls the transport delay; it
a of about 1 m S and *IS norm ally neglected, m aking -swae = 1

.0 . The tim e

constant Fs associated w ith the thyristor

for

fring

studies.

Sequence control has a value of about

5 nAS'it m ay also be neglected m ost

If the nonlinear relationshiP betw een and Sz

block

*

IS assum ed to be perfectly

com pensated and Td

unit gain w ith lim its

and

a S

are neglected, the T C R

show n in Figure 1 1.69.

Fs m ay be represented by a

B Lmax 1.0

VR 1 BL (pu)

# z min NN 0

F igure 11.69 Sim plif ed m owdel of T C R block
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The structure of the

dependent

dynam ic

regulators.

perform ance.

on the particular

voltage regulator

application as it provides

block @11l Figure 1 1.67 is Very m ut:

a m eans of optim izing theSN%

Figure 11.70 show s m odels of tw o com m only used fornls Gf

VR -cx

1 + sTq K p
F  Vperr

1 + sTz 1 + sTp

VR min

l ls

1 Slope setting

1 + sTs s
R m a

KF  + 
z M  =

err #s

VRmin

(a)Proportionaltype (b)Integraltype

F igure 11.70 V oltage regulator m odels

sl?itlz the proportional

the reciprocal of the droop
*

111

type regulator

characteristic,

show n @1l1 Figure

slope
1 1.70(a),the gain

@

1.e., the reactance X n .

# , is

The tim e

constant Tp @IS usually the range of 50 m S to 100 m S. Figure

through
1 1.70(b) showsan

integral type

The

regulator.

lim iters

The droop characteristic is obtained feedback of SV S

current. associated w ith both fornls of regulators are of the non-w indup

type.

The m easuring

A /D converters,

block in Figure 1 1.67 '

and rectiû ers. It contains a transport

C onsequently,

circuit lncludes instrum ent

delay and tim e

transform ers,

constants w hich

arC Very sm all. the nAeasuring circuit m ay be represented by a sim ple

tim e constant on the order of 5 m S Or aS a unit gain.

T he

depending

intelligence

logic m ay

on the m eans used for sw itching,

cap acitor-sw itching

used for sw itching depends

represented by a sw itching sequence

i.e., m echanical or thyristor sw itches. The''

on the requirem ents of the particular

be

application.

Figure

capacitor

and

11.71 show s a m odel suitable for

(TSC)with paranleters expressed @111Per

representing a

unit w ith the

thyristor sw itcheë

M V A rating

tim e

(:,5r)
rating of the T SC as base

associated w ith the thyristor sequence

kv values. In the m odel, Fc @IS the constant

control.

ln the m odel show n,N v is the total num ber of individually sw itched capacitèr

num ber of units switched in at anybank units(assunAed to beof equal
given

control.

tim e, and FC *IS a tim e
size), Nc is the

constant associated w ith the thyristor sring SCQUCDCC

w ith theT he control

control action

signal

coordinated
F attemptsC to m aintain %  within a narrow band,
Alritll that of the T C R .
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C ounter w ith

V

D ead band tim e delay 1
.0

X c 1
R egulator B c#

w (1+NFc)D

0

(pu)

M VA base Qvsc TSC M VAr rating

F igure 11.71 T SC m odel

Figure 1 1.72 show s the

System .
@

T C R and T SC are

per representation

each m odelled by using

unit of a com bined T C R and T SC

a Per

B

unit system w ith their

spectlve M V A r ratings asfe

he com m on per unit systemt

base M V A .T he susceptances and B c arez converted to

(usually with 100 M VA base)used to m pdelthe entire
POW CC system .

expressed

positive,
* @

*

111 the

and *IS
#

IS posltlve w hen

com m only

ln Figure 1 1.72,the net susceptance BSVS

susceptance

and the total SV S current arC

Com m on Per
if negative.

unit system . The net BSVS @IS inductive if

capacitive The current illttl the SV S represented Isvs

w ith the convention

by

inductive (load convention).
the

This *IS consistent

used

For

for representing

m ost system  studies,
V-I characteristic of the SV S (Figure

T SCit @IS nOt necessary to represent a
1 1.64).

explicitly as

show n @1l1Figure

is represented

1 1.72.The T SC reSPOnSe m ay

FC

be assum ed to be instantaneous, and

tllklSV S by a T C R and an Ahritll the M V A r ratings appropriately

selected.

ssTitll a i xed capacitor

1 1.73

there *IS no sw itching logic;

of an

the susceptance
@ *

B c

of a

has a

fxed

and a tixed

value. Figure

capacitor.
*

a re

show s a sim plif ed m odel SV C conslstlng T C R

The T C R is assum ed to have a proportional type regulator.The

paranAeters ln Per unit w ith T C R ratings aS base values.

TCR m odel Sz QvcR BL LV

R (Figure 1 1.68) Q
co m m o n

+ B
svsZ l I

s vs

TSC m odel Sc Q vsc
rc (Figure 11

.71) Qcommon B1

(?wcl
Qvsc

M V A r rating

rating
of TCR CCOmmOn

Z1

Com m on M V A base

M V A r of T SC L V bus voltage

F igure 11.72 C om bined T C R and T SC representation
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U2

Fref

1.0 -# c

+ 1 + sT
q: K

p 1+NF
a

Bsvc (pu)

- # c

M VA base (?vcR

F igure 11.73 Sim plif ed m odel of an SV C com prising a T C R and an FC

ln addition to the feedback of H V bus voltage to control the SV S,additional

signals m ay be used to enhance system stability.

1 1.2 .10 A pplication of T ap-c hanging T ransform ers to T ransm ission System s

TransfornAers w ith tap-changing facilities constitute an im portant nAeans of

controlling

discussed

voltage tk oughout the system at a1l voltage levels. ln C hapter 6,W C

the principle of operation and m odelling of tap-changing transform ers. H ere

w e w ill consider how  they are used to control voltage and reactive pow er at the

transm ission system  level.

ytutotransfornzers used to change

exam ple,

(ULTC)

500 kv to 230 kV) are voltage from  one subsystem
often furnished w ith under-load

to another(for
tap-changing

m ay autom atically or M anually. U sually

there are m any such transform ers throughout the netw ork interconnecting transm ission

system s of different levels. The taps on these transform ers provide a convenient

m eans of controlling reactive pow er ; ow  betw een subsystem s. This in turn can be

used to control the voltage profles, and m inim ize active and reactive pow er losses.

facilities.These be controlled either

The control of a single transform er Ahrill Cause changes @111 voltages at its

term inals. ln addition, it infuences the reactive

The resulting effect on the voltages at other

conf guration and load/generation distribution.

of a1l

PoW er
buses

flow  through

w ill

the transform er.

depend On the netw ork

C oordinated control of the tap changers

the transfornlers interconnecting the subsystem s is required if the generallevel

of voltage @IS to be changed.

D uring high system load conditions, the netw ork

to m inim ize reactive POW CC req

tages are kept at

uirem ents and increase

vo1 the

highest practical level

effectiveness of shunt

the

capacitors
@ *

and line charging. The highest
@

allow able operating

insulationvoltage

levels

operations and outage conditions. D uring light load conditions, it is usually required

to low er the netw ork voltages to reduce line charging and avoid underexcited

operation of generators.

of the transm lsslon netw ork *IS governed

taking

by the requlrem ent that

of equipm ent not be exceeded, into consideration possible sw itching
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TransfornAers w ith off-load tap-changing facilities Can also help m aintain

tisfactorySa
daily, hourly, and m inute-by-m inuteof

d tap-changing transform ers have to10a

variatïons

vbltage prof les.W hile transfornxers w ith U L T C can be used to take Care

variations in system conditions, settings of off-

be carefully chosen depending

changes.O ptim al
*

long-termOn

due to system  expansion,load groM h,or seasonal P0W er-
*

P0W
wïth

analysis

either type
@

provides a convenient m ethod of determ ining approprlate tap settlngs

U tillty

of tap-changing

practices w ith
(49-51j.

regard to application of U L T C transform ers to

vary w idely. For exam ple, O ntario H ydro's practice is to provide

facility

nsm ission system stfa

gLTC facilities on m ost

transform ers

A11 230/1 15

off-load

500/230 kv autotransfornAers and On all ûiarea j ''supp y

13.8stepping dow n from  230 kv Or 115 kv to 44 kV ,27.6 kV ,Or kV .

kv  autotransform ers and generator

Figure

step-up transfornAers are provided w ith

tap-changing facilities. 1 1.74 illustrates the general arrangem eht.

500 kv 500 kv 230 W 230 kv 44 kv

G
115 kv

FT U L TC U L TC

FT

U L T C

FT FT U L T C

G

230 kv 230 W l15 kv 13.8 kv

FT = Fixed tap or off-load tap changing

U LTC = U nder-load tap changing

F igure 11.74 Single-line diagram  of

illustrating transform er

transm ission netw ork

tap change facilities

A s an additional exam ple, the practice @11I the U nited K ingdom *IS to provide

ULTC Un a1lgenerator step-up transfornzers and on autotransform ers colm ecting a 400

kV Or 275 kv ttsupergrid tW OFk''ne to a 132 kv Or 66 kv ttsecondary netw ork.''

Autotransform ers connecting the 400 kv  and 275 kv  netw orks have fixed ratios.

utilities, on the other hand, do not ptovide for under-load tap changingM any
of transm ission netw ork autotransform ers.

11 2. 1 1 D istfibution System V oltage Regulation 125,481

A utom atic voltage regulation

m ethods:

of distrl'bution system s is provided by using One

0r m ore of the follow ing



68O C ontrolof A ctive Pow er and Reactive Pow er C hap
. hh

@ B us regulation at the substation

@ lndividual feeder regulation in the substation

@ Supplem entary regulation along the feeders

S ubstation regulation

A distribution substation transform er *IS usually equipped Alritll U LTC

equipm ent

substation

that autom atically controls the secondary voltage. A lternatively
,

*

t*t
m ay have a separate voltage regulator that regulates the secondary slde bus

voltage.

B us regulation generally
@

em ploys three-phase

w here

units,

voltages

although

regulators

unbalance.

could be used 111 applications phase have

single-phase

a signiûcant

F eeder regulation

Feeder voltage regulators control the voltage of each feeder. E ither single-

phase

phase

loads.

units or three-phase

regulators

T hree-phase

are

units

necessary

m ay be used, the form er being m ore com m on. Single-

w hen the individual phases serve diverse form s of

regulators Can provide

phases

the SanAe high quality perform ance aS the

single-phase regulators,

voltage is balanced.

w hen the arC sim ilarly loaded and w hen the supply

lf there are several feeders supplied by a substation, feeders Ahritll sim ilar

characteristics m ay be grouped,

of feeders.

and a Com m on regulator m ay be used to control the

voltages of each group

ln applications w here the feeders are Very long,additional regulators and shunt

capacitors located at selected points

also

on the feeders provide supplem entary regulation.

Feeder regulators are som etim es referred to aS booster transform ers. A
.
- ' ;

conventional transform er w ith U L T C perform s tw o functions'.voltage transform ation

and voltage control. Feeder voltage regulators perform only

basic

the latter function;

level.

that
*

1S,they buck Or boost the voltage w ithout changing the voltage

Types feeder regulators

T here are tAA?tl basic types of feeder voltage regulators'.

of their

the induction type and

the step type.The follow ing *IS a brief description operating principles.

Induction voltage regulator:

Figure 11.75 show s a schem atic of an induction voltage regulator.lt consists

of tw o

the

the

sets of windings: (a) prim ary winding wound on the rotor and connected across
line, and (b) regulating winding wound on the stator and connected in series with
line.
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R otor
P

P RStator R  
R

' 

.

Prim ary
w inding

(shunt)

=  Regulating (series)
w inding

F igure 11.75 Schem atic of an induction regulator

The tage w inding is added to the prim ary

winding to give the output voltage. The m agnitude and polarity of the induced voltage

gepend on the relative orientation of the regulating w inding w ith respect to the

rim ary w inding. B y changing the rotor position, the output voltage can be varied?

jetw een the m axim um  and m inim um  lim its. The pcsition of the rotor is controlled by

vol induced *11I the regulating series

electric nAotor w hich responds ttl a control signal.

feliably

and

The induction regulator provides accurate and continuous control, and perform s

. M any of the older regulators in service are of this type. lt is, how ever, costly

has been largely superseded by the step type regulator.

Step voltage regulator (SVR) ..

The step
*

vo1tage regulator @IS basically

Figure

an autotransfornAer w ith taps Or steps

ill the series

control

w lnding,

device; that is,

The voltage

aS show n *111 11.76. H ow ever, it *IS purely a voltage

tlltl prim ary voltage
*

IS

for' voltage

induced in the series w inding

depending on the polarity

it @IS not used transform ation.

is either added to or subtracted from

of the series w inding. A reversing

switch (RS)
@

m agnitude IS

provided

varied by

to change this polarity. The series-w inding output voltage

changing the tap position, w hich can be done under load.

Stepped series

w inding

R S = reversing
Prim ary p s

w inding *xxx
xB ridging reactor

sw itch

F igure 11.76 Schem atic of a step voltage regulator
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Typically, the SV R has provision for correcting the 31

steps, each step representing a 5/8%  change in voltage. This ls achleved by tappiu
p

the series w inding intö eight equal parts, w ith each part providing one-eighth of t *h
e10%  change in voltage

. The output term inal is connected to the centre tap of tu
bridging reactor associated w ith the tap-changing m echanism . This in effect further

divides each step into tw o equal parts, giving a total of 16 steps of 5/8%  each
. Tu

reversing sw itch allow s the regulator to raise as w ell as low er the output voltage
,

covering a range of plus or m inus 10%  voltage regulation in a total of 32 steps
.

Figure 1 1.77 shows the m ajor elem ents of the SVR control m çchanism . The
SV R

voltage
@ @

by +10% *1<ï

secondary
term inals or at jpm e setected point out on

-yhç--fç-çx r-as deter ' u tings-t,
and m  of the line drop co-y?eé-.ill r. The voltage sensor com pares the input voltage

> -

to a preset voltage level. If the input voltage deviates from  the setpoint beyond a

tolerance or spread for a certain tim e, the tap-changing m otor operates the tap-

changing m echanism  in a direction so as to bring the voltage back to w ithin a narrow

range.This range is called the Gçbandw idth ''and is typically +2% around the setpoint
.

The

*

IS set to hold a constant voltage (AAritllilz a narroW range) at its

tim e delay,

or self-correcting
which *IS adjustable,

tem porary

m ovem ent

prevents

voltage variations. The tim e dd ay

the regulàtor from responding

for the ûrst
to

setting
@ *

tap
Can range from 30 to 60

tap-changlng

range, w ith 6

seconds; a 30 seconds settlng

for
ls typicalg48).

The tim e taken by

8

the m echanism each additional tap

m ovem ent @IS in the 2 to seconds seconds being a typicalvalue.Thus
,

a change from the neutral tap position to full boost Or buck takes about 2 *m lnutes.

SV R

Source Feeder

C T
PT

Lf

T ap-changing V oltage

m otor R X  sensor

L ine drop
com pensation

T im e

delay

F igure 11.77 SV R control m echanism
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IicationJ## of voltage regulators and capacitors

Figure 1 1.78 illustrates the application

feeder.

of regulators and shunt capacitors

pros le
@

capacltor.
* * *

C urve

for

trol of voltage prof le along ac0n

irly evenly distributed load alongfa

voltage

value.

1 show s the voltage w ith a

the line, w ithout any regulator Or The

for m ost pad s of fhe feeder *IS Seen to be below the pernaisslble m lnlm um

Theaddition of a voltageregulator(41) m oves
bX CYVVC

length

Supplem entary

snbstation w ill

2.A

from

capacitor

the substation,

bank (tT),located at voltage proûle up, as shown
approxim ately tw o-thirds of the feeder

the

m OVeS the voltage pros le to CUFVC 3.The addition of a

regulator (Rz) at approxim ately one-third of the feeder length from  the
bring the voltage profle along the entire length of the feeder (from  the

frstConsunAer to the last)
feeders,

to Ahritllill the m axim um and m inim um

For Very
@

long

0ne

egulatorr

regulator IS placed at
m ay necessary use

approxim ately the m iddle of

tw Oit be to

perm issible

regulators in

feeder

@ *llnnlts.

cascade.

the and the other

at about one-s fth the distance from the station end. 111 such CaSCS,

setting

it *IS

nCCCSSRCX to Cnsure PCOPCC Sequence of operation

from

of the tw o regulators by

for

the

tim e

regulator.

delay of the regulator
*

farther the station longer than that the closer

Typical settlngs

other

are 30 seconds for the regulator closer to the station and

40 seconds for the regulator.

Substation R j R z C

T  ,
-  C onsum ers service

V oltage . . .M
axlm um  llm lt

126 V  --> N h
x X  

h  w 'N'.w-... '-sw
v  

'N <
.w ....,. . 

''

N

.wN s
. . .- .... 

N hx ..-.. --- --.. ... '--'' -.14
-  -  x x x

.  . .
. .

.  s oad +R +c +#Nh >x > j 2
j j 4 JJ -u. A * w -- .....

. . x .
. . . .

. . .

g
. .  jm oa, oyy o jyx --Z Nx h--hh --/ 

h  - -
. . 1. .+ > >x - >..

x . .  z 11k11n1m um  11m 1
: h - h .  . . .

. . .
. . . .j.oa; oyy jYhN>

Y w

- -
- - -

- - .
. . . .

. . .

1
. .  j-oad only

3t. P,?- 
. 

.C'' F )
j . r'

A J'
4p **
eAuv. A-!' .v. #f'7D k #.'i z*

% * k

L ength along feeder

F igure 11.78 V oltage

supplem entary

prof le of a feeder AAritll a station regulator
*

(??1),
bankregulator (Rz4and a shuntcapacltor (t7)
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1 1.2 .12 M odellin9 of T ransform er U LT C C ontrolSystem s

M odelling of transform ers w ith tap-changing facilities is described tll Chapttx

6 (Section 6.2).llere We Alpill focus On m odels for the control system s used for
autom atically

The

lt consists

changing taps
functional block diagram  of the control

of the following basic elem ents g52j:

transfornAer under load.

system @IS show n in Figure 11 
.79

.

(a) Tap-changing m echanism driven by a nAotorunit

(b) Voltage regulatorconsisting of anAeasuring elem entand a tim e-delay elenlent

(c) Line drop com pensator

easured
L ine drop line voltage

com pensator L jne current

C om pensated .

V O ltage 'j' '- kz; 3.'J,' umui; l-v.g,--tl' .gk.,, . w-'- x
.k .. ,f. ..,.v q.m .m.... c..... ...  ... . - o 

- ''''w . -.nyjh yuqa.- ... . -.. ... . ...... ...
p. .....,..wuy...A +ve* M*%****'* *%'' b* m ' (Gr .y

. 

' - ' '
+
.s

Yy vvvq-xw .....xev- vx .. j

f l
; t
' easuring Tim e delay )' Otor Tap TaP(
l

l ! e .R eference I elem ent elem ents t' drlve unlt changer

ltage 1 qvo ''/ !
) --'ï

-..--

position

F igure 11.79 Functional block

for autom atic

diagram  system

changing of transform er taps

of control

system

Figure

studies.

1 1.80 show s the block diagram of the U L T C controlsystem suitable for

T he function of the line

section, @IS to regulate
* *

voltage at

com p ensator,

a rem ote point along

drop aS discussed *111 the previous
the line Or feeder.The voltage

at the renlote polnt IS sim ulated by com puting

of the

the voltage RCCOSS the com pensator

inapedance (Rc +7'#c) .The m agnitude compensated voltage *ISgiven by

FC I p +lRc+jxclltt

w here Vt

T he m easuring

nAeasuredis the phasor voltage at the transform er secondary side.

elem ent of the voltage

band relay w ith hysteresis. The input to the

regulator

regulator is the

consistsof an adjustable dead
voltage error.

F F .V
err ref C
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The output of the nAeasuring elem ent @IS F w hich takes a value ofmn 0, 1, Or
- 1

depending

of

On the input V ss?itll aerr* regulator dead band of D and a hysteresisbani
E,the Output *IS

*

0 for -D  < F < +D:rr

0 for D < V < D  + e ; Ferr drr ùzcreashlg

0 for -o -e < zerr< -D  ; Ferr decreashlg

F +1 for F > D +e
e Tr

+1 for D < V
err

< D  + e ; F
Brr

decreasùzg

- 1 for F < -D -e
e rr

- 1 for -o -e < zerr< -D  ,. Fdrr increasing

The tim e delay elem ent

voltage

The

transientto variations

is used to prevent unnecessary tap changes

and to introduce the desired tim e delay

@

111reSPOnSe
before a tap

movement. timer unitdetermines thè time duration of the Crrorvoltage (Ver)
exceeding

reset Verr a tap m ovement (va.0), or if q ,
f the time delay unit loscillates above and below the dead band. The output Vp o

norm ally zero. lf the accum ulated tim e F of the tim er exceeds Fo, then Vp is set to

Vm (i.e., 1 or -1), thereby sending a signal to the tap-changer m otor to m ove the tap

is advancedthe dead band.The tim er if F is outside the deaderr band.lt is

if *IS AAritllill the dead band, if there @IS

UP or dow n.

The tim e delay Fo is equal to Fop

tim e-delay characteristic,

for the f rst tap
@

m ovem ent. Som e

have an inverse *111 w hlch Case the tim e delay

regulators

is inversely

proportional to the voltage error:

F
F D0

V rrlDCD

G

For the subsequent tap m ovem ents

introduction of intentional tim e delay

second and the tim e delay F is equalD to F ThisD1'

allow s betw een consecutive tap m ovem ents,if

SO desired.

The m otor-drive unit and the tap -changer m echanism

a sim ple tim e delay

increm ental change

FM inherent to the
*

111 tap position,

equipm ent. The output

and is equal to 0, 1, or -1.

m ay

signal

be represented by

F representsn an

A change in tap position is reiected in the transformer m odel(see
unit turns ratlo

C hapter 6,
*

Section 6.2.1)
after

as an increm ental change @111Per unit turns ratio.The Per
the tlloperation &IS

n i n j
- 1+An(L )
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wàere
sitioll

â n represents the Per unit turns ratio stèp corresponding to a change *111 tap

by One step.

The above aSSUDACS that the controlled

6. 1 7 of Chapter 6).lf the controlled busis
bus is on the secondary side (

on the prim ary side, w e have

see F igure

n i n j
- 1-An(L )

The
The follow ing sam ple data apply

10/28.4 kv  tw o-w inding transform er1

ratiotaP *ISsubjectto the m axim um and m inim um lim its (z? and nmin).#;JI
to the U L T C control system  of the

6,

42 M V A ,

considered @111 C hapter Section 6 .2 . l :

h n 0.0059524 n

T

1.04762 77 i;a

T

0.85714

Tu

D

0.5 S D0 30.0 S Dl 0

0.00835 (0.835% ) E 0 Rc = Xc 0

1 1.3 PO W ER -FLO W A N A LY S IS PR O C ED U R ES

The m ain analytical tools used in the planning

and stability program s. The m ethods

of reactive

the pow er-flow

stability are discussed in C hapters 12 to

For reactive pow er dispatchingj

optim al pow er-i ow

theûfy

work has

W a S

of analysis
pow er resources are
Of various aspects of

16.
*

111 addition to conventional POW er i ow s,

program s are being

first form ulated by

increasingly

C arpentier in 1962

used.

(531.
Optimal power-jlow (OPF)
Since then m uch research

been carried out on O PF analysis
@

techniques

0PF m ethods and their application IS beyond the
(49-51,541. A discussion

scope of this book.

of the

ln this section, W e Ahrill lim it Our discussion to conventional P0W er-tlow

analysis.A nalyticaltechniques for the solution of the pow er-i ow  problem  are covered

focus on practical considerations and m odelling assum ptions in@111 Chapter 6. W e

P0W er-

system

purpose pow er- to equipm ent

pow er losses, bus voltages and reactive pow er requirem ents for the possible range bf

system  operating conditions and contingencies specif ed by the design criteria. For any

given study, the netw ork confguration, load tevel, and generation schedule are
speciûed. A ssum ptions regarding equipm ent m odelling depend on the type of pow er

tlow studies of bulk transm ission system s. ln such studies, the distribution

is not usually

The

represented

of

and loads are represented at substation levels.

; ow analysis *IS investigate loadings,

iow :prefault Or POstfault.

11.3 .1 Prefault Pow er Flow s

Prefault

assum ption

a true

pow er generally consider norm al

is that a11 control actions have taken place

tlow s system conditions. The basic

and the system is operating @11I

steady-state condition. C onsequently the system *IS represented aS follow s:
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@ L oads are represented
*

aS constant P and :,'this RSSUDACS thatULTCS have
been successful 1T1 holding bus voltages.

@ G enerator term inal

POW ef
Section

outputs being

voltages are held at

w ithin lim its based

specified

on capability
valUCS,subjectto reactive

CUFVCS (see ChapterW
M5

.4).

* A l1 control actions are accounted for.This includes

-  Transfornaer tap/phase shift controls
-  A rea interchange controls

1 1 .3 .2 Postfault Pow er Flow s

Several types of postfault PoWer tlows (PFPFS) afe generally considered *1lï
system  studies to ensure satisfactory system  perform ance. These look at snapshots of

system  conditions at various tim e fram es follow ing a disturbance.
y
'

M odelling assum ptions related to the follow ing should be cunsistent w ith the

tim e period considered, purpose of study, and the degree of conservatism  required:

* Transm ission system transform er U L T C S

@ L oad characteristics, including effects of distrl-lltltit)ll system transform er

U L T C S and voltage regulators

* Phase shifters

@ Tie line POWer control(AGC)

@ R eactive POW er com pensation

@ G enerator reactive POW Cr lim its
.Y A

@ O perator actions

For situations that do nOt involve loss of generation

signiû cantly;

line losses.

Or load,

only

net interchange

betw een A G C control areas does nOt change
@

the changes

the

arC due

to the voltage sensitive loads and changes 111 Therefore, effect of the

tie line POW CC control @111 such CaSCS *IS to change

load

the

naake UP for the changes @111 the system

dependence

and

generation

line losses.

On A G C sliljlltl)r to

O n the other xhand,

prim ary

for

speed controlS,frequency of loads,and A G C could be im portant

contingencies resulting *111 signif cant m ism atches betw een generation and load.
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Anaysis of contingencies not involving loss of generation/load

(a) For PFPFS representing the tim e period before autom atic control actions of
ULTCS and A GC 'e(1. .,

assum ptions
several seconds following the disturbance), the

follow ing m odelling are m ade:

@ G enerator A V R S hold terrninal voltages. N orm ally,

depending on the nature

Q to be within generator

there *IS nO

autom atic control action

of the study,
* @

itm ay
lim iting Q; however,

be conservative to assum e

capabllity llm its.

@ Loads Vary aS a function of bus voltage (since distrl-lllltit)ll system
ULTcs/regulators have nOtoperated).

@ Capacitors/reactors are switched by voltage relays (if applicable).

@ Tie line POW er G ow s are nOt controlled.

(b) For PFPFS representing
*

the tim e period
@

after autom atic control actions, and

before Operator actlons, the follow lng m odelling assunAptions are naade:

@ Generator AVRS hold terrninal voltages, subject to the generator
reactive POW er output capability @ @lllrlts.

* ULTCSon autom atic controloperate;load P and (? are restored to their
scheduled values.

@ Tie line i ow s are controlled by A G C .

(c) ForPFPFS representing
of

the tim e period after

the SCOPC the study, SonAe Or all of

operator

the follow ing

actions, depending on

control actions are

assum ed to have taken lace :P

@ ULTCS on m anualcontroladjusted.

@ Phase shifterangle adjusted.

@ GeneratorQ adjusted
Q.

to hold HT bus voltage (if applicable),subjectto
lim its On

@ O perating

loadings to
CCSCCVC generation and exportsadjusted to reduce equipm ent
continuous rating.
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Analysis of contingencies resulting in generation-load m ism atch

The events that follow loss of generation Or load m ay be categorized

follow s:

@ im m ediately after the disturbance. D uring this

stage, generator outputs change in approxim ately inverse proportion to the

reactance betw een the generators and the point w here generation or load is

lost.

Stage 1, representing conditions

@ Stage 2,representing conditions 0.5 S to 2.0 S follow ing the disturbance
. The

generators accelerate Or decelerate due to im balance betw een m echanical

PoW er input and electrical POW er Output.

In a sm allsystem ,al1generator: acçelerate together; the

generators in proportion to their

loss ofgeneration/load
*

IS shared am ong the @ *lnertla.

ln a large

takes

system ,propagation

Alrill

of the effects of the disturbance ttlrenlote

@tlm e;there be tim e-phase

of the

difference betw een the rotor
ads?

oscillatlons

pf units @111 different parts system .

@ Stage

The

3, representing conditions from  2.0 7 to 20.0 s follow ing
@

the disturbance
.

speed gOVCrnOrS

the

respond and change the turblne Outputs. A t the end of

this stage, generators throughout the system share the POW Cr change #111

proportion

loads

to their capacity,
*

available reserve, and the droop

change, dependlng on their frequency and voltage

setting.

sensitivity.

System

@ Stage

the

4,representing conditions tens of seconds to seyeral m inutes

disturbance. The A G C

D epending
system attem pts to tCorrec for deviations

follow ing

in tie lipe

flow s and frequency.

the

on the am ount of generation reserve on A G C,

tie line G ow s and frequency are restored. This @IS follow ed by m anual

action by Operators.

Special

described

features Can be added to ow er-i owP ProgranAs representing stages 3 v',w

and 4 above. The corresponding POW CF-S ow analyses are referred to as

goYernor resp onse

also
power A w and AGC response power Fow,respectively. Some

ProgranAs

represent

sm all

proyide facilities

stage 2 identifed above.

for the inertial

H ow ever,
power F/w, which is

such an analysis is m eaningful

intended to

pnly for

isolated system s *111 w hich

period,

interconnected

sharing generation-load

generators together

m ism atch in proportion to thelr

al1 sw ing during
* *

the concerned

lnertia. For large

system s, this stage
@

can be analyzed

analysis.

only tk ough dynam ic sim ulations'

such aS ihose used for trapslent stability
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sm all-s ig nal S tability

Chapter 2 provided a

roblem , including a discussionP

of related term s. W e w ill now

general to pow er system  stability

of the basic concepts, classif cation, and defnitions

consider in detail the various categories of system

introduction the

stallilit)?, beginning

characteristics and

w ith this

m odelling

chapter on

of individual

sm all-signal stabilitlr. K now ledge of the

system com ponents RS presented @111

Chapters 3 to 11 should be helpful in this regard.

in C hapterSm all-signal stability, aS defned 2, @IS the ability of the PoW er

system to m aintain synchronism  when subjected to sm all
a disturbance is considered to be sm all if the equations

response of the system  m ay be linearized for the purpose

disturbances.ln this context,

that describe

of analysis.

resulting

Instability that

the

m ay

lack
resultCan be of two form s'.(i)steady increase *111generator rotor angle due to
of synchronizing torque, or (ii) rotor oscillations of increasing amplitude due to

lack of suff cient dam ping torque. ln today's practical pow er system s, the sm all-signal

stability problem  is usually one of insuff cient dam ping of system  oscillations. Sm all-

signal

inherent

analysis using linear techniques provides valuable inform ation about the

dynam ic

chapter

analytical

characteristics of the POW Cr system and assists @111 its design.

@This review s fundam ental aspects ty

of sm all-signal

of stabili of

presents

the characteristics

techniques useful in the study

dynam lc system s,

stability, illustrates

factors iniuencingof sm all-signal stability problem s,and identis es

them .
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1 2 . 1 FU N D A M EN TA L C O N C EPT S O F S TA B ILIT Y

O F D Y N A M IC S Y S T EM S

1 2 . 1 . 1 State-s pace RePresentation

by

fornA.

The behaviour of a dynam ic system , such as a pow er system , m ay be described

a set of n srst order nonlinear ordinary differential equations of the follow ing
@

*

I = 
oj (xj , Iz , . . . , xs ;21 , Uz , ... , Ur ; t ) ' = 1 2 n1 ' ' * * * ' (12.1)

w here *IS the order of the system and r is the num ber of inputs.This Can be w ritten

in the follow ing form by using vector-m atrix notation:

*

X f (x,u,f) (12.2)

w here

11 21 h

12 uz éX u f
*
*

*

@
@

@

*
*
*

I
r fn

The colum n vector X @IS referred to RS the state vccf/r, and its entries Xj aS state

variableS. The colum n vector u *IS the vector of inputs to the system .

T im e

These are the

external signals

derivative

that iniuence the perform ance of the system . @IS denoted by

lf the

f,

and the of a state variable X Ahritll respect to tim e @IS denoted by *X .

derivatives of the state variables are nOt

to be autonom ous. ln this Case, E quation

explicit functions of tim e,

12.2 sim pliû es to

the system is said

*X f (x,u) (12.3)

W e are often interested *1l1 output variables w hich Can be observed On the

system .
*

111

These m ay be expressed in ternAs of the state variables and the inputvariables

the follow ing form :

g(x,u) (12.4)

w here

F1 # 1

yz #2
y g*

@
*

@
*

@

nm
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The
latingfC

colum n vector y is the vector of outputs,

to

ând g @IS a vector of nonlinear functions

state and input variables output variables.

çhe Conceptof state

The concept of state *IS fundam ental to the state-SPaCC approach. The state of

system
*

represents

tim e

the m inim um am ount of inform ation about the system

be

at any

ïnstant

without

11l fo that @IS necessary SO that its future behaviour Can determ ined

reference to the input before to.

A ny set of n linearly independent system

as the

variables m ay be used to describe the

state

et Of dynam icS

of the system . These are referred to state variables; they form a nAinirnal

variables that,

Jescription of the system

of the

along w ith the inputs to the system , provide a com plete

behaviour. A ny other system  variables m ay be determ ined

from a know ledge state.

The state variables

voltage,

equations

or they m ay

m ay be physical quantities in a system

be abstract m athem atical variables associated

such as angle, speed,

w ith the differential

descrl

not unique.

only

'bing

This does

the dynam ics of the system . The choice of the state variables @IS

not m ean that the state of the system at any tim e is not @unlque;

that the

state

If w e overspecify the

m eans of representing the state inform ation is not

w e m ay choose w ill provide the sam e inform ation

unique. A ny

the

set of

variables about system .

system  by desning too m any state variables,not a11 of them  w ill

be independent.

The system state m ay be

called the state UV# JCC.
*

111

W hen W e

represented in

select a different

an n-dim ensional E uclidean Space

set of state variables to describe the

system , W C are effect choosing a different coordinate system .

Jvhenever the system

change

the

tlltl

@

IS nOt @11I eqtlilillritllzl or w henever the input is non-zero,

system state Ahrill w ith tim e. The set of points

the

traced by the system state

in the state SPaCC aS system m OVCS *IS called state *tralectory.

Equilibrium (or singular) points

The equilibrium points are those points w here all the derivatives

arC sim ultaneously Zero;they deûne the points On the trajectory AAritll

k , 'z , ... , k
n1

zero velocity.

andThe system

w ith tim e.

*

IS accordingly at rest since al1 the variables are constant unvarying

The equilibrium Or singular point m ust therefore satisfy the equation

f(x0) 0 (12.5)

w here x: state vector x equilibrium  point.

lf the functions fili= 1, 2, ...,n) in Equation 12.3 are linear, then the system  is
linear. A linear system  has only one equilibrium  state (if the system  m atrix is non-
singular). For a nonlinear system  there m ay be m ore than one equilibrium point.

*

IS the at the
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The singular

therefore

points aCe truly characteristic of the behaviour of the

their
dynamk

,

system , and W e Can drasv conclusions about stability from natm e
.

12 .1.2 S tability of a D ynam ic S ystem

The stability of a linear system
*

@

IS

state of a stable system Ahritll Zero lnput

entirely

w ill alw ays

independent of the input
,

*
and t*t

return to the origln of the statt

SPaCC, independent

ln

of the ûnite illitiftl state.

contrast,

of input,

the

m agnitude
*

111

the stability of a nonlinear system  depends on the type
and the initial state. These factors have to be taken into aûd

account
delning stability of a nonlinear system .

ln control system

into the

theory,

follow ing

it @IS Com m on practice to classify the stability of 4

nonlinear system

the

categories, depending on the region of state SPK Q

in w hich state vector ranges:

* L ocal stability Or stability *111 the sm all

@ Finite
@

stability

G lobal stability Or stability @111 the large

L ocal stability

The system *IS said to be locally

it

stable about an equilibrium point if,w hen

subjected
equilibrium

to sm all perturbation, rem ains Ahritllill a sm all region surrounding the
*

polnt.

*lf, aS / InCCCaSCS,

stable

the system returns to the original state, it *IS said to bç

asymp totically @11lthe sm all.

lt should be noted that the general desnition of local stability does

that the state return to the sm all

not require.

lim it cycles. ln

practice,

stability (i.e., stability under sm all disturbance) conditions
by linearizing the nonlinear system  equations about the equilibrium  point in question.

This is illustrated in the next section.

original state and, therefore, includes

interested in asym ptotic stability.W e are horm ally

L ocal can be studied

F inite stability

lf the state of a system rem ains Ahritllill

AAritllill 1î.1f,

point

further,the state of the system

a snite region R , it is said to be

returns to the original equilibrium

staàl:
7

ointP

from any w ithin R ,it @IS asym ptotically stable AAritllilz the f nite region R .

G lobal stability

The system *IS said ttl be globally stable if R includes the entire fnite SPaCC.
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12.1.3 Linearization

W e nOW describe the procedure
@

for linearizing

itialin

aboat
@

Fçuatlon

state vector and uo the lnput vector

E quation 12.3. L et xo be the

cotresponding to the equilibrium  point

w hich the sm all-signalperform ance is to be investigated.Since X0and+% satisfy
12.3, W e have

ko f(xo,uo) 0 (12.6)

Let tlsperturb the system from the above state,by letting

X Xo+ A x u uo+ A u

where tlltlprefx A denotes a sm all deviation.

The nCW state m ust satisfy E quation 12.3.H ence,

*

X . + a x.X0

(12.7)
f ((xc+ Ax), (uo+ Au)J

As
xpressede

perturbationstlltl are assum ed to be sm all,the nonlinear functions f(x,u)Can be
*

111 ternls of Taylor's

of M

series expansion. ssritll ternAs involving second and

àigher order POW CCS and h u neglected, W e m ay w rite

*

I . q. a x.Ii 0 i = 
.j ((xo + Ax) , (uo + Au))

0fi
-  fi (xo , uo) + Ax1 + ''':

x 1

0fi
+-- - A x
ox

d/ï
+ A y + . . .1
0u3

:
./;

+ A &
r

r

Since *Iï0 - fi (xo , uo ) ,WC obtain

A x'i
:/jA

X  + ' ' '1
0fi

+--- A x
0ft

+ A U + - - -1
21 I 0u3

:/j
+ A u

r

r

svitll ' -- ) 2 nl 
..., .5 > ln a like m alm er, from E quation 12.4,W e have

A x + ...1
ox1

#j &A 0g
+ - -

2 A + og
+ A 7ox 2 + - ' -1 A &r

/ 1
r
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-th j = 1 2 ..., n1.W 1 , , Therefore,the linearized fornAs of Equations 12.3 and 12.4 a<C

Ak A Ax +B Au (l2.%j

Ay C Ax +D Au (12.9)

w here

* * @

of
dx @@@1

1 / 1 r

A @** @@* @@@ B *@* **@ ***

ofM
:x1 *@@

DfM ofM
* @ @

ofM

r
X n 2 1

(12.10)

# 1 # 1 # 1 #1

dx1 @*@ *@*
r+: /1

C @** *** @** D @@* *** @@@

# gm # #

0uj@** *@*dx
1

ox
n F

w hich

The above partial derivatives

the sm all perturbation is being

In E quations 12.8 and 12.9,

are evaluated at the eqtlilillritllzl point about

analyzed.

Ax *IS the state vector of dim ension n

Ay

A u

@

IS the Output
*

vector of dim ension

is the lnput

state

vector of dim ension r

A *IS the or plant m atrix
*

of size n%n

B is the control Or lnput m atrix of size nXr

C is the Output

(feedforward)

m atrix of size m Xn

D @IS the m atrix w hich defnes the propoftion of input w hich

appears directly @111the Output, size m Xr

B y taking the L aplace transform
@

111

of the above equations,W C obtain the state equations

the frequency dom ain'*

xAx@) - Ax(0) A Ax@) + B Au@) (12.11)

Ay@) C Ax@) + D Au@) (12.12)
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D

+A u + A # 1 A x + Ay

B X I C XV
+

A

F igure 12.1 B lock diagranx of the state-space representation

Figure 12.1 show s the block

e are representingw

assum ed

the transfer

diagram  of the state-space

function of the system , the initial

representation. Since

conditionsAx(0)arC
to be Zero.

A form alsolution of the state equations Can be obtained by solving for Ax@)
and evaluating Ay@), as follows:

R earranging E quation 12.1 1, W e have

@ I-A)Ax@) Ax(0) + B Au@)

Hençe,

lx@) I-A)-1(Ax(0) +B Au@)J(s

(12.13)adjtxl 
- A)

det/ l- (Ax(0) + B Au@)1A)

and correspondingly,

hyls) C adj@ I-A)det@ I-A)(Ax(0) + B Au@)1 + D Au@) (12.14)

The Laplace transform s of Ax and Ay arC SCCn to have tw O com ponents, One

ëependent

transform s

on the illitiltlconditions and the other on the inputs.These are the Laplace

of the # ee
poles

and zero-state comp onents of the state and Output vectors.

The of Ax(J)and Ay(:)are the rootsof the equation

dettxl -A) 0 (12.15)

The values of s w hich satisfy the above are know n RS eigenvalues of m atrix A
, and

Equation 12
. 15 *IS referred to aS the characteristic equation of m atrix A .
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12 .1 .4 A nalysis of Stability

Lyapunov 's # rx/ m ethod JV

The stability
@ *

tlt c sm all of a nonlinear system
* @

@

IS given by

by the

the roots of tht
characteristlc equatlon of the system of ûrst approxlm atlons, *I.C., eigenvalues

of A :

(i) W hen the eigenvalùes have negative real parts, the original system is
asym ptotically

W hen

stable.

(ii) at least One of the eigenvalues has a positive realpart,the original
system

svhen

@

IS unstable.

(iii) the eigenvalues have realpads
to

equal

anything

ttl Zero ,

in the

it @IS not possible on the

basis of the frst approxim ation Say general.

The stability
equations

ill //7t?laige m ay be stùdied by explicit solution of the nonlinear

differential using digital Or analog

@A m ethod that does not requlre

com puters.

explicit solution of system differential

equatioùs FIS the direct m ethod of L yapunov.

Lyap unov 's second m ethod, or the direct m ethod

The second m ethod attem pts

in the

to determ ine stability

sign of the

directly by using suitable

functions Nvhich are defned state SPaCe.

respect

Thz L YaPUHOV function and

the sign öf its tim e derivative Ahritll to the system state equations are

considered.

The equilibrium
function

of E quation

) such that its

12.3 @IS stable if there exists a positive

to E quation

defnite

*

IS n Ot

F(x1 , x2 , ... , xn
lositive

.P

The equilibrium

totalderivative / with respect 12.3

of Equation 12.3 is asymptotièally stable if there is a positlve

delnite function F(x1 , xa , ... , xn )
defnite.

such that its totalderivative w ith respect to E quation

12.3 @IS negative

The system is stable in that region *111 w hich
2

*

F is negative sem idefnite, and
asymp totically stable if *F  is negative desnite

.

The stability
@

@

111 the large of pow er sygtem s

w ith the stabllity in the
is the subject

of

öf the next chapter.

This chapter IS concerned sm all PoW er gystem s, and this
@

IS given by the eigenvalues öf A .A s illustrated *111the follow ing sectièn,the natural

1A function iscalled dehnite in a dom ain D of state space if it has the sam e sign Nfor a11

x within D and vanishesfor x*0.For exam ple, 2+x2+x2F@ 1, xc , xa) =x1 2 a is positive definite.

2 A function is called semidehnite in a dom ain D of the state spaceif it hasthe same sign

or is zero for all x within D .For exam ple, 2+x2F@ 1 , 22 , xa) = (x1 -xz) a is positive sem i-definite
since it is zerö for xj =xa ,23=0 .
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m odes of system CCSPOnSC

A

are related to the eigenvalues.
*

A nalysis of the

eigenproperties
* .

of provides valuable inform atlon regarding the stability

haracterlstlcsc

lt is w orth

of the system .

recalling that the m atrix A @IS the Jacobian 1m atrlx w hose elem ents

%  :CC
whfch

given by the partial derivatives X loxj evaluated at the equilibrium point about
the sm all disturbance is being analyzed. This m atrix is com m only referred to

state m atrix or the p lantcontrol and is entrenchedaS the m atrix. The ternA tç j t''P an
*

originates from the area of

pïooess

pa=

in control engineerlng vocabulary.lt represents that

of the system w hich is to be controlled.

12 .2 EIG EN PR O PERT IES O F T H E S TA T E M A T R IX

12.2 .1 Eigenvalues

The eigenvalues of a m atrix are given by the values of the scalar paranleter
*

l

f0r which there existnon-trivialsolutions 'e(1. .,otherthan $ =0)to the equatlon

A # 1# (12.16)

where

A isan DXN m atrix (realfora physicalsystem such aSa POWCC system )
# isan nx 1 Yçctor

T0 5nd the eigenvalues, E quation 12.16 m ay be w ritten @111 the form

(A -lI)# 0 (12.17)

F0r a non-trivial solution

det(A -lI) 0 (12.18)

Expansion

1=11, l2, ..., l,t are eigenvalues of A .

The elgenvalues m ay be real

of the determ inant gives the characteristic equation. The n solutions qf

Or com plex. If A *IS real, com plex eigenvalues

alwaysOCCUC *111conjugate @Pa1rS.
*Sim ilar m atrices have ldentical eigenvalues. ItCan also be readily show n that

a m atrix and its transpose have the San3e eigenvalues.

12.2.2 Eigenvectors

Forany eigenvalue hi, the n-colunln vector #jwhich satisfes Equation 12.16
*

IScalled the right eigenvector of A associated w ith the eigenvalue hi.Therefore, W B
have
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A #f kiki * = 1I 2 ..., n, , (12.v9A

The eigenvector #jhasthe fornl

è1f

èzf
#f

@
*
@

è j
., S

Since E quation

the

12.17 *IS

T hus, eigenvectors
hom ogeneous, k*i (where k is

are determ ined only to w ithin a
a scalar) *ISalso a solution.

scalar m ultiplier.

Sim ilarly,the D-FOW vector # jw hich satisfes

*fA lf#f - = 1I 2# @ * * # (12.20)

*

IScalled the le#  eigenvector
left

associated w ith the eigenvalue lj.

The and eigenvectors corresponding

w ords, if hi is not equal to l .,J

right to different eigenvalues are

orthogonal. ln other

#,#f 0 (12.21)

H ow ever, in the Case of eigenvectors corresponding to the SRDAC eigenvalue,

#f#f Ci (12.22)

w here C i is

Since,

a n on -zero con stant.

as noted above,the eigenvectors

to

are determ ined only to Ahritllill a scalar

m ultiplier, it @IS Com m on practice norm alize these vectors SO that

#f#f 1 (12.23)

12 .2 .3 M odalM atrices

ln order to CXPrCSS
@

the eigenproperties of A succinctly, it @IS convenient to

introduce the follow lng m atrices:

* ( #1

#r

#z *@@ #a 1 (12.24)

T ( #1 *** F#n1F (12.25)
A diagonal m atrix, w ith the eigenvalues ll, l2, ..., hn

aSdiagonalelem ents (12.26)
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Each

12.23

of the above m atrices *IS nxn.In ternAs of these m atrices, Equations 12.19 and

m ay be expanded aS follow s.

A * *A (12.27)

T * I T * -1 (12.28)

Itfo11Ow S from E quation 12.27

- 1A ** A (12.29)

12.2 .4 Free M otion of a D ynam ic System

R eferring
@

IS

to the state equation 12.9,We SCe thatthe free m otion (AA?itllZero
input) given by

Ak A Ax (12.30)

A set of equations

best

of the above form ,derived # om physicalconsiderations,
#

IS

fate Of change

not theoften DAeans of analytical studies of m otion. The problem *IS that the

of each state variable *IS a linear com bination of al1 the state variables.

AS the result of cross-coupling betw een the states, it is difûcult to isolate those
paranAeters that ini uence the m otion @1l1 a signif cant

@

W ay.

ln order to elim inate thç cross-coupllng betw een the state variables,

traùsform ation

consider

a neW state vector Z related to the original state vector A x by the

Ax *z (12.31)

where * is the m odal m atrix of A defned by E quation 12.24.Substituting the above

expression forAx @111the state equation (12.30),We have

*; A *z (12.32)

The new state equation Can be w ritten aS

*Z -lx pz* (12.33)

ln vie:v of E quation 12.29,the above equation beconAes

*

Z A z (12.34)

The im portant difference betw een E quations 12.34 and 12.30 is that A @IS a diagonal

m atrix w hereas A ,ill general, is non-diagonal.
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Equation 12.34 represents n uncoupled lrstorder (scalar) equations'.

*

zi lfzf - = 1l 2# * * * $ (12.3%

The effectof thetransform ation (12.31)is, therefore,to uncouple
*

the state

E quation 12.35 is a sim ple srst-order differential

respect to tim e / is given by

equatlon w hose
equations

.

solution w ith

zilt) zi (0) ekit (12.36)

where zj(0)
R eturning

*

IS the initial value of Zj.

to E quation 12.31, the response in term s of the original state vector
*

IS given by

A x (t) *z (t4

zl (f)

zg(/) (12.37)
#1 #z @@@ #nq *@

*

zn (f)

w hich, @11I vie:v of E quation 12.36, im plies that

Ax(r) X  *izilète
' 

=  1l

kit (12.,38)

Frorn E quation 12.37,W e have

z(/) * -1lx (t) (12
.39)''

T Ax (l)

T his im plies that

zi (f) #fAx (f) (12.40)

sà?itll /=0,it follow s that

zj(0) #fAx(0) (12.41)

By using Cito denote the scalar product #j Ax(0) ,Equation 12.38 m ay be written aS

#fcfe
* 

=  1I

A x (t) ljr (12.42)
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Jn ther w ords,o the tim e reSPOnSe of the jtll state variabl: *IS given by

hxilt) Yïzcldl1f+ kacze
l2f+ .a . + fjycyelf (12.43)

The above equation gives the expression for the free m otioh tim e CCSPOIASC of the

System in ternzs of the eigenvalues, and left and right eigenvecturs.

givenThus,the free (or initial
corresponding

condition)ofndynamic modes to the response
n eigenvalues

,7

*

IS by a linear com bination

of the state m atrix.

product cj = #jAx(0) represents the magnitude of the excitation of
he jth m ode resulting from  the initial conditions.t

If the initial conditions lie along the 7th eigenvector, the scalar products
àx(0) for alt i*J' are identically zero. Therefore, only the 7th m ode is excited.#
f If the vector representing the initial condition is not an eigenvector

, it can be

ejresented by a linear com bination of the n eigenvectors. The response of the systemf

wïll

conditions

The scalar

be the SunA of the n respoùses.

corresponding

If a
*

IS Zero,the

com ponent an eigehvector of the initial

m ode will not be excited (see Exam ple 12.1 for

alèng

an illustration).

Elkenvalue and stability

The tim e dependent characteristic of a m ode corresponding to an eigenvalue

lt
elgenvalues

*IS given by kitC
* Therefore, the stability of the system *IS determ ined by the

aS follow s:

(a) A real eigenvalue corresponds ttl a non-oscillatory m ode.A negative real
eigeîîvalue

decay.

represents

A  positive real

a decaying

eigenvalue

m ode.The larger its m agnitude, the faster the

represents aperiodic instability.

The values of C S and the eigenvectors associated w ith real eigenvalues are

also real.

(b) Complex
oscillatory

eigenvalues occur in conjugatepairs,and each pair correspondsto an
m ode.

The associated C S and eigenvectors

of x(f)

Arrill have apprèpriate com plex

For

vàlues
k .

SO

aS to naake the entries real at every instant of tim e. exàm ple,

,7 

.(J +7 b)d(g -jolt+(J -jb)d(g Ajojt

has the form

@fsin(Yf+0)e
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w hich represents a dam ped sinusoid for negative G .

The real com ponent of the

com ponent gives

oscillation

the

eigenvalues gives the dam ping,

frequency of oscillation. A  negative

and the im agiuary

real Pa=

a dam ped
@

w hereas a positive

com plex

real pa=

increaslng am plitude. Thus, for a pair

represents

of eigenvalues:

represents
oscillation of

l *ökJ O (12.44)

The frequency of oscillation in H z @IS given .by

O*
21

(12.45)

This represents the actualor dam ped frequency.The dam ping ratio is given by

-

G( (12
.46)k-c 2 + * 2

The damping ratio ( determ ines the rate of decay of the amplitude ofthe
oscillation.The time constant of amplitude decay is 1/ I c I . ln other words, the

decays to 1/e or 37% of the initial amplitude in 1/ I c I seconds or
cycles

am plitude

in 1/(2a() of oscillation.

Figure 12.2 show s the six different

behaviour around the

eigenvalue com binations

singular points applicable

and the

corresponding trajectory
dim ensional case.

to a tw o-

Eigenvalues (1 =c+.j(o) Trajectory Type of singularity

(1) *JO
X

C

X

Z2

Z 1
Stable focus

F igure 12.2 Singular points

com binations of

corresponding to six possible

eigenvalue pairs

(Continued OD tlié?next page)
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(2) 70
X

X

Z2

Z 1
U nstable focus

(3) @70 Z2

Z 1
Stable node

(4) jo Z2

Z l
U nstable node

(5) je Z2

Z 1
V ortex

(6) @70

/ k ,,% $ Saddle

Figure 12.2 (Continuek
possible

Singular

com binations

points corresponding

qf eigenvalue pairs

to six
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Cases (1),(3) and (5) ensure localstability,with (1) and (3) being asym ptotically
stable.

12 .2 .5 M ode S haPe, S ensitivity, and Participation Factor

(a) M ode shape and eigenvectors

ln the previous

A x

section,w e discussed the system FCSPOnSC in ternAs of the state

vectors and Z,w hich are related to each other aS follow s..

Ax(r) + zlt)
(12.47A)

$1 % @@* # 1z(/)

and

z(f) T Ax(f)
(12.47B)

( F# 1 F#2 *@* r#
n
1FAx(/)

The variables Axa, ..., M n15 are the original state variables chosen ttl represent the

dynam ic

variables

perform ance

such

of the system .

that each variable @IS

The variables zI,z2, ...,za are the transform ed state

associated w ith only one m ode. In other w ofds
,

the transform ed variables Z are directly related to the m odes.

*

1.e .N

exam ple,

From  Equation 12.47A  w e see that the right eigenvector gives the m ode shape,

relative activity of the state variables w hen a partlcular m ode is excited. Forthe

the degree öf activity of the state variable xk jth m ode is given by the

elem ent (s of the right eigenvector #j .
The m agnitudes of the elem ents of #j give the extents of the activities of thç

n state variables in the jth m ode, and the angles of the elem ents give phase

displacem ents of the state variables w ith regard to the m ode.

A s seen from  Equation 12.478 , the left eigenvectpr # j identiûes w hich
com bination of the original state variables displays only the fth m ode. Thus the kth

elem ent of the right eigenvector #j m easures the activity of the variable xk in the ïth
m ode, and the kth elem ent of the left eigènvector # j w eighs the contribution of this
activity

in the

to the ftllm ode.

(b) Eigenvalue sensitivity

L et us now exam ine sensitivity of eigenvalues to the

12.19 w hich defnes the eigenvalues

the elem ents of the state

m atrix. C onsider E quation and eigenvectors:

A#f kiki
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fferentiatingPi with respect to Jy (the elem entof A in kth row and7th colum n)yields

:#j4
j+A

oa 
.  

oakj

0ki :#j4
y+ zy

oakj dJy

Prem ultiplying

aàove

by # , and(
equation sim pllû es to

noting that #f #f = 1 and #j(A -ljI) =0,We See thatthe

PAoa# j #j 0ki

Jv

A11 elem ents

which is equal

of oA loa

to 1.

ky are Zero ,

H ence,

except for the elem entin the lth row andyth colum n

0ki

olv
#ïk## (12.48)

Thus the sensitivity of the eigenvalue hi to the elem ent

elem ent

dk.J of the state m atrix @IS equal

to the product of the left eigenvector V ik and the right eigenvector elem ent

1
-/ f -

Particlpation factor

O ne problem
@

@

11l using right and left

the relationshlp betw een the states and

eigenvectors

the m odes is

individually for identifying

that the dlem ents of the

eigenvectors

a solution

are dependent on units and scaling associated w ith the

to this problem , a m atrix called the participation

state variables.A s

matrix (P), which
conabines the right and left eigenvectors RS follow s @IS proposed

and

*

11I reference 2 aS a

nieasure of the association betw een the state variables the m odes.

P (P1 P2 @@* P 1 (12.49A)

svitll

#1f è1f#f:

Pzi #2ï#f2 (12
.49B)P

f
*

@
ô

@
*

@

Pni ni in
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w here

4vJ the elem entOn the kth row and ftllcolumn of the m odalm atrix *
kh entry of the righteigenvector #j

V j1 = the elem ent on the ftll rONV and k h colum n of the m odal m atrix T

k h entry of the lefteigenvector # j

The elem entpki-bkivik@ISterm ed the particèation factor (21.lt@ISa rneasure
*

VICCof the relative participation of the k h state variable *111the ftll m ode, and VG SA
.

Since<V
of

nleasures the activity of Xk @11l the ïtll m ode and V jk weighs t*t

contribution this activity to the m ode,

the

the product

of the

Pki nAeasures the net

p articip ation.
@

IS

T he effect of m ultiplying elem ents left and right eigenvectors

of the choice of units).
sum  of the participation factors

also to m ake pki dim ensionless (i.e., independent
In view  of the eigenvector norm alization, the

associated Ahritlzany m ode (E #s)OrAhritllany state variable ( E #s)*ISequalto e
- 

=  1I k=1

to the

From  E quation 12.48, w e see that the participation factor pki is actually

sensitivity of the eigenvalue hi to the diagonal elem ent akk of the state
equal

m atrix
A

0ki
pu (12.50)

J a

A s W e Ahrill SeC @111 a num ber of

factors are generally indicative of the

exam ples in this chapter,

relative participations of the

the participation
@

respectlve states
*

1l1the corresponding m odes.

12 .2 .6 C ontrollability and O bservability

ln Section 12.1.3 the

E quations 12.8 and 12.9 and

system  response

is repeated here

*

111 the Presence of input W aS given aS

for reference.

Ak A Ax +B Au (12.8)

Ay C Ax +D Au (12.9)

E xpressing

yields

them @111 ternls of the transform ed variables Z desned by E quation 12.31

l k A * z +B A u

Ay C * z +D Au
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$hestate equations in the Gçnorm alform ''(decoupled) m ay therefore be written aS

@

Z A z +B 'Au (12.51)

Ay C'z +D Au (12.52)

wherc

BJ -1j;* (12.53)

C # C * (12.54)

Referring

effect

to E quation

jtll

12.51,

ln

if the jtll rONV of m atrix B # *IS Zero, the inputs have nO

on the m ode. such a Case,the ftllm ode *IS said to be uncontrollable.

FronA E quation 12.52,W C See that the fth colum n of the m atrix C /determ ines

whether

colum n

Or nOt the variable Zi contributes ttl the form ation of the Outputs. lf the

is ZCCO, then

Som e poorly dam ped

the corresponding m ode is

m odes are som etim es not

unobservable. This explains

detected by observing the

w hy

transient

fesponse of a few  m onitored quantities.
-

1The nxr m atrix B ' = * B is referred to as the m ode controllability m atrix
, and

tlltlm Xn m atrix C ?=C * aS the m ode

B y inspecting B / and C !

observability

w e can classify

m atrix.

m odes into controllable and

ohservable;

uncontrollable

controllable and unobservable; uncontrollable and observable;
and yervable.lunob

12.2 .7 T he C oncept of C om plex Frequency

C onsider the dam ped sinùsoid

V V ecfcosto/ + 0) (12.55)

The unit of û) *IS radians Per second and that of 0 is radians. The dim ensionless unit

DCPCC

(1550-1617)
@ p) @IS com m only

w ho invented

used for cf *1T1 honour of the m athem atician John N apier

@
dam ped

*

logarithm s.Thustheunit of c *ISneper Persecond P/s).
For circuits *111 w hich the excitations and forced functions arC

sinusoids,

of dam ped

norm ally

phasors

such aS that @glven
@

by E quation 12.55, W e Can uSe phasor representatlons

sinusoids. Thls w ill w ork aS w ell RS the phasors
@

used in aC circuit analysis because the propertles
of (undam ped) sinusoids

of sinusoids that m ake the

possible are shared by dam ped
*

IS

sihusoids. That @1S, the Sum Or difference of

tw0 or nlore dam ped sinusoids a dam ped sinusoid and the derivative Or indefnite

1 This is referred to as K alm an 's canonical structure theorem
, since it w as first proposed

Ly R
.E .K alm an in 1960.
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integral

0

of a dam ped sinusoid @IS also a dam ped sinusoid. 1l1 all these CaSCS, Z and

m ay change;

A nalogous to the form  of phasor

sinusoids, w e m ay w rite

and(D are lxed.

notation used for sinusoids, *111 the CASC gf

dam ped

V V eclcosto f + 0)

RegF e cJdXOf+0)j

RegF el0 e (c Hett j

sàTitll @s =c +g(t),W e have

V Re(Pe,') (12.56)

w here F  is

sinusoids.
phasor (VmZè) and is the

O bviously, w e m ay treat the

sinusoids

the SanAe for both the undam ped

the

and dam ped

dam ped sinusoids Sanle W ay W e do

undam ped
@

by using S instead

Slnce S *IS a com plex num ber,

of jo .

it is referred to aScomplex k equency,and V@)
is called a generalized p hasor.

A ll concepts
@ @

such aS im pedance, adm ittance, Thevenin's and N orton's

theorenls, superposltlon,

follow s

etc-,Carry over to the dam ped sinusoidal Case.

lt that,

tw o-term inal

*

111 the J-dom ain,

netw ork
the phasor current 1(s) and voltage P@),

associated Alritll a are related by

F@) Z(s) I(s)

where Z(J) is the
Sim ilarly,

generalized im pedance.

input and output relations of dynam ic devices Can be expressed aS

L @)

K.@)

+h sm 
-  1

m  - 1S
(;(N) + ... + bqs+ ho

n n-1G S + J  S
n-1 + ... + J  S + J1 0

In the factored form ,

@ -z1) @ -zz) ... (s-zm)(7(
N)

*nV -#1) (s-pz) ... (s-pn)

The num bers Zl , Z2 ,*** ;Z are called the zeros because they are values of s for Nvhicà

G(s) becom esZCrO.The num berspj , pz , ... ,pn are called the poles of G(s).The values
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f PO1eS0

functïon

and Zeros,

Poles

along

and zeros

with Jn an4 %  #
*(;(s4. are useful

uniquely

ln considering

determ ine the

frequency

systèm

dom ain properties

transfer

f dynam ic0 system s.

12 .2 .8 Relationship betw een Eigenproperties and Transfer Functions

The state-space tepresentation @IS concerned nOt only w ith input and Output

erties of the system  but also w ith its com plete internal behavièur. In contrast, the?f0P

ansfer functioh representation specis es only the input/output behaviour. H ence, onetf

n m ake an arbitrary selection of state variables w hen a plant is specif ed only byca

transfer function. O n the other hand, if a state-space representation of a system  isa

wn, the transfer function is uniquely desned. ln this sense, the state-space% 0
sentation is a m ore com plete description of the system ; it is ideally suited for thefepre

nalysis of m ulti-variable m ulti-input and m ulti-output system s.a

For sm all-signal stability analysis of pow er system s, w e prim arily depend on

the eigenvalue

interested

this is related to the state m atrix and to the eigenproperties,

function betw een the variables y and u. From  Equations 12.8

ànalysis of the jystem state m atrix.H ow ever,for contrbldesign w e are
@

111 an open-loop transfer function betw een specif c variables. T o See how

1et us consider the transfer

and 12.9,W e m ay w rite

Ai A M +bAu (12.57)

Ay cAx (12.58)

where A  is the state m atrix,A x is the state vector,h u is a single input, a single

is not a direct

A# is

output, c a row

function of u (i.e., D =0).
The required transfer

@

IS vector and b @IS a cblum n vector. W e assunAe thaty

function *IS

çils) AT@)
huls) (12.59)

1-A)-1bc(x

This has the general form

t7(N) K D @) (12.60)

lf 1)(s4 and N(s)Can be factored,We m ay Nvrite

@ -z1)@ -zz)... (N -zjj(7(
N) K @

- #1)(N-#z) ''. (s-pn)
(12.61)
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A s discussed in Section 12.2.7,the n values of s,nam ely, p qnp z, ...,pn, w hich m ake tLe

denom inator polynom ial1)(s)
of G(s).

Zero are the poles of G(s).The l values of s,namely
Z1, Z2, ...,Z/, are the Zer0S

N ow,(;(s4can be expanded in partialfractions aS ù'J

R 1 R z R
t7(N) +-  + ... +'- (12.62)

S-# 1 S -#a S -p

and Ri*ISknown aSthe residue of G(s)
function

at ole p ,..P

T o CXPrCSS the transfer in ternAs of the eigenvalues
@

and eigenvectors
,

ZW e CXPrCSS the state variables Ax in ternAs of the transform ed varlables de/ned by

E quation

12.58

12.31.

m ay be

Follow ing the procedure used in

w ritten in term s of the transform ed

Section 12.2.4,Equations 12.57 and

variables aS

*Z -1A * z+* -1b l u*

(12.63)
- 1y l uA z+*

and

Ay c*z (12.64)

H ence,

(ils) Ay@)

huls) (12.65)

* yI-A1-1T bc

Since A *IS a diagonal m atrix, W e m ay w rite

R i

(7(N) E
' 

=  1I s-ki
(12.66)

w here

Ri c#j# jb (12.67)

W e see that the poles of G(s)
the residues in term s of the

are given by the eigenvalues of A .

eigenvectors.TheZerosof G(s)are

E quation 12.67 gives

given by the solution '

of
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R i

s-k .' = 1
.I I

0 (12.68)

Exam ple 12.1

In this exam ple w e w ill study a second-order

helpful in understanding theanalyze

erform anceP

and is

system . a system  easy to

behaviour of higher-order system s. The

view ed

linear Such @IS

second-order

characteristics

of high-order system s is

poles or eigenvalues.

oR en @111 ternzs of a dom inant set of

Therefore, a

of a second-order system  is essential

thorough understanding of the

before w e study com plex system s.

Figure E 12.1

Study

characteristlcs.

show s the fam iliar R LC  circuit, w hich represents a second-order system .

the eigenproped ies
*

of the state m atrix of the system and exam ine its m odal

-! R z !-
vj c  vo

F igure E 12.1

.R

Solution

The differential equation relating RQ to Vj @IS

LC dlvd tl +R C dvM
dt+VO Vj (E12. 1)

This m ay be w ritten in the standard form

2# v d%  2
+(2(Ya) meavod

t

2
VfO (E12.2)

d t2

w here

O 1/tZë undampednaturalfrequency

( (R/2)/> dampingratio
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ln order to develop

and

the state-space representation, w e desne the follow ing state
, input

output variables:

1 1 V O

d v
- V
d t12

(Et2.3)
& V j

V O 1 1

U sing tlzklabove quantities, Equation E 12.2 Can be expressed *111term s of tw o srst
-

order equations'.

dx
dt 12 (El2.4)

dx

d t

2 2
- œaxj-(2(Ya)xa+Yau (E12.5)

ln m atrix form ,

:1

'a j-0---1-2(Ya11Iz- j.0-- j. (E12.6)
The output variable is given by

gl o j gx) j- o u (E12.7)
These have the standard state-spqce form :

@

X A x +bu

tx +d u

The eigenvalues of A are given hy

- 1 1

02
-1s -2(Y -1

H ence,

2+2(Y à+Yl
n  n

2 0 (E12.3)
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Solving for the eigenvalues, w e have

11 2-1-(Y
a
+ o

a (

(El2.9)
lz 2 1-(O a - O

a  ( -

The right eigenvectors are given by

(A -lI)# 0

Therefore,

- 1i

2
-  &

1 è1f

- 2(Y -1n i è2ï gooj
This m ay be rew ritten aS

- lf è1f+ èaf 0

(E12.10)2
- oaèjf- (2(Ya+ ljlèaj Q

lf w e attem pt to solve the

independent.

equation

eigenvectors.

(A -lI)# =0

A s discussed
above equations for (1j and (aj,
earlier,

W e realize that they are not

this is true

independent equations

in general; for an nth order system ,the

gives only n - 1 for the n com ponents of

O ne com ponent

can be

of the eigenvector m ay be sxed arbitrarily and then the

other com ponents determ ined from the n - 1 independent equations.lt should,

how ever, be noted that

eigenvalues are distinct.

the eigenvectors them selves are linearly independent if

For the second-order

relationships
system , we can fx (1j= 1 and determ ine (zj,

in Equation E 12.10, for each eigenvalue.

from  one of the tw o

The eigenvector corresponding to 11 @IS

#1 L :-''' 1111 12 - 1-(Ya+Ya ( (El2.1 1)
and the eigenvector corresponding to 12 is

è12
#c è

z2 jz'a 12 - 1-(Ya-Ya ( (E12.12)
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The nature of the system

The value of C n has the

response depends alm ost entirely on the

effect of sim ply adjusting the tim e scale.
damping ratio(

.

lf (
eigenvalues

*

*

IS greater than 1,both eigenvalues are real and

are equal to -X *nn and ilr( *IS less
negative; if ( is equal to

than 1, eigenvalues are
1. , both

com plex
conlugates, given aS

l . j -(2-(o
a +go a

(El2.l3j
*

U LJC

The location of the eigenvalues *111the com plex plane Ahritllrespect to ( and nis
indicated *111Figure E 12.2.

@

JO

2i -------- Qj
y  1 * (1

l
I
I

l OI n
I

I
I 0 cI

-  ( * 1N l
l

I
l
l
I
l

l x2

D am ping angle 0
-

1= COS (

21 - (-1
= tr

(

F igure E 12.2

W e w ill first exam ine

shape of the state

singularities of the

trajectories near the singularity.

the second-order system and discuss the

W e w ill then discuss illdetail the

Case w here

11 and 12

both eigenvalues

not far different.
arerealand negative,with 12greaterthan%N5but witll

The state equations in the norm al form are given by

*

Z1 l Z11 (E12.14)

22 laz2 (E12.15)

H ence,

*

Z2

il

dZ2 l z

l 1z1
(E12.1@

#z1
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B y integration,

la/lj
zz CZ1 (E12.l7)

w here c is the arbitrary constant dependent upon initial conditions. C urves representing

the above in the zl -z2 plane are generally parabolic, w ith the exact shape determ ined

by the ratio la/l1 and constant c. The slope of the curves is given by

dz

#z1

lz za/zl-l
c z1
1 1

(E12.18)

N ear the origin,Jza/Jzl -+ 0 as zl --+ 0,since 12/11> 1.

Typical trajectories
E 12.3.

in the phase plane w ith ttnorm al'' coordinates are show n in Figure

zz t
l

1< --2 << x
1 1

Z 1
>

F igure E 12.3

The curves represent lociof points determ ined by the corresponding values of zl

values

and

Zz A s* the independent variable t increases,

in the direction

the point relating instantaneous of

Z 1

determ ine

and Z2 m OVeS along the curve of the arrow heads.lnitialconditions

the value of c and the quadrant w ithin w hich

Since tlltlroots are negative, both zl and Zz

a stable node.

decrease and

a particular solution lies.

ultim ately reach zero as /

increases. The singularity *IS referred to as

lf the initialconditions are such that One of the variables Z1and Zz *IS equalto Zero,

this variable rem ains Zeroy and the solution Curve *IS On either the Zz Or Z1 @aXIS.The

aXCS then represent special CaSCS of solution CUW WS, corresponding to special initial

conditions.

The corresponding plots in the xl -x2

corresponding to zl and h  on this

plane

plane

are show n @111 Figure
@

111

E 12.4. The lines

are skew ed accordance Ahritll the
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transform ation x = *  z .

If the input vj @IS Zero,

the
and if the initialconditions are such that (x1 , x2) *ISOn Ontof

the eigenvectors, state vector Al/ill
l2'

rem ain in the San;e direction but w illvary i
nm agnitude by the factor l1fe Or e aS the Case m ay be

.

ISlf vector representing the initial

represented by a linear com bination

circuit w ill be the sum  of the tw o

the condition not an eigenvector, it Can %t
of the tw o eigenvectors. The response of tlw

Com ponent in tvl
afdirection of the eigenvector #a becom es less signiscant because e decays faste

rl
1fthan e 

. Thus the trajectories always approach the origin along the 41 direction
unless the com ponent of this eigenvector w as lnitially zero. lf the eigenvectors are not

real, such a sim ple physical interpretation of eigenvectors is not possible.

rCSPOnSCS.A s tim e increases, the

7 2
'

x Z:
x

-  zl N. 11 and la real and
N

N
x

x  N
N

w
x

.
.  

N
.
s I la > I l 1

x  N
N  xN

N  
w  N

N  
x  N

N  
x  

X
N  N

N
N
.
. 1 .0. xj

0 N. l
Nx I

1 N j -xxN 
x

N j NxN xx
X
N I Nxâ 

-  -  -  -  -  -  -  - :
. 

M  
x  

x ..2 N x s tor 4> xx
x  zj lgenvec j

> *
N

. zz (slow decay)N

Eigenvector #2

negative;

(fast decay)

F igure E 12.4

12 .2 .9 C om Putation of Eigenvalues

1r1 the above exam ple,

of the

W e

characteristic equation system .

com puted

This w as

the eigenvalues by solving the

PO

system s

ssible because W e svere analyzing

of w idelya sim ple

diffèring

second-order system . For higher-order w ith eigenvalues

m agnitudes, this approach fails. The m ethod that has been w idely used for

the com putation of eigenvalues of real non-sym m etrical m atrices is the QR
transform ation m ethod originally developed by J.G.F. Francis g3). The m ethod is
num erically stable, robust, and converges rapidly. lt is used in a num ber of very go'Od

eneral purpose commercial codes and has been successfully used for analyzing small-g
signal stability of pow er system s w ith several hundred states. The right elgenvectorj

m ay by using the

QR transform ation and inverse

be com puted inverse iteration technique.A  good description of the

iteration m ethods m ay be found in reference 4.
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For large system sinvolying severalthousand states,the QR m ethod cannotbe
g for com puting the eigenvalues. reasonuse

iques for eigenvalue analysis of very large system stechn

The for this and a description of special

are presented in Section 12.8.

12 .3 S M A LL-S IG N A L STA BILITY O F A S IN G LE-M A C H IN E

IN FIN IT E BU S SY ST EM

In this section w e w ill study the sm all-signal
@

connected
*

to a large system through

perform ance of a single m achine

Sransm lssion lines. A  general system

néguratlon is show n A nalysis of system s having such sim pleco

ggurations is extrem ely useful in understanding basic effecss and conçepts. A fterc0n
e develop an appreciation for the physical aspects of the phenom ena and gainw

xperience w ith the analytical techniques, using sim ple low -order system s, w e w ill bee

in a better position to deal w ith large com plex system s.

@

111Figure 12.3(a).

IZ  Z  ' I1 7 
I L arge I. 

lG  II 
tem  II SYS I

I - l
I l

5

Zl Z  Z
3 6

.
<

* *

(a)Generalconfguration

E t

G

Zeq = R e +gY s

f s

Intinite bus

(b)Equivalent system

F igure 12.3 Singlç

through

m achine connected to a large system

transm ission lines

For the PurPOSe of analysis, the system

Thévenin's
of Figure 12.3(a)m ay be reduced to

tllkl form of Figure

netw ork

size of the

external
12.3(b) by using

to the m achine and the

equivalent
@ @

of the transm ission

adjacent transm lsslon.Bçcause of the relative
system

the m achine w ill

to w hich the m achine

C a u se

is supplying pow er, dynam ics

virtually no chapge in thé
. 

voltage and freqùency
MG

associated w ith

of Thévenin's
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voltage

referred

E#' Such a voltage Source of constant voltage and constant frequellcy 1
%

ttlaSan inflnite bus.
For any given system condition, the m agnitude of the infnite bus voltage

rem ains constant w hen the m achine is perturbed.H ow ever, as the steady-state

a changed
system

conditions change,

of the

the m agnitude of f s m ay change, representing Operating

condition external netw ork.

ln w hat follow s W e AArill analyze the sm all-signal stability of the system Of

Figure

degrees

m odel

12.3(b)
of detail.

Ahritlz the synchronous

begin

m achine represented by

gradually

m odels of varying

W e Arrill AAritllthe classical m odel and increase tht

accounting for the effects û eld circuit
,

excitation system , and am ortisseurs. In each case, w e w ill develop the expressions for

the elem ents of the state m atrix as explicit functions of system  param eters. This w ill

help m ake clear the effects of various factors associated w ith a synchronous m achine

on system  stability. In addition to the state-space representation and m odal analysis
,

w e w ill use the block diagram  representation and torque-angle relationships to analyze

the system -stability characteristics. The block diagram  approach w as ûrst used by

detail by of the 'dynam ics of the

H effron and Phillips

signal stability of

detailed study

of

of

(51 and later by deM ello and Concordia (6j to analyze the small-
synchronous m achines. W hile this approach is not suited for a

large system s, it is useful in gaining a physical insight into the

effects tield circuit

enhancing stability

dynam ics and in establishing

through excitation control.

the basis for m ethods of

12 .3 .1 G enerator Represented by the C lassical
)

M odel

W ith the generatorrepresented by the classicalm odel(see
@

Section 5.3.1) and
12.4.a1l resistances neglected, the system

behind X;.

representation @IS aS show n 111 Figure

to renlain

at the

E ' is the voltage

pre-disturbance value.

llere 1ts m agnitude @IS assum ed constant
%

L et 6 be the angle

disturbance,

by w hich E ' leads the infnite .buj

voltage E#.A s the rotor oscillates during a changes.

sàTitll E 'aS reference phasor,

ft
F'ZOO -E Z-ôB F / -E (cosô S sinô)B (12

.69)
jXv jXv

F /zô

It

X  ' Xd F

X T

=  =

f /

E  ? = E  +!0 'X  ' JJ d f0
f sZ0 X  

=  X  J + XT d E

F igure 12.4
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Thecomplex PoWerbehind Xj @ISgiven by

S' P+jQ ' - *#E '1

(12.70)E 'E

+jX
w

sinôB E '(E ' -E cosô)B

X v

w ith stator resistance neglected, the air-gap

p). In per unit, the air-gap torque is equal(

Hence,

POW er
to

(J7c)
@

alr-gap

is equalto the term inalPOW er

5.1.2).the PoWer (see Section

Fe P
E  ? FU B

sinô (12.71)
X T

Linearizing about an initial operating condition represented by ô =ô()yields

OT

dô

E 'E
- uosôA F

e

A ô BXv 0(Aô) (12.72)

The equationsof m otion (Equations 3.209 and 3.210 of Chapter3) in per unit
aCC

# A œ
r

1
- (F - F -Kpàor)m e21/ (12.73)

# 6 Y ol œ
r

(12.74)

w here A tt)r

base

@

IS the Per

electrical

unit speed deviation, @IS rotor 1angle @1l1 electrical radians
,

differential

O 0

is the rotor speed

seconds.

*

111 radians PCr second, and # @IS the

operator #/#/ Ah?itll tim e f *111

L inearizing
*

E quation 12.73 and substituting for h Te given by E quation 12.72,

W C obtaln

1

pLor -  gAF.-& Aô -%  Aorj2H (12.75)

w here K s is the synchronizing torque coeff cient given by

1 A s discussed ilz Section 5
. 3.1, for a classical generator

can be used

m odel, the angle of F ' w ith

respect

angle.

by

to a synchronously rotating reference phasor aS a nAeasure of the rotor

H ere w e have chosen E as the reference,and the rotor angle ô is m easured as the angle

w hich E 'leads Fs.
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K s
E 'E B 

ôCOS c
X w

(12.76)

L inearizing E quation 12.74,W e have

#Aô Y AY0 r (12.77)

W riting E quations 12.75 and 12.77 *111 the vector-m atrix form ,W e obtain

K
A O# r

d t A ô
L

D
K s

21/ 21/

0
( ty j o121/LT (12.72)0

This *IS of the form ' = A x+bu .X The elem ents of the state m atrix A are Seen to be

depçndent

represented

Figure

On the system paranleters

of E '

K o ,

%W
the

by

H ,X F5 @nd the initial operating condition

show nthe values and The block diagrana representation *111

12.5 Can be used to describe sm all-signal perform ance.

FronAthe hlock diagram of Figure 12.5,W C have

A ô O o 1
-  

1H sç-s K Aô-K ao,+ac )n
(12.79)

O 0

S

1
- K s a ô -

lH s

K A ô
s-- +h TD m

0 0

R earranging, W C get

K2(lô)S D+---N(Aô) KS
+ - - -

O 0

21/Yc(Aô) AF21/ 21/

Therefore, the charqcteristic equation @IS given by

K so z2
+

M x+s K
0 (12.8û)

21/ 2:/

This *IS of the general form

2 2
S +2(œ S + O 0n n
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Synchronizing torque

com ponent
K s

h Te

+ 1 A (D r uO  A 8
A Fw Z

lH s S

K D
D am ping torque

com ponent

K s

K o

H

synchronizing torque coeff cient in pu torque/rad

dam ping torque coeff cient in pu torque/pu speed

inertia

deviation

constant in M W 'S/M V A

A œ r speed deviation @111 Pu =
*

(œr-*0)/œ0
elec.A 8 rotor angle deviation 111 rad

S L aplace

rated

Operator

@t speed @111elec.rad/s 2a4
377 for a 60 H z system

F igure 12.5 B lock diagranA
-

jjj

of a

bus system :4,1t11

single-m achine infnite

classical generator m odel

Therefore, the undam ped natural frequency @IS

O
K MS2/z rad/s (12.81)

and the dam ping ratio *IS

1 K o
( 2 lH

œ

(12.82)
1 o

2 K  2s o
S 0

K
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A s the synchronizing torque coeff cient

and the dam ping ratio decreases. A n

increases

K s increases,
@ *

the natural frequency tnu easts
*

the dam ping ratio,w hereas

lncrease ln dam ping torque coeff clent K
o

an increase in inertia constant decreases both o

and (.

E xam ple 12.2

Figure

station

E 12.5 show s the system representation applicable

H z units.

to a therm al generating

consisting of four 555 M V A ,24 kV ,60

H T

L T T
ransform er Insnit

u4x555 yo
.
5 CCT 1 b

u s

M V A
./0.15 ccT 2 yE

t 
./0.93 p

P

F igure E 12.5

The netw ork reactances show n

(referred
negligible.

to the L T side

in the fgure are in per unit on 2220 M V

of the step-up transform er). Resistances are

A ,24 kv  base

assunaed to be

The objective of this exam ple *ISto analyze
operating

tlltl sm all-signal stability characteristics

of the system

postfault

about the

2. The system

steady-state

condition in

condition follow ing the loss of circuit

Per unit On the 2220 M V A , 24 kv base is aS

follow s:

P 0.9 0.3 (overexcited) Et 1.0Z360 E 0.995Z00B

The generators are to be m odelled as a single

classical m odel w ith the follow ing param eters

24

equivalent

expressed

generator represented

in per unit on 2220 M V A ,

by the

kv base: r

XL 0.3 H  = 3.5 M W 'S/M VA

(a) W rite the linearized state equations of the system . Determ ine the eigenvalues,
dam ped frequency of oscillation in H z, dam ping ratio and undam ped natural

frequency for each of the follow ing values of dam ping coefficient (in pu
torque/pu speedl:

(i) Ko 0 (ii) Kp -10.0 (iii) Ko 10.0

(b) For the Case w ith Ko = l 0.0,
D eterm ine the tim e

fnd the left and right eigenvectors, and

participation m atrix. response if at /=0, A ô =5O and Aœ =0.
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Solution

(a)
operating

Figure E 12.6 show s the circuit m odel representing
*

the postfault steady-state

condition Ahritll a11param eters expressed ln Per unit on 2220 M V A  base.

E  =1.0Z 36Ot

F Z 6

0 3 f, 
./0.15 ./0.5j . LT H T

f s =0.995Z 00

U  U

F igure E 12.6

W ith E t as reference phasor,the generator stator current @IS given by

It (# +/Q) * 0 9 -j0.3@
E t 1.0

0.9 -j0.3 Pu

The voltage behind the transient reactance *IS

E ' E  +J'X  ' It d t

1.0 +/0.3(0.9 s/0.3)

1.09 +/0.27 * o1.123/ 13.92 Pu

The angle by w hich E  'leads fs is

ô 13.920 + 36O 49.9200

The total system reactance is

X v 0.3+0.15 +0.5 0.95 Pu

The corresponding synchronizing torque coefscient, from E quation 12.76,is

E  / F- #
K s cosôc

X T

1.123y0.995
c0s49.920

0.95

0.757 Pu torque/rad
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L inearized system equations are

A ô
r

@

A ô

K D

2:/ 21/

0

A Y
r

+

A ô

1

21/ L T

0

- 0.143# s

377.0

-

0j1o8j jasyjojo.lyajsw.
The eigenvalues of the state m atrix are given by

- 0.143# s -l -0.108
0

377.0 -k

O r

12+0 1431
* l + 40.79D 0

This is of the form

l2 2+2(Y 1+ œ
nD

0

Aréitll

O n 6.387 rad/s 1.0165 H z

( 0.143#V(2x6.387) 0.01 12#0

The eigenvalues are

l 1 , la 2-(Y
a
+ O

a  1-(

The dam ped frequency @IS

Od 2œ 1 - (

The follow ing are the required results for different values of K o.
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K p 0 10 - 10

E igenvalpes l 0+
./6.39 -0.714+./6.35 0.714+76.36

D am ped frequency çùd l .0165 H z 1.0101 H z 1.0101 H z

Dam ping ratio ( 0 0.l 12 -0.1 12
U ndam ped natural frequency œ n l .0165 H z 1.0165 H z 1.0165 H z

(b) The right eigenvectors are given by

(A -lI)# 0

For the given system ,Al/itlz JU = 10, the aboveo equation beconaes

- 1.43-1i

377.0

- 0.108

- 1i

$1f
è2f 0

For 1=-0.714+76.35,tllklcorresponding equations are

(0.714 +/6.35)è11+0.108$zj 0

377.0$11+ (0.714-/6.35):z1 0

The above equations

of the eigeqvectors

let

are not linearly independent. A s discussed in Exam ple

corresponding to an eigenvalue has to be set arbitrarily.

12.1,One

Therefore,

#a1 1.0

then

11 -0.0019+/0.0168

Similarly,eigenvectors corresponding to V = -0.714 -76.35are

èzc 1.0 è12 -0.0019-/0.0168

The right eigenvectpr m odal m atrix is

- 0.0019+/0.0168*

1.0

- 0.0019-/0.0168

1.0
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Theleft eigenvectorsnormalized so that#f A = 1.0 are given by

T * -1 >4J(*)
l * l

T
1.0 - 1.0

0.0019+/0.0168 -0.0019+/0./)168
' 

s
,

(-0.0019+/0.0168 +0.0019+/ .0168)

- /29.76

/29.76

0.5-/0.056

0.5+/0.056

The pad icipation m atrix is

P
$11#11

èzl#lz

#1c#c1

èaa#aa

0.5+/0.056

0.5-/0.056

0.5-/0.056

0.5+/0.056

0.503/6.40

0.503/ -6.40

0.503/ -6.40

0.503/6.40

The tim e K SPODSC *IS given by

ho.(t)

Aô(/)

è11 #12

Yc1 èzz

l 1r
C Le

laf
Cze

W ith 8 6=50=0.0873 rad and Aœ r=0 at /=0,w e have

g---'j#11#12#21#22AYr(0)Aô(0)
G .

- /29.76

/29.76

0.5-/0.056

0.5-/0.056

0

0.0873

0.0436-/0.0049

0.0436+/0.0049
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The tim e reSPOnSe of speed deviation @IS

l1; lcfh w
,(t) Yllcle + è12ccc

(-0.0019+/0.0168) (0.0436-/0.0049),( -0.714 +/6.35) t+

(-0.0019-/0.0168) (0.0436+/0.0049):( -0.714 -/6.35) t

- 0.0015d-0.714/sin(6.35/) Pu

Sim ilarly,the tim e CCSPOnSe of rotor angle deviation IS

Aô(,) 0.088,-0.714/cos(6.35f-0.112) rad

This is a second-order

frequency

1/0.714

of 6.35 rad/s

system  w ith an oscillatory m ode of response having a dam ped

or 1.0101 H z. The oscillations decay w ith a tim e constant of

S.This corresponds to a dam ping ratio

A 6 pad icipate in it equally.
( of 0.1 l2.Asthis @ISa rotorangle

m ode,A œ andr

12.3 .2 Effects of Synchronous M achine Field C ircuit D ynam ics

W e nOW consider the system perform ance including the effect of field ;ux

variations. The am ortisseur effects srrill be neglected and the f eld voltage Ahrill be

assumed constant (m anualexcitation control).
In w hat follow s, W e 1- 1 1W develop

@

the state-space m odel of the system by frst

reducing the synchronous m achlne

com bining them  w ith the netw ork eq

ln electtical

equations

uations. W e

to

w ill

an appropriate form  and

express tim e in seconds,

then

angles

radians, and al1 other variables *111Per unit.

Synchronous m achine equations

A s in the Case of the classical generator m odel,the acceleration equations are

1
p h o r -  (w - r -Kphor)m e2:/ (12.83)

# 6 œ oA Y
,

(12.84)

(otl =2a
.& elec. rad/s. In this case, the rotor angle ô is the angle (in elec. rad) by

which the ç-axis leads the reference fs. A s show n in Figure 12.6, the rotor angle ô

is the sum  of the internal angle ni (see Section 3.6.3) and the angle by which Et leads
% . W e need a convenient means of identifying the rotor position with respect to an
apprbpriate reference and keeping track of it as the rotor oscillates. A s discussed in

w here
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M 'y * r
*

Y-aXIS

e q 
x

N
N

N

N15s
-  

-
x

x

LI N x N N 
w p,Nwx

x y = /N
x  /

z
N  yN

w8 z Nx
xj , x

/ N8 z Nxwz 
x

'E/ / B
/ /

/ /

/ //
/ /

/ /

e /# z
/

/
/

/E Bd

!o:

J-axi s

F igure 12.6

C hapter

circuits

3(Section 3.6), the g-axisoffers this convenience when the dynam icsof rotor
are represented

rotor

*

111the m achine m odel. The choice of fs as the reference for

naeasuring angle @IS convenient from the viexvpoint of solution of netw ork

equations.

The

and the

per unit syhchronous

sim plif cations essential

k

m achlne equations w ere sum m arized in Section 3.4.9

for

Section 5.1.Frona E quation
@ *

5.10,w ith

large-scale stability studies

tim e t in seconds instead of per unit,

discussedsvere @111

the ûeld

circuit dynam ic equatlon IS

##yd ooleyd-Rgdiyd)

(12.85)o
o
Rg

E  :- o oRgdiydy
L :.a

w here Efd iS the excitef

12.85 describe the

output

dyn:m ics of the

voltage

synchronous m achine w ith A œ r, ô, and vy#

derivatives of these jtate variables appear in

and iyd, w hich are neither state variablej nor

defined @111 Settion 8.6.1.E quations 12.83 to

as the

state variables. H ow ever, the these

equations

variables.

aS functions of Fe ipput

form ,ln order to develop the com plete

ternAsW e express

m achine Sux linkage equations and

W ith am ortisseurs neglected,

linkages

need ttl àhd Te ilt

systèm  equations in the

of the state variables as

state-space

determ ined by the

netw ork equatioàs.
@

and currents are aS show n

equivalent

in Figure 12,7.

the clrcuits relating the m achine flux
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L l f /

# ---- ze
! 

tjjr z' tjjr j) J ( z:
I

kéad L adsV #

t.
x

.

.  
Vfd

N .

fyy

t .-
l iq
1
- ,

v  v sç f aqs

I

X
''
x .

.

F igure 12.7

The stator and rotor ;ux linkages are given by

## -L j +l d Lo(-ï#+i) (12
.86)

- L jy+#u,l

# -Lti +Laqsl-iq)q
(12.87)

- L i +#l q aq

# L .(-ïJ + jya) +ha iya (12
.88)

# d+hdiydJ

In the above equationsY?JJ
values

and vuç are the air-gap (m utual)
of the m utual inductances.

flux linkages, and

and fGqS are the saturated

Frona Equation 12.88,the feld current m ay be expressed aS

#y:-#wi 
#f

(12.89)
Z dz

The J-axis m utual flux linkage can be w ritten in term s ofV/# and @l# as follow s:

#ad -L aç id+LagzigJ

- L
agz

id
L
Jdj+

- - - (#y#-#uJZ 
d/

(12.90)

L / -j #z,
+d

L az
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w here

1L '

1 1 (12.91)+
--U  LZ

a1  g

Since there are nO rotor circuits considered @111the @:-aXIS, the m utual ;ux linkage *IS

given by

#aq L 1*GqS q (12.92)

The air-gap torque @IS

F
e ##ï -# id

(12.93)
#c#*Iq-# @laq d

sp/itllA V ternls and speed variations neglected aS discussed @111 Section 5.1,the stator

voltage equations are

ed -R j - #a d q
(12.94)

- # id+lLti =#J q )Gq

e -R i +#aaq
(12.95)

- R i -(zyj,-#w )Gq

A s a frst step, w e have expressed iyd and Te in term s of vyy, id, iq, v s# and vuç.

ln addition, ed and eq have been expressed in term s of these variables and w ill be used

in conjunction with the network equations to provide expressions for id and iq in terms
of the state variables.

The advantages of using V a# and V aS internAediate variables @111 the

elim ination PrOCCSS

circuits

w ill be nlore apparent aq
w hen W e account for the effects of

am ortisseur @111 Section 12.6.

N etw ork equations

there is only one m achine, the m achine as w ell as netw ork equations caà

be expressed in term s of one reference fram e, i.e., the d-q reference fram e of the

m achine. R eferring to Figure 12.6, the m achine term inal and infnite bus voltages in

Since

ternAs of the # and com ponents are
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Et @ed+J e (12.96)

E EB + E7 B
qs#

(12.97)

Thenetwork constraintCquation for the system of Figure 12.3(b) *IS

Et E +(& VX )fE t
(12.98)

(ed+jeqj (fsyvfsç) + (Rs+jXE)(i +ji )d q

Resolving into d and com ponents gives

ed R sïy-x sï +E
q Bd (12.99)

e Rsi +X id+EF (12.100)Bq

where

% d Fssinô (12.101)

fs E cosôB (12.102)

U sing E quations 12.94 and 12.95 to elim inate ed, eq in E quations 12.99 and 12.100,

and using the expressions for v ad and kjaq given by E quations 12.90 and 12.92, w e

obtain the follow ing expressions for id and iq in term s of the state variables vy# and

5:

i
zt

Z.s
X p

g Yyg -X, COSY - Rpx  SY êZ 
& 6 V&
=  vl

(12.103)

D

@

I

X  & E 6 +X E SinêR
p ys - s cos u  sZ 

.  +Ly
&

(12.104)

D
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w here

R v R  +R EJ

Xvq X +(f +f aqs f/) XE+X

X wa X
(12.1â5)X

e+(LJ +L,) +X#E &

D 2R v+X X :T
q T

The reactances Xqs and XLs are saturated values. In per unit they
corresponding inductances.

E quations 12.103 and 12.104, together w ith E quations 12.89,

are equal to t*t

12.90 and 12.92
,

Can be used to elim inate i andfd Te from  the differential equations
*

12.83 to 12.85 and

CXPCCSS them @111ternAs of the state variables. These equatlons are nonlinear and have

to be linearized for sm all-signal analysis.

L inearized system

E xpressing E quations 12.103 and 12.104 in term s of perturbed values,W C m ay

w rite

Lid +1Aô+mghnyd (12.106)

L i
q

N1Aô+nghng (12.107)

w here

Fstxp sinôc-Rwcosôc)
W 1

D

fstRwsinôc+x cosôo)rd
/ 1

D

(12.108)
X  L

œuOm
z D (L a, + Lydj

R  LF 
adt

Dnz (Z
% + hd)

B y

expressions

linearizing E quations

h id and

12.90 and 12.92, and substituting @111 them the above

for â i ,q W C get
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A#ad
A# :? 

-  l j + fL 
aç da z

fd (12
. 109)

1 , , a ô
-

- w a L
agzhyd-mqLagzL 

#f

A #aq -L l iaqs q
(12.110)

- nzL
aqs

h #s -n1i A ôaqS

Lihearizing E quation 12.89 and substituting for A ïgc: from E quatièn 12.109 gives

A# -A# dF 6A L
d L 

#f (12
. 111)

L ' 11 
ao , ay + - w o? a ô-  1 - + m

z
L
agz s  , 1 uaçZ 

d V  nyd/

The linearized form of E quation 12.93 @IS

A F
e # dohiq+ i:pA#u:- %aqohid- G A#uçJ

slIl) stittltirléj for h id,A f ,A kéad,and A V aq from  E quations 12.106 to 12.110,Nve obtain

A F
e rllô +& A#y: (12.1 12)

w here

K3 n1(#c,p +Laqsidob -- 1(#cçp +L,' ïvp) (12.113)

K z
z ?

? aœ
nzç%ado +Laqsidot - mzl%aqo + Lao iqot + iqoL 

#z

(12.114)

By linearizing E quations

AF given by E quations

ëeslred inal form :

12.83 to 12.85

12.111 and

substituting the expressions for h iyd and

12.1 12, w e obtain the system  equations in the

and
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A ô
r

J11 J12 J13 A Y r :11 0

là J21 0 0 Aô + 0 0

0 J32 J33 A# 0

L T

A f  df

(t2.115)

*

A# hz

w here

K D
J  = -11

21/

K 1
= - - -J 1a

21/

K 2
= - - -J 13

21f

Ja1 = Yo = 2a4

O R0 fd
= - - -J32 m  Z ?1 

a, (12.116)Z 
d/

O R0 fd
c - v -J33 1

Z /
a, + m  L /

2 cïtZ d/ L #f

1#
11 =

2/f

O  R  #0 f
=hz L

adu

and A F hEyd on prim e-m over and excitation controls. W ith constant(''

m echanlcal input torque, A F. =0; w ith constant exciter output voltage, hEyd=Q.

lt is interesting to com pare the above state-space equations w ith those derived

in Section 12.3.1 by assum ing the classical generator m odel (which is equivalent to
assum ing

and depend

Rfd=0,R =0J
@

and X  =Xd'4 .q
The m utual lnductances f dsJ and

values.The m ethod of accounting for

L in the above equations areJ#J

Satufatlon fOr Sm all-signal analysis is described

saturated

below .

Representation of saturation sm all-signalstudies

Since w e are expressing sm all-signal perform ance in term s of perturbed

of flux linkages and currents, a distinction has to be m ade betw een total saturation

values
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increm ental saturation.

Total saturation @IS associated w ith total values of fux linkages and currents.

The m ethod of accounting for total saturation w as discussed in Section

Increm ental saturation is associated w ith perturbed values of tlux

3.8.

linkages and

cnrrents.
@

the

Therefore,the increm ental

lncrem ental saturation aS show n

slope of the saturation

in Figure 12.8.

CUCVC is used in com puting

D enoting the increm ental saturation factor K sd(incr) 5W C have

LJ& (incr) K  Lsd (incr) 
Jlu (12.1 17)

Based on the defnitions of W B andsatn sat V r? *111 Section 3.8.2,W C Can show that

1K
sd (incr) (12.1 18)

1 + B #  eSat 
#J /

Bsatl%atn- #w1)

A sim ilar treatm ent applies to *:-aXIS saturation.

total

For com puting

saturation is used.
the initialvalues ofsystem variables (denoted

@ *

1.e.,For relating

12.1 16,

the perturbed

increm ental

values, 111
by subscript 0),

E quations 12.105,

12.108, 12.1 13, 12.1 14, and the saturation factor is used.

The m ethod of com puting the initialsteady-state values of m achine paranAeters

WaS described @111 Section 3.6.5.

Slope

f d relatingJ

represents saturated value of

total values of V and f

V oltage or z 
- .

. 

' 

/ zflux llnkage z z - y ,

A v  zz 
-

z
-  Slope represents saturated

/ xe . .
z x - - value of L # relatlng lncrem ental1 

- - - - - - - - - - - - - - - - - - - -

y
/- 

j

- a

- -  - - - - - - - - - - - - - - - - - - -  j Va)UC8 Of JSIj aRd /$ JV,/0 -) z, j
/

-  
zz j lxe

-e. A / I I

z ,'. z j j
.
,- -e' z

-e-
'
'e 

ZZ j j
/ I l

/ j l/
/ I I/

/ I I

Z I I/
/ I I/

/ l l

Z I j/
/ I I/

/ I I
z -s h ïs-/

Z l I/
/ I l

Z j j/
/ j I

=

Io %  Ormmf

F igure 12.8 D istinction betw een increm ental and total saturation
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Sum m ary ofprocedure for form ulating //z t!state v c/r/

(a) The following steady-state
@

operating conditions, m achine paranzeters

netw ork paranAeters arC glven: %.

P t

Ld
:,
f

E t

f /

R E # s

LfdR J Rfd W Bsat sat V rJ

Alternatively EB m ay be speclied instead of Qt orEt.

(b) Thefrststep is to compute the illitiétlsteady-state valuesofsystem variables.
.

1t,

T otal

POWCFfactorangle #
saturation factorsKsd and KJ#(see Section ).8)

X ds

X s

I X coss -f R sihè
-

1 t qs ( aô i = tan
E t + ItR

a cosk +frxqssinè

=  f ds K  yf adu+J

K  L +Sq J#&

f /

L lL sq

c:p = F fsinôj

e = f  cosôj
qo t

*

I =6sin(ôj+è)do

i =1 costô +è)q0 t i

E  yp = edo-R eido+x eiqo

F o = e o-Rei p-xsu
E  do

- 1 Bô; = tan
E B

q0

2 2 1/2f
s  =  (Eado + Eeqoj

t o+R  i p+iw j.
q J 9= --i doz 5

L E do - Ladabdoz
adà

# do =f% (-ia + j )do fd0 5 # = -L 1*aq0 aqs qo

(c) The next step @IS to com pute
values

increm ental saturation factors and the

cortesponding saturated of Lads,L L ?aqsn J#x,and then

R v, X vq, T wy, D

m  1,

'CI,

from

m z,

1 2

n 1 , n2 from

from

E quation 12.105

E quation 12.108

E quatiohs 12.113 and 12.114
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(#) Finally,com pute the elem ents of m atrix A from Equation 12.116.

nl0Ck diagram representation

Figure 12.9 show s the block diagranA representation

erform ance?

system  are

Jiagram

of the

expressed

system .

in term s

In this representation, the dynam ic

sm all-signal

characteristics of the

of the

of the so-called K constants (51.The basisfor the block
and the expressions for the associated constants are developed below .

K 4

h Tm

-  +
Af =0 + K s A tgyy + % Te 1 A œ r 

- .

aO A8J# 
-  z K  z 

-  x2 
zg swg  s1 + sT5 

.s o

Field circuit

f 1

F igure 12.9 B lock diagranl representation AAritll constant Efd

Frona E quation 12.112, W e m ay CXPCCSS the change @111 @a1r-gaP torque aS a

function of A ô and A n'zy as follow s:

L T
e

r 1A ô + Kghnyd

where

1 1

K z
AL Ih& AhritlzconstantV/#
h Tc /l vyy w ith constant rotor angle

The expressions for r j and K z

torque

are given

given

com ponent.

by

by

E quations

S IA :

12.113 and 12.114.

The

represents

com ponent

a synchronizing

of @IS @111 phase w ith A 6 and hence

torque

The com ponent of torque resulting from variations @111 f eld ;ux linkage @IS

given by Kzhp d.
The variation ofT d @ISdeterm ined by the field circuitdynam ic equation..

#A#y# Ja2Aô+Jaa A#y#+ hz Afza
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By grouping ternAs involving AT dand rearranging,WC get

K 5
A# EAfyeY yAôl1

+# Fa
(12.119)

w here

32
= -K 5

J a3

J 32
Y  = -
n 4 b

32

(12.120)

1 L
adu

L ##

T  = - = r  T  J
A 3 a  n 3A d0

33

E quation

12.9.

12.119, Ahritll S replacing # , accounts for the feld circuit block @111 Figure

Expression for the K  constants the expanded form

W e have expressed the K  constants in ternzs of the elem ents of m atrix A .ln

the literature (5,6j, they are usually
param eters, as Sum m arized below .

expressed explicitly in ternAs of the various system

The constant 1 1 W aS expressed @11l E quation 12.113 aS

K3 n1(#u#p +Laqsidot -- 1(#cvp +L,' ïvp)

From  E quation

be w ritten as

12.95, the frst term  in parentheses in the above expression for # 1 m ay

# do+LaqsidoJ e + R i + X iaoq0 a qo qs E o (12.121)

w here E  o is the predisturbance value of the voltage behind Ra +JX q.

in parentheses in the expression for S j m ay be w ritten as

The second ternl

# +Z' iaq0 cdx q0 -L *I +Z/ iqo adc qoJW
(12.122)

- (X -X ' ) jq d qo

E5 tlll stittltilléj

12.12 1

for n 1 , m j
@

111

from E quation 12.108 and for the ternls given by E quations

and 12.122 the expression for 3Cl,yields
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# 1
E  E  o# q

(Rwsinôo+fwacosôol+D

(12.123)
E a i o

D
(Xç-xlltxrçsblôo-Rwcosôo)

Sim ilarly, the expanded form of the expression for the constant K z *IS

K z
L a

, 
R  X p

q (Xq -Xj )a r s + + j j 
oqo qL a, + Lg  D  D

J

(12.124)

Frorn E quations 12.91, 12.108, and 12.1 16, W e m ay w rite

J 33
R L a, Xpq La, Lagzhd

-  

o  ---d  1 - & +
0 L z + L p (L a

,+ ha) (ua,+ às)fd Jïç fd a

2X  
d 

X rq Zcof 
1 +-O c

Lagv+ ly# D (iu. + Lyd)
(12.125)

Rfd X Tq
-  

o, 1 + (Xd-xjjZ
uaç + Lyd D

substitution of the above *111 the expression for K à and F3 given by E quation 12.120

yields

K z
Z.  + Lg  1

L
adu

X (12.126)
1 + (Xd-Xj)DTq

L + L 1qh% /4
Fa

œ oRyd
1+O (Xd -Xd' )

D (12
. 127)

F ?d0
s

1
X v

+--A (Xd-Xd' )
k D

where T 'd0
s

*

IS the saturated value of F 'dt Sim ilarly, from  E quations 12.91, 12.108 and
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12.1 16, W e m ay w rite

R  f s L agzy:J
J3z -Yc - txp sinôo-Rrcosôo)L 

, 
D  s  Lag,+ 1y,f 

s '

Substitution of the above *111 the expression for K 4 given by E quation 12.120 yields

L Ece B

14 X du - (XrçL. + Lg D sinô -lwcosôo)0 (12.122)

If the effect of saturation *IS neglected, this sim plif es to

E
K4 ' x -x ')(x sinô -R cosô )( d d r

q o r oD
(12.129)

If the elem ents of m atrix ?t are available, the K  constants m ay be com puted directly

*from  them .The expanded

literature.

fornls are derived here to illustrate the fornl of CXPCCSSIOnS

dependenceused in the A n advantage
*

of these expanded forn:s is that the

of the K constants On the

disadvantage,

effects.

how ever,

varlous system  param eters m ore apparent. A

is that som ç inconsistencies appear in representlng saturation

@

IS readily
*

ln the

(see
expressions

Section

Eq' =(L cy/fyslvyy is often used as a state variable instead of vy#
5.2). The effect of this is to rem ove the Ladl(L uy+fyy) term  from the

for Kz and Ks. The product KzKs would, jgwever, remain the same.

literature,

Eyect> M d#a linkagevariation on system stabiliy

W e See fronA the block diagranA of Figure 12.9 that,

by

w ith constant seld voltage

through the

reaction.
(Afy#=0), the feld ;ux variations are caused only
coeff cient K 4. This represents the dem agnetizing effect of the

The change in air-gap torque due to f eld flux variations

changes *IS given by

feedback of A 8

arnAature

caused by rotor angle

A F

A ô

K K K2 3 4
-  .  -

(12.130)d
ue to A# 1 +NFa

The constants JC2,

and

J;3, and K4 are usually PO * *sltlve. The contribution of àT d to
synchronizing

as discussed

dam ping torque com ponents depends on the oscillating frequency

below .

(à) In the steady state and atVery l()A4?oscillating frequencies @ =.jo *  0) :
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LT due to A#y:e -S #a K4 Aô

The deld ;ux variation due to A6 feedback 'e(1. .,due to arm ature reaction)
beconaesintrodùces a negative syncb ohizing torque com ponent. The system

m onotonically
@

IS

unstable w hen this exceeds # 1A :.The steady-state stabilit)Tlim it

reached w hen

K z r a K 4 1 1

(b) Atoscillating frequencies nauch higherthan 1/F3 :

KZK SK.
A F

e

N .
- A ô
j O Fa

K K K? ?
-  !jâô

*  Fa

Thus,

phase

the com pohent of air-gap

w ith A * .H ence, A vy:

torque to vy# is 90O ahead

results in a positive dam pihg torque

due A of A ô Or *111

com ponent.

(c) At typical m achine oscillating
dam ping

frequencies of about 1 Hz (2a
results in a positive

com ponent.torque

com ponent

com ponent

The net effect ls to reduce slightly

a negative

the

andtorque
@

A Vy#

synchronizing
rad/s),

synchronizing torque

and increase the dam ping torque com ponent.

A œ r

e l
l

I Kzhp di
$

l

l
l
I

l
)
1 A 6

h Ts

:A

Figure 12.10 kPositlve dam ping torque and negative

Kzhp dsynchronizing torque due to
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Sp ecial situations w ith K 4 negative..

it is positive, the effect g

field ;ux variation due to arm ature reaction (Avy: smonstant Eyd) is to introduce
a positive dam ping torque com ponent. H ow ever, there can be situations w here # 4 is
negative. From  the expression given by E quation 12.128, # 4 is negative w hen

(#s+X:)sin6: -(Ra +dslcosôo is negative. This is the situation when a hydraulic
generator w ithout dam per w indings is operating at light load and is colm ected by a

line of relatively high resistance to reactance ratio to a large system . This type of

situation w as reported in reference 7.

A lso # 4 can be negative w hen a m achine is connected to a large local load
,

supplied partly by the generator and partly by the rem ote large system g8j. Under such
conditions, the torques produced by induced currents in the û eld due to arm ature

reaction have com ponents out of phase w ith A (n, and produce negative dam ping
.

The coeff cient K 4 @IS norm ally positive. A s long as

w ith

E xam ple 12.3

ln this exam ple W e analyze the sm all-signal stability of the system of Figure E 12
.5

(considered in Exam ple 12.2) including
dynam ics. The param eters of each of the

its rating are as follow s:

the effects of the

four generators

generator

of the plant in per

seld circuit

unit on

X d 1.81 X

FJp

1.76 # /# 0.3 & = 0 . 16
Ra 0.003 8.0 S H = 3.5 K o 0

The above

represented

param eters are

by assum ing that # and
, q

unsaturated values. The effect of saturation *IS to be

axes have sim ilar saturation characteristics w ith

W tSJ 0.031 B 6.93sat V r? 0.8

The effects of the am od isseurs m ay be neglected.The excitation system is on m anual

control(constant Eyp,and transmission circuit 2 is outt( of service.

(a) lf the plantOutput*111Perunit on 2220 M  VA,24 kv base is

P 0.9 0.3 (overexcited) Et 1.0

com pute the follow ing:

(i) The elem ents of the state m atrix A representing the sm all-signal
perform ance of the system .

(ii) The constants 1 1
of Figure

K 4to and F3 associated Alpitll the block diagram

representation 12.9.
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(iii) Eigenvalues of A and the corresponding
@

m atrlx ;

eigenvectors and pad icipation

frequency and dam ping ratio of the oscillatory m ode.

(iv) Steady-state
synchronizing

synchronizing

torque

torque coefs cient; dam ping and

coefscients at the rotor oscillating frequency.

(b) Ineternxine the lim iting value of P (w ithin +0.025 Pu) and the corresponding
value of the rotor angle 8 beyond w hich the system @IS unstable, w ith

(i) Saturation effects neglected

(ii) Saturation effects included

A ssum e that Q =PI? aS P varies and E't = 1 .0 .
saturation.

C om m ent On the m ode of

instability and the effect of representing

Solution

The four units of the plant m ay be represented by a single generator w hose param eters

on 2220 M V A  base are the sam e as those of each unit on its rating. The circuit m odel

of the system @111Per unit on 2220 M V A base @IS show n in Figure E 12.7.

E  =1.0Z 360t 
r;

.0 l 5 J.*.5 ?J 
.

F s=0.995Z 0O

tN 60.65

Flgure E 12.7

The generators
* @

of this exam ple have the Sam e characteristics aS the generator

consldered ln exam ples of C hapters 3 and 4,except for LJ.

The per

circuits) of the equivalent generator
unit fundam ental param eters (elem ents of the #- and *;-aXIS equivalent

follow ing the procedure used in Exam ple 4.1 are

f duJ

R a

1.65 faqu

Rfa

1.60 L l

fyy

=  0.16

0.003 0.0006 0.l 53

(a)
the

(i)
procedure

The initialsteady-state

sum m arized earlier

values of the system  variables

in this section.

are com puted by using

K dJ = K  = 0.8491
=  0.6836

öi

ï#p

K  alinco
L-

43.130

ed0%è 79.130 e o =q
E  do =/

0.7298 0.8342 i o 0.4518

2.395 = K sq (incr) 0.434
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From  E quation 12.108,

Y 1 1.0437 + 2 = 0.8802 N1 = 0.1268 nz 0.0018

From E quation 12.1 16,

0 -0.1092 -0.1236

A 376.991 0 0

0 -0.1938 -0.4229

(ii)
of Figure

From E quations

12.9 are

12.1 13, 12.1 14,and 12.120, the constants of the block diagram

1 1

K ?

0.7643 K z

K 4

=  0.8649

0.3230 1.4 187 F3 = 2.365

(iii)
transform ation

Eigenvaluçs computed by using a standard routine based On the QR
m ethod are

%T 12
13

- 0.1 1+
./6.41

- 0.204
(t9 =# 1.02 Hz,(=0.017)

The right eigenvector m atrix *IS

0.0169-/0.0014 0.0169+/0.0014 0.0004

* -0.0988-/0.9945 -0.0988 +/0.9945 -0.7490

0.0301-/0.0015 0.0301+/0.0015 0.6625

The left eigenvector m atrix norm alized SO that T *  =1 *IS

29.3884+/1.9097 -0.0410+l /0.4992 -0.0643+/0.5632

T 29.3884-/1.9097 -0.0410-/0.4992 -0.0643-/0.5632
- 2.6820 0.0014 1.5126

The pad icipation m atrix @IS

0.501Z -1.00 0.501Z 1.00 0.0Q1Z,180O AYr

0.501Z -1.00 0.501/ 1.00 0.001Z 1800 A ô

0.017/940 0.017Z -940 1.002Z0O A#y#

11 :2 13
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From  the participation m atrix, w e see that A œ r and A 8 have a high pad icipation in the

oscillatory m ode (corresponding to eigenvalues 11 and 12); the feld ;ux linkage has
a high participation in the non-oscillatory m ode, represented by the eigenvalue l3.

(iv) The steady-state synchronizing torque coeffcient due to AVJ: is

- K  K  K2 3 4 -0.8649x0.323x1.4187

- 0.3963

The total steady-state synchronizing torque coefscient @IS

K s r 1 - K z r a K 4

0.7643-0.3963 0.3679 Pu torque/rad

From the block diagrana of Figure 12.9,

LTe(s)

Aô@) due

- Kg r, K. ?j??- K  K  K  ( 1 - s T )

ttl à#yd 1 + sT5 2 21 - s Fa

Therefore, h Te due to A vyy is

- K  K  K2 3 4 K K K T
l ô + ? ? # ? xl ôh v

e j a#ya 2 21 
-  s Fa 2 21 - s F

a

Kslh %yd) Aô +ro(A# ) Aorocfd

From  the eigenvalues, the com plex frequency

the real
of rotor oscillation is -0.1 1 +76.41.
im aginary

*

Since

com ponent

K

is m uch sm aller than the com ponent, W e can com pute

Ks and at the oscillationD frequency by settlng s =j6.4 1 w ithout loss of m uch
accuracy.

- K  K  K2 3 4 -0
.3963& (A#*J

1- U6 41x2.365)2*2 21 - s Fa

- 0.00172 Pu torque/rad

K z K s 1 4 Fao ors(A#s ) 0.3963x2.365x377
2 21 - s F

a
1- U6 41x2.365)2*

1.53 Pu torque/pu speed change
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The effect of Geld ;ux variation 'e(1. ., arm ature reaction) @IS thus to reduce tht
synchronizing torque slightly and to add a dam ping torque com ponent.

The net synchronizing torque com ponent *IS

K3 + K (2ï ltS * .J 0.7643-0.00172

0.7626 Pu torque/rad

The only Sollrce of dam ping *IS due to field ;ux variation. H ence, the net dam ping

torque coefscient @IS

Ko K (A#y#)D 1.53 Pu torque/pu speed change

From E quation 12.81,the undam ped natural frequency is

n

r so o

21/

0.7626x377

2x3.5

6.41 rad/s

and from E quation 12.82,the dam ping ratio @IS

1 K( D 1 1.53
2 0

.
7626x2x3.5x3772 K  2, 0

0

0.0171

The above valuesof œnand ( agree with those com puted from the eigenvalues.

(b)
*

IS

The stability lim it is determ ined by increasing J9 An?itllQ =Pl?
netw ork

and f/=1.0 pu (EB
allowed to take appropriate values SO aS to satisfy thè equations).The

results Ahritll and w ithout saturation effects are aS follow s.

(i) W ith saturation effects'.

The lim iting P (within +0.025 pu) and the corresponding system conditions@111Perunit
are

P 1.3875

8

0.4625 E t

V

1.0

EB 1.1413 102.60 3.3

The corresponding K  constants are

# 1 0.4566 K z 0.960 K ? 0.3028 K 4 1.5749
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H ence, the steady-state synchronizing torque coefscient @IS

Ks = r j -KzKsy -0.0014 pu torque/rad

The eigenvalues of the system state m atrix are

l1,121% -0.226+74.95
+0.00142

(œ: = 0.79 Hz,( 0.046)

The aboverepresents conditions just past the stability lim it. The system instability is
due to lack of synchronizing torque. This is reiected in the real eigenvalue becom ing

slightly positive, representing a m ode of instability through a non-oscillatory m ode.

(ii) W ithoutsaturation effects'.

The lilzl itilz!jvalue of P and the corresponding system conditions in this Case are

# 1.0375 0.3458 E t

V

1.0

f s 1.0275 89.60 2.49

The K  constants are

1 1 0.6862 K z 0.9956 K q 0.422 1 4 1.633

The steady-statç synchronizing torque coeffcient *IS

K s = r j -K ZK jK . = 0.0001 pu torque/rad

The eigenvalues are

%N5121% -0.162:./6.08
- 0.00006

(*d 0.97 Hz, ( - 0.027)

The system

W ith

Verge lilzlitill!j

the

rotor angle 6 is Very close

900. constant lim iting rotor angle w ill be eq

to 90O if the values of f aa and f aq used to com pute the initial operating condition

the sam e as the values used to relate increm ental tlux linkages and currents.

Eg  and negligible saliency,

is on the of instability.The to

ual

a re

ln case w e represented saturation, w e m ade a distinction betw een total

saturation and increm ental saturation. H ence, the lim iting rotor angle w as about 1020,

signiûcantly higher than 900. K

(i),when
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1 2 .4 EFFEC T S O F EX C IT A T IO N S Y S T EM

111 this section,

the

W e Ahrill extend the state-space m odel and the block diagram

to the excitation system . W e w ill theq

the effect of the excitation system on the smai-signal stability performauceexamlne
of the single-m achine ininite bus system  under consideration.

The input control signal to the excitation system  is norm ally the generator

term inal voltage E t. ln the generator m odel w e im plem ented in the previous section
,E

t 
is not a state variable. Therefore, E t has to be expressed in term s of the state

variables h o r, A 8, and A vyy.

In Section 3.6.2, we showed that h may be expressed in complex form:

developed
@

@

111 previous section include

E t ed @+J e

H ence,

2E  
t

2
+ ed q

2
e

A pplying a sm all perturbation, W e m ay w rite

E +hE 41( fo , (e +Ac#0 d 2+(e) 2+A: )
qo q

B y

reduces

neglecting second-order ternAs involving perturbed values, the above equation

to

E oh E tt e A c +e A ed0 d
q0 q

Therefore,

e
- A e
E ot

doA F
t

e o

q Ae+ (12.131)d
f ot

111 ternls of the perturbed values, E quations 12.94 and 12.95 m ay be w ritten aS

A e# -R  L i
J

+Ljâ i -A#uyd q

Ac -S â i -Lj A jy+l #u,J q

U se of E quations 12.106, 12.107, 12.109, and 12.110 to elim inate h id,

A V from  the aboveaq equations in ternls of the state variables and

h i , A v uy

substitution of the

and
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tlltilléjfeS expressions for h ed and A c in E quation 12.131 yield

LEt rszô + & A#s (12.132)

wàere

e

g-Ru-1+f/n1+LE 
ot

do e o

f otK5 n1j +aqS g-lunl-z/,?,l-uz.-lj (12.133)

K6 d#p Cq0 : 1g-S
u  mg + Ljng + Xggng j + -Ra ng - Ljmg + Lagg ( - mg )E E L

/0 f0 /#

(12.134)

For the

stallilit)?,

representatfve

purpose
w ill consider

of illustration and exam ination of the iniuence

W e the excitation system m odel

of thyristor excitation system s classil ed

on sm all-signal

show n in Figure 12.1 1. 1$ is

as type ST IA  in C hapter 8.

The m odel show n

elem ents

exciter

that are

w ithout

in Figure

considerçd

12.1 1, how ever,has been sim plis ed
*

to include

necessary for representlng a specif c

only those

system . A  high

gain, transient

Paranxeter TR represents the

gain

term inal

reduction Or derivative feedback, *IS used.

voltage transducer tim e constant.

V

E

ref
T erm inal voltage

transducer Exciter E Fuxx
+

1 vl - Z K

At l+sw

(()1 (()2 E
F U IN

V

F igure 12.11 Thyristor excitatioq system Arritll ?tV R

The only

Output

nonlinearit)r

reprepented

associated AAritll the m odel is that due

tlltl exciter voltage by E FMW# and EFMIN. For

to ceiling on

sm all-disturbance

the

studies,

operating

these lim its

point such

are ignored as w e

that Eyd is w ithin

are

are interested *111 a lineqrized m odel about an

thç

they
@

* @lllmlts. L im iters and protective circuits

(UEL,OXL,
Frona

V/Hz) notm odelled RS do notaffectsm allrsignalstability.
block 1 of Figure 12.11,uslng perturbed values,W e have

1A
v1 h E t

1+#L

H ence

1
#Av1 - (AF -AtT

R

v1)
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Substituting for h E t from E quation 12.132, W e get

# Av1
K 5

TR
A ô +

K 6 1
A# a- - Av1f r

TR s
(12.13%

FronA block 2 of Figure 12.11,

E #x(F -v1)ref

1n ternzs of perturbed values, W e have

LE a/ #x(-Av1) (12.136)

The û eld circuit dynam ic
*

equation developed in the previous section,w ith the effect

of excitation system lncluded, beconaes

ph%yd Jallor+cazlô +JaaA#y#+Ja4Av1 (12.137)

w here

$% -# IC32 # * R :? f
-  . KA (12.138)

L
adu

The expressions for /31, J32 and J33 rem ain unchanged and are given by Equation

12.1 16.

Since W e have a l rst-order m odel for the exciter, the order of the overall

system *IS increased by 1,'

12.135,

the neW state variable added is A vl.

Frona E quation

# A v1 J41A O
r
+J4zAô +J4aA#y +J44Av1 (12,139)

w here

J41=0

K 5
= - -J 42

TR (12
. 140)

K 6
= - -J 43

TR

1
G  = - -44

FR

and K 5 and K 6 arC given by E quations 12.133 and 12.134.



Sec. 12 .4 Effects of Exc'Itation System 7 6 1

Since p h o r and p h ö are nOt directly affected by the exciter,

i/

J14 J24 0

he com plete state-space m odel for the pow er system ,T

f Figure 12.1 1, has the follow ing form :0

including the excitation system

A ô
r

là
@

A #y#

A k1

J11 J12 J13 0 A O
r bt

&21 0 0 0 Aô 0 (12
. 141)+ LT

0 J32 Jaa J34 s:  fâ 0

0 J42 ;  s3 J44 Av1 0

F ith constant m echanical torque input,

L T 0

Block diagram including //h t!excitation system

Figure 12.12' show s the block diagranA obtained by

Figure 12.9 ttl include the voltage transducer and

extending the diagram  of

A v W exciter blocks. T he

K 4

F y h Tmrc

Exciter
+ - +A E

fK 13 A V d + A 6 - 1 A * r 
- . -
%  A 8Z G

extN) . Z Kz Z Z1
+xFa o lH s+K p s

Av1 Field circuit

K 6 # 1

+1 A F  
+t 

z K1+NL  5

V oltage transducer

F igure 12.12 B lock diagranx representation Ahritll exciter and A V R
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representation

function
is applicable to any type of exciter,AAritll (7 @) representingdl thetxansft

x
of the A V R and exciter.For a thyristor exciter,

Gexls) KA

The term inal voltage error signal,

12. 1 32 :

w hich form s the input to the voltage transâuce
rblock

,

@

IS given by E quation

Af, Kshn + & A#ya

The coefû çient K 6 @IS alw 4ys positive,

condition

w hereas K 5

external

beCan

depending
The value

On the operating and the

of K 5 has a signis cant bearing

oscillations

on the iniuence

positive or negative
,

netw ork im pedance Ry+JX
g.

of the A V R  on the dam ping

either

of system aS illustrated below .

Eg ectof W VR synchronizing and damping torque components

W ith aptom atic voltage regulator action,the feld fux variations are caused by

the f eld voltage variations,

of Figure 12.12, w e

*

11l addition to the arnAafure reaction. Frona the block

diagranA SeC that

A# Ks GextN)
-

K4 Aô - (Ks Aô +&  A#ya)1 + sTs 1 + s% (12.142)

B y grpuping ternls involving A vy: and rearranging,

- %  (#4 (1 + s% ) + Ks G @)JexA#
y# - A ô2F F +s(T +T ) + 1+# K G @)S 3 R 3 R 3 6 ex (12.143)

The change *111 air-gap torque due to change in f eld ; ux linkage *IS

A F
e I =A#y# Kg A#s (12.144)

A s noted before,

either

the constants 3E2,
*

JC3,/C4, and K 6 are usually positive;

A V R

how ever,

dam ping

# 5

andm @y

synchronizing torque

W e w ill illujtrate this

take positive Or negatlve values. The effect of the On

com ponents

by considering

*

IS therefore

a

prim arily iniuenced by K 5 and

specif c case w ith param eters as follow s:
Gexv/.

K 5

H

1.591 K z

1 6

K

- 0.12

1.5 K ?

TR

0.333 1 4

Gexls)

1.8 F3 1.91

0.3 0.02 K A

3.0 D 0.0
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ThisCePcesents a system w ith a thyristor exciter and system conditions such that K ô

is negative.

#?Steady-state synchronizing torque coefflcient..

FronA E quations 12.143 and 12.144, 'th s =
.j(n =0wl ,hTedue to AT d @IS

-

Kz ra (& + Ks S  )LT
e j =A#ya Aô1 + K

, 
K 6 K g

- 1.5x0.33341.8 -0.12#x)Aô

1 + 0.333x0.3# .

0.06# x -0.9
A ô

1 + 0.1# x

Hence, the synchronizing torque çoefs cient due ttl A vy: @IS

0.06#x -0.9K
sksA

.fa) 1 + 0
. 1# x

W e SCe that the effect of the A V R  is to increase the synchronizing torque com ponent

at steady state.W ith KA =0 'e(1. .,constantfzl),K W henS (A#yJ KA = 15,the AVR

com pensates exactly for the dem agnetizing effect of the arnlature reaction. W ith

KA =200, K = 0.529 and the total synchronizing torque coeffcient *ISS (A#
yJ

K s 1 1 + K s 1.591 + 0.529(A#
yg)

2.12 Pu torque/rad

H ere, w e considered

an effect opposite
a case with K5 negative. W ith a positive %  the AVR would have

to the above; that is, the effect of the A V R  w ould be to reduce the

steady-state synchronizing torque

considered

com ponent.

A lthough
@

W e have a

observatlons apply to any type of exciter

thyristor

w ith a

exciter our exam ple,

steady-state exciter/A v R

*

111 the above

gain equal

to K A.

(b) Damping and synchronizing torquecomponents at the rotor oscillation k equency:

Substitution of the num erical values applicable to the specif c Case under

consideration in E quation 12.143 yields
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- 0.6 -0.333# 5# . - 0.012N
A #ya - A ô

0.0382,2+ 1
.93, + 1 + 0.1# x

Frona E quation 12.144,

a w
e ja, Kz A #s

1.5(-0.6-0.333151x-0.012:)Aô

0.0382,2+ 1
.93, + 1+ 0.1# x

W e will assun;e that the rotor oscillation frequency *IS 10 rad/s (1.6 Hz).W ith
=  

*

0  =;.L 0S J ,

- 0.9 -0.5K5KA -/0.18hv
e Ia Aô:# -2

.82+0.1#x +/19.3

SàTitll # 5=-0.12 and K A =200,

1 -/0 $811. .
17.18 +/19.3AFe I =L%fd Aô

0.2804 Aô -0.3255U1ô)

Thus the effect of the A V R @IS to increase the synchronizing torque com ponent and

decrease the dam ping

T he net
torque component, when %

synchronizing torque coeff cient is
A

@

IS negative.

K s r j +# ,(a#s) 1.591 + 0.2804

1.8714 Pu torque/rad

The dam ping torque com ponent due to A vy: @IS

KptsAyè -0.3255UA: )

Since A œ =sh nl(l) =g'e)A 8/(o :,0r

0.3255OoK
ptxAy) .- A O

rO
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hôritll to=10 rad/S,the dam ping torque coeff cient *IS

K -12.27D (A#y:) Pu torque/pu speed change

Jn tlltlabsence of any other Source of dam ping, the total

lt @IS readily apparent

due
that,Ahritll%

be

positive,
@

the

(A#yg) -

synchronizing

K o = K o

and dam ping

torque com ponents

For

to A Vy# w ould opposlte to the above.

the system under consideration,

rad/s

T able 12.1 sum m arizes the effect of the

A VR On K s and K o at œ =10 for different values of KA.

T able 12.1

K A f :(a#s) K s = K 3 + K slhpa) K otao )

0.0 -0.0025 1.5885 1.772

10.0 -0.0079 1.5831 0.614

15.0 -0.0093 1.5817 0.024

25.0 -0.0098 1.5812 -1.166

50.0 0.0029 1.5939 -4.090

100.0 0.0782 1.6692 -8.866

200.0 0.2804 1.8714 -12.272

400.0 0.4874 2.0784 -9.722

1000.0 0.5847 2.1757 -4.448

lnlnity 0.6000 2.1910 0.000

ss?itll K =0,A

S o

A vy: @IS entirely
* @

due to arm ature reaction. The effect of the A V R

is to decrease for a1lposltlve values of KA.The netdam ping *ISm inim um (m ost
of thenegative)

A V R  is to decrease
for KA =200,and @ISZero for KA =*.Forl()AArvaluesof % ,the effect

K s very slightly, the net K s being m inim um  at K A of about 46. A s

KA is increased beyond this value, K s increases steadily. For infnite value of K A, the

torque due to Avy: is in phase w ith Aô, and hence has no dam ping com ponent.

W e are norm ally interested in the perform ances of excitation system s w ith

m oderate or high responses. For such excitation system s, w e can m ake the follow ing

general observations regarding the effects of the A V R :

@ sh/itlz K : p ositive,

synchronizing torque

the effect of the A V R @IS to introduce a negative

and a positive dam ping torque com ponent.

The constant K 5

Outputs.

*

IS positive for 1()AArvalues of external system reactance and

l()AA,generator

T he reduction *111 K s

because

due to A V R action %111 such CaSCS @IS usually of nO

particular Concern, 1 1 @IS SO high that the net K s is signif cantly greater
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. .

f:.z/ - 'AI

than ZCCO.

@ sàTitlz K 5 negative, the A V R action introduces

com ponent

pronounced

and dam ping torque

synchronizing

com ponent. T his effect is

a positive to<qq:

a S

a negative

the exciter
lf:u

CCSPOnSC increases.

For high values of external system

situation

reactance and high

rl is
exciter is benef cial

generator outputsK5 ts
negative.

encountered.

ln practice,

For such

the w here negative arC Com m onjy
@

cases, a high response in lncreaskg
synchronizing torque. H ow ever, in so doing it introduces negative dam piug

.

W e thus have cons icting requirem ents w ith regard to exciter response. Oue

possible recourse is to strike a com prom ise and set the exciter response so that

it results in suffcient synchronizing and dam ping torque com ponents for tLe

expected

possible.

required synchronizing torque and transient stability perform ance. W ith a very

high external system  reactance, even w ith low  exciter response the net

dam ping torque coeff cient m ay be negative.

ofrange

lt

system -operating conditions. This

m ay be necessary to use a high-response
m ay

exciter

nOt alw ays Le

to provide the

A n effective

regard

follow ing

to system

section.

w ay to m eet the coni icting

stability is to provide a ppw er

exciter perform ance requirem ents w ith

system  stabilizer as described in the

12 .5 PO W ER S Y S T EM S TA BILIZER

Thebasic function of apower system stabilizer (PSS) is to add damping to the
generator rotor

signalts). To provide damping,
torque in phase w ith the rotor speed

oscillations by controlling its çxcitation

the stabilizer m ust produce

using auxiliary

a com ponent

stabilizing

of electrical

deviations.

The theoretical basis for a PSS m ay be illujtrated Ahritlz the aid of the block

diagrana

12.12

show n in Figure 12.13.This @IS an extension of the block diagrana of Figure

and includes the effect of a PSS.

Since the PurPOSe of a PSS is to introduce a dam ping torque

speed

com ponent, a

logical signal

lf

betw een

use generator ,.

the exciter transfer function Gexls) and the generator transfer function
Afy: and h Te w ere pure gains, a direct feedback of A o , w ould result in a

torque

to for controlling excitation *IS the deviation Aœ

dam ping

(depending
T herefore,

com ponent. H ow ever, in practice both the generator

and

and the exciter

On itstype)exhibitfrequency
function,

dependent

Grssîst,

gain phase characteristics.

appropriate phase

com pensation circuits to com pensate for the phase lag betw een the exciter input and

the electrical torque. ln the ideal case, with the phase characteristic of Gpssjs) being
an exact inverse of the exciter and generator phase characteristics to be com pensated,

(' I

the PSS w ould result in a pure dam ping torque at a11 oscillating frequencies.

the PSS transfer should have
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A (or

Gpsfst

a g#
4

h Tm

A v,

+ A F - K  A h T * o AôV 
ef + G (x) fd s 3 Vfd r A- s e - s 1 - 

- - - -2r s c
ex + l+xw zu swK  a tn s

-  3 - +  D  r

:xciter yjejd oircuit -

A v1

K 6 1 1

+1 AF  
+t z K

1+NFs 5

V oltage transducer

F igure 12.13 B lock diagranA representation AAritll A V R and PSS

lt should be recognized

12.t3
that the generator m odel assum ed in the representation

show n @111Figure neglects am ortisseurs to sim plify the system m odel and ftl1()AA?

its representation in the form  of a block diagram . H ow ever, am ortisseurs could have

a signiûcant effect on the generator phase characteristics and should be considered in

establishing the param eters of the PSS. R epresentation of am ortisseur effects w ill be

considered @111 Section 12.6.

W e Arrill illustratç the principle

for

of PSS application by considering

excitation

the system

used *111 the previous section exam ining the effect of the system . The

system param çfers, aS before, arC

1 1

Fa

1.591 K z

K 5

1.5 K ?

K 6

0.333 K o

(7ex(J)

0.0 H 3.0

1.91 -0.12 0.3 K A 200

Since TR @IS Very sm all *111

exam ining the PSS perform ance.

com parison to Fa, w e neglect its in

T his sim plis es the analy/is w ithout loss of accuracy.

of Figure

AArill effect

From  the block diagranA 12.13,AhritllTR neglected,A% d due to PSS
IS given by

K K

1 + sTs
A#y# (-K6 A# +lvs)fd
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Therefore,

A# KSKA

s Fa + 1 + K s K 6 K AA v
S

0.333x200

1.91, +1+ 0.333x0.1 200

66.66

1.91,+21

Let US exam ine the PSS phase com pensation required to produce dam ping

torque at a rotor oscillation frequency of 10 rad/s.W ith s =
.jû) V 10,

A# 66
.66

21+Av /19.1

AFPSS AF due ttlPSS Kz (A#y: due ttlPSS)

Therefore, at a frequency of 10 rad/s,

A FPSS

NN s

66.66K

g 21+/19.1

1:5x64.66

21 +/19.1
. 
f

3.522/ -42.30

lf h Tpss has to

should

be *111phase

through
with Aœr 'e(1. .,a purely

nebvork

dam ping

be processed a p hase-lead SO that
torque), the A(t),

the signal is advanced

signal

by

0 =42.30

depends

at a frequency of oscillation of 10 rad/s. The am ount of dam ping

on the gain of PSS transfer function at that frequency. Therefore,

introduced

AFPSS (gain of PSS at O = 10) (3.522) (AYr)

W ith the phase-lead

A vSn

com pensating exactly for the phase 1ag betw een h Te

the above com pensation is purely dam ping.

The dam ping torque coeff cient due to PSS at c) =10 rad/s is equal to

andnetw ork

K (PSS)D (gain of PSS) (3':522)
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111 he Previoust section,K p due to A V R  action w as found to equal -12.27.Therefore,

tlltlnet K o including the effects of A V R and P SS *IS

KD -12.27 + (gain of PSS at O = 10) (3.522)

jy?itll

com pensate

gaina of 12.27/3.522 =3.48, the PSS produces

for the negative dam ping due to A V R

*

Just

action.

enough

A s

dam ping

P SS

to

the gain @IS

fncreased

If

further, the am ount of dam ping

the phase-lead netw ork provides

AL

increases.

nxore com pensation than the phase l1téj

àetw een and A v the P SSSn introduces, *111 addition to a dam ping

DCQUC,
m pensationco

PSS is required

a negative
@

com ponent.

com ponent

w ith under-

of

synchronizing torque

a posltive synchroniziùg torque com ponent

C onversely,

is introduced.U sually, the

to contribute to the dam ping of rotor oscillations OVer a range of

frequencies, rather than a single

the

frequency.
.

structure, m odelling, and

a thyristor excitation system .

W e Ahrill illustrate bajic

System
jlock diagram  system , including the A V R  and P SS. Since w e are

concerned w ith sm all-signal perform ance, stabilizer output lim its and exciter output

lim its are not show n in the s gure. The follow ing is a brief description of the basis for

perform ance of pow er

Figure 12.14 show s thestabilizers by considering

of the excitation

tlltlPSS conf guration and considerations @111 the selection of the param eters.

The PSS representation *111 Figure 12.14 consists of three blocks'. a phase

com pensation block, a signal w ashout block, and a gain block.

The p hase comp ensation block provides

lag

the appropriate phase-lead

characteristic to com pensate for the phase

T he

betw een the exciter input and the

generator

ractice,P

com pensation.

electrical (air-gap) torque. fgure shows a single lrst-order block. ln
to achieve the desired phasetw o Or nAore frst-order blocks m ay be used

In som e CaSCS,second-order blocks w ith com plex roots have been used.

ZT
erm inal voltage
transducer E xciter

+1 vl 
-

E t l+xr  Y K A fzJ

R 1) .'. (2)(

Phase

G ain W ashout com pensation

sTw va 1 +NF1 v
,A œ

r 
K spaa j 

+sw 1 +sw(3) < (4) 2 (5)

re/

Pow er system stabilizer

F igure 12.14 Thyristor excitation system shritll A V R qnd PSS
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N orm ally, the frequency
@

range
*

of interest @IS 0.1 to 2.0 H z,and the phase-lead

netw ork should provlde com pensatlon OVer this entire

characteristic to be com pensated

frequency range.

system  conditions;

The phask

com prom ise

is selected.

@

IS naade

G enerally

changes w ith

and a characteristic acceptable

som e undercum pensation is

for different

therefore
, a

system  conditions

desirable SO that the PSS
,

*

fttltlitit)llto signif cantly increasing the dam ping torque,results in a slight increase Qf

the synchronizing torque.

w ashout serves as a high-pass f lter, w ith the tim e constant

FN high enough to allow  signals associated w ith oscillations in er to pass unchanged
.

W lthout it, steady changes in speed w ould m odify the term inal voltage. It allow s tàe

PSS to respond only to changes in speed. From  the view point of the w ashout function
,

the value of Fv is not critical and m ay be in the range of 1 to 20 seconds. The m ain

cohsideration

The signal block

is that it be long

nOt

enough pass

that it leads

to stabilizing

of interest unchanged, but SO long to
sijnals at the frequencies

undeslrable generator voltage

excursions during system -islanding conditions.

The stabilizer gain K svaa determ ines the am ount Uf dam ping introduced by the

PSS.ldeally,the gain should be set at a value correspohding
@

to m axim um dam ping'
,

how ever, it *IS often lim ited by other consideratlons.

ln applying the PSS,Care should be taken to ensure that the overall

stability is enhanced, notjust the sm all-signal stability
of the PSS, alternative input signals, and a detailed

selection of its param eters so as to enhance overall

C hapter

g9j. The perform ance
description of the procedure

system

system

objectives
for

stability arC presented ill

17.

System state m atrà including P SS

Frorn block 4 of Figure 12.14,using perturbed va1tles,W e have

# F
Ava (r1+#V AOr)STAB

H ence

1
p h vz K # A œ  --  A vaSTAB 

r T

Substltuting for pher given by

for p hvz in term s of the state

Equation 12.t 15,W e obtain the follow ing expression

variables'.

pâvzGrzag&11AO 1 1+JjaAô +J1aA#ya+ AF. --Ar ZH rV2 (12
. 145)

K srxn
J51A Y

r+J5zAô +J5aA#y#+J55Av2+ LTm2
5
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'

wheïe

a =K  ujj51 STAB J52 =K JSTAB 12
(12.146)1

a =K  uja53 STAB J = ---55
F

Since # A 12 is not a function of A v1 and A V3, J54 =J56=0.

Frorn block 5, 4fn*

Av
1+# F1

Avz
1+# Fa

Hence

F1 1 1
p â vS - # A vz+ - L vz-- h v

Tg Fa h

Substitution for p h V2,given by E quation 12.145, yields

p âv c61A Y
r+J6aAô +J6aA#y:+

(12.147)F K
svx a

FzJ64Av1 + JysA va + JyyA vx+ A F
21/

where

F1
=  -

F1
= -$6N J51 J62 J52F

a
Tz

T1
=  -

F1
=  -

1G
63 J53 J65F

a

J  + -55

F F2 2
(12.148)

1
J  = - -66

F2

Frorn block 2 of Figure 12.14,

LE fxtlvs-lvl )

The seld circuit equation, w ith PSS included, beconaes

R

ph%yd a iô +laaA#ya+caylvl+ca6lv
s32 (12.149)
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w here

O  R  #0 f

=J36 KA (12.15&L
adu

T he com plete
= 0) ..

state-SPaCC m odel,including the PSS,has the following fornl (sr?itlt
A F

A J r J11 J12 J1a 0 0 0 A O

là J21 0 0 0 0 0 Aô

sila 0 J32 J33 J34 0 J36 A# (12
.151)

A91 0 J42 J43 J44 0 0 A v1

Ak2 J51 a5z J53 0 a
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approach is that the expression for the derivative of the

ut variable to the block is not required. This is im portant in situations w here theinP

jsput is not a state variable, in w hich case the expression for its derivative is not

adily available. Sim ilarly, block 5 m ay be treated as follow s:fe

The advantage of this

1 + ST,
* 

vP
2 1 +sT  S2

(5)

/1 vs +
v NF1 Z v

s2 l+sr
2 

.4.

(5A) (5B)

In this Case, /VJ *IS the state variable, Ah?itll

A v'#  
x

1
- (Ava-AT
z

v')S

and the Output Avs @IS given by

A v F  p â v'+â1 
s

<

1
>

F1 1 
,A va+ 1--- A v
SFz Tz

variable

The vantage of this approach

and hence cannot be m onitored

disad *IS that the output

com puting

of the block is not a state

directly by the state variable.

For excitation system m odels AAritll higher-order transfer function blocks the

follow ing general procedure m ay be used.

Higher-order transfer function blocks..

C onsider an nth order transfer function w hose block diagranl @IS show n *111

Figure 12.15.

V j

2 r  m1+F  s+T  ax& + ... + s
m
sx l N

2 F s n1+F s+T s + ... + 
o no z D 2

V O

F igure 12.15



7 74 S m all-s i9n a IStability C hap
. hl

The above

Figure 12.15 m ay

system

be divided
has n poles and ZerOS (m<n).The transfer fundion of

irlttl tAA?tl PZX S :

(7(N) vols)

vj (x)

x?@) vols)

vj @)
(12.152)

x1(x)

H ence the nth order transfer function m ay be represented *111 ternls of tw o blocks aS

show n in Figure 12.16.

V j

1 x 4X
1 j +w g+p  s2+ ... +p  s m v

2 p  n N1 N2 Nm o1 +F  s +Fw N + ... + p
n
sD 1

(1) (2)

Figure 11.t6

FronA block 1 of Figure 12.16,

x1( 1 + Tog s + Tm s2+ ... +FD
n
s n ) Vj (12.153)

L et

1
d tIz :1

73 :2
A 2

dt (12.154)

@ @ @ @ @ @ @ @ @ * * * * * * * @ *

dx 1N
-

I @I
n - 1 d t

From E quation 12.153, in the tim e dom ain

11+F 12D1 +F 23D2 + ... +F x +F  kD (n - 1) n D n n Vj

Therefore,

1*
,Cl
!jh 'l

t. gvf -xj - Tpj xz -s... - Fs(s.j)xa jF
D n

(12.155)
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Com bining E quations 12.154 and 12.155,W e have

:1 0 1 0 @@* 0 11

'z 0 0 1 @@* 0 12

@ @ @ @ @ @ * @ * @ @ * * * * * @ * @ * @

+*

I a
- 1 0 0 0 @** 1 In-1

1 F FD1 D2

T @@*

FD (
n - 1)*

,1k
r z zlts FF F I

D n D n D n D n

0

0

@ @ *

V f

0

1

FD
n

(12.156)

FronA block 2 Uf Figure 12.16,the expression for the output @IS

V0 X1+F x +F  x + ... +FN1 2 N2 3 IN
m  > +1

(12.157)

glF F @**N1 T 01**N2 Nm Ojx+ovj
4

Equations 12.156 and 12.157 have the state-space form

*

X A x +bu

<x +d u

The variables xl , xa , ... , xn defined above are

a particutar set of state variables that consists
feferred to as p hase variables. They arC

of one variable and its n-1 derivatives.

Exam ple 12.4

This exam ple is an extension of the previous tw o èxam ples w hich analyzed the sm all-

signal stability of the system  ghow n in Figure E 12.5. H ere w e consider the effect of

* 0 alternative types of excitation control:

(a) A thyristorexciterwith AVR aSshown in Figure 12.1 1,with

K A 200 TR 0.02 S

(b) The above excitation system with PSS added aSshown in F'lgure 12.13,with

K m a 9.5 F 1.4 S FI 0.154 S F2 0.033 S

generator param eters

transm ission circuit 2 out

The and saturation

of service,

data are as given in Exam ple 12.3. W ith the

the plant output in per unit on 2220 M V A  and

24 kv  base *IS aS follow s'.
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. 1i

P 0.9

f s

0.3 (overexcited)
E t l .0Z 360 0.995Z 00

A nalyze

excitation

the sm all-signal stability of the system Apritll each of the > 0 types of

control, by determ ining

(i) Elem entsof the state m atrix

(ii) The constants of the block diagranx of Figure 12.12

(iii) Eigenvalues
dam ping

of the state m atrix, pad icipation V atrix, and frequency and

ratio of each oscillatory m ode

(iv) Synchronizing
frequency

and dam ping torque coefs cients at the rotor oscillation

C om pare w ith the results of E xam ples 12.2 and 12.3.

Solution

(i) From equations
including the A V R

developed

and P SS is

@

111 Section 12.3.3, the state m atrix of the system

Stafçs

0 -0.1092 -0.1236 0 0 0 A œ
r

376.99 0 0 0 0 0 A ô

0 -0.1938 -0.4229 -27.3172 0 27.3172 l#y:
AA

0 -7.3125 20.8391 -50.0 0 0 V1

0 -1.0372 -1.1738 0 -0.7143 0 AV2

0 -4.8404 -5.4777 0 26.9697 -30.3030 lvJ

sl/itll :pkVR only 'e(1. .,withoutPSs),the last two rowsand colum nsdisappear.

(ii) The constants of the block diagrarn are

# 1

K 4

F3

0.7643 K z

K 5

TR

1.4 187

0.8649 K s

# 6

Gexls)

0.3230
- 0.1463 0.4 168

=  2.365 0.02 200.0

(iii) (a) W ith AVR only,the eigenvalues are

lI,12

13

14

+0.504+
./7.23

- 20.202
(od= 1. 15 Hz,(=-0.07)

- 31.230

and the pad icipation m atrix *IS
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0.474 0.474 0.077 0.024 A Y r

0.474 0.474 0.077 0.024 A ô

0.065 0.065 2.524 1.633 A#y:

0.010 0.010 1.677 2.681 AV1

11 12 :3 :4

O nly the m agnitudes pad icipation

provide any useful inform ation.

of the factors are show n above; the angles do nOt

A V R  the system  through an oscillatoc  m ode of 1. l 5

H z. From  the pal icipation factors, w e see that this m ode is associated prim arily w ith

the rotor angle and speed. The tw o non-oscillatory m odes, both of w hich decay

rapidly, are associated w ith the A V R  and the seld circuit.

W ith only, becom es unstable

(b) sôJitllAVR and PSS,the eigenvalues are

11

1%
14

l2,

- 39.097
-  1.005+76.607
- 0.739

(œ:=1.05 Hz,(=0.15)

l5, 16 - 19.797+712.822 (œ#=2.04 Hz,(=0.84)

and the padicipation m atrix (m agnitudes only) @IS

0.004 0.528 0.525 0.035 0.013 0.013 A Y r

0.004 0.528 0.528 0.035 0.013 0.013 A ô

0.188 0.073 0.073 0.002 0.984 0.984 A#yJ

0.908 0.025 0.025 0.000 0.527 0.527 Av1
A

0.012 0.160 0.160 1.072 0.094 0.094 Ava

0.300 0.052 0.052 0.001 0.417 0.4 17 Av

11 12 1% 14 15 %b

W ith tlltl addition of the PSS, the system has becom e Veçy stable. There are tw 0

oscillatory

has

m odes:one is the rotor angle e ode w ith a frequency of 1.05 H z; the other
a frequency of 2.04 H z and @IS associated Alritll the excitation

* *

clrcult.The tw o non-oscillatory m odes are associated w ith the

system

excitation system .

and field

(iv) (a) Synchronizing and Damping Torque Coey cients with W VR Only

From the block diagram  of Figure

reaction (AR) is

12.12, seld ;ux linkage change due to A V R and

arm ature

-

Ks (&  ( 1 + s TR) +#x Ks jA#
ya - A ô

2F F +x(F +r )+(1+r  K  K )N 3 R 3 R 3 6 x
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Substituting the values

get

of the constantssummarized itz (i)above and simpli/ ing, wq

8.993-0.0092Nài
yd - A ô

0.0473,2+2
.385,+27.925

From the eigenvalue calculations, the com plex frequency of oscillation is

ssiun for àpy
:

expre

rotor

0.504 +77.23.
sim plif es to

W ith s equal to this com plex frequency, the above

1#yd 8.988 -/0.067
26.67 +/17.59 Aô

H ence, h Te due to zïtry: is

LTe I(AVR+AR) Kz A#y: 0.8649 A#y,

7.774-/0.0573
26.67+ A ô

/17.59

0.202 Aô -0.1354U lô)

N ow ,

sL 6
Pu A œ r

0 0

(0.504 +j7.4.

3) Aô
377

H ence,

jLô 7
.23

A O
r

0.504 A ô

7.23

52.14A *
,

- 0.071 ô

Substituting for7A: in the expression for AF W Cen get

AFe I(AVR+AR) 0.202 Aô -0.1354452.14 AOr-0.07 Aô)

0.2115 A ô -7.06 L o r

Therefore,

K slx

K o

VR+AR) 0.2 1 15 pu torque/rad

pu torque/pu-7.06(AVR+AR) speed zhange
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The

12.3,

0.00172

seld ;ux linkage

that

variation is due to arm ature reaction and A V R . In Exam ple

W e SaW the effect of the annature reaction alone *IS to decrease K s by

and increase K o by

is therefore

1.53 at the rotor oscillation frequency of 6.41 rad/s.The

effect

nearly

of A V R alone to increase K s by nearly 0.2 and to decrease K o by

8.5.

The total synchronizing and dam ping torque coefG cients are

K s r j + K slx 0.7643+ 0.2115vR
+A R)

0.9758 Pu torque/rad

and

Ko K -7.06 Pu torque/pu speed changeD(AR
+AR)

From E quation 12.82,the corresponding dam ping ratio is

1 K o 1 -7.06
( 2 K  25

* :S 2 0.9758x2x3.5x377

- 0.07

ThisagreesAlritlz( computed frpm theeigenvalues.

(b) Synchronizing and Damping Torque Coey cients with PSS

The com plex frequency of rotor oscillation in this Case @IS -1.005 +76.607.From the

block diagranA of Figure 12.13,AV/J due to PSS @IS

A#alpss-z rarx K6av
s

-  l#ya
1 + s Fa 1 + s TR

Ahritll

sT
K

1 + s Fv 1 + s Fa

1 + s T!
A v STAB A Y r

Therefore,

hrv j ss =, K, a#y,jpss

Ksvx# zK4K4ç3+sTR)(3+sT3$sTw

( (1+ s Fa ) (1 + s TR) + Ks #6#
A Y r

x1(1+#Fz) (1+NF )
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Substituting

sim plifying,

the num erical values of the param eters, setting s= - 1.005 +
./6.6075and

w e get

AFe j =PSS (24.0+/8.089) AY,

N ow ,

SyAo
r

=  
j lô @= 7-1.005+/6.607Aô

377

-
0.01752 Aô 1.005U Aô)

377

1.005 377 1.005
- 0.01752 A ô - A Y -+ A ô

377 6.607 ' 6.607

- 0.0179 1 ô -0.1521A Y ,

H ence,

LT Ipss-e 24.0 AY,+ 8.089(-0.0179 Aô -0.1521Aœ,)

- 0.145 1 ô +22.77 A Y
,

The synchronizing and dam ping torque coefscients due to PSS are

r stpss)

K o

- 0.145 pu torque/rad

(PSS) 22.77 Pu torque/pu speed change

and K s and K p due

at :=-1.005 +
./6.607.

to AVR &nd arm ature reaction (AR)m ustnow also be evaluated
Follow ing the Sam e procedure used before,W e have

# s(AvR+AR)

K

0.21 pu torque/rad

pu torque/puD (AVR+AR) -8.69 speed change

The total synchronizing and dam ping torque coefscients are

K 3 + K slx + K slvss)VR+AR)

0.7643+0.21-0.145

0.8293 Pu torque/rad

K o K +KD(AVR+V ) DIPSS)

- 8.69 +22.77

14.08 Pu torque/pu speed change
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From  E quation 12.81,the undam ped natural frequency is

O
n

1 0

21f

0.8293x377

2x3.5
6.683 rad/s

( 1 o
2

K 1 14
.08

2
0.15

K slH œ o 0.8293x7.0x377

d
2Y 1 - (

n
6 683 1-0.152

* 6.607 rad/s

The above resultsagree Alritll( and œd computed from theeigenvalues.

W e See that the PSS has increased f o by 22.77 and reduced K s

slight

. By adjusting F1
or even positive

by 0.145. The

reduction 113 K s
*

indicates that

overcom pensatlon

and/or

at the rotor

F tlltl25

synchronizing

com pensation

phase lead com pensation

oscillation frequency of 6.61

m ay be ' altered to give

used results *111

rad/s

Z ero

torque com ponent.

The follow ing is a sum m ary of frequency of rotor oscillation, dam ping ratio, K s and

K o w ith

results

different types of excitation control and w ith classical m odel, based on the

of this and the previous tw o exam ples.

C lassical M odelM
odel Constant Eyd AVR only AVR and PSS(f

o =0)

œ a 1.02 H z 1.07 H z 1.15 H z 1.05 H z

( 0 0.017 -0.07 0.15

K s 0.757 0.763 0.976 0.829

K p 0 1.53 -7.06 14.08
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12 .6 S Y S T EM S T A T E M A T R IX W IT H A M O R T IS S EU R S

W hen generator am ortisseurs are included,the

Section 12.3.2 change as follow s.W e w ill aSSUDXC

am ortisseur and tw o *Y-aXIS am ortisseurs, aS show n

system  equations developed in

that the m odel includes one y-axis

in Figure 12.17.

L l f/

1 '', ''#
v : v ad L ,#, 

a

Rld XI -,,

k

$ zy: zgg
v  v aq L aqs

j R)q a,:
F igqre 12.17 Synchronous m achine equivalent circuits

R otor circuit equations

*  R  d9 f
##y: E ,- o oRydiydfL 

#.J

##1# -ooRjdiqd (12.158)

## 1ç -o cAj:j1:

##lq -o olaqja:

The rotor currents are given by

1i 
#f - (#y:-#u:)L 

#f

ï1d 1 (#
1#-#u:)L

3d (12.159)
1ï

1 = (#1:-#u:)L
-  

.  1ç
A

h  

V

* 

-
1 (#

aN-#u:)L
zq
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The #- and @;-aXIS m utual ;ux linkages arC given by

# -L avï#+k açïyy+zuavflyJ

#zd # 1#L ?; 
-  j + +

adt d

f

(12.160)

#aq 1t1v 112:L zz 
-  j + +

aqs q g =1
ç 2:

(12.161)

where

1L ?'

1 1 1 (12.162)
- + - + -

L L #f f 1:

L // 1

aqS 1 1 1 (12.163)
- + - + -

L
JW

Z 1 Lz

The expressions for id and iq (corresponding to Equations 12.103 and 12.104)beconae

*

l

xv f s-RpEdsV q

d D

(12.164)
*

I

R vE  x +x wyf wq

D

where

E = E  ?' +E  s1 ôdN d B E =E  /? -E  cosô
qN  q B

F  z = U Ld
111: 112:/# 

-j-

1: lq

#y: # 1:E '' 
=  T LM +

q J2ç L 
# 

L qdf

e-- tê
= Xe+ Y(L a,+ig)F# --- t;Xpq = XE+ Y(L :s+ Lt) (12

. 165)
= X + X  /'E & =X X  ?/+E 

qs

R  =R  +RT 
a E

2D  = R p+X u X T
q

ks discussed *11l C hapter 5
, O @IS assum ed to be 1.0 Pu to counterbalance the effects

Of neglecting stator transients
.
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E xpressing E quations 12.164 and 12.165 in ternas of perturbed values,W C get

L id + 1Aô+- aA#ya+- aA# 1a+- 4A# 1ç+- sA#2ç
(12.166)

L i nllô +% A#s +naA# 1#+ n4A# 1q+n5A#a:

Ahritll

E
- 1 = - txp sinôo-Rwcosôc)DB

X L # X  r'?F u
a*

= - Mm  = - -
2 D L + 3 D Z

1:

R LT 
aqs= -  

-

?/ R  rJ/F u
aqs= 

-  
-+ 4 m 5

D Z 1
q D G

E
nl = (Rwsinôc+xwacosôc)DB (12

.167)

S  r??F u
a&

= - -

S  r??F H
a&

= - -n z / 3

D L :/ D Z 1#

X  r//F# u
aqs=

X  r??F# u
aqs=n

4 n 5

D f l D Za

The expressions for A V C: and A V areaq given by

s% ua A# d A#1#,, 
- a j + y +Z

%  d L 
# 

L jdz

(-> L'' )Aô1 a, 1L ,t IL+Z'' 
- > A# +L -& A# +a, 2 fd *  3 1#L 

: 
Z 1#f

(12.168)

(-- L'' )A#4 a, 1ç+ (-msL'' )A#adt 2:

A#aq ( -n3La'' )Aô + ( -na La'' )A#y: + ( -na La'' )A# 1#+qS V& qs

1L ,, ILL n 
- n A# +L -a A#aqs jy 4 1ç aqs 

jy 5 2:
1ç lq

(12.169)
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Theexpression forhTe(corresponding to Equation 12.112) *ISgiven by

A F
e # Li *+1ad0 q0A#ad-# Liaq0 - ù l#d Jç (12

. 170)
# 1Aô +#zA#y#+#z1A# 1#+#aaA# 1:+#aaA#a:

where

K  - nkl%ado+La'' i#p) -m tl%aqo+La''o i p)1 qs q

rz - na(#wp+ L//aqSi#p) --2(# +Laq0 i p)adt q?/ Z#cïç .
+ I

L #f

K  = n (# do+ La'' ido) --a(#uçp+ Lao'' i21 3 a qs <) LMce .
+ IL3d F& (12.171)

lîL
J:SK = n4(#u#p+ La'' ïap) -mnl%aqo+Lagz'' i p)22 qs q ido
f 1

+L M
//L
JGK  -n5(%ado+La'' ï#p)--5(#23 qs aq0 i p)A q @Ido
Lz

Fronl E quations 12.83 and 12.170

p L œ
r

1
- (AFv- LTe-Kphprj25

1
- (AF -Kq Aô - Kz A#ya-S 1A#1a-2//

(12.172)
1221# 1ç-rzal#2q-rslorj

a A* +ljalô +J1aA#11 r +J14A# 1:+fd

J1sA# 1ç+c16A#cç+h11AF.

w here

K D K 1
= - . -

K 2
= - - -J 1j = - 21f J12 J1321/ 21/

# a1 K 22
= -

K 23
= -J  = -14 21/ &15 J16 (12.173)21/ 21/

1#
11 =

21/
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A s before,

#Aô callor (12.1741

w here

Ja1 = *c= 2a4 (12.175)

Frona E quations 12.158, 12.159, and 12.168,

#A# JalAer+lazlô +JaaA# +ua4A# 1,Jd
(12.176)

J3sA# 1ç+cayl# + b Ae d2: 32 f

w here

J31=0 Q R0 fd
= - - -.J32 L nW 1 

caçL 
:/

O  X  Z ?J0 fd 
1 - *  + w  l ?zJ

aa = - 
y g u.L 

# ng/

œ oRyd
& 34 = -

L :f

Z
.sm  i ?J -

3 * Z 
d/

//

(12.177)Nw.h

B R0 fd
= -J35 L M+ 4 

a s

O R0 fd
= - <J36 + 5L #/*

L :/ L #f

haz o oRyd
=

L :.J

Sim ilarly,

#A# 1d -o oRjdh iqd
(12.178)

y  s%A œ +c4aAô +c4aA#r +J44A# 1:+c4sA# 1ç+J46A#zçfd

w here

J41=0 O R0 1#
= - -J4z - 1Z '1

cdfL
3d
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O  R  #0 1
J 4a = -

L d1

r //
z? u aA

m  L -2 *

L (12
. 179)

O  X  Z ??0 1: 
ce  v

a = - j - + m s =
u.44 L L

1# fd

Y c# 1: œ oR kd
= - m  L XJ45 4 

aoL
1#

= - m  Z //J46 5 
caç

1#

#A# 1ç -o oA 1:a ï1ç
(12.180)

J51A Y
,
+c5aAô +J5?A# +J54A# 1#+c55A# 1ç+Js6A#zç

w here

J51=0 B R0 1
ç=  

-Js2 L n4j 
agsZ 1

q

Y #0 1:= -J53 nzL #? Q R0 1
:= -Z 1 aqS J54 nsL #/

f 1 aqS

R  L ??O 0 1
ç j - aqs + a L nJ55 = - 4 

aqsL L1
: 1ç

(12.181)

œ R0 1
ç&

s6 - -

L 1
ç

L #
N dqSn L -5 
aqs Ll

q

#A#lq -œo& :Aja: (12
. 182)

J61A œ
,
+c6aAô +J6aA # +J64A# 1:+J65A# 1ç+J66A#z:Jd

w here

J61=0 O 0 q
= -J62 41L //

&* aqS

O 0 q
=  -

O 0 
q=

-J63 L #2 
aqs

J64 nsZ #
Lz Lz J#S

(12.183A)

eo& q&
6s - -

L2
q

L #
zz GqSn L -4 
aqs L 1

:
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O R  ZXO q aqs o?,
a . - j . + .5 

ggg66 L L
lq lq

(12.l83Bj

The com plete state equation *IS given by

A ô r J11 J12 J13 J14 J1s &16 A O
r h11 0

Aà J21 0 0 0 0 0 Aô 0 0
@

A# 0 J32 J33 J34 J35 J36 à#yd 0 b
5z

+@

A# 01# J42 J43 J44 @ s% J46 A# 1# 0 0 g aisry-, j(12.184)
*

A# 01ç Js2 J53 Js4 Js5 J56 A# 0 01ç
*

A# 0lq J62 @b3 J64 J65 J66 A# 0 0l
q

sp/itll constant input torque, A F =0.m Sim ilarly, w ith constant û eld voltage,

for hEIf A V R  action is to

the procedure used @111

be represented,

Section 12.3.3,

w e need the expression

hEg =Q.

Follow ing/*

e
- A :
E ot

doA f
,

e o

f pt+# L eq

w ith

Aed -R A f#+f/A ïa q-A#

âe -R A ï -Ltâ ia # + '# A#aq

B y

voltage

using E quations 12.166, 12.168,

the

and 12.169, the perturbed value of the term inal

m ay be expressed @1l1 follow ing form :

LEt K5 Aô +&  A#y#+& 1A#1#+ & zA#1:+ & aA#a: (12.185)

lt is left to the reader aS an exercise to develop

param eters.

the expressions for the K  constants of

the above equation *111 tern:s of system
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am pleEx 12.5

w e analysis presented in Exam ples 12.3 and

including the effects of generator am ortisseurs. In addition, w e exam ine the

varying the exciter gain and stabilizer gain to provide additional insight into

A V R  and PSS iniuence the sm all-signal dynam ic characteristic.

In this exam ple, extend the 12.4 by

effects of

how  the

The per unit generator param eters related to the am od isseurs are aS follow s:

X

F '

0.65
#

0.23 X '

kn//q0

0.25

1.0 Sq0 jr// 0.03 S 0.07 S

A 11 other data (including generator and excitation system param eters, and system
conditions) are aSconsidered in Exam ple 12.4.

*

(a) W ith the excitation system on m anualcontrol,determ ine the state m atrix and
its eigenvalues. ldentify the state variable Alritll the highest participation for

each m ode.

(b) W ith AVR @1l1service and PSS outofservice,exam ine the effectof varying
the exciter gain K A on the eigenvalues. A ssum e Fs=0.02 S.

(c) lhritllAVR and PSS @111service,exam ine the effectof varying the stabilizer
gain K m a on the eigenvalues.

sxed

A ssum e al1other paranleters of the excitation

system are at values given in Exam ple 12.4.

Solution

(a) The per unit values of the leakage inductances and resistances of the am ortisseur
circuits are com puted follow ing the procedure used in Exam ple 4.1 as follow s:

f ld 0.1400 f lq 0.7063 f 0.l l022q

R ld 0.0248 R 0.0061lq R 2q 0.0227

B ased On equations developed @111 Section 12.6,
@

IS

the state m atrix of the system

including am ortisseurs, but w ith constant Eyd,

0 -0.121 -0.069 -0.076 -0.003 -0.023

377 0 0 0 0 0

0 -0.109 -0.883 0.645 0 0.0003
A

0 -4.928 26.72 -37.47 0.002 0.013

0 -0.058 -0.0005 -0.0005 -2.914 2.250

0 -1.39 -0.011 -0.012 8.367 -24.18

The eigenvalues of A  and the corresponding state variable w ith highest pad icipation

are
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Eigenvalues Dom inant Statets) Od ( j

11 , 12 -0.171+76.47 Aœr, A8 1.03 H z 0.0265

la -0.200 A vya

14 -2.045 A v yy

15 -25.01 A v x

:6 -37.85 A v ys

C om paring

is to increase

w ith the results of Exam ple 12.3, w e see that the effect of the am olisseurs

the dam ping ratio from 0.017 to 0.0265 and to increase the frequency
Very slightly from 1.02 to 1.03 llz.

varying K A on the eigenvalues of the state m atrix

w ith P SS out of service. The table also indicates for each m ode the state variable w ità

highest pad icipation as w ell as any other state w ith signifcant pad icipation.

(b) Table E12.1show s the effect of

T able E 12.1

E igenvalues
K A

l1, 12 13 14 15 16 17

-  - 0.171+76.47 -0.20 -37.85 -25.01 -2.04 -

0.1 -0.170+
./6.47 -0.20 -37.84 -25.01 -2.05 -50.00

5.0 -0.1 12+
./6.46 -0.59 -37.34 -25.02 -2.06 -50.22

10.0 -0.050+
./6.46 -0.98 -36.83 -25.02 -2.10 -50.42

15.0 0.011+
./6.46 -1.34 -36.34 -25.02 -2.16 -50.79

30.0 0.182+
./6.50 -2.94 -34.86 -25.03 -1.86 -51.12

50.0 0.357+76.62 -4.60 -32.87 -25.06 -1.94 -51.70

100.0 0.552+
./6.95 -9.40 -26.81 -25.54 -1.96 -52.84

110.0 0.564+77.01 -10.64 -25.47+70.96 -1.97 -

125.0 0.573+77.09 -13.03 -24.15+70.88 -1.97 -53.30

130.0 0.574+
./7.11 -14.14 -22.92 -24.18 -1.97

150.0 0.570+
.
/7.21 -18.09+75.09 -24.72 -1.97 -53.71

200.0 0.528+77.38 -17.63+./11.33 -24.86 -1.97 -54.41

400.0 0.315+
.
/7.66 - 16.40+./22.63 -24.92 -1.98 -56.38

D om inant A
œ r, A 8 A vya, h v la A v p  h kjlq Av1St

ates

Signiscant A
vj h kéldSt

ates ,,
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W e see that the effect of the A
higher than

about

V R  is to 'lnttoduce negative
*

dam ping.For values of K A

about 14, the system  is unstable. The

is increased further, the system

system

becoraes

ls m ost unstable for a K A of

125,.aS K A less and less unstable.

W ith K A

pair of eigenvalues- A t K A of about 130, these eigenvalues becom e real Again. For K A

of about 150 and higher, the real eigenvalues 13 and 14 m erge to fonn a com plex pair.

The oscillatory m ode represented by these eigenvalues is restricted to the Geld circuit,

of aboutl 19,two realeigenvalues (l4 and l5) m erge to becom e a com plex

# axis am ortisseur, and the A V R .

(c) Table E12.2 show sthe effectof varying the stabilizer gain KsvAa,with KA =200.

T able E 12.2

E igenvalues
K svAa

l1, 12 l3, 14 ls 16 17 ls 19

-  0.53+
./7.4 -17.6+711.3 -24.9 -1.97 -54.4 - -

0.1 0.51+77.4 -17.6+./11.4 -24.9 -1.97 -54.4 -30.4 -0.71

1.0 0.34+
./7.4 -17.1+./1 1.8 -24.9 -1.97 -54.4 -30.9 -0.72

3.0 -0.01+77.4 -16.2+./12.7 -24.9 -1.97 -54.5 -31.9 -0.72

5.0 -0.37+
./7.2 -15.4+./13.6 -24.9 -1.97 -54.5 -32.8 -0.73

9.5 -1.08+76.8 -13.9+715.5 -25.0 -1,96 -54.5 -34.3 -0.74

15.0 -1.75+76.2 -12.5*./17.7 -25.0 -1.95 -54.6 -35.6 -0.76

2 1 .0 -2.20+
./5.5 -1 1.4+./20.0 -25.0 -1.94 -54.7 -36.7 -0.78

D om inqnt A
œ r, A 8 A trya, h kéld A V JC h kjlq Av1 Av2 AvsSt

ates

From the results sum m arized *111 Table E 12.2, W e SeC that as K svAa *IS increased the

dam ping of rotor angle m ode increases and thç frequency decreases slightly. The

reduction in frequency is indiçative of reduction in synchronizing torque; this is due

to the PSS phase lead circuit providing overcom pensation at the rotor oscillatiqg

frequency.

decreases

The frequency
# *

of the second oscillatory
@

m ode increases and its dam ping

aS K m a

are tzot affectçd

lncreased.IS This m ode IS associated Apritll the feld * @clrcult. A 1l

other m odes by the variation of K syAa.



792 Sm all-sign alStability C hap
. 12

12 .7 S M A LL-S IG N A L STA BILITY O F M U LT IM A C H IN E SY ST EM s

A nalysis of practical PoW er system s involves the sim ultaneous solution of

equations representing the follow ing'.

@ Synchronous nlachines, and the associated excitation system s and prim e

m o v ers

* Interconnecting transm ission netw ork

@ Static and dynam ic (m otor)loads

@ O ther devices such ,as H V D C converters, static Var com pensators

Figure 12.18 show s the general

C hapter

structure of the com plete system

studies it

m odel.

A s discussed @111 5, for system

m achine

stability @IS appropriate to

neglect

m achine

the transm ission netw ork and stator transients. T he dynam ics

devices
of

rotor circuits,

differential

excitation system s, @Prlm e
@

m over and other arC

represented

consists

by equations.

of ordinary

The result IS that the com plete
*

system
@

m odel
of a large num ber differential and algebralc equatlons.

I

I I

' stator equations and h Ea, A Fz lI
I
l . . . '

, 
I

1 axes transform atlon A / A f Transm lsslon 'R% 1 
ll

I &  -
.
k l

*

I . I

f * * I 
II ,

' lncludlng '+ * IR
otor ' . ',

'tation Statlc loads '. . Excl I
clrcu lt I

I l

l . system  I' 
equatlons 1 ' I

I* # I
I I
l I

A cceleration or Prim e m over ' 1
I

* * jsw lng equatlon governor I
I I

I I l
I l l

* *

lndividual m achine C om m on reference

O ther generators

M otors

O ther dynam ic

devices, ().éj.,

SV CH V D C ,

reference fram e'.d-q fram e'.R -I

*

* *

A lgebraic

D ifferential

equations
@

equatlons

F igure 12.18 Structure of the com plete POW er system m odel
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is expressed in its ow n d-q reference fram e w hich rotates

w ith its rotor. For the solution of intercolm ecting netw ork equations, a1l voltages and

urrents m ust be expressed in a com m on reference fram e. U sually a reference fram ec

otating at synchronous speed is used as the com m on reference. A xis transform ationr

equations are used to transform  between the individual m achine (d-q) reference fram es
and the com m on (R-D reference fram e as shown in Figure 12.19. For convenience in
the organization of the com plete set of algebraic equations, the m achine stator

uations are also expressed in the com m on reference fram e.eq

E ach m achine m odel

The A -axis of the com m on reference fram e is usually

represented in detail including

angle ô is def ned as the angle by

used as the reference for

easuringm
*

dynam lcs
which the

represented

of one

the m achine rotor angle.
*

For a m achine

Or nxore rotor clrcuits,

the A -axis,

the rotor

m achine *-aX1S leads aS show n in Figure

by a classical m odel,the rotor angle *IS the angle

8

12.19. Fèr a m achine

by which thex qltage E'
leads the A -axis@U nder dynam ic conditions, the angle changes AAritll rotor speed.

/
< M

x. *' N-  1:xm
- e h

. . - . I $
v ' *  

, ï
.e R j,.e $

.
.. -- I ï

'e ! N
- - j î.- #e h

e.- 'e- 
!

..- ,'' I
.- I h

- e I j
# * I j

.,- e' &
.
,. '- I-' à

I r rl
I s

'

tI h
$I '$
h

'

$
't
l

I

l
I -

>p 1

l

e =E  sinô -Ed R cosôf

eq=E  sinô +f scosôI

E --e sinô + e cosôR d

E  = e sinô - edcosnI 
q

E R R

F igure 12.19 R eference fram e transform ation

The form ulation of the state equations for sm all-signal analysis involves the

developm ent of linearized equations about an operating point and elim ination of a1l

variables other than the state variables. The general procedure is sim ilar to that used

for a single-m achine infnite bus system  in the previous sections. H ow ever, the need

to allow  for the representation of extensive transm ission netw orks, loads, a variety of

excitation system 7 and prim e m over m odels, H V D C links, and static var com pensators

m akes the process very com plex. Therefore, the form ulation of the state equations

requires a system atic procedure for treating the w ide range of devices. The follow ing

is a description of one such procedure (10,1 1,12j.
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F orm ulation A/J/d equations

The linearized m odel of each dynam ic device @IS expressed *1l1the f ottoW qt
fornz:

*

Xi Aixj + Bj Av (12.186)

A j*i Cixj - Yjlv (12.187)

w here

X i
@

'i

are the
@

IS the

perturbed

current inj
vector

values of the individual device state variables

ection into the netw ork from the device

V *IS the of the netw ork bus voltages

In E quations 12.186 and 12.187, B i and Y i have non-zero elem ents

corresponding

used to control

only to the term inal voltage of the device and any rem ote bus voltages

the device. T he current vector ij hqs tw o elem ents corresponding to

the real and im aginary com ponents. Sim ilarly,

Such

the voltage vecfor v has tw o elem ents

PCr
*

bus associated w ith the device. state equations for allthe dynam ic devices

ln the system m ay be com bined illttl the form

*

X Aox + Bo Av (12.188)

Ai C x - Yp Avo (12.189)

w here state vector of the com plete

associatedm atrices com posed of A iand C i

A s described *1l1 Chapter

equation'.

6, the *

rçpresented by the node

x is the system ,

w ith the

and A o and C o are block

individual devices.

diagonal

lnterconneçting transm ission netw ork IS

Ai Y AvN (12.190)

The elem ents

section.

Equating Equatson 12.189

associated w ith the netw ork, w e

of Y N include the effects of nonlinear static loads aS show n later in thiy

associated' w ith the devices and E quation 12.190

obtain

Cpx - L  Av Y AvN

H ence,

Av (Yx +Yo)-1Cox

Substituting the above expression

state equation:

for Av in Equation 12.188 yields the overallsyster
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@

X Apx +Bp(Yx +Y )D -1Cpx (12
. 191)

A x

where the state m atrix A of the com plete system @IS given by

A As + Bs (Yx + Y -1c) pD (12.192)

The m ethod of building A i,B i,

follow

C i,and Y im atrices for the synchronous

described in

m achine and

the

sections.

associated controls Can the general approach the previous

detailss4otor loads Can be treated @111 a sim ilar W ay.R eference 12 gives of

treating H V D C links and SV C S.

The M A SS (M ulti-Area Small-signal
#

111references 10 and 11 USCS the above

state

transform ation

m atrix. The Program com putes all

program
general approach for form ulating the system

eigenvalues of the m atrix by using the QR

plff/dijfï/l/) com puter described

m ethod discussed in Section 12.2.9.Since this approach cannot exploit

D epending on thesparsity, it cannot be used for analysis of very large system s.

capability of the com puter used, the m axim um  system  size is lim ited to a few  hundred

states.

st4bility

T his satisfactory for the

problenls in large systenls.

@

IS analysis of stability

Since al1 m odes of

of sm all system s Or local

the system arC com puted, it

IS also ideally suited for the design

for the

and coordination of controls.ln the next section,

W e w ill describe techniques analysis of globalproblenas @111very large system s.

Representation of static loads

(a) Constantimpedance (linear) load..

The shunt adm ittance to ground representing the load @IS com puted aS

L oad bus

G z S z

=

#
G Z0

L 2

Fo

(12.193)
(2,0B

ï 2

L

F igure 12.20

w here

P f0 initial value of the active com ponent of load

QLo
V

illitiftl value of the reactive
# 
* * *

= lnltlal value of the bus

com ponent

voltage m agnitude

of load
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(b) Nonlinear load..

L et US consider the load w hose voltage dependent characteristics ù<t

represented aS

# Z # z0 ( -( l m (12
. 194)

QzQ,0 ( Zz, 1 -
w here F is the m agnitude of the bus voltage given by

F 2 2Vs  + Y g

The R and 1 com ponents of the load current arC

V
*

I #R -  + QsL 2 2
F  F

R V I

V I

7 2

V

ig Pz Qs- a
F

R

V
1 I

I
l -

l *I
. l

I I l
l l

l
I l
I l
1 I

- .  >

f

MR @lR R

F igure 12.21

L inearizing, W e ûnd

V
- L P

2F
o

R0 V #
L iR + - A Qo + AvL 2 2

L  Fo

f0 f0 Q
+R i e A vz+

2L

(#sovsc+ Q 2V
zo) - AZzo 3

V (12
. 195)

V IQ

2F
o

V #A i z 1# #0 Z0 Q
-  

-  l Qy + lvL 2 2Fo Fo I A v +
2F
o

R

(Pznvzo - Q 2V
a 0) - AFz0 a

F  -0
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wàere

V
-

A v VR0 f0A F
V +- hvgR F

0

(12.196)

NOW ,

#
A # O l F

L V
(12.197)

1QL Qoo
n A F

L

substitution of E quations 12.196 and 12.197 *111 E quation 12.195 yields

h iR

A iz

G

- #

s

s  y y jAvR (12.198)Avz
where

G

2#
z0 V R 0

(m -2) + 12 2
V  V

Qs0 Vsovzo
+ (n-2)2 2
Fo L

B Rf
2QLQ V 0 j(

n -2j +
2 N ' .,2V  Fo

P Z0
+

2L

V 0Vz0(-
- 2) 2

V
(12.199)

B IR
W o

2V

2
vao # so

(n-2) + 1 -2 2
V  V

V a ov zo

(m -2) 2
V

G
P L0

2L

2
Vf0

(- -2)-  + 12
V

Qzo

2F
o

V ovzo(n
- 2) 2

V

A s an exam ple, consider a load such that

# 5.0Z0 Pu Qzo 2.0 Pu 70 1.0Z 200
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T he real and im aginary com ponents of the initial bus voltage arC

V 1.0 cos20O 0.94R0 Pu

V 1.0 sin20O 0.342f0 Pu

Frona Equation 12.199,Ahritllconstantinapedance characteristic (m =n =2.0),

G 5.0 B 2.0RJ

- #IR -2.0 G 5.0

Sim ilarly,AAritllconstantcurrentcharacteristic (m =n=1.0),

G -0.06 B 0.16Rf

- # -1.84 G 5.06

and AlritllconstantM VA characteristic (> =n=0.0),

G -5.12 B -1.68&

- # -1.68 G 5.12

The equivalent adm ittance m atrix of E quation 12.198

be directly

the

im plem ented in the netw ork adm ittapce

representing a static load m ay

m atrix. H ow ever, as evident from

exam ple, the equivalent adm ittance

not sym m etrical and does not represent a sim ple

above m atrix representing nonlinear loads is

shunt adm ittance to ground as in the

Case of a constant irapedance load.

R edundant state variables

The form ulation of the system state equations

state variables.

described above USCS absolute

changes

the

in m achine rotor speed

state m atrix of a system

g131.

and angle as

w hich does not

W ith such a form ulation,

contain an insnite bus sArill have OnC 0r

tw o Zero eigenvalues 'A :O

O ne of these ZCFO eigenvalues @IS associated Ahritll the lack of uniqueness of

absolute rotor angle.ln other w ords,

stability

if rotor angles

affected.

of al1nAachines are increased by

a constant value,

be

the system is nOt The redundancy
@

@

111 rotor angle

states Can elim inated by

of

choosing

a11

One of the naachlnes aS a reference and

expressing

follow s.

angle changes other rnachines Ah?itlz respect to this reference aS

For the reference m achine # ,

# A ô 0R

forany otherm achine @(l. = 15* * @ ;N*j.=),
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phni (AOr of naachhle i ) -(AO of nzachbler R 4
J:

The
independent of

included in the

second Zero eigenvalue exists if a11 the gençrator torques are assum ed to be

speed
*

SW lng
also

deviations,

equation

*

I.C., if a dam ping ternl represented by K @IS nOt

and a speed governof @IS not represented.

AAritll

D

This Zero

igenvaluee

referencea

deviations

Can be avoided

m achine.

by m easuring speed

M athem atically, the process

deviations respect to that of

of referring rotor angles Or speed

to a reference m achine @IS equivalent to a sim ilarity transform ation.

The ZCrO eigenvalues, how ever, m ay nOt be com puted exactly

of

because of

m ism atches

calculation

@

111 the PoW er

They

S ow solution and the lim ited accuracy eigenvalue

routines. m ay therefore appear aS sm all eigenvalues.

12 .8 S PEC IA L T EC H N IQ U ES FO R A N A LY S IS

O F V ERY LA RG E SY ST EM S

A nalysis of interarea oscillations *111 a large interconnected POW Cr system

w ithrequires a detailed m odelling of the entire system . System representations aS

m any
Js/itlz

as 2,000 dynam ic devices and 12,000 buses are nOt uncom m on for such studies.

average per
m odal analysis m ay thus be on the order of 30,000. This is w ell outjide the range of

the conventional eigenvalue analysis m ethods. Special tçchniques have therefore been

developed that focus on evaluating a selected subset of eigenvalues associated wifh
the

an of 15 states device, the num ber of state variables required for

com plete system reSPOnSe.

O ne such technique is the A E SO P S algorithm

14. lt USCS a novel frequency CCSPOnSC

m odes.

approach

originally presented in reference

to calculate the eigenvalues

associated Al/itll the rotor angle R eferences 10 and 15 describe im proved

im plem entation of the A E SO PS algorithm .

Several poxverful

of selecfed

m ethods for the

a sm all num ber m odes

com putation of eigenvalues

of oscillation have been published

associated Ahritll

in the literature

on pow er system  stability.

based eigenvalue techniques:

The

R eference 16 describes the

sim ultaneous iterations

application of tw p sparsity-

and m odifed A rnoldi m ethods.

S-m ethod described in reference 17 is particularly suited for snding the unstable

modes.The selective modalanalysis (SM A)approach described in references 2 and
18 com putes

teclm iques
*

to

eigenvalues associated

identify variables that

a reduced-order

Alritll selected m odes of interest by using special

are relevant to the selected m odes,

variables.

and then

constructlng

The PEALS (Program for Eigenvalue Analysis ofL arge Systems) described in
references 10 and 1 1 uses tw o of these techniques: the A E SO PS algorithm  and the

m odelthat involves only the relevant

m odis ed A rnoldi m ethod. These tAA?tl m ethods have been found to be eff cient and

reliable,

stallilit)?

these

and they com plem ent each other in m eeting

com plex P0W er system s.

the requirem ents

The follow ing is a

of sm all-signal

description ofanqlysis of large

tw o techniques:
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(a) The AESOPS algorithm

T he acronym

in P ow er
AESOPS stands for the Analysis of Essentially Spontaneous

Oscillations Systems (141.It isbased On an ingenious
using sound engineering judgem entrather

approach

m athem atical

devdopt;

The algorithm com putes eigenvalues

than a rigorous

iate*' onlyassoc
at a tim e.

procedure
.

m odes
,determ ined

a Com plex

w ith rotor angle

one com plex conjugate
by applying to the rotor

sinusoidal

pair of eigenvalues The eigenvalues are

of a selected

forrn,

generator an

of an initial estim ate

external torque

of

having

eigenvalue.U ndtx

w ill btsteady-state

com plex

expressed in term s

conditions, a1l increm ental

an

variables of the linear system m odel

sinusoids sim ilar @11A fornA to the external torque. The com plex f<equcncx

reSPOnSe
algebraic

linear

of the system @IS calculated by solving an appropriate
*

set of com plex

fromequations. A revised estim ate of the eigenvalue IS determ ined the

system  response,

w ithin a desired tolerance.

and the process is repeated until successive estim ates

resulting eigenvalue represents a m ode ofThe
COIW CrgC

oscillation

in w hich the selected

dom inant m odes

generator participates signif cantly. lf the generator has several

of rotor oscillations, the eigenvalue com puted depends on the initial

estim ate.

The

eigenvalues

participation.

procedure

associated
m ay

AAritll

be applied

m odesthe

to different generatorsin wàich the generators to compute the
have signiûcant

The A E SO P S algorithm @IS derived from  fhe linearized equation of m otion Of

a generator:

21/
dL œ

A F - L T
m ed t

AF - (Ks Aô + Kp AY,)

T aking the L aplace transform , W C get

21fsL O
r

A Y
r KAF - Ks @) +

S

(#) 2ï QörD (12.200)

The above equation recognizes that synchronizing and dam ping torque coeffcients Ks

and K D are functions of the frequency of oscillation.

R earranging E quation 12.200, W e have

A F 21f
Ks @)s + Kp @) + AYr (12.201)

The characteristic values (eigenvalues) of the system are given by the ZerOSof

lH s +KD(N) + Ks @) 0 (12
.202)
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The
vided A O r not?f0

f Equation 12.202.0

characteristic values are thus those valuej of S w hich force h Tm

determ ine

beto Zero,
@

IS Zero.This @IS used by the A E SO PS algorithm to ZerOS

ssTitll a fnite external torque, the

nnàounded

iew point,v

magnitude

setting the

close

m agnitude of system  variables tends to be

to an eigenvalue. From  a com putational

extent

at com plex frequencies

it is preferable to lim it

of

the of system

eigenvalue.

reSPOnSe and allow the

external torque

com plex speed
go

deviation

to to ZCCO at an This *IS achieved

of the perturbed generator to 1.0 +
./0.0 Per

by

unit.

The external torque h Tm is determ ined in the solution

tlltlm agnitude of the external torque tends to Zero
PCOCCSS.

and provides

A s iterations

an

Converge,
indication of the

aCCUCRCY of the eigenvalue.

In practice,the m odel representing the system  has'poles as w ell as zeros.Z eros

close to

eigenvalues.

participation

a pole prevent the A E SO PS algorithm

m odes

from  converging

w hichPoles associated Apritlz @11I the

arC nOt cancelled by ZCCOS. Thus, for each

to corresponding

m achine has a signif cant

generator in the system , a

the

Subset of the overall system m odes m ay be determ ined.

Iterative P rocedure.. The Zeros

the
of hTmls) m ay

$Tm
%

be determ ined by using

FrornNew ton S m ethod. This requires derivative of w ith respect to S.

Equation 12.201,

0âT 0Kp(s) é 0Ks @)2# + +
os s ON

K;(s)
-  A Y2 

r
S

(12.203)

This can be sim pliû ed by m aking

eigenvalue,

the follow ing

fromC lose to a system

approxim ations.

E quation 12.202,

Ks (s)

S

Kpls)
+ -2# (12.204)

S

lf Kpls)@ISsm all,

Kq(s)
- 2S (12.205)

+2

Therefore,
#

dAF 0Kp(s) é 0Ks @)4S+ + ZO
r0N S 0N

(12.206)
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Further, D and os are sm all com pared to 4H . Therefore,

0L T
N
N 4H L œ

r
(12.207)

The nth iteration of N ew ton's m ethod for com puting the eigenvalues, *1.e .,the values

of S, *IS given by

L T @)
Sn+1 S -

0L T

PN S =Sn

2ï 2n (s)
S -
n 4# 1 0  ns

r S
n

The m om entum of the disturbed m achine @IS

M JA Y
r

2S A O /

H ence,

S
n + 1

2k ko
m ls)

n 2::
n S = Sn

(12.208)

For m odes that involve DRany m achines, this naakes tOO large a change *111 the

eigenvalue

Therefore,

that

at each iteration. ln such CaSCS, 0K sI0s

a m odif ed m om entum @IS used based On an

apd 0K p I0s are

equivalent inertia

nOt st all.

desned S0

kinetic
@

IS equal

disturbed

energy
to the equivalent

m achine. The

associated change in speed at a1l m achines in the system

inertia m ultiplied by the square of the speed change of the

equivalent inertia is given by

w ith the

N

X  Hi Ilorf 12
- 

=  1I

H
e

(12.209)

w ith N  = num ber of m achines. E quation 12.208 @IS then m odis ed tu

S
n + 1

2k 2* (N)
S -
n 4H  A o

e r S = S
H



SeC. 1 2 . 8 S pecialT echniques f o r A nalysis of V ery Large System s 8 O 3

If as discussed earlier A(9, *IS set to 1 .0 +J'Q .0 P=,

AF (sn)
-  - -!!0Sn+1 S (12.210)

41/
e

Iem entation/*# of the AESOPS alggrithm PEALS

The application

of

of the A E SO PS algorithm aS developed above requires the

calculation

(a) The torque necessary to keep the
equal to 1.0 +g'0.0 per unit; and

speed change of a chosen disturbed m achine

(b) Speed changes of a11the othernAachines and the equivalent inertia H  .e

These

interconnecting

depend on E quation 12.186 of each dynam ic device and E quation 12.190 of the

netw ork.

W e Ahrill srst organize

Frona

the device equations in a suitable form to perform the

above calculations. E quation

w rite

12.186, for any com plex frequency S, for each

dynam ic device, W e m ay

SXi A jxi + B ifv

Therefore,

Xi (xI-Ai)-1Bi Av (12.21 1)

Substitution of the above *111 E quation 12.187, and expressing in the s dom ain yields

A ii C (xI-A )-1B lv-Y Avi i i i
(12.212)

- Yie@) Av

where

Y i
etN) gYj- ci(xI-Ai)-1Bjj (12

.213)

gYi-ci*i(xI-Ai)-1*-j1Bjj
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w ith

A i

T i

diagonal

corresponding

m atrix of eigenvalues
@

of A i
@

of the device

elgenvector m atrlx

C om putation

diagonal.

of Yïe@) using Equation 12.213 IS ,Q7siiùpliled due to 5'I
- A i being

For the m achine k selected for applying the external torque, the dynam ic
@

equations,

partitioned

including

form :

the effect of the applied torque A Fmn m ay be *w zltten 111t*t

A ô r 1J
11 J12 1Nf A Or bl

21f
Aà O 0 00 Aô + 0 Av + LT (12.214)0

@

Xr arl a zr A Xr B r 0

A Y r

Aik (C1CaG&1 Aô - Yk lv (12.215)

X
r

w here x is a vector representingr a1lstate variables of the m achine,except for Ao , and

1.0A 8. For the disturbed m achine, A œ @IS assum ed ttl ber equal to Pu, and hence

A ô =o o/s.

B y m anipulation and rearrangem ent

of

of E quations 12.2 14 and 12.215 tè

elim inate A ô and Xr
@

ill ternAs A o r, and by setting A œ to 1.0r Pu, W e obtain the

follow ing CXPCCSSIOnS for A F and A ik aS functions of Av:

L TM &12 O o -1 
.  

a r2O 0

2H  s -J11- -a.- (NI-A -) a-, + -
s 'K- 1.''', '* s (12.216)

z#gbj + a1r(xI-A.)-1BrjAv

A ik A Ik
e
@) -Y @) Avke (12.217)

w here

A Ik
e

@) C2 00c +
1

S

a zo o
-

1 r+C (xI-A ) arl+r U
S

(12.218)

Ark
e
tN) Y -C (xI-A )-1Bk r = r (12.219)
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in com putations associated w ith the above equations areA s
-

1 in diagonal form in term s of the eigenvalues of A v.jmplifed by expressing (x1 -Aa)S

The current injections into the network are given by Equation 12.217 for the
gisturbed m achine and by E quation 12.212 for all other m achines and dynam ic

gevices. The equivalent device adm ittances Yie@) and the equivalent current source
Ajke(J) fOr the disturbed m achine are functions of the param eters of the devices, initial
erating condition, and the com plex frequency s.0P

The intercolm ecting netw ork equations m ay be w ritten as

E quation 12.2 13,

W

tiojYooYsoYx AvoYss Avs (12.220)
w here subscript

Ahritll

D refers to buses w ith dynam ic

w ith

devices and the subscript L refers to

buses static loads, *I.C.,buses no dynam ic devices.

C om bining

yields

the device
, 
t

equations 12.212 and 12.217 and the netw ork equation

12.220

(A IoaetxljjY+YDDoe (*YLD Yos AvoYss Avs (12.221)
where Yoe(x)

and

@

IS a block diagonal m atrix of the device equivalent adm ittance m atrix

Yie(:),
the disturbed

AIoe(:)is the device current source vector with non-zero elem entonly for
m achine given by E quation 12.218.

E quation 12.221 @IS solved for bus voltages
*

Av. T he netw ork m atrix *IS Very

large and

solution
sparse.

technique.

PEA L S exploits this by uslng an eff cient sparsity-based netw ork

The follow ing @IS a Sum m ary of the com putation steps associated w ith the

A E SO PS algorithm  :

1. Form  the device m odels'.

of Aiusing the QR

B i, C i, Y i; com pute

transform ation m ethod.

A i, eigenvalues and eigenvectors

2. Set the @ @ *lnltlal value of com plex frequency S equal to the specis ed initial

estim ate of the eigenvalue.

3. C om pute

E quations 12.218

E quation 12.213.

2îIke(J) and Arketl)
12.2 19,

associated w ith the disturbed m achine, using

usingand and Yïe@) fora1lotherdynam ic devices,

4. Solve E quation 12.221 to com pute bus voltage Av.
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5. C om pute

rnachines,

AF for the disturbed m achine,using Equation 12.2 16,-5*rforall
using E quation 12 .2 1 1 ;H 85using E quation 12.209.

6. C om pute next estim ate of s,using E quation 12.210.

7. If Ax betw een successive iterations *IS Apritllill the specifed toleranee
, Set

eigenvalue to Sand stop;otherwise,gO to step p aud repeatthePCOCCSS
.

The above approach to the calculation of eigenvalues corresponding to rotor

angle m odes involves the solution of only the algebraic E quations 12.221. It does not

require the form ation of the state m atrix A  of the overall system . Instead, the state

equations for each dynam ic device are form ed and treated as a sm all eigenvalue

problem  to form

m atrix of E quation

based solution

equivalent adm ittance

12.22 1 is highly sparse.

techniques, this approach has

devices

the m attix Yie(,5').The overall adm ittance
H ence,

been qpplied to pow er

w ith the uSe of efs cient

system s

sparsity-

w ith over

2,000 dynam ic and 12,000 buses g10j.
O ne of the lirllitlttitllls of the A E SO PS algorithm is tllltt, unless the general

characteristics of critical m odes are know n J * @sp rlorl, a considerable am ount of

searching @IS required to 5nd al1 the critical m odes. ln fact,

m ethod

there *IS never any

forassurance that a11 critical m odes have been identised. The @IS best suited

tracking changes in specil c m odes as system  conditions

A rnoldi m ethod described next overcom es these lim itations

change. The m odiied

of the A E SO PS m ethod.

Calculation of eigenvectors..

1r1 the A E SO PS approach, the speed deviations A tnr for a1l the nlachines

com puted
*

*

111the last iteration directly give the corresponding com ponent of the right

elgenvector.

T he left eigenvector *IS calculated by using the transposed system dynam ic

m odel of E quations 12.188 and 12. 189:

@ T TA oy + C o Au

Aj T TBoy - Yo Au

and the transposed netw ork m odel of E quation 12. 190 :

T

NAj Y Au

lt can be readily

w ill

show n that the A E SO PS

Converge to a system eigenvalue

equal to the

applied

and the corresponding left eigenvector.

algorithm w hen to the above m odel

W ith the

initial eigenvalue

for the algorithm

estim ate correctvalue,one iteration is usually suffcient @

to Converge to the left eigenvector.
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Freqtlency response calculation:

The frequency reSPOnSe Can be zalculated directly from the system equations
#111the form  used by the A E SO PS algorithm  w ith s replaced b '(oy J .

*

The overall system

jaS
input to

tlltl general form

One of the

of E quation 12.221. Instead of applylng an

m achines, the input signal m ay be applied to

at the

external torque aS

any device and the

outputs
explicïtly,

*

Jynam lc

m onitored desired locations. Since the netw ork equations are retained

the input and outputs m ay be associated AAritll the netw ork aS w ell aS the

devices. /

4l?Tke - /#W e# Arnoldi m ethod

The A rnoldi m ethod W aS frst presented

properties,

if

had
ill reference 19. H ow ever, @11I the

original

rthogonality0

form it POOr num erical the m ain problen:s

eigenvalues

being loss of

and slow Convergence

using com plete reorthogonalization

The follow ing is a description of the m ethod as im plem ented

several dom inant are needed.

These

M d

pro
an iterative

blenzs svere solved *11l reference 20 by

PCOCCSS.
*

111PEALS (10,1 1).
m odisedThe A rnoldim ethod is based On a reduction technique @111w hich the

m atrix A ,w hose èigenvalues arC to bè com puted, is reducèd to an UPPCF H essenberg

m atrix by the recurrence:

*

I

h vk + ji+1
,i

A v - h. jv.i J
, J

. '

I=1# @ @ @ y (12.222)
* 

=  17

whzre

h ..J
, l

v H
j Av i(superscriptH denotes conjugate transpose)

and

V 1

hiwt i
5

@

ISanarbitrarystartingvectorwith 11 vl 11 2-1
@

ISascalingfactortomake Ilvi-l 11 2-1
is a prespecised order of the reduced H essenberg m atrix

E quation 12.222 Can be rearranged and assenabled for all m equatiohs to give

A Vm TV  H  +à vs +lemm  m  - +1
, -

(12.123)

where

Vm =(V1 *@*V 1m
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1,1
h1

,

2 @@@ h1
,-

h2
,1

hz 2 *@* h2
,-H '

m
@ @ @ @ * * * @ * * * *

0 *@* h-
,/4 -1

h

T

em = ( 0 ***0 1 1

llere H m @IS an upper H essenberg

generated by E quation

m atrix. W e Can show

Sequence
order

Vi 12.222 @IS orthonorm al.

ideally the vector

Therefore, if m =N (the

that

of A),We have

# +1,#
0

and E quation 12.223 beconaes

AVN VxH x (12.224)

Thus A @IS reduced ttl the upper H essenberg m atrix H
is that

w hoseN eigenvalues

values

are the

eigenvalues

subdiagonal
* *

of A .A n im portant feature of the m ethod the of h 1 m, them + 
,

elem ents of H  ,m

naade

decrease Very rapidly aS increases; therefore, a good

approxlm atlon

12.223:

Can be for m < N  by dropping Out the second ternA *1l1 E quation

A V Nm V H
m m

(12.225)

The eigenvalues of H  ,m w hich @IS of a Very 1()A5? order, approxim ate a subset of the

eigenvalues of A .The corresponding eigenvectors of A are given by

tz

W N V P (12.226)m

w here P is the eigenvector m atrix

of A , the above

from a linear

procedure can

com bination of the

of H m . T o im prove the accuracy of the

be iterated w ith a new  starting vector

eigenvalues
neWV 1 derived

colum ns of V @m *

?  jV i
* 

=  1I

n eW
V 1 (12.227)

where âi are coeffcients calculated from themodalpropertiesof W (161.
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E quation 12.225 holds only if the vector Sequence vj is kept od hogonal at each

StCP
nlym erïcal

calculationof r20).l11practice, the orthogonality m ay be lost rapidly due to
cancellation and roundoff CrrOrS. The rem edy *IS to introduce a

rthogonalizationfe0 PCOCCSS(16) after thecalculation of each vi from Equation 12.222.
A n im portant property of the m ethod

12.225

m odulus.

usually

Thus,
converge
if eigenvalues

ttlthose
is that the eigenvalues of q u in Equation

eigenvalues of A which have largest (and sm allest)
of A  around a specif ed point ht are desired, the

transform ation

At (A -l,I)-1 (12.228)

Can beused to m agnify the eigenvqlues of A close toYQ since

1l
l -1i tti (12.229)

where hi an eigenvalue

the suitable m atrix to

@

IS of A,and%kï@ISthe corresponding eigenvalue
@

111

of A t.

ûnd

Then

At is

of eigenvalues

w hich the m ethod Can be applied

sh#  point.

order to the set

of A

sàTitlz the

to ht, w hich is term ed

transform ation 12.228, the

close the

only

constructing the vector Sequence Vi @IS the solution

com putation

of the equation

involving A @11I

(A -lfI)uj Vi (12.230)

Equation 12.222 m ay be w ritten *111 ternAs of lli,aS

@

l

h vf+1
,

ï i+1 u - h. yV.i 
J, J

* 

=  1I ... , m (12.231)
* 

=  17

and the UPPCF triangular elem ents in H m beconae

j,i

HVj ui @ @7 f l (12.232)

Application of the M AM  to#OWdr system model:

E; tlll stittltilléj the expression for the state m atrix A of a POW er system given by

Equation 12
. 192 in E quation 12.230, W C get
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(Ao-l,I)ui+Bo(Yx+Yo)-1Coui Vi

This m ay be w ritten aS

(Ao-à,I)ui+Boqj Vi (12.233)

w here

qi (Yx+Yo)-1Coui

R earranging,

Couj-(Yx+Yo) qi 0 (12.234)

E quations 12.233 and 12.234 m ay be com bined to give the m atrix equation

(Ao-l,I)

Uo

B o ui

- (Yx+Yo) qi g li (12.235)
The follow ing are the com putational steps associated w ith the M A M :

1. Form the device m odels A i,B i, C i,Y *1*

2. C om pute

l :t

the device adm ittance m atfix corregponding to the chosen shift poiùt

Y D
e
(1,) Y -C (1 I-A )-1BD D t D D (12.236)

3. Solve for 1111111::((4(4111111)
. 

--1,-

-..--

i

gYx+Y (l,)jqiDe e l 1-A )-1v- o ( , b i (12.237)

4. C alculate M . *1*

ui (l,I-Ao)-1(Boqi-vi) (12.233)
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5. C om pute

E quation

3

Y i+1

12.23

using E quation 12.231 and the related elem ents

2, w ith the order m  equal to the specif ed value.

@

111 H m using

stepsR epeat

to 5 to form  the com plete V andm H  .m

#. C om pute

desired

eigenvalues of H  -m

has
using the QR

AAritllilz

transform ation m ethod. lf the

set of eigenvalues

com puteotherw ise, a nCW

converged

starting vector
%

specif ed tolerance, stop;

vnew using E quation 12.227, and go1

the

to step 3 för the next iteration.

The factorization of the network equivalent + os(%/) in EquationN
12.237 needs to be perform ed only once since ht does not change durlng the iteration

facess; this adds to the eff ciency of the m ethod. A s the adm ittance m atrix is very?

sparse, the m ethod can be applied to very large system s by using sparsity-based

teclm iques for solution of algebraic equations.

The M A M , unlike the A E SO PS algorithm , can com pute eigenvalues associated

adm ittance m atrix Y Y

with any

a priori

oint ht is given in order to com pute?

slightly m odifying the algorithm , the

not just thesystem m ode,
know ledge about the

rotor angle m ode. ln addition, it

m ode characteristics of the system . N

does not require

orm ally,the shift

a particular

m ethod

set of eigenvalues

can be adopted to provide

close

the

to B y

capability

@

1t.

f0r scalm ing eigenvalues

that a11 critical

over a frequency range

eigenvalues w ithin the specif ed

on the com plex plane w ith assurance

range have been com puted.

Calculation of eigenvectors..

The right eigenvectors

eigenvectors

arC given directly

calculatediteration. The left are by

E quation 12.226 from  the

inver7e iteration. T his requires

by last

the

solution of E quation 12.235 transposed aS follow s:

TA o -lfl TC
o

TBo -(Yx+Yo)Tgùjë-;j
with
*

IS

com puted eigenvalue ht and an

sufû cient to give the left eigenvector.

the arbitrary vector y0.N orm ally, One iteration

Comparison of results

Table 12.2 COm ParCStheeigenvalue calculations using the QR transform ation,
AESO PS,

buses.
and M A M . The test system consisted of 94

E ighteen of the generators svere represented by

This

generators

detailed m odels

and about 1,400

otherand the

generators

with 366

eigenvalues
.

svere represented

The

by

and

the classical m odel. resulted @111 a system m odel

states. M A SS PEA L S referred to above svere used to com pute the
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T able 12.2

M ode QR M ethod AESOPS M AM

A  -0.122+
./1.650 -0.121+./1.650 -0.121+71.650

B -0.117+73.073 -0.117+73.071 -0.117+
./3.073

C -0.276+75.212 -0.276+./5.212 -0.276+
./5.212

state corresponding

w hich

participation factoxs

Nvere frstcom puted using the M ASS Program , USCS the QR transformation
of com plex eigenvalues associated w ith rotor angle m odes

w ere selected for com parison w ith A E SO PS and M A M . The initial estim ates of the

eigenvalues for both m ethods w ere set so that they deviated from  the true values by

about 10% . From  Table 12.2, w e see that a1l three m ethods give practically identical

results. This is particularly reassuring in view  of the w idely differing theories on

m ethod. Then three pairs

w hich

J%11 eigenvalues of the m atrix and the

the three m ethods are based.

A s a further validation of the above results,frequency reSPOnSe

using

participation

PE A L S w ith the change *111 m echanical torque of a large
w as com puted

generator (with high
three m odes) as the input signal and the speed change of the same

generator as the output signal. Figure 12.22 show s a plot of the com puted frequency

response, w hich exhibits resonant frequencies at about 0.26 H z, 0.49 H z, and 0.83 H z
.

T hese

in the

arC *111 agreenAent AAritll the frequencies of the selected m odes.

E
Q

=
o

=

=
K

l
l

0 8 l
* 1

I
I
1

0.6 1,

0.4

0.2

l
I I l0

.0
0.2 0.4 0.6 0.8 1.0

1.0

0.26 0.49 0.83

Frequency in H z

F igure 12.22 Frequency reSPOnSe
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Exam ple 12.6

In this exam ple, w e w ill analyze the sm all-signal stability of a sim ple tw o-area system

show n in Figure E 12.8. This system  is sim ilar in structure to the one used in

references 23 and 24 to study the fundam ental nature of interarea oscillations.

400 M W

G 1 1 5 6 1 1 ln v
m  
8 1 ln v

m
9 10 11 3 G 3

25 km 10 km# -h' -- - *U -7 10 km 25 km z-xwM

G % gT
f 7 + 9

2 4

6 2 vr  vr  G 4

% >
A rea 1 A rea 2

F igure E 12.8 A sim ple tw o-area system

The system

of tw o

consists of tw o sim ilar areas connected by a w eak

M V A

tie. E ach area consists

coupled
*

units, each having a rating of 900 and 20 kV . The generator

param eters ln Per unit on the rated M V A  and kv  base are as follow s:

X d

X !/#

T '' =#0

1.8

0.25

0.03 S

X =

x '' = :.:5

p ,, = :.:5q 0

1.7 &
Ra

W

0.2 XL
F /

0.3

0.0025 8.0 S#0

X ' = 0.55q

T  ' = 0.4 sq 0

V r1
K

0.015S Sat B sat

G 3

9.6 0.9

H = 6.5 (for G 1and G2) H 6.175 (for and G4) 0D

E ach step-up transform er has

20/230 kv  base, and has an

an im pedance of 0 +
./0.15

off-nom inal ratio of 1.0.

Per unit On 900 M V A and

The transm ission system

The

nom inal voltage @IS 230 kV .The line lengths arC identised

in Figure E l2.8. param eters of the lines @111Per unit On 100 M V A , 230 kv base

are

r 0.0001 pu/km XL 0.001 pu/km bc 0.00175 pu/km

The system is operating Ahritll area 1 exporting 400 M W to area 2,and the generating

units are loaded aS follow s:

G  1 : P 700 M W ,

700 M W ,G 2 :

185 M V A r,

A r,

A r,

P

E t

f ,

f ,

=  235

1.03Z 20.20

M V 1.01Z 10.5O

G 3 : P = 719 M W ,

M W ,

176 M V 1.03Z  -6.80

G 4 : P 700 = 202 M V A r, E  , 1.01Z  -17.00

The loadsand reactive PoWersupplied ((?c)by the shunt capacitors atbuses7 and 9
are as follow s:
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B us 7: P s

P s

967 M W , QL
Ps

100 M V A r,

M V A r,

Qc
Qc

200 54V A r

B us 9: 1,767 M W , l00 350 M V A r

(a) If a11 four generators
the eigenvalues of the

constant Eg), compute
system  state m atrix representing the sm all-signal

perform ance of the system  about the initial operating condition. For eacà

igenvalue, identify the system state variables w'i'' h high padicipation
.

e

D eterm ine the frequencies, dam ping ratios, and m ode shapes of the rotor

oscillation m odes. A ssum e that the active com ponents of loads have constant

current characteristics, and reactive com ponents of loads have constant

im pedance characteristics.

are on m anualexcitation control (

(b) Determ ine the eigenvalues,
m odes

frequencies,

w hen a11 four generators are

and dam ping ratios of rotor oscillation

equipped w ith the follow ing types of

excitation control :

(i) Self-excited dc exciter(see Figures 8.38 and 8.40):

K A

Fs

F

20.0 L
W dl

=  0.055 Fs

B

0.36 K F

TR

0.125

1.8 0.0056 1.075 0.05BX

TS5 R c, and X c are not usedCn

(ii) Thyristor exciterAhpitlla high transient *V2111 :

K A 200.0 TR 0.01

(iii) ThyristorexciterAh/itlla transientgain reduction (TGR):

KA = 200.0 TR 0.01 L 1.0 Fs 10.0

(iv) Thyristorexciter with high transientgain and PSS:

K A

F1

200.0 TR

Tz

0.01 K m a

F3

20.0 F 10.0

0.05 = 0.02 3.0 T4 5.4

The block diagrana of thyristor excitation system w ith PSS is show n
@

111 F igure E 12.9.

Solution

(a) System modes with generators on manualexcitation control..

Table E 12.3 sum m arizes the eigenvalues of the system

m ode.

state m atrix and

eigenvalues

described in

the state

variables that have high pad icipation *111 each The first tw o

represent

Section

the Zero eigenvalues

of these

due to the redundant state variables.

ofuniqueness
.

A s

12.7,One Zero eigenvalues is due to lack of absolute

rotorangle (there @ISnO infnite bus,
other

and the rotor angles

due

are referred to a Com m on

reference fram e).
torques

and

generator

m odelled

T he Zero eigenvalue

of

@

IS to the assum ption that the

are independent speed deviation (SPeed governors are n0t

#0=0).
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Vref

T G RExciter

- j +sw1 
. xE  

t ' Z K A fy#1 
+ s%  1 + s%V

s +

s Fv 1 + s Tj 1 + s TaA œ

r gsras(Pu) 1 
+ s Fv 1 + s Tz 1 + s F4

Pow er system stabilizer

F igure E 12.9 Thyristor excitation system w ith P SS

T able E 12.3 System m odes w ith m anual excitation conirol

E igenvalues Frequency D am ping
D oï inant States

N o. Real lm aginary (HZ) Ratio

A (t) and A 6 of1
,2 -0.76E -3 +0.22E -2 0.0003 0.331 G 1

, G 2, G 3, G 4

3 -0.96E -1 - - - ,,

4,5 -0.111 +3.43 0.545 0.032 ,,

6 -0.1 17 - - - ,'

7 -0.265 - - - A vyy of 6 3 and 6 4

8 -0.276 - - - A vy: of G l and 6 2

9,10 -0.492 +6.82 1.087 0.072 A œ and A 8 of G 1 and G 2

1 1,12 -0.506 +7.02 1.1 17 0.072 A œ and A 6 of G 3 and G 4

13 -3.428 - - -

14 -4.139 - - -

15 -5.287 - - -

16 -5.303 - - -

# and q axis17 
- 31.03 - - -

am od isseur
18 -32.45 - - - jyux Iinkages

19 -34.07 - - -

20 -35.53 - - -

21,22 -3t.89 +0.142 0.023 =1.0

23,24 -38.01 +0.38E -l 0.006 = 1.0
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From the table,W e See that the system %IS stable.There are three rotor angle m odes of

shapes (norm alized eigenvector com ponents corresponding to
rotor speeds of the four m achines) are shown in Figure E12.10. From the m ode shapes
w e see that the 0.55 H z m ode is the interarea m ode, w ith generators G l and G 2 of

area 1 sw inging against generators 6 3 and G 4 of area 2. The 1.09 H z m ode is the

interm achine oscillation local to area 1, w ith G 1 sw inging against G 2. The third rotor

oscillation.Their m ode

angle m ode, w ith a frequency of 1.12 H z, is the inte 
. , 
chine m ode local to area 2

.

G 3

G 1 o a G 4

G 2

G 1

G 4

6 3

(a) lnterarea m ode (b)Area 1 local
H z,

m ode

(=0.072
(c) ytrea 2 local m ode

/=0.545 Hz,(=0.032 f= 1.087 f= 1 . 1 17 Hz,(=0.072

F igure E 12.10 M ode shapes of rotor angle m odes w ith m anual excitation control

(b) Rotor angle modes with d# erent@#cJ %of excitàtion control..

Table E 12.4 sum m arizes the eigenvalues, frequencies, and dam ping ratios associated

w ith the rotor oscillation m odes for the four altem ative form s of excitation control.

W e See that the local interm gchine m odes of oscillation have the Sam e degree of

dam ping w ith the dc

interarea m ode has a

exciter

sm all

thyristor exciter

positive dam ping w ith the

The

and (w ith and without TGR).The
dc exciter.lt is unstable w ith

Thehigh gain thyristor

interarea m ode as

exciters. TG R naakes the interarea m ode m ore unstable.

w ell as the localm odes are Very w ell dam ped w hen pow er system

stabilizers are added to the thyristor exciters.

T able E 12.4 E ffects of excitation control on rotor oscillation m odes

'tt

Type of Eigenvalue/tFrequency in Hz, Damping Ratio)
Excitation C ontrol Interarea M ode A rea 1 L ocal M ode A rea 2 L ocal M ode

- 0.018+
./3.27 -0.485+./6.81 -0.500+./7.00(i) DC exciter

1=0.52, (=0.005) 1=1.08, (=0.07) 1=1.11, (=0.07)

(ii) Thyristor with +0.031+./3.84 -0.490+77.15 -0.496+./7.35
high gain 1=0.61, (=-0.008) 1=1.14, (=0.07) 1=1.17, (=0.07)

t

(iii) Thyristor +0.123+./3.46 -0.450+76.86 -0.462+./7.05
with TGR 1=0.55, (= -0.036) 1=1.09, (=0.06) 1=1.12, (=0.06)

(iv) Thyristor -0.501+./3.77 -1.826+./8.05 -1.895+./8.35
with PSS 1=0.60, (=0.13) 1=l .28, (=0.22) 1=l .33, (=0.22)

L
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12 .9 C H A RA C T ERIST IC S O F S M A LL-S IG N A L

S T A B ILIT Y PR O B LEM S

In large

in nature.

POW er system s, sm all-signal stability problem s m ay be either local Or

lobal

Local # r/5/dM

L ocal PrOblenls involve a sm all part of the system . They

plant against

bem ay associated

with rotor angle

system .

oscillations

tlltl

stablllty

infnite

POW CC
@ *

Such

of a single generator or a single

oscillations are called Iocal p lant

the rest of

m ode oscillations. The

problenas

bus

related to such oscillations are sim ilar to those of a single-m achine

system  as

sm all-signal stability

studied @111 Sections 12.3 to 12.6.M ost com m only encountered

problenAs arC of this category.

L ocalPCOblenzs m ay

to

also be associated w ith oscillations betw een the rotors of

a few generators close each other. Such oscillations are called interm achine Or

interp lant

oscillations

m ode oscillations. U sually, the local plant m ode and interplant m ode

have frequencies @1l1 the range
@

of 0.7 to 2.0 H z.

O ther possible local PrOblenAs lnclude instability of m odes associated w ith

controls of equipm ent such aS generator

problen:s

excitation system s,

w ith

H V D C converters, and

static Var com pensators.

tuning of the control system s (2 1). ln addition, these
dynam ics of the turbine-generator shaft system ,

The associated control m odes are due to

inadequate

w ith

controls

the causing
m ay
instability

described

interact

of

torsional mode oscillations (221.Torsional oscillation problenas are @11l
Chapter 15.

A nalysis of local

representation

rest system  representation m ay be appropriately sim plif ed by use of sim ple

m odels and system  equivalents. U sually, the com plete system  m ay be adequately

represented by a m odel having several hundred states at m ost.

sm all-signal stability

portion of the com plete '

PrOblenls requires a detailed

of a sm all lntercpnnected PoW er system . The

of the

Global p roblem s
e

G lobal sm all-signal

gFOUPS of generators

group of generators

stability problem s are caused by interactions am ong large

and have w idespread effects. They involve oscillations of a

in one area sw inging against a group of generators in another

area.Such oscillations are called interarea m ode oscillations.

L arge

oscillations:

interconnected system s usually have tAArtl distinct fornAs of interarea

(a) A Very l()A,?frequency m ode involving a11the generators *11lthe system .The
system

*

*

IS

agalnst

essentially split into tw o parts, w ith generators in one part sw inging

m achines in the other part. The frequency of this M ode of oscillation
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*

IS On the order of 0.1 to 0.3 H z.

(b) Higher
each

frequency m odes involving groups

oscillations

sub of

other.The frequency of these *IS

generators

typically in the range

sw inging against

of û
.4

ttl 0.7 llz.

Illustration of global problems

W e w illconsider

tAA?tl fornzs of interarea

tw o large system s w ith distinct characteristics

oscillations.

to illustrate tht

Test system A

This test system consists of 2,310 buses, 375 generators, and 3 H V D C liltlzs
.

The 3 dc links and 291 generators are m odelled in detail.The rem aining 84 generators

classical m odel.represent eq
*

uivalent naachines and are m odelled by the

T o ldentify the critical m odes of interarea oscillation, eigenvalues

m odes AAritllfrequencies in the range of 0.2 to 1.0 H z are scalm ed,
system

using the m odiûed

of

A rnoldim ethod.Table 12.3 lists the eigenvalues, frequencies, and dam ping ratios of

the m odes identifed by this m ode

eigenvalues

com plex

there

search. Figure

B ox A  in the f gure

12.23 show s a plot

region

of these

on a com plex plane.

plane w ithin w hich all

represents

com puted;

the On the

eigenvalues have been outside this area
,

m ay exist eigenvalues other than those show n on the çom plex plane.

. :

b

Q@
X

x 1.0 H z
l xA6 1 

x 1
I I

X  l II X  I
I 

.. .. .,,,-. . 1

x l 0 .8 l-lz 15 
x 1 IM ode 12 

,l
I I
l l
1 I
I I

M ode 1 1 1 () 6 H z 14 I 
. I

l I
l
I

CXl M ode 10

3 1 X
I

1 0.4 H z
x  x  I

l
l

2 1 X
I

W  IX  I
X B ox A ----< 0.2 H ZI

I I

0
-  1.25 - 1.0 -0.75 -0.5 -0.25 0.0 0.25

7

r w

R eal axis

F igure 12.23 E igenvalues com puted by frequency Scan using M A M
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Table 12.3 M odes of system A com puted by using frequency scanning teclm ique

M ode no. Eigenvalue Frequency (Hz) Dam ping Ratio

1 -0.7567+
.
/1.4163 0.2254 0.4712

2 -0.7193+
./1.4605 0.2324 0.4419

3 -0.7999+
./1.5623 0.2486 0.4558

4 -0.7806+
./1.5776 0.2511 0.4435

5 -0.1265+71.9894 0.3166 0.0634

6 -0.82484 2.3509 0.3742 0.3311

7 -1.0698+72.3642 0.3763 0.4123

8 -0.1434+72.7826 0.4429 0.0515

9 -0.2871+
./3.2495 0.5172 0.0880

10 -0.1609+73.7797 0.6016 0.0425

11 -0.4382+
./4.6754 0.7441 0.0933

12 -0.0470+74.7439 0.7550 0.0099 .

13 -0.3336+74.8262 0.7681 0.0689

14 -0.5420+
./5.2074 0.8288 0.1035

15 =0.0551+
.
/5.4200 0.8626 0.0102

16 -0.3116+
./5.6159 0.8938 0.0554

17 -0.1451+75.8825 0.9362 0.0247

18 -0.2385+
./6.1228 0.9745 0.0389

19 -0.2243+
./6.1745 0.9827 0.0363

20 -0.2552+
./6.1814 0.9838 0.0412

2 1 -0.1961+
./6.3504 1.0107 0.0309

22 -0.1457+
./6.4356 1.0243 0.0226

12.3

The 22 m odes represented by the eigenvalues show n in Figure

can be divided, based on m ode shapes, into three categories:

12.23 and T able

(a) lnterarea m odes.Exam ples are m odes 5 and 8 to 12.

(b) Localplant m odes.Examples are m odes 13,2 1,and 22.

(c) Controlm odes.Examples arC m odes 1to 4,and 6.
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M odes 10,

the

1 1 ,

0.6

and 12 represent the criticalinterarea m odes.These m odes have

frequencies

generators sw inging

loaded transm ission

@

11l to 0.75 H z fange.E ach represents oscillation of a subgroup of

of generators across a w eak or heavily

12.24 show s how  the interfaces associated w i -th

the three critical interarea m odes geographically divide the overall system
. Tu

stability characteristics of each interarea m ode of oscillation depend on the pow er

transfer across its interface and on the controls associated w ith the subgroups of

generating

against another

interface. Figure

subgroup

unitsOn thetAA?tlsidesof theinterf a4, .

lnterface
of naode 10

Interface
of naodd 11

lnterface
of naode 12

Figure 12.24 Intetfaces of critical interarea m odes

of oscillation of system A

Test system B

This

dom inant

system

0.2 H z interarea
consists of nearly 3,000 buses and 300 generators. lt has a

in w hlch practically all the generators in the systemm ode

participate. The m ode shape of the

as depicted in

interarea X4CVC ' IS such that its interface splits the

system
@

illttltAArtl parts Figure 12.25.% en the

generatlng

frequency

units On the tANrtl sides of the interface sw ing

system  is perturbed,

against each other w ith

the

a

of about 0.2 H z.

T able 12.4 sum m arizes the results of analysis carried out to investigate

having

the

effects of excitation control of the

participation

and

in the interarea m ode.

generators at

This plant is

a large therm al

identif ed as G S

plant

::5 :5 ju

a high

Figure 12.25

has a thyristor excitation system .

W e See from the results that the control of excitation of generators at thç

therm alplant has a very signis cant effect on the stability

for the

of the 0.2 H z interarea m ode

of oscillation.W ith a high gain thyristor exciter, system  conditions considered,
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G S GGD ''

Interface

F igure 12.25 Interface of 0.2 H z interarea

m ode of oscillation of system B

T able 12.4 E ffect of excitation control of generating

of interarea

units

at G S :1j4)77on the stability m ode

lnterarea M ode
Type of E xcitation C ontrol

Frequency (Hz) Damping Ratio

(a) Thyristor exciter with iq0
. 192 0.0hi

gh transient gain

(b) Thyristor exciter with 0
. 187 -0.057t

ransient gain reduction

(c) Thyristor exciter with 0
. 179 0.122

pow er system  stabilizer

tlltlinterarea m ode has a sm allpositive dam ping ((=0.009).sàTitlla transient gain
reduction,

system
@

In CCCaSCS

stabilizer

the interarea m ode actually beconaes unstable

(designed aS described *111 reference
((=-0.057).
9) is added,

svhen

the
a pow er
dam ping

signifcantly ((=0.122).

Factors inf uencing interarea m odes of oscillation

The characteristics of interarea m odes of oscillation are Very com plex and @111

SOnIC respects signis cantly
e

111

differ from  the characteristics of local plant m odes.L oad

characteristics, particular, have a 0m alor effect 'on the stability of interarea m odes.
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The m anner @111w hich excitation system s affect interarea oscillations depends oa tbt

types

Speed-governing system s norm ally do not have a very signiû cant effect on

interarea oscillations. H ow ever, if they are not properly tuned, they m ay decrease

dam ping of the oscillations slightly, In extrem e situations, this m ay be sufi cient to

aggravate the situation signif cantly. In the absence of any other convenient m eans of

increasing the dam ping, adjustm ent or blocking of the governors m ay provide some

and locations of the exciters,and on the characteristics of loads g23).

relief (261.
A m ode of oscillation @111 One part system  m ay

coupling. This occurs

of the interact AAritll a m ode of

oscillation @11l a renlote pa=

nearly

due to m ode w hen the frequencies

interpretingof the tAA?tlm odes are equal(24,251.Care should be exercised *111
results of analysis

The controllability

*

111 such CaSeS.

of interarea m odes w ith N  is a com plex function ofnlany

factors'.

@ L ocation of unit w ith PSS

@ Characteristics and location of loads
@ Types of exciters On other units

O n SonAe units,the PSS does not have the desired effect on the dam ping of interarea

iniuencingoscillations. R eference 24 presents
* @

results of a detailed study of factors

PSS perform ance in dam plng

@O ther effectlve

lnterarea interplant m odes of oscillation.

m eans of stabilizing interarea m odes of oscillation

and

include

m odulation of H V D C converter controls and static Var com pensator
@

controls.

A nalysis of interarea oscillations requires detailed representatlon of the entire

interconnected POW CF system .M odels for excitation system s

detail should

and loads, in particular,

should be accurate, and the San;e level of m odelling be used throughout

the system .

R eference 27 provides

problem s,

and

interarea

a detailed account of a conaprehensive study

problem ,

of the

oscillation

m ethods of analysis, control

including

design
*

the fundam ental nature of the

procedures
@ * @

ttl m itigate
@

the problem .

Enhancem ent of sm all-signal stablllty IS dlscussed 111 Chapter 17.
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Transient S tability

Transient stability,as described in C hapter 2, is the ability of the pow er system

to m aintain

fault
synchronism when subj,ected to a severe transient disturbance such as a

on transm ission facilities, loss of generation, ok' loss of a large load. The system

CCSPOnSC
pow er voltages, and other system  variables. Stability is

nonlinear characteristics of the pow er system . lf the resulting angular separation

betw een the m achines in the system  rem ains w ithin certain bounds, the system

suchttl disturbances involves large excursions of generator rotor angles,

byS ow s, bus inf uenced the

m aintains synchronism . L oss of synchronism because of transient

OCCUCSN Arrill usually be evident Arritllill 2 to 3 seconds of the illitiftl

instability,

disturbance.

if it

T his

factors

chapter

inf uencing

illustrates the nature of transient stability problem s,

considerations and

identif es

them , and describes m odelling

analysis.

analytical

techniques applicable to transient stability

13.1 A N ELEM EN TA RY V IEW O F T RA N SIEN T STA BILITY (1-31

C onsider the system show n in Figure

PoW er

circuits.

to a large

infnite

system represented by

13.1, consisting

an infnite bus

of a generator delivering

through tw o transm ission

An bus, aS described @111 Chapter 12 (Section 12.3),represents a
voltage Source of constant voltage m agnitude and constant frequency.

W e Ahrill present fundam ental

analyzing

resistances

the system CCSPOnSC to

concepts

large disturbances,

and principles
@

of transient stability

m odels.

by

A l1uslng Very

the

sim ple

Chapter

corresponding

are neglected. The generator is represented

5, Section 5.3.1) and the speed governor

by

effects
classical m odel (see

Theare neglected.

voltagesystem representation @ISshown in Figure 13.2(a).The behind

8 2 7
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E a
C C T 1

E  t X
1 Insnite

G  x  bus

2L
r

C C T 2

F igure 13.1 Single-m achine infnite bus system

X 1

Xd' E Xt tr T

X z

P e
# Z 8 E

T s

=  =

eX 0

(a)Equivalentcircuit

X v

>

P e

# Z ô f sz o

=  =

E ' =E  +J'X  ' Ir0 d f0

X  =X J +Xr d E

(b)Reduced equivalentcircuit

F igure 13.2 System representation w ith generator represented by classical m odel

thetransientreactance (XJ)
svhen

@

IS denoted by f '.
*

The rotor angle

by w hich E 'leads E #* the system IS perturbed, the

represents

m agnitude of E '

the angle
@

rem aln s

constant at its predisturbance value and changes aS the generator rotor speed

deviates from synchronous speed O 0.

be

system

analyzed by using

The m odel caù be reduced to the form show n in Figure
@

13.2(b).
* @

lt can

sim ple analytical m ethods and is

This m odel is identical to that

12.71, the generator's electrical

a basichelpful 111 acqulrlng

understanding

show n

of the transient stability
*

111Figure 12.4 of C hapter 12.

phenom enon.

From  E quation

POW er Output @IS
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P
e

E  ' F- #
sinô P sinô (13.1)

X T

where

E 'E B
P (13.2)maX

X T
#

Since w e have neglected the stator resistance,

pow er-angle

graphically

w ellaS

circuits

m echanical

aS the term inal POW er. T he

P e represents

relationship w ith

the air-gap

both
pow er

transm ission
@

111 service (1/S)
*

*

IS show n

POW CF lnput of P the steady-state
@

IS

Figure

electrical

*

11l 13.3 aS Curve 1. W ith a

?
orrespondingc

and the operating

rotor

m n

condition

POW er Output P e is Cqual to

represented by point J On the Ctlrve. The

angle @IS 8q*

P

1
-  P  w ith both circuits l/S. v.-'' 

(4
.  (/ b *#  

- - - - - - -  . . - -  

r ..z p  w jth cj'ycuj't 2 O /5m I I e

l I
1I 
jl 
j! 
:l I

I '
I I

0 8 8J 90O 1800

F igure 13.3 Pow er-angle relationshiP

If One of the circuits @IS out of service (O/S),the effective reactance XT @IS
higher.

13.3

T he pow erlangle relationshiP w ith circuit 2 out of service IS show n in Figure
*

aS Curve 2.The m axim um POW Cr is now losver. ss?itll a m echanical POW er lnput

of # the rotormn angle is nOW

w ith a higher

state

reactance,the rotor

corresponding to the operating point b

angle is higher in order to transm it the

On CUCVC 2.5

SanAC steady-

POW er.

D uring

speed
Therefore,05

torque

torque
m ay

and

superim posed on the synchronous

but the speed deviation (hôr=dn/dt) is very m uch sm aller than oo.
the generator speed is practically equal to (t):, and the per unit (pu) air-gap
be considered to be equal to the pu air-gap pow er. W e w ill therefore use

a disturbance, the oscillation of ô is

PoW er interchangeably w hen referring to the sw ing Nequation.
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The equation ofmotion or the swing equation (seeChapter 3,Section 3.éhmW
be w ritten aS

2ô2// d
PO0 dt1 - P s m' ô (l3.3j

w here

P m echanical POW Cr input, *11I Pu

P m axim um electrical POW er output, *11l Pu

H inertia constant, @111 Ikfsl?-s/l/lslA

rotor angle,
*

111

@

111 elec.rad

/ @= tlm e, S

R esp onse to a step change

L et US nOW exam ine the transient behaviour of the system ,
@

Ahritlz both circuits

from@111 service, by considering a sudden increase in the m echanlcal POW er input

inertia

an

initialvalue of Pmoto P-1aS shown @1I1Figure 13.4(a).Because of the of the

P

P = P sin:e Yr
A rea

cA  
,l a

v ---* A  r e a Wb x'x I 2 d
?z; l I wl

x

x  - Ij Ij j
l
.xI t-.x I I I
Ix-- I I l

I I I 1J7 .-- --+- j 1
m 0 I J j ; j

I l I I '
I I I I
l I I I
I I I l
l I I 1

=  :I I I
1
. .

1 1
. $L8 8 8

0 1 m

(a)Power-angle variations

/

I I I

I I I0 
, , ô
I I

N k I
x IN

! .- l
I >  #  I
1 # r I

/1 ' ,
Nl l lh

hx I
I

J# l
l e # l
I '

/
l I

! !

(s)

12b

(b) Rotor angle tim e response

F igure 13.4 R esponse to a step change in m echanical POW Cf input
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tor, rotor calm ot change instantlyro

orresponding to the new  equilibrium  point b atc

the angle from the -niti al1 value of%% to 81
w hich P c =# ,,j. The m echanical pow er

is now  in excess of the electrical pow er. The rçsulting accelerating torque causes the

otor to accelerate from  the initial operating point a tow ard the new  equilibrium  pointr

j tracing the P e-& curve at a rate determ ined by the sw ing equation. The difference
r

betw een P m3 and P e at any instant represents the accelerating pow er.

W hen point b is reached, the accelerating pow er is zero, but the rotor speed

is higher than the synchronous speed Otl (which corresponds to the frequency of the
infnite bus voltage). Hence, the rotor angle continues to increase. For values of ô
higher

6m, the

The

thanYf PC*IS greater than # and the rotordecelerates.AtSonAe-1
synchronous

w ith

speed

peak value

rotor reCOVerS to the value O 0,but P d *IS higher than P /?7 1 -

rotor continues to decelerate the speed

and

dropping below (t) *0D the

point

indefnitely

retraces the #  -8e

the

CUFVC from C to then to G. The rotor angle

operating

oscillates

about neW equilibrium angle 81 Ahritll a constant am plitude aS show n

by the tim e plotof ô @1I1Figure 13.4(b).
ln our representation of the pow er system

a11 resistances and the classical m odel is

*

111 the above analysis, W e have

neglected

effect, this

unabated

used

neglects a11 SOUFCCS of dam ping.Therefore,

to represent generator.

the rotor oscillations continue

thç ln

the perturbation. ln practice, as discussed in C hapter l2, thçre are

m any sources of positive dam ping including field flux variations and rotor am ortisseur

circuits. ln a system  w hiçh is sm all-signal stable, the oscillations dam p out.

follow ing

E qual-area criterion

For the system m odel considered above,it is not necessafy to form all

indef nitely

solvey

tllkl sw ing equation to determ ine 'w hether the rotor angle

regarding

increases Or

oscillates about an equilibrium position. lnform ation the m axim um angle

(öm) and the stability lim it m ay be obtained
angle diagram  show n in Figure 13.4. A lthqugh this

m ulyim achine system s w ith detailed representation of

in understanding

excursion graphically by using the pow er-

m ethod is not applicable to

synchronous m achines, it helps

stability of any

relationship betw een

basic factors that iniuence the transient system .

Frona E quation

accelerating

13.3, W e have the follow ing the rotor

angle and the PoW er :

2ôd

d t1

O 0

21/
(17 -# )m d (13.4)

N ow

solved

P e is a nonlinear function

directly. lf both sides are

of ô, and therefore the above equation cannot be

lzAtlltilllietl by ld&lt@/, then

2
2ôdn d

d t

œo(#.-#e) dô

d t2 H d t
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O r

A
d , ( *d , 1 2 O0(17-# )m e#ôdt (13.5)H

Integrating gives

l d; 12,dt Oc(#.-#e)dnH (13.6)
The #/ is initially zero. It w ill

.  
change as a result of the disturbance

.

For stable operation, the deviation of angle ô m ust be bounded, reaching a rnaxim um

value (as at point c in Figure 13.4) and then chav ing direction. This requires the
speed deviation döldt to becom e zero at sum e tim e after the disturbance. Therefore

,

from  E quation 13.6, as a criterion for stability w e m ay w rite

speed deviation d&I

6 '

0 p .p ) ds( 
m eH

ôo

0 (13
.7)

where%è *ISthe illitiltlrotor angle and @ .ISthe m axim um rotorangle,
*

aS illustrated

in Figure

if the

13.4.Thus, the area under the function P -P  plotted agalnstm e
*

IS

8 m ust be zero

system @IS to be stable.ln Figure 13.4,

the

this satisi ed w hen area A is1 equal to

changesarea A 2. K inetic energy *IS gained

gained

by
*

IS

rotor during acceleration w hen 8

from ôo to ô j .The energy

f l

ô1

jlpm -Pej #ô
%Q

area dl (13.8)

The Cnergy lost during deceleration w hen changes from ô1to @IS

ô

Ez J(#e-Q)#ô
ô1

area dz (13.9)

A s W C have not considered any losses, the Cnergy gained @IS equal ttlthe energy
*

lost;

therefore, is equal to area W 2. This form s the basis for the equal-area1

It enables us to determ ine the m axim um  sw ing of 6 and hence the stability

system  w ithout com puting the tim e response through form al solution of the
*

area W crlteriont

of the

sw ing

equatlon.
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The criterion Can be readily

of Figure

used to determ ine the m axim um pernxissible

fncrease
ea / 2ar

5 >8z,

tlltl

@

111# for the system 13. 1 . The stability is m aintained only if an

at least

and

equal to

stability w ill

W 1

be

Can be located above P m 1 *lf W @IS1

P

greater
@

IS

than W 2,then

lost.This *IS because,

decelerating.

of transient instability

for 6>ôLn -1 larger than P e and

net torque accelerating

W e w ill exam ine the

@

IS rather than

m echanism by considering next the

system

C0m m On

reSPOnSe to a short-circuit fault on the transm ission system ,
@

w hich @IS a nlore

form of a disturbance considered in transient stallillt)r studies.

Response /tlJ short-circuit fault

L et US consider the FCSPOnSC of the system to a three-phase fault at location F

n transm ission0

circuit,

circuit2,aS shown ih Figure 13.5(a).
*

IS

The corresponding

Figure

faulted

assum ing

equivalent

a classicalgenerator m odel, shown *11l 13.5(b).
circuit,

The fault
*

IS cleared by

clearing tim e

opening circuit breakers at both ends

depending on the relaying tim e and breaker

fault

of the the fault-

tim e (see Section 13.5.2).
*If the location

POW er

iow s

active

ëuring the fault.

@

IS transm itted to
F is at the sending end (HT bus) of the

the infnite bus. The short-circuit current

faulted circult,nO

from the generator

through Pure

# e

reactances ttlthe fault.H ence, only reactive POW er

the

i ow s and the

PoW er and the corresponding electrical torque Fe at @a1r-gaP are Zero

If w e had included generator stator and transform er resistances in our

m odel,# e

lf the

w ould have a sm all value,

fault location F is at

representing the corresponding resistive losses.

gom e distance aw ay from  the sending end as show n

activein Figures 13.5(a)
the fault is still on.

and (b),Son;e PoWeris transm itted to the infnite buswhile

13.5(c) P -8r
prefault (both circuits in servlce), (ii) wlth a tk ee-phase fault on circuit 2 at a location
some distance from  the sending end, and (iii) postfault (circuit 2 out of service).
Figure

Figures and (d)
*

show plots for the three network conditions'.(i)

13.5(c)considersthe system  perform ance Alritlla fault-clearing tim e offlC and
represents

that the

a stable case.Figure

system is unstable. ln
13.5(d) considers a longer fault-clearing tim e (tcz) such
both cases P m is assum ed to be constant.

L et us exam ine the stable
*

IS operating w ith both circuits @111

case depicted

service such

by Figure

that
13.5(c).Initially,thesystem

P  =Pe m and

occurs, operating point suddenly changes from  a to b.

cannot change instantly. Since P m is now  greater than P o, the rotor

the operating point reaches c, w hen the fault is cleared by isolating

System . operating point now  suddenly shifts to #. N ow  P e is greater than P m,

causing deceleration of the rotor. Since the rotor speed is greater than the synchronous

Speed o :, ô continues to increase until the kinetic energy gained during the period of

acceleration (represented by area W 1) is expended by transferring the energy to the

8 =8:.

O w ing to

svhen the fault

the * @lnertla, angle

accelerates tllltil

circuit 2 from  the

The

system . operating point m oves from  # to e, such that area W 2 is equal to area A 1.

A t point e, the speed is equal to tn: and ô has reached its m axim um  value &m. Since

Pe is still greater than P
m , 

the rotor continues to retard, w ith the speed dropping below

*g. The rotor angle ô decreases, and the operating point retraces the path from  e to

The
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# and follow s the P e-& curve for the

that it satisf es the

postfault

equal-area

system

criterion

farther dow n. The m inim um

system .value of 8 @IS such for the postfault la

the absence of any Source of dam ping, the rotor continues to oscillate AA?itlz constant

am plitude.

A'1
H T F s

C C T 1
f  /

G

F

C C T 2
=

X ' Xtï tl-

-V l y, X22

E Z & fsz o
=

= y  =

(à)Single-line diagrana (b)Etuivalentcircuit

P  W j = W 2

P  - prefault
.
z' e

d e P - postfault'
''x,h z e1

.

I
kk 

s  x.

m I u  x - l P e - durlng
/j C 1 

. . 

z  faultt
I l I

l I I
l l 1

P  W  > A1 2

P  - prefaulte
.. 
,''

# p tfault
-  

POSeV  X  
.,

-

x u  .z,lt
x
x

x  x4 x /.0V d 
=  = -)= '= 1. = -  - 

.X  - - - xmx
xi VVN. C. u. 7. u-xxlx- 1 c p . d u r j n gm jhx x . x x

x yxxx'xx 'Xxux 
x 

X 
x x N x j g , , e

x

x  . . 
'j , fau Itt
1

I b ' g
1 1
I I

%% 8c1 %* 8o 8c2
1 1 l

t

I l I

l I
l l l
I I I

c 1 I I l
l l 1
l

l
l 1
I 1
l 1
1 l
I I I

I I
l I l

I I
l 1
I l

1 1
l

!

S /

I I
1 1

I
1

l
I

c2 1
I
l
l
l

S

(c)Response
in t 1C

to a faultcleàred (d) Response
@

to a fault cleared

seconds œ stable Case 111 /2C seconds unstable Case

*F igure 13
.5 lllustration of transient stability phenom enon
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hàiitlla delayed faultclearing,aS showh *111Figure 13.5(d), area Wz above Pm
e, the kinetic energy gained during

expended;

js less than A 1. W hen the operating point reaches

the accelerating period has not yet been com pletely

is still greater than œ o and ô continues to increase. B eyond point e, P e is less than P m,

and the rotor begins to accelerate again. The rotor speed and angle continue to

increase, leading to Ioss of synchronism.

consequently, the speed

Factors inf uencing transientstabilip

From  the above discussions, and referring to Figure 13.5, w e can conclude

is dependent on the follow ing:

that

transient stability of the generator

(a) How heavily the generator @ISloaded.

(b) The generator outputduring the fault.Thisdepends on the faultlocation and
type.

(c) The fault-clearing tim e.

(d) The postfaulttransm ission system reactance.

(e) The generator reactance.A lower reactance increasespeak power and reduces
initial rotor angle,

(f) The generator @ @lnertla.The higherthe * @lnertla,the slowerthe rate of change @111
angle.

reduced.

This reduces the kinetic energy gained during fault; @1.e., area W 1 *IS

(g) The generator internal voltage m agnitude (f '). This depends On the ûeld
excitation.

(h) The infnite busvoltage m agnitude EB.

A s a m eans of introducing

a sim ple
*

conf guration

of stability by

of tim e

anal

and

concepts,

represented by a sim ple

basic w e have considered a system  having

hasm odel. T his enabled the

ysls
function

using a graphical approach. A lthough

w e have

rotor angle plots

com puted

R S a

are show n *111Figures 13.4 and 13.5, not actually

them ,and hence the tim e scales have not been defned

system s

requires

have com plex netw ork

detailed

structures.A ccurate

m odels for generating units and

pow er
analysis of their transient stability

other equipm ent. A t p resent, the

for these plots.Practical

Most practical available m ethod transient stability analysis juç tim e-dom ain

simulation which //it?nonlinear d# erentialequations &rd solved by using step-by-
step num erical

of the
integration

com m only used

techniques.

num erical integration

This leads us to the next section in w hich SonAe

m ethods are described.
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13 .2 N U M ERICA L IN T EG RA T IO N M ET H O D S (4-6)

The differential

nonlinear ordinary

equations to be

differential equations

solved @1l1PoW er
@

system stability analysis a<Q

w ith know n lnitial values:

J x

d t
f (x,f) (13.10A)

w here X @IS the state vector of n dependent variables and t is the independent variablt

of x and(tim e).Ourobjective isto solve X aSa function of f,with the initialvalues
f equal ttl X0

this

and f0,respectively.

1r1 section w e provide a

to the solution of

generàl
@

description of num erical integration
*

m ethods applicable equatlons of e above form . ln describlng these

m ethods, w ithout loss of generality, w e w ill treat quation 13.10A  as if it w ere a ûrst-

order differential equation. This sim pliû es presentation and m akes it easier for a

novice reader to com prehend the special features of each m ethod.

W e w ill lrst describe the E uler m ethod, w hich by virtue of its sim plicity

serves as a good introduction to num erical integration, and then w e discuss m ore

advanced m ethods.

13 .2 .1 Euler M ethod

C onsider the frst-order differential equation

d t
/(x,/) (13.10B)

AhritllX =X: at f =to.Figure 13.6 illustrates the principle of applying the E uler m ethod.

K

x

lutionTrue so

1 T angentA
x I

l

j j j
I l
I I
1 I
l I
I 1

I I

1 l j .11 l
I l
l I
I I
. . ..  - .& f
&< fl

F igure 13.6
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its

X  =1 :,

tangent having

A t t=to W e Can approxim ate the Curve representing the true solution by

a slope

dx
dt = flxo ,fo)

.Y = X 0

.t

Therefore,

&

d t
A x .L t

X  = X 0

The value of x at f =/1 =to+A f is given by

11 Io+A x dx
dtI +0 - A t (13.11)

I  = X 0

The Euler m ethod @IS

expansion for x around

equivalent

the point

to using the s rst tAA?tl ternls of the T ay1or series

(x0, /0) :

1 1
A  t .xo + A t (& ) + (Rn ) + (& ) +...2! u 3!htl 3 (13

. 12)

A fter using the E uler

take another short tim e

teclm ique for determ ining x=xj corresponding to /=/1, w e can

step A / and determ ine x2 corresponding to tz =fj +A f as follow s:

A
1 2 X + -1 dt .Af (13.13)

X = X 1

By applying

to

the technique

values

successively, values of x can be determ ined corresponding

different of /.

The m ethod considers only the first derivative of x and @1S,therefore, referred

ttlaS a Jr
This

st-order m ethod. T o give suff cient accuracy

the

for each step, A f has to be

sm all. w ill increase round-off errors,and com putational effort required Arrill

be Very high.

In the application of num erical integration m ethods, it *IS Very

naade

im portant

early

to

consider the propagation of error,which m ay Cause slighterrors *111the
process to

of error.

be m agnised at later steps.N um erical stability depends on the propagation

If early errors

m ethod

large

*

IS said to be
carry

num erically

through but CaUSC no signif cant further errors later,the

stable.1f, on the other hand,

be

early errors Cause other

CCCOCS later,the m ethod *IS said to num erically unstable.
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13 .2 .2 M odified Euler M ethod

The standard Euler m ethod results in inaccuracies it uses the derivative

tk oughout the interval
. The

because

at the beginning of the interval aS though it applied

problemm odifed Euler m ethod tries to OVerCOm e this by using the average of tht

derivatives at the tw 0 ends.

The m odif ed E uler m ethod consists of the follow ing steps :

(a) Predictor step.
of the

B y using the derivative at the beginning of the step,the value

at the end step is p redicted

A#
1 1 x + -0 dt . A t (13.14)

X  = I0

(b) Corrector step.By using the predicted value f PO R ,the derivative at the
derivative

end of
the

the

step com puted and the average of this derivative

beginning of the step is used to ;nd the corrected

@

IS and the at

value

h C

1 1 I  +0
1 dx A

-  -  ' +  .

2 d t x-x, d t #I =X1)ar (13.15)
lf desired, a m ore accurate value of the derivative at the end of the step Can be

calculated, again by using

accurate value of the

x  =x jc
. This derivative can be used

average derivative w hich is in turn used

to calculate a nlore

to apply the corrector

step

the

*

agaln.This PCOCCSS Can be used repeatedly tllltil successive steps COnVCrgC Asritll

desired

The
accuracy.

m odised Euler m ethod @IS the sim plest of predictor-corrector (P-C)
m ethods.A m ong the w ell know n

m ethod,

to

M ilne m ethod,

higher order P-C m ethods

and Ham m ing m ethod (41. The applicability

are the A dam s-B ashforth

of these m ethods

PoW er system

suffer

stability analysis has been investigated in reference 7 and has been

found to from a num ber of lim itations. They are nOt self-starting, need m 0rC

com puter

described

storage

below .

and require sm aller tim e steps than the R unge-K utta m ethods

13.2.3 Runge-Kutta (R-K)M ethods 121, E51

The R -K  m ethods approxim ate the T aylor

m ethods

series solution;how ever,unlike the

form al T aylor series solution, the R -K

derivatives

several

higher

evaluations

than the frst. The effects

of the ûrst derivative.

do not require explicit evaluation

of higher derivatives are included by

D epending on the num ber of term s

of

effectively retained *111 the T aylor series, W e have R -K m ethods of different orders.
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cond-orderSe R -K  m ethod

R eferfing

value

to the differential equation 13.10B , the second-order R -K form ula

foï the of x at t =to+ht is

11 Ic+A x
kl + kz

+I o

2

where

kl /(xo,fo)Af

kg = /(xc + kl ,fc +Al)A/

This

Taylor

m ethod is equivalent
@

Ser1CS;

A

Crro r @IS O n

to considerinc
-

3the order of A f 
.

srst and second derivative ternAs *111 the

generalform ula giving the value of x for the 1 st(n+ ) step *IS

k1 + kz
I n + 1 X +

2

where

kl - fçxnstntât

kz = flxn + k1 ,tn+htlht

Fourth-order R-K  m ethod

The generalform ula giving the value of x for the st tep(n+1) s @IS

I n + 1
1xn+ - (k1+ 2kz+ 2kj+k4)6 (13.14)

where

k1 - flxnntntât

kz - y(k Af+M t += htI , nn 2 2
ka -z(k arO t +- htI + ,n 2 n 2
9* flxn+ksntn+htqht
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The physical interpretation of the above solution *IS aS follow s'.

kI

kz

:3

:4

(slope
(ûrst
(second

atthe beginning of tim e steplAf
m idsteplAf
at m idstep

slope

to

toapproxim ation
* @

at

approxlm atlon slope )2î/
(slope
1/6 (kI +2:2 +2k3+k4)

theat end of steplA/

Thus is the increm ental value of x given by the

based On slopes
@

at the beginning,

equivalent to considering up

it has an error on the order

m idpoint, and end

w eighted

of the tim e

GTerdge of estim ates

step.

Thls m ethod is to fourth derivative ternls in the
T aylor series expansion; 5of A f 

.

Gill's version fourth orderR-K  m ethod (R-K-G)

ss?itllX0 as the initial value of x at $he

of the G ill m ethod

)b
egiM lng of a step and by using g'=1,2

,3

and 4 to denote four stages,each stage can be described as follow s

(41:

k/ aj (/(xy-1 ,/) - bjqj-tj

I*7 x +k A f/
- 1 j

(13.17)

q + 3kt- C/
- 1 J /(xy-1 ,f)

The values of the G b, and C coeff cients are aS follow s:

/1 1/2, bt 2, &1 &1,@ /2 1- 0.5 , bz 1, Cz /2

/3 1+ 0.5 , 1, C5 J *3, /4 1/6, 4 2, 64 1/2

Solution at the end of a tim e

the solution, qu for the

step is given by x4. Initially qo =0, thereafter in advancing

next step is equal to q4 of the previous step.

The follow ing are the advantages of G ill's version of the R -K m ethod:

(a) Roundoff CrrorsarC m inim ized (variable is used forthispurpose).

(b) Storage requirem ents are lessthan forthe originalR-K m ethod.

C are should be exercised in applying the R -K -G m ethod w hen discontinuities k

Or sudden changes *111 the rate of change of variables OCCUr. sô?itllill a tim e step, a

variable should not be lim ited, aS a result of sharp nonlinearities; otherw ise the

variable takes On incorrect values.



5eC, 1 3 .2 N um ericallnte9ration M ethods 84 1

ichardson 's form ula for accuracy# check
4

The accuracy of results obtained w ith the above num ericalintegration m ethods

m ay
truncation

be checked by using R ichardson's form ula w hich gives the accum ulated

error prop agated @111 the COUrSC of integration. The difference betw een the

true value of a variable and the value obtained by a fourth-order R unge-K utta m ethod

nsing a step length of A/@ISgiven by (4,7j

xttrue) -x(Af) T(A?)-T(2A4) (13
. 18)

15

where

xttrue)
x(A/)
x(2A/)

true value of x

value com puted

com puted

w ith a Stçp length

length

of A /

value AAritll a step of 2A /

13 .2 .4 N um ericalS tability of Explicit Integration M ethods

lntegration m ethods described *111 Sections 13.2.1 to 13.2.3 'e(1. .,the Euler,
theseredictor-corrector,P

m ethods
and R-K m ethods) arC known aS explicit methods. ln

the value of the dependent variable X at any value of / @IS com puted

w ords,

These

know ledge

st tep(n + 1) S

from

of the values of x from the previous tim e steps. ln other Xn + 1

m ethods

for

is calculated explicitly

arC easy to im plem ent for the

by

solution
evaluating f(x,f) with known X.
of a com plex set of system

m ethods

state equations.

theyA signis cant lim itation of the explicit integration is that arC nOt

ngm erically

restricted
yt-stable (61.Consequently,the length of the integration tim e Step (A/)@IS

by the sm all tim e constants of the system .

Num ericalstability is related to the stffness of theset of differentialequations
representing
*

111

the system . The stiffness *IS associated Asritll the range of tim e constants

the system m odel. lt is naeasured by the ratio of the largest to sm allest tim e

constant,

linearized

Or nAore precisely by the ratio of the largest to sm allest eigenvalues of the

system .

Stiffness in a transient stabilit)r sim ulation increases w ith m odelling detail.ln

tlltl overall

stiffness

system , n0t

m ay be hidden and

al1 the tim e constants m ay be readily
@

Can only be established by com putlng

apparent.

the eigenvalues

theThus

of

tllkllinearized system .

E xplicit integration m ethods have w eak stability num erically;

used.

w ith stiff

system s,

m odes

the solution iiyjow s 55UP

steps

unless a sm all step

be

size *IS E ven after the fast

die Out, sm all tim e continue to required to m aintain num erical

stability.
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13 .2 .5 Ir11pIicit Integration M ethods

C onsider the differential equation

dx
dt = f(x , tj wi1 I = I0 att = t0

The solution for x at f =fI =f:+A f m ay be expressed *1f1 integral fornA aS

fl

1 1 I  +0 jflxnrtdz
fo

(13.19)

lm plicit

the integral. lnterpolation

points at tim e f1.

integration m ethods uSC interpolation functions for the expression

under im plies that the functions m ust PaSS through the yet

unknow n

The sim plest im plicit

*interpolation.

of E quation

A s show n 111

integration

Figure 13.7,

rilethod is the trap ezoidal rule.lt uses linear

this im plies that the area under the integral

13.19 @IS approxim ated by trapezoids; hence the nam e trapezoidal rule
.

X x,f) (x
1,/1)(

x0,f0)

2

k 
.

N. Nx x x

k
.... .. ... . ... 

'' 
.. . .. f

tv fl
v - A f --+

Figure 13.7

The trapezoidal rule for E quation 13.19 is given by

L t11 xo + (/(x0 ,f:) +2 /(x1 ,f1)1 (13.20)

A general form ula giving the value of x at /=/ +jn @IS
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â t
In+1 xn + (/(x,,fs) +2 flxn+, ,/a+1)1 (13.21)

xnwj appeàrs This im plies that the

variable x is com puted as a function of its value at the previous tim e step as w ell as

the current value (which is unknown). Therefore, an im plicit equation m ust be solved.
The trapezoidal rule is num erically A -stable g6). The stiffness of the system

being analyzed affects accuracy but not num erical stability. W ith larger tim e steps,

high frequency

low er m odes isS

W e see that on both sides of E quation 13.21.

m odes and fast transients arC S ltered Out, and the solutions for the

accurate. For system s

considerations

involving sim ulations in w hich tim e steps

m ethods

a re

lim ited by num erical stability rather than accuracy, im plicit

:Ce generally better suited than explicit m ethods.

The trapezoidal rule is a second-order m ethod.lm plicit

num erical

integration m ethods of

higher

they

Jifscult

order have been proposed @111 the literature On m ethods. H ow ever,

have not been w idely

less

used for PoW er system applications since they are nAore

to program  num erically stable than the trapezoidal rule.

ln the above description of different num erical integration m ethods, for

sim plicity w e have considered a srst-order differential equation. W hen applied to the

analysis of pow er system  stability, the system  equations are organizçd as a set of srst-

ofder differential equations. The rate of change of each state variable depends on other

and

state variables

as a sim ple

area criterion

and is not an explicit function of tim e /. The follow ing exam ple serves

illustration of the application of num erical integration as w ell as the equal-

for transient stallilit)é analysis.

Exam ple 13.1

ln this exam ple, W e exam ine the transient stability

units

of a therm al

consisting

through

of four 555 M V A ,

circuits

24 kV , 60 H z

tw o transm ission aS show n

aS the One considered ilz Exam ple 12.2 of

pow er
in F igure E 13.1. T his system  is the sam e

C hapter 12 in w hich w e exam ined the

supplying

generating station

to an infnite bus

sm all-signal perform ance.

H T

L T Trans
. 

C C T 1

4x555 /0
.
5 lninite

M V A  F e ccT 2 bus
./0.15E

t 
./0.93 ss

P -  =

: *

F igure E 13.1
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The netw ork reactances

(referred
negligible.

ttl tlzttL T

show n in the fgure are in per unit on 2220 M V A , 24 kv  Last

side of the step-up transform er). Resistances are assum ed to yq

The initialsystem -operating condition,

24 kv  base, is as follow s:

w ith quantities expressed *111Per unit on 2224

M V A and

# =0.9 : =0.436 (overexcited) f/=1.0728.340 /s-0.90081z0

The generators are m odelled aS a single

param eters

equivalent generator represented by t*t

classical m odelAhritll the follow ing expressed *11l Per unit on 2220 A
,

24 W base:

X '=0.3d H =3.5 M W .S/M V A K o =0

C ircuit 2 experiences

the faultedisolating

a solid three-phase

circuit.

fault at point F,and the fault is cleared Ly

(a) D eterm ine the critical fault-clearing tim e and tlltlcriticalclearing
com puting the tim e IXSPOnSC of the rotor angle, using num erical

angle Ly

integration
.

(b) Check the above value of critical clearing angle, using the equal-area
criterion.

Solution

W ith the generator
*

represented by the classical m odel, the system -equivalent * çclrcult

is aS show n ln F igure E 13.2.

*  

o Ef /=1.0X 8.34 H

# 1 =0.5

Xj =0.3 Xtr =0. 1 5
# a =0.93

E  Z ô ' f s=0.90081Z 0

=  =

F igure E 13.2 E quivalent circuit

For the initialoperating condition,the voltage behind Xj is

F / E  +J'X  ' It d t

o +  /0.3(0.9-/0.436)1
.0/28.34

1.0Z -28.340

1.1626/41.770
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F igure E 13.3 show s the reduced

conditions: (i) prefault, (ii) during
are the corresponding

equivalent

fault,

for the

and

zircuits representing the three system

Ggure

of 8.

(iii)postfault.A lso shown *l n the
expressions electrical POW er Output as a function

* 7-=0.7752

# /=1.1626Z 8 E

=  =

1:1626x0:90081P
e

sin ô
0.7752

= 0.90081Z 0

1.351sinô

(a) Prefault

1 w=0.45

f '= l .16261 8 f s=0Z 0

=  =

#
e

0

(b) During fault

# r=0.95

f '=1.l626Z : f,=0.90081Z 0

=  =

#
e

1:1626x9:90081sinô
0.95

1.1024s1 ô

(c)Postfault

F igure E 13.3 R educed equivalent circuits and equations for PoW er output

(a) Time response using numericalintegration..

E quation 13.3 m ay be w ritten in ternas of the tw o first-order equations'.

1
#(A*r) (J' -p sinô)

(E13. l )
1 (0

.9 -#7.0 sinô)

#(ô) e YoAY,

(E13.2)
377 1 * ,
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w here

#

1.351

0

1.1024

before the fault

dlpring the fault

after l e fault

The initialvalues of 6 and A(:r are 41.770 and 0 Pu,respectively.

A ny

solve E quations

of the num erical integration

and E 13.2.

m ethods described @111 Section 13.2 m ay be used to

E 13 . 1 For illustration,1et us consider the second-order R
-

of Aœr, 6, and f for the (n+ 1)St stepK m ethod.The generalform ulas giving the values
of integration are aS follow s:

+

k ? + k ?1 2
(AY,)

n + 1
(2k köv) 2

6 ô +
k '' + k ''1 2

n+1 2

tn+1 t + A t

w here

k /1
P

0 1286 - 'D/Isintôl* n
7.0

h t

k #1 (377(AY,)aJAf

k /2
# m
u u ( g + g v )0.1286 - s 1n

7.0 ja,
k ?/2 f 377((AYr)s +kI J) Lt

Figure

clearing

E 13.4 show s plots of 6 aS a function of tim e, for the three values of fault-

tim e (/c):0.07 s, 0.086
angle

using a

adjusted

(ôc)are 48.580,52.0405
of 0.05tim e step (Af)

near the fault-clearing

S, The corresponding values

and 52.300,respectively.

the

These results svere com puted

how ever,s throughout solution.The tim e step w as,

tim e SO aS to give the exact sw itching instant.

and 0.087 s. of clearing

From the results,w e see that the system is stable w ith t

clearing

= 0.086 s (8c=52.04O),and *IS
unstable w ith fc=0.087

0.0865+0.0005 S,and
s (:c=52.30O);

the critical clearing

the critical tim e *1S, therefore,

angle is 52.170+0.130.
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œ

=

Q
@ -

e

a

Q
d

Y

l
I

Fault applied at /=1.0 s ,G  /c=0.087 s; 8c=52.300
- 

IFault cleared at f = l 
.0 + t s ;.'C 

,

z

.
.
,
' 

t =0.07 s; fc=0.086 s;
ae /p

.  2  z 
a

v  
. 
'

. . - - - - - - - -  

,z' l =4 R . 5 RO zz' 3 = 52 .040j 2 0 
v >e- -. w ,,/ - C ' v * *' v . -- - w 
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I l ! I
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I h / ï /
/ l 1 ! l

! / ! l

60 ' ' ' 'l l I/ 
h l

h l ! I
l I l I

. î l l l
l I l

! / ï

Prefault 'ï / 'ï /
N l î /
NZ  NJ

0 0
1 2 3 4 5

180

T im e f in seconds

F igure E 13.4 R otor angle response

of fault-clearing tim e

for different values

(b) Equal-area criterion..

The pow er-angle

E 13.5.For the

diagram s

critically stable

for the three netw ork conditions are show n *111 Figure

Case,the m axim um sw ing ilz 15 *IS given by

1.1024siù8m =0.9 hence, 8 =125.270

P

l.5 1
.351

Prefault P e
1.1024 -

1.0 
- 

P m =0.9

y.z
z,','r postfault

0.5
z 1
)z-' o uring

ôo ôc 90o tm 1800

W j = 2 2

ôo 41.770
125.270
52.2908c

fault

F igure E 13.5 Pow er-angle diagrarn
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From Figure E 13.5,for critical clearing,

X 1 d c

O r

d 1+d C # a+# c

Therefore, from the plots,w e have

0.9 (125.27-41.77)180

125.27

=  J1.1024shô#ô
ôc

1.3116 1.1024 (cosô + 0.5781)C

Thus the critical clearing angle @IS

%Q 52.290

This agrees w ith the value determ ined from tim e reSPOnSeS. K

13 .3 SIM U LA TIO N O F PO W ER SY STEM DY NA M IC RESPO NSE

13 .3 .1 Structure of the Pow er S ystem M odel

A nalysis of transient stability

their nonlinear dynam ic response

fault,

pow er
to large disturbances,

of system s involves the com putation of

follow ed by the isolation of the faulted

usually a transm ission

elem ent by protective relaying.

netw ork

to

Figure 13.8 depicts general structure of the pow er system

transient stability analysis. This m odel structure is sim ilar to that

the m odel

C hapter

stability

discontinuities

12 (Figure
analysis,

12.18)
nonlinear

for sm all-signal

system

stabilit)r analysis. H ow ever,

applicable

presented in

for transient

equations are solved. ln addition, large

due to faults and netw ork sw itching, and sm all discontinuities due to

lim its On system

of protection system s are of interest,

the stability of the system .

variables, appear in the system m odel.B us voltages, line iow s,and

perform ance

related

in addition to the basic inform ation

to

A s Seen

m odels for the

Figure

follow ing '

@

111 13.8, the overall POW CC system representation includes

lndividual com ponents:

* Synchronous generators, and the associated excitation system s and prim e

m o v e rs

@ lnterconnecting transm ission netw ork including static loads
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r

l * + II
l
' Stator equations and f l, E 1 1I
I
l zx . '

es translorm atlon I I Transm ission lI ax Rn 1
l 1
I

I@
- - *

5 * * ' 'I I 
-l c

- - - - - - = - - . - . - . - . - - o  @ . j' 

++ I lncludlngI
I G enerator ' . 1

'tation Statlc loads I. . Excl I
rotor clrcult I

system  '@equatlons 
I
I

* *
I I I

I l lleration or Prim e m over 1 1 1A cce
. . I I I

sw lng equatlon governor I I II l I I
I I I I
l I I I

lndividual m achine C om m on reference

O ther generators

M otors

O ther dynam ic

devices, ().éI.,

SV CH V D C ,

reference fram e:d-q fram e:R -I

# A lgebraic

D ifferential

equations

** equations

F igure 13.8 Structure of the com plete PoW er system m odel

for transient stability analysis

* lnduction and synchronous nAotor loads

@ O ther devices such aS H V D C converters and SV C S

The m odel used for each com ponent should

analysis,

num erical

and the system equations m ust

appropriate

be organized in a form

be for transient stability

suitable for applying

m ethods.

A s w e w illSee in w hat follow s,the com plete system m odel consists

set of ordinary differential equations

thus

and large Sparse algebraic eq

problem .

of a large

uations. The

transient stability analysis @IS a differential algebraic initial-value

13.3.2 Synchronous M achine RePresentation It)1

Synchronous m achine m odelling *IS presented @111 C hapters 3 to 5.The Per unit

synchronous

these

m achine equations are sum m arized *111 Section 3.4.9. M odis cations of

equations nCCCSSarY for representation @111 stability studies are discussed @11I

Section 5.1.

To illustrate the im plem entation of the generator m odel for transient stability

analysis,

tw o

W e assunAe that the
@

;-aXIS am ortisseurs aS

generator is represented by a m odel

show n in Figure 13.9. H ow ever, the

AAritllOne J-axis and

eq
arbitrary

uations presented

here Can be readily m odiled to account for a m odel Ap?itll an num ber of

am ortisseurs.
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L l f /

l ''J ''#
'g: 'l'c: f ads

&#R
ld

cy#

f lq z:
q

v  nzc: f aqsq

R lq 'c

F igure 13.9 Synchronous m achine equivalent circuits

The follow ing

differential

is a Sum m ary of the

srst order equations, AAritll

synchronous m achine equations as a set of

tim e t in seconds, rotor angle ô in electrical

unit.radians, and all other quantities @1T1Per

Equations of m otion

1
p L o

r

%

- (r -r -Kphœr)m e21/ (13
.22)

p 6 O tA O r

w here

O t
h * r

2aé electricalrad/s
Pu
derivative

speedrotor deviation

P Operator d/dt

R otor circuit equations

W ith rotorcurrentsexpressed iù ternasof rotorand m utual;ux linkages (see
Equation 12.159 of Chapter 12),the rptorcircuitdynam ic equations are

P%;d
(#u#- #y#)Ry#

o c eg + L 

:y

## 1# #w -# 1#
o c R 3d

Z 1#
o 

'

(13.23)
## 1ç #cç-# 1: p

Y c 1ç

Z 1q

##lq #u:-#2ç
oq h q1

2
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The and @Y-aXIS m utual Sux linkages are given by

#- -Z i +Za, d i d+J& f Z.. ïl:

1! *Z -1
adà

#:g # 1:
+ +d 

l Lfd 1#

(13.24)

#aq 1@1ç 112:LM 
- j + +

1ç 2:

(13.25)

w here

1L #/

1 1 1
- + - + -

L
Jdà

Z df Z 1#

(13.26)
111L

aqS 1 1 1
- + - + -

V  n%% f1 X q

llere L ds and LaqsJ are saturated values of the d- and g-axis m utual inductances given

by

a
r yfua.S

(13.27)
L
JW

K L
Sq J#&

and K d and K Sq are com puted

(Section

aS a function of the air-gap ;ux linkage V af aS

described *111Chapter 3 3.8.2).

Stator voltage equations

ssTitll stator transients

discussed @111 C hapter -5
1 V#,#Vç)

(Section 5.1), the

and speed variations

stator voltage m ay be
(0100) neglected as
w ritten as follow s:

ed œ-- zz zz-R id + (oL ji +%& q q
(13.28)

e --* ?z /?-# i - (OX  )f# +E&ç q
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AAritll

E d//
# 1ç #2ç--- tn

- O Z +
aqs jy j;1

: 2q

(13.2%

E  //
#z# # 1#ö L'' 

+

L : L 1:f

L //# Z * L Xl 
J2ç

(13.3%
L ?/ Z + L ??l 

aqS

Since W e have neglected the effect of speed variations On the stator voltage
,

o =çù100 =1.0 in the above equations. Consequently, OIJ' =XJ' and ôL '' =X ''. The aboveq q
equations are in the individual m achine d-q referencv fram e which rotates with the
m achine's rotor. For the solution of the intercom zecting transm ission netw ork

equations,

show n

a synck onously rotating

used

com m on re/erence

com m on R -1 reference @IS used.The relationships
*

111 Figure

T he

13.10 are to transform . variables from One reference fram e to

the other. A -axis of the fram e also SCCVCS as the reference f0r

nAeasuring the rotor angle of each m achine.

/
> A $

- - J.'. !
..- *e j- - j..e :

- M I $
-e I ï

.. .'* I h
'''' I à

- R N- - ) !
v r T

.
-  l y

.,-' 1 îve k
- e !

x- I t
e' 

$
h
î j!k*$
t

'

î

'

1 ï'.1
1 î

'

$

l '$

'

%

1
I

hll
l .
I
I

I
I

e =E sinô -Ed R cosôI

e =f zsin ô +f scosô

(13.31)
E  = edsinô + e cosô

0 0
E  =e sinô -eI 

q
cosô

E R R

F igure 13.10 R eference fram e transform ation

and definition of rotor angle

For convenience

the stator voltage
@

111

in the organization of the com plete set of algebraic equations,

equations are expressed in the com m on R -1 reference fram e as

indicated Figure 13.8. U se of E quations 13.31 to transform the stator voltage

equations 13.28 yields



Sec. 1 3 .3 S im ulation of Pow er System D ynam ic R esPonse 8 53

gfs--j-R-Xf;,, 1 L',-,E ?/R+EnI (13.32)
The elem ents of the inapedance m atrix arC given by

Rn (X '' -X '')sinô cosô +R# q a

Rzz (X '' -X '') sinô cosô +Rq d a
(13.33)

X & n 2ô +x  vsjx2ôX d cos

X n in2ô +X  z'coszôX d s

A s noted earlier,O is assum ed to be equal to 1.0 Pu.The internalvoltage com ponents

aCe given by

E //R E  '' sinô +E  '' cosô

(13.34)
F ??I E  '' sinô -E  '' cosô

q d

If subtransient saliency negligible, 11 '' =1) ''# q .Then

R v R 11 R J

X XRf L ##O # X #?# X /# X n

ln this E  '' + 'CaSC, R 
./

For netw ork
fJ' represents

solution, the generator

the voltage behind the subtransient inapedance

m ay be represented by either of

J? +JLà?'.J

the sim ple

equivalent circuits show n in Figure 13. 1 1 .

E- t
'' It+ Z

S //

=

f/

gz' t r'

=

E  t S //= E // *
-jjjjjjr k'k'+7 z

I // 11 E ll= Y

z // = R  +
J

*X MJ

Y'' = 1 /Z''

(a)Thevenin's equivalent (b)Norton's equivalent

F igure 13.11 Synchronous m achine equivalent

w ith negligible subtransient saliency

circuits
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V ariations

subtransient

in f ads and f aqs due to saturation

saliency during a transient condition.
m ay

This

introduce a sm all am ount 
gf*

IS usually

com putational

insignlûcant M d

m ay
offered

be ignored,

by

A ctive

the

if it is desired to take advantage of the sim pliciy
above eq

and

uivalent circuits.

POW er reactive PoW er at the generator stator ternainals are

Pt c#i+e @I (13.35)

V e *I - ed idq (13.36)

The *a1r-gaP torque required forthe solution of the swing equation (13.22) *IS

F
e %diq- %qid

(13.37A)
%adi -#Gqi:f

Since w e have

air-gap torque

assum ed (n =ç341* 0 =1.0 pu in the stqtor voltage equations, in per unit the

is equal to the air-gap power (see Chapter 5, Section 5.1.2). Hence,

Fe P
e

2# + R /
,t a

(13.37B)

The f eld current in the reciprocal Per unit system is given by

#y#-#c#i 
a

.f
(13.38)

L #f

The Perunitexciteroutputcurrent Iyd (see Chapter 8,Section 8.6) @IS

f d/ L duiyd& (13.39)

llere W C have considered a

am ortisseur circuits.For m odels

generator one tw o

w ith a different num ber of rotor circuits, changes

m odel Ahritll J-axis r d @Y-aXIS

to

the above form ulation of m achine equations

betw een

are straightforw ard.

arm ature

H ow ever, W C have

assum ed equal m utual inductances the and rotor circuits ill each
@

aXIS. R eference 8 provides a

unequal m utual inductances for

description of the im plem entation

stability analysis, using the above

of a m odel Arritll

general approach.
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itial Malues/n of generator variables..

A s noted earlier,the transient stability
@ @

analysis involves the solution of a large

set

gow  analysis provides the initial values
ctive pow er outputs and voltages at the generatorrea

The procedure for com puting the initial values

of differential and algebraic equatlons w lth know n initial values.Prefault P0W er-

of netw ork variables,including the active and

term inals.

of the generator quantities for

knoW n term inal conditions *IS presented *11I Section 3.6.5 of C hapter 3.

Classicalgenerator m odel and inf nite

For a m achine represented by
*

the classical m odel,

w hich

X pg=X IR =X '#5 and E '' *IS

replaced

m agnitude
@

by E '* The rotpr angle 8 -1s the angle by E ' leads the R '-aX1S. The

of E ' *IS constant throughout

by the

w ith an '

the solution. The R and 1 com ponents
@

of E '

change w lth ô,aS determ ined solution of the

For a node associated lnsnite bus,

equatlon.

both the m agnitude and

sw ing

angle of the

node voltage rem ain constant.

13.3 .3 Excitation System Representation

fQr different types of excitation system s in use are described in C hapter

8. W e w ill illustrate the m ethod of incorporating these m odels into a transient stability

program  by considering the excitation system  m odel show n in Figure 13.12. lt

represents a bus-fed thyristor excitation system  (classifed as type STIA in Chapter
8)
A

M odels

with an automatic voltage regulator (2%VR)and apoWer system stabilizer (PSS).
high exciter gain

used.

considered

The m odel
(KA) without transient gain

of Figure 13.12 is identical

reduction Or derivative feedback *IS

to the excitation system m odel

in C hapter

and
12 (seeFigure 12.14),exceptthat we also account for the lim its

0n exciter PSS Outputs.

V
voltage g

transducer Exciter Fmax

+1 v
l -E

t 
E K A Eyd1 

+ sTR
+

01 v s 12 E s m j n
phase

MsmaxG ain W ashout com pensation

sTw n  1+NF1 v?
lO r K svAa

1 + sTw 1 + sTz

03 14 05 v s m i n

Term inal re/

Pow er system stabilizer

F igure 13.12 Thyristor excitation system Alritll :ékV R  'and PSS
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For a bus-fed (potentialsource)
and

thyristor exciter,

current

the voltages Vary w itb th

&generatorterminalvoltage(f ) exciterOutput (##) :

E FFm
a x

E  - K  I aR
>=  f c f

(1 3.40)
E FF

m in
ER

m in t

Frona block 1 of Figure 13.12,W e m ay w rite

1
#V1 - (Et- vj)F

R

(13.41)

FronA blocks 3 and 4,

1
# Vz K  # A œ  - - vaSTAB 

r T<
.

(13.42)

w ith p h o r given by E quation 13.22.From block 5,

1
#V3 -  ( F1# va + va - va JF

a

(13.43)

Ahritll# V2 given by E quation 13.42. The stabilizer Output VJ @IS

V V3 (l3.44A)

w ith

V >
S m a

V
S
> V (13.44B)smin

From block 2,the exciter Output voltage @IS

E #f KA ( Frey- vl + vs 1 (13.45A)

sAritll

E >F
m a x

E #f > EFmin (13.45B)
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B oth lim its considered here are w indup lim its.M odelling of non-w indup lim its
*IS discussed @111 Chapter 8.

The generator feld voltage efd @1C1the reciprocal Per unit system *IS related to

exciter outputvoltage Efd (See Chapter 8,Section 8.6)aSfollows:

R
Lefd E df (13.46)
adu

A n alternative

variables

m ethod

are nOt

of treating blocks 4 and 5, in w hich the derivatives

required, is described in C hapter 12, Section 12.3.4.

of the input

Initialvalues of excitation system variables..

For any given

by the

determ ined

generator

steady-state generator output, the f eld voltage eg  is determ ined

equations (see Section 13.3.2). The excitation system quantities are
aS follow s'.

L
adu

*@E #f e #f (13
.47)

V1 E t Vz 0 VS 0

The A V R reference *IS

F
ref

EM  
+ v 1

K A
(13.48)

Thus F takesref a value appropriate to the generator loading condition prior to the

disturbance.

Representation f eld-shorting circuitJ#/

case ac or exciter, the exciter current usually calm ot be

negative. Therefore, a special s eld-shorting circuit in the form  of a çtcrow bar'' or a

varistor is provided to bypass the exciter and allow negative feld current to ;ow (see
Chapter 8, Section 8.5.8).

The effects of tield-shorting circuits are sim ulated by setting the f eld voltage

to zero and increasing the seld resistance (Ryd) appropriately during the period when

the leld current is nejative. The resistance added is sxed for a crowbar. For a
varistor the resistance ls a nonlinear function of the applied voltage. O nce the û eld

ln the of an static

current beconaes positive,
*

the f eld circuit resistance @IS restored to its norm al value,

and the s eld voltage IS established by the exciteç output.
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13 .3 .4 T ransm ission N etw ork and Load R epresentation

very rapidly
. Iu

fact, netw ork transients w ill have died out by the tim e the solution of the sw inz

equation is advanced by one tim e step. Therefore, it is usually adequate to regard t =he

netw ork, during the electrom echanical transient conditions, as though it w ere passinz

directly from  one steady state to another. The fundam ental frequency (50 or 60 H -zj
variations m ay be regarded as m icroprocesses, and only the variations in the envelope-s

(am plitude m odulation) of current and voltage waveform s are considered for stability
analysis. For analysis of balanced conditions, a single-phase representation of the three

phasçs is used. U nbalqnced faults are sim ulated by using sym m etrical com ponents as

described in Section 13.4.

The transients associated w ith the transm ission netxvork decay

W ithout the

stability

electrom echanical

analysis

balanced steady-state representation of the

l ticat ower system s would be 'of arge prac p
transm ission

lm practical.
netw ork,

For special

stator transients,

transients

problem s requiring inclusion

and three-phase representation,
of transm ission V twork and generator
a Program such as the electrom agnetic

Program (EM TP) m ay
@

be used

analysis,

described

the netw ork
@

111 C hapter

representatlon

6 (Section 6.4.1.),

*

IS

(91.
siln ilar

For conventional transient

; ow
stability

to that

the m ost
P0W er-

convenient form

analysis.

of

for A s

netw ork
representation is in term s of the node

form ulation of this m atrix are presented in

adm ittance m atrix. The structure and

Section 6.'4. 1 .

The characteristics and m odelling
@

of loads are covered in C hapter

and

7. D ynam ic

treatm entloads are represented

that

aS inductlon Or synchronous m otors, their *IS

* *jS1Cn1 ar ttl of synchronous m achines.

Static loads are represented as

characteristics are

Part
@

of the netw ork

the slm plest tfl handle

equations. Loads w ith

and are included in theconstant im pedance

node adm ittance m atrix.N onlinear loads are m odelled aS exponential or polynom ial

of bus voltage m agnitude and frequency. The net effect is that a noniinear

static load m odel is treated as a current injection at the appropriate node in the
netw ork equation. The value of the node current from  ground into the netw ork is

functions

P -J'QI
L (13.49)*

#F
L

w here - +VL

and

is the @conlugate of the load bus

active reactive com ponents of the

voltage,

load w hich

and ' z and

Vary
@

IS

a S

Pz are portions of the
nonlinear functions of Vz

and frequency deviation.Foran inductive load Vz ositive.P
*The overall netw orb load

adm ittance m atrix equation

representation com prlses a

w ith a structure sim ilar to that of the

large Sparse nodal

discussed @11l C hapter 6, Section 6.4. The netw ork

in m atrix notation m ay be w ritten as

equation @IS

pow er-iow  problem

identical to E quation

6.87,w hich

I Y V (13.50)
N
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The

by phase-shifting transform ers (see
tability sim ulations, transform er taps and phase-shift angles do not change.S

the elem ents of the m atrix are constant except for changes introduced by

node adm ittance m atrix Y N @IS sym m etrical, except for

Section 6.2.3). W ithin the

dissym m etry introduced

tim e fram e of transient

T herefore,

netw ork-

w itching5 operations.

The effects of generators, nonlinear static loads, dynam ic loads, and other

Jevices

boundary
*

such aS H V D C converters and regulated Var com pensators are

F

reiected aS

conditions providing additional relationships betw een and 1 at the

eSPCCtIVer nodes.

ln contrast to power-sow analysis(See
and the slack bus m ake-

Chapter 6), tie line power-fow control,
lim its On generator reactive pow er

losses need not be considered in

output,

transient

UP for the unknow n

stability analysis.

Simulation faults:

A fault at Or near a bus *IS sim ulated by appropriately changing the self-

adm ittance of the bus.

M ethods of sim ulating different types

the

of fault w ill be discussed @11I Section

13.4.5. D epending On the type
@

of fault, equivalent negative- and Zero-sequence

im pedances

betw een the fault point and ground.

representing the fault bus.

seen a) the fault polnt are com puted,com bined appropriately,

alters the

and inserted

This sim ply self-adm ittance of the node

For a three-phase fault,the fault im pedance is zero and tthe faulted bus has the

involves placing an inlnite shunt adm ittance. lnadm ittance (i.e., a very sm all shunt impedance) issame potential
*

practlce,

used
l06

a

as ground. This

suff ciently high shunt

the

jo that the bus voltage is in effect ZCCO.For exam ple, a conductance G  equal to

Pu On 100 M V A base w ould effectively reduce the bus voltage to zero.The fault

is rem oved by restoring the shunt adm ittance to the appropriate value depending On

the postfault system conf guration.

13 .3 .5 O verallS ystem Equations

lr1 Sections 13.3.2 and 13.3.3 W e described the organization of synchronous

generator

is described

and excitation system

9.

equations. M odelling

these

of turbine governing system s
@

111 C hapter Treatm ent of m odels *IS sim ilar to that of the

excitation system .

O ther devices w hose dynam ics

include m otors, H V D C converters

are represented

and their controls, static

*

111 transient stability studies

Var com pensators, and

synchronous

1 1 .

condensers.M odels of these devices are described in Chapters 7,10, and

E quations for each of the generating

expressed in the follow ing form :

units and other dynam ic devices m ay be
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id fdtxd,v (t3.5tj

= gdtxd,vm (13.52)

w here

X d

ld

V

state vector of individual device
=  R and I componentsof currentinjection from  thedevice into thenetwork

d R and f com ponents of bus voltage

system  equations, including the differential equations (13.51) for
al1 the devices and the com bined algebraic equations for the devices (13.52) and the
network (13.50) are expressed in the following general form comprising a set of nrst-
order differential equations

The overall

*

X f(x,v ) (13.53)

and a set of algebraic equations

I(x,V ) YxV (13.54)

with a setof known illitiétlconditions (x0,V0),where

X state vector of the system

V bus voltage
* @

v ector

l current InJection vector

T im e / does not appear explicitly

the

in the above equations.A  w ide range of approaches

has been reported

m ethods

@

111 literature for solving these equations,

num erical and m odelling details used. R eference 10

depending on the

provides a review  of

these approaches.The m any possible schenaes for the solution of E quations 13.53 and

13.54 arC characterized by the follow ing factors:

(a) The m alm er of interface between the differential equations 13.53 and the
algebraic

approach

equations 13.54. E ither a p artitioned approach Or a sim ultaneous

m ay be used.

(b) The integration m ethod used,*1.e*5implicitm ethod Orexplicitm ethod.

(c) for solving the algebraic equations.
; ow  analysis described in C hapter 6, one of the follow ing

used: (i) the Gauss-seidal m ethod based on adm ittance m atrix

The m ethod used A s in the case ofP0W er-

m ethods m ay be

form ulation,(ii)
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a direct solution *uslng
*

uslng

sparsity-oriented

the N ew ton-R aphson
triangular factorization, and (iii) an

iterative solution m ethod.

A11
transient

of the above approaches/m ethods have been successfully used in production-grade

stability Progranlg. 1l1 the next section, tAA?tl basic solution schernes are

described.

and

O ne schem e

the other USCS a

uses a partitioned solution and an explicit integration m ethod,

sim ultaneous solution w ith an im plicit integration m ethod.

13 .3 .6 S olution of O verallSystem Equations

(a)Partitioned solution with explicitintegration

ln this approach, the algebraic and differential equations are solved separately.

Initially, at /=0-, the values of the state variables x and the netw ork variables V  and

I are know n, and they form a consistent set;that @1S,the system @IS *111 steady state and

tlltltim e derivatives ftx, V) are equal to
disturbance, usually

Z CCO .

Follow ing a a netw ork fault,the state variables X calm ot

change instantly. The algebraic equations 13.54 are

the corresponding pow er i ow s and other non-state

the

solved first to give V and 1,

Then

and

variables bf interest at +t=Q .

tim e derivatives f(x,V)arC com puted using the known values
used to lnitiate the solution of the

by
@

of x and V @111

Equations 13.53. T hese then can be

x by using any of the explicit integration m ethods

W e w ill illustrate this by considering G ill's

m ethod.

state variables

described *111 Section 13.2.

version of the fourth order R -K

There are four stages Q' = 1to 4)Pertim e step
and

Af.Using thevaluesof f(x,V)
com puted

*

at the beginning

w ith
./=l.

of a tim e

Equatlons 13.17 Then the

step, k 1,

algebraic
X1, q l

13.54

arC com puted

equations are solved

according

w ith x =xl

to

to

com pute arC

q2.
#

ThisPrOCCSS,lnvolving alternating

ls applied successively w ith x4 representing the solution at the end of each tim e

D uring a sw itching operation, the netw ork variables change instantly, but not the

variables.

V 1 and Ij.
@

These in turn used in E quations 13.17 to com pute kz, xa, and

solutions of algebraic and differential equations,

step.

state

Since the solution of differential equations requires

the

values of netw ork and state

variables only from the

partitioned

each

*

111 any W ay

be

previous

desired. For

step/stage,

exam ple,

device m ay solved independently.

equations m ay be

differential equations associated w ith

This offers considerable program m ing

differential

flellillilit)?.

For solution of netw orks associated w ith large interconnected system s,the m ost

efûcient

used

use sparsity-oriented triangular factorization.

T he partitioned approach w ith explicit integration is the traditional approach

w idely in production-grade stability program s. Its advantages are program m ing

m ethod is to

fleltillilit)r
*

and

susceptibllity

throughout

eigenvalue).

sim plicity,

to num erical

reliability,

instability.

period,

and robustness. lts

For a stiff system ,

principal disadvantage is

a sm all tim e step is required

sm allestthe solution aS dictated by the tim e constant (or
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(b) Sim ultaneous solution with implicitintegration

approach, the state variables and

sim ultaneously. W e w ill illustrate this using the

In this the netw ork variables are solved

trapezoidal rule.

sà?itll X =L

trapezoidal

and V =V n at /=/ the solution of X at f=/ 1 =/D+ n+A f *IS given
applying the rule q5(Equatlon by13

.21)to solve Equation 13.53 :

L t
Xn+ 1 x. + (f(xn+1,3?2 ) + f (xn ,V.) 1n+1 (13.55)

Frona E quation 13.54,the solution of V at /=/ +jn *IS

1t*s+& Vn + 1) Y VN n+1 (13.56)

The vectors X + 1n and A? +1n are unknow n. L et

F(xn+1,Vn+1) LtX 
-  X

n +1 n (f(xn+1,5? ) +f (xn,Vn)1n+ 1 (13.57)2

and

G (x +j,Vn n + 1) Y VN -I(x +1 ,V.+1)n+1 n (13.58)

A t solution,

F(xn+1,Vn+1) 0 (13.59)

G (xn+1,Vs+1) 0 (13.60)

E quations

differential

13.59 and 13.60 arC both nonlinear algebraic
@ *

equations have been naade by

equations. Thus

lm plicit form ula. These

the

equations

advantage

solve

are Very Sparse; for

algebraic

com putational

. Applying the N eM on m ethod (see
ite for the (k+ 1)St iterationWe m ay Wr

uslng an
eff ciency it *IS necessary to take

of theirspecialstructure Chapter6) to
E quations 13.59 and 13.60,

k +1L +1 kV
+1

kA &
+1

+
(13.61)

k+1V  
1n +

kV  
+1n

kAV  
+1

The follow ing equation is solved to obtain kAx +1n and kAV *
n + 1 *
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dF

ox

dF
PVk k-F(&

+1 ,
Vn+1) kAh

+1 (13.62)
k k

- G (h +1,Vn+1) PG

ox

:G

PV

kAV  
+1n

The

follow ing

Jacobian @111 the above equation is com puted at kX =X j
n +

and kV =V  j
.n +
lt has the

structure :

dF

dx

PF

dV
J

dG

ox

dG

PV
jjj!))))))- cAoo*9(Yx +Y10) (13.63)

The m atrices

devices

follow ing

and

A o, B o, C o and Y o are

nonlinear static loadst For

associated Ahiitll the m odels for the dynam ic

havea system w ith such devices, they the

structures'.

ls% 0 **@ 0 B Y 0 *** 0dl dl

0 A . @@* 0 0 Y @@@ 0X X
A o B o Y D

@
*

@

@
@
@

*
@
@

@
@
*

@
*
@

@
@

@

@
*
@

@
*
*

*
@

@

0 0 *** 9/ 0 0 @@@Y

Co EC C @**Cdl d2 q

The solutions of E quations 13.59 and 13.60 arC given in ternAs of the above m atrices

by

kA
o
A h +l +B oA kV  

+1n

k k
- F(h +1,Vn+1) -vk 1

n +
(13.64)

kC
o
A& +1 +(Yx+Yo)a kV 

+1n

k k
- G (h +1,Vn+1) k-G  1

n +
(13.65)

ln the above equations,k is the iteration counter and
kG
n+1

good starting

the

values 0 v0(xn+1, n+1)
are established by extrapolation.

@ * *

A lso kF andn+1 arC residue vectors of the

states and current lnlectloqs, respectively.
k beFrom  E quation 13

.
64, A xn+l can expressed aS a function k .of AV  1 

.n +

kA h
+1

-

1jsk +s a-Ao 
n +j s

kV n,11 (13.66)
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64 l,ll stittTtit)ll of E quation 13.66 illttl E quation 13.65 yields

(Yx+Y -1-CoAo B
o
) Ao kV  

+111

k +c A-l#-G +1 o o n+1n (l3.67)

N ow
k+1X  

1n +

kA V
n +

and

and kA xn+lcan becalculatedt
+lV  
+1n

by solving

13.6 1.

Equations 13.66 and 13.67
. Then

are obtained from E quation

Treatmentof discontinuities..

E quations 13.64 and 13.65 are valid only w hen the functions @glven
@

polnts

the

E quations

discontinuity,

13.57
by
ofand 13.58 are continuous and differentiable. A t

such aS netw ork sw itching Or lim its On state variables,

derivatives
exact

form ulation by

(131.

the N ew ton m ethod

com plicated This problem @IS
any

dealt w ith

Or m ethod requiring w ould be

in reference 14as tg llows:

@ For large
@

netw ork discontinuities, such aS a netw ork fault Or sw itching

Operatlons,

R unge-K utta

the integration m ethod *IS tem porarily

the

changed to the fourth order

m ethod for 0ne step

used

at point

forhas a Zero step size and @IS only

of discohtinuity.

the calculation of

This tim e Step

the postfault

network conditions (the state vector *IS nOtupdated).After this,the normal
trapezoidal integration is resum ed.

@ For local non-differentiable functions, such aS lim its associated Alpitll

controllers,
*

IS

the device Jacobians arC

acceptable since they have only

com puted by neglecting their

local im pact and the overall

effect.This

Convergence
w ill nOt be signif cantly affected.

E xam ple 13.2

111 this exam ple,
@

W e analyze the transient stability of the system of Figure E 13.1

(considered
excitation

111 Exam ple

control. The
13.1) including
system  diagram

the effects of rotor circuit dynam ics and

is reproduced here aS Figure E 13.6 for

reference.

H T

L T T rans
. 

C C T 1

4x555 j0
.
5 Infnite

M V A  F = ccT 2 bus

./0.15E
t 

./0.93 ss
P -  =

Network ik-n'k ' 2220 M VAreac es- u on base

F igure E 13.6 '%
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G enerator p aram eters:

The four

param eters

generators

in per unit on

of the plant are represented

base

by

follow s:

equivalentan generator w hose

2220 M V A are aS

X d 1.81 X q

# p/

F  / =qo

1.76 TJ 0.30 X 'q
R u

0.65

#//# 0.23 0.25 & 0. 1 5 0.003
F / =& 8.0 S 1.0 S F /'& 0.03 S jr // 0.07 S

H  = 3.5 K o 0

The above param eters are unsaturated values. The effect of saturation is to be

represented by assum ing that #- and g-axes have sim ilar saturation characteristics w ith

A = 0.031 B 6.93Sat sat V z1 0.8 V n = X

E xcitation system  p aram eters:

The generators are equipped

paranAeters

w ith thyristor exciters Ap/itlz :pkV R and P SS aS show n @11I

Figure 13.12,Alritll as follow s:

K A = 200 TR 0.015 S E Fm. 7.0 EFmin -6.4

K m e 9.5 FF 1.41 S F1 0.154 S F2 = 0.033 S

V 0.2 17 ilg -0.2

The exciter *IS assum ed to be alternator supplied; therefore, Esm. and Esmin are

independent of E t.

Prefault system condition #& on 2220 W W,24 kv base:

P 0.9

E

0.436 (overexcited)
E t 1.07 28.340 = 0.90081Z 0B

D isturbance..

A three-phase fault On circuit 2 at point F cleared by isolating the faulted circuit

sim ultaneously at both ends.

Exam ine the stability of the system w ith the follow ing alternative form s of excitation

control :

(i) M anualcontrol,*1.e.yconstant Eyd

(ii) AVR with no PSS

(iii) AVR w ith PSS
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C onsider the follow ing altem ative fault-clearing *t1m  es :

(a) 0.07 S

(b) 0 . 1 0 S

Solution

The generators of this exam ple have the Sam e characteristics aS the generator

considered in exam ples of C hapters 3 and 4.

The Per unit fundam ental paranleters aS determ ined in Exam ple 4.1 are as follow s'
.

f duJ l .66 faqu

&#
>xq

Lfd

L

l .61 0. 1 5 R  =0.003J

0.165 0.0006 f 1# 0.1713 A j# = 0.0284

0.7252 0.006216 f zq 0.125 Rzq% 0
.0237

The initialPer unit values of generator variables based on the results of Exam ples 3
.2

and 3.3 are aS follow s:

K dS = K 0.835 sj = 39.10

ed 0.63 1 e 0.776 izi = 0.906 *AN; 4j
:

0.423

1.565 efd 0.000939

The initialPer unit values of exciter Output current and voltages are

##= z du jsJ 1.66x1.565 2.598

% (L adulAy#lcy:= (1.66/0.0006)x0.000939 = 2.598

W ith EB assum ed to be *111 phase w ith the A -axis,the initialvalue of the rotor angle
@

IS

6/+28.340 39.10 +28.340 = 67.440

(a) Trdnsient response with the fault-clearing time t equal/t?0. 07 s..

The results of tim e CCSPOnSCS com puted w ith the three altem ative excitation controls

afe shown in Figures E13.7(a) to (d), which show tim e responses
respectively. T hese results w ere com puted by using G ill's

integration

of 5, P E t and

ofversion the

Efd,

R -K

m ethod w ith a tim e step of 0.02 S.

From  Figure

how ever,
E13.7(a),
levelthe

w e see that w ith constant Eg , the system

of dam ping of oscillations is low .

is transiently stablei'

W ith a fast-acting A V R  and a high exciter

is signif cantly reduced.

system

ceiling voltage, the frst rotor angle sw iltg 
.

H ow ever, the subsequent sw ings are negatively dam ped; the

loses synchronism in the third *SW lng.
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sliitllthe PSS,the rotor oscillations are Very w ell dam ped w ithout com prom ising the

frst-sw ing stability.

The results w ith regard

consistent w ith those
to oscillatory stability (i.e., dam ping of rotor oscillations)

12.

a re

of E xam ples 12.4 and 12.5 of C hapter

(b) Transientresponse with the fault-clearing time t equalC to 0. 1 S*@

The transient K SPOnSeS of rotor angle 8 w ith the three alternative form s of excitation

control are show n @113 Figure
@

E 13.8. sàTitll constant Efd,

unstable. W ith a

stability

contributes

but loses

fast-actlng exciter and

synchronism  during

A V R , the

the second

generator

generator m aintains

sw ing. The addition

frstthe @IS -sw ing

srst-sw ing

of a P SS

to the dam ping of second and subsequent sw ings.

lt @IS evident from these results that the uSe of a fast exciter having a high-ceiling

voltage

stability.

and equipped w ith a P SS contributes to the enhancem ent of the overallsystem
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F igure E 13.8 R otor angle reSPOnSe w ith fault cleared in 0.l S

Exam ple 13.3

For system

stability of G ill's

C onsider the case

the considered 111 Exam ple 13.2,

order

exam ine the accuracy

and

and num erical

version of the fourth R -K m ethod the trapezoidal rule.

Ahéitlz :pkV R  and P SS,and th'e fault cleared @111 0.07 S.
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Solution

T he system

exciter w ith

considered here includes the effects of rotor circuit dynam ics and a fast

is evident from  thea PSS. This represents a Very stiff system

12

a S

eigenvalues com puted in Exam ple 12.5 of Chapter (see Table E12.2).

R -K  m ethod:

Figure E 13.9 show s plots of rotor angle transient

different values of tim e step (A/): 0.01 s, 0.03 s,

IX SPOnSCS com puted

0.043

by using four

0.04 S,and S.

slTitll tim e steps of 0.01 S and 0.03 S,the results are practically identical.Xvhen the

tim e step is increased to 0.04 S,errors becom e noticeable.W ith a step size of 0.043 S
,

the solution is num erically unstable.

lnTableE13.1,theaccuracy of resultsobtainedwith the R-K m/hod is checkedby
applying R ichardson's form ula

sizes of 0.01 s and 0.02 s. The

The table indicates

accum ulated error

(see Equation 13.18) to the results obtained with step
m agnitude of the error is seen never to exceed 0

.050.

the m anner in w hich the error propagates. lt is evident that tàe

oscillates, becom ing alternately positive and negative.
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Figure E 13.9 E ffect of integration step size on the results of R -K  m ethod
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T able E 13.1 kkccuracy of results obtained w ith R -K m ethod

Tim e Rotor Angle (degrees) Accum ulated
(seconds) Error (degrees)ht 

=  0.01 s A / = 0.02 s

l.4 l 10.4577 110.4607 -0.0002

l.6 87.2801 87.1575 +0.0082

1.8 58.7696 58.6709 +0.0066

2.0 63.7337 64.1752 -0.0294

2.2 84.8016 85.4362 -0.0423

2.4 90.5653 90.5292 +0.0024

2.6 79.523 1 78.9659 +0.0371

2.8 70.0900 69.9465 +0.0096

3.0 73.5296 73.9370 -0.0272

3.2 81.1694 81.4342 -0.0176

3.4 82.5907 82.3862 +0.0136

3.6 78.2763 77.9735 +0.0202

3.8 75.3601 75.3947 -0.0023

4.0 76.9479 77.1938 -0.0164

4.2 79.5847 79.6669 -0.0055

4.4 79.7843 79.6378 +0.0098

4.6 t8.1531 78.0250 +0.0085

4.8 77.2835 77.3357 -0.0035

5.0 77.9709 78.0883 -0.0078

1A
ccumulated error gôtlf =0.01)-ô(Af = 0.02)j15

Trap ezoidal rule..

The results obtained Aléitlzstep sizes of 0.01 S,4.059 S,0.09 S,and 0.093 S are show n
in F igure E 13.l0.

W ith step
@

S1Z e

sizes of' 0.01 S and 0.059 S,

signiscant

the results are practically identical.SVhen tlztl

step

characteristics

is increased to 0.09 S, enr rs result; how ever, the general

of the overall reSPOnSe are stillretained. sllitll a step size of 0.093 S,

the errors becom e SO large that the solution bloqvs UP after aboùt 1.7 S.
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F igure E 13.10 E ffect of integration step size on the results of ttapezoidal rule

K

13 .4 A N A LY S IS O F U N BA LA N C ED FA U LT S

So far,yve have considered only balanced

allow ed for analysis
@

of the phases

system  perform ance by

ln a m anner sim ilar to single-phase

of

operation of the pow er system ; this

solving for the variables in only one

circuits. T he solution of unbalanced

three-phase circuits does

Can be used instead, but

not perm it this sim plif cation.

it com plicates the problem
*

IS

A three-phase representation

enorm ously.

considerabte
The m ethod of

sym m etrical

analysis

com ponents

of PoW er system

preferred because it offers

stability problem s involving

sim plicity @111the

unbalanced faults.

13.4 .1 Introduction to Sym m etricalC om Ponents I 1 5- 181

The general concept of sym m etrical com ponents W aS frst developed by C .L.

Fortescue ill1918 (19j.He showed that an unbalanced
be resolved illttl ??system s of balanced phasors

system  of n related phasors can

called sym m etrical com ponents of the

original hasors.P

ln a three-phase system ,

of phasors

a setof three unbalanced phasors can be resolved into

three balanced system s aS follow s-.

(a) Positive-sequence
having

comp onents consisting of a balanced system  of three phasors

the SanAe phase Sequence as the original phasors.
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(b) Negative-sequence
phasors having a

comp onents consisting
@

of a balanced system
@

of three

phase Sequence Opposlte to that of the origlnal hasors.P

(c) Zero-sequence
phase.

comp onents consisting of three phasors equal in m agnitude and

Figure

com ponents

13.13 show s the three sets of balanced phasors that fornl the sym m etrical

of three unbalanced phasors.

* - - - ,

V FJ1 b2

z 2400

Val

Z

1200 1200

V

.
' - - - N '

w
.

zx- x J)A-t J
>
0

- - - - L oU
o.

. . >  c

!
2
/

3600

1200 V Fcl :1 c2

(a)PositiVe-sequence (b)N egative-sequence
com ponents

(c)Zero-sequence
com ponentscom ponents

F:1 2/J J1 Ubl a v2/J /2 Fbo Uao

Z IC JF 1J P'c2 )'al c0

(denoted by
subscript 1)

(denoted
subscript

by

2)
(denoted
subsçript

by

0)

F igure 13.13 Sym m etrical com ponents of three balanced phasors

Definition of operator J

The Operator J denotes 1200 phase shift.It is equal to the unit vector 71200e 
.

Recalling that -@ .el =coso +gsino
,
the unit vector representing J *IS given by

J jllooe cos120O +/sin120O

- 0.5+/0.866

The Operators *P and PJ represent phase shifts of 2400 and 3600
5 respectively. Thus,

2J /2400e -0
.5-/0.866

and %
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3J 73600e 1
.0+/0.0

R elationship

and their sym m etrical

betw een //i e original unbalanced p hasors

com p onents

The total voltagè of any phase @IS equal to the SunA of the corresponding

com ponents of the different SCQUCnCCS *111that phase. T hus,

F& Z +F +Fc1 al J0

L F +F +F:1 bn K

2J F +J F +F
J1 a2 J0 (13.68)

FC F +F +Fcl c2 co

J Z 2+J F +F
J1 a2 J0

ln m atrix form ,

F
J

1 1 1 F
c0

L 1 2J J F (13.69)J1
Z

C
1 2J J F

a2

O r

V T Vabc 012 (13.70)

Figure

accord

13.14 dzpicts graphically the synthesis of a set of three unbalanced phasors *1l1

w ith the above equations.

ç
7 0

J <
A  .

A

.x v = y j + L z + L ()h J J7 
11J
l
l
I

l F  
=  L 1 + L a + 7.## *x.A N N

A NJ; zy, xx x JJ
cl x Nw

-  
N bl

'* 1V:1 <------2:-
l 7x
l7  
2 t --- 7/ - 7c1 + V 2 + 7,0

7.

Figure 13.14 U hbalanced jetof phasors reconstim ted
from Sequence com ponents
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The inverse transform ation @IS given by

F40 1 1 1 FJ

F 13J1 1 2J J L (13.71)

Fal 1 2J J F
C

Sim ilar transform ations apply to currents. The Sum of the three line currents @IS equal

to tlltlneutral current. Thus,

f +h +IJ C In (13.72)

Hence,

I 31ao (13.73)

Eg ectof transformation impedances

The im pedances of system elem ents satisfy the equation

Vabc Z Iabc abc (13.74)

w here Z  bca *IS the im pedance m atrix giving self- and m utual im pedances @111 and

àetw een hases.P

@B y uslng the transform ation of E quation 13.70, E quation

and

13.74 Can be

expressed *111 ternAs of the Sequence com ponents of voltages currents:

TV012 Z TIabc 012 (13.75)

0r

V 012 -1z  T IT  b
c o12a (13

.76)
Z clclclc

For typical

These

either

PoW er system s isabc is not diagonal but does POSSCSS certain sym m etries.
*

ISsym m etries

exactly or approxim ately. Sequence lm pedances

be discussed in Section 13.4.2.

suchare that the Sequence
*

inapedance m atrix 15012 diagonal,

of systemof different types

elem ents Ariill
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Expression for power /drM of sequence components

C om plex three-phase POW Cr *IS given by

Ssph
as e

# * #F  I +F  Ib +F  f
ca a b c

TV *l 
bcabc a

(717 ,$? T *o1z) (TIo1z) (
13.77)

TV
012

T + *T  T  Icla

T33J +l
olz012

* # +3(F
uo&o+L 1&1+L2&2)

ln the above,the currents are line values and the voltages are line-to-neutral values
.

lt *IS interesting
@

to note that there are no ii ;'CCOSS ternls Or com ponents caused by

interactlon betw een voltages

factor 3 *IS reasonable
sequence

w hen w e think in term s

of one and currents of anöther Sequence.The

of 9 com ponents. T his also nAeans that

the transform ation is nOt PoW er invariant.

W hy sym m etrical com p onents?

The resolution of three unbalanced phasors illttl sym m etrical com ponents

results @111 three balanced

the three phases are

system s.

identical), currents
that

In sym m etrical

and

pow er system s

voltages of different
(system s *111which
Sequences do nOt

react ttl each other; @1SN currents of One Sequence induce voltage drops of like

Sequence only.

M ost of the apparatus used in practice is of the sym m etrical type.This results
@

111 considerable sim plif cation of DAany types

opening of one phase.

there is no interaction

of unbalanced problem s, such aS thosè-

introduced by unbalanced faults Or the

Since @111 a sym m etrical system betw een quantities of

different Sequences, currents of any One Sequence m ay be considered to ;ow @111 an

independent netw ork associated w ith that sequence only. The single-phase

circuit com posed of the im pedances to currents of any one sequence is

equivalent

called the'

Sequence

w here

nehvork for that particular Sequence. T o analyze the system

interconnected

perfornAance

there *IS an unbalanced fault,the Sequence netw orks arC at the

fault location to represent the interaction betw een quantities of different sequences due

to unbalance created by the fault.

T he resolution of the problem into the SCQUCnCC

advantage @111 that it isolates //; c quantities into comp onents

com ponents a

w hich rep resent a better

has further
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iterioncr

vestigatlonsin

asitive-sequence? 
.

of the
*

controlling factors in certain phenomena. For exam ple,
the synchronizing force betw een m achines is affected princi

@

111 stability

pally by the

quantities,

currents,

the heating effects due to unbalanced currents depend On

egatlve-sequencen

loselyc

roblem sP

investigated

associated

and the ground relays and grounding phenonaena arC Very

Ahritlz Zero-sequence com ponents. T hus, the

is nOt only sim pler, but the results arC resolved into

analysis of m any

factors w hich m ay be

separately.

Sequence im p edances

The inapedance of a circuit w hen positive-sequence

to positive-sequence

to negative-sequence

inapedance

is called the im pedance

sim ilarly, im pedance

impedance,

impedance.

currents alone are i ow ing

currents oïp ositive-sequence imp edance.

currents is called negative-sequence

and the tö Zero-sequence currents the Zero-sequence

A know ledge

for the

of the Sequence inapedances of the POW CC system elem ents is

essential analysis of system perform ance during unbalanced faults.

13.4 .2 Sequence IrnPedanc:s of Synchronous M achines I 1 51

Positive-sequence im p edance

111 Section

saachines @111 the

m odelis accurate

w e representation of synchronous

positive-sequence netw ork appropriate for stability studies. Such a

for the entire study period, including the subtransient, transient, and

1 3 .3 .2 , discussed the detailed

steady-state conditions.

Figure 13.15 show s

synck onous

positive-sequence

m achine. A s

rea cta n ce

positive-sequence equivalent circuit of a

discussed ln Chapter 5 (Section 5.3.3), the value of the
X 1 depends on the tim e fram e of interest: subtransient,

the /sim plif ed
*

transient, and steady state.

R j 1 1

F 1
- - -  

a

f lJ
- h

F
-  

- J

=  R eference bus

F igure 13.15 Positive-sequence equivalent

of synchronous m achine

circuit
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For the tim e fram e representing

@ the initial subtransient condition,X  =X ''.1 dn

@ the initial transient condition,X j =jç'.#,

@ the steady-state condition,X j =-ï1d.

The above aSSUDACS that saliency effects are negligible.

R j is the ac resistanceThe p ositive-sequence resistance

The equivalent circuit of Figure 13.15

positive-sequence circuits. 1ts reference bus is

of the arm ature
.

represents

the

OnC phase of the balanced

neutral of the genel tor.

N egative-sequence im p edance

Negative-sequence reactance (X2) ..

W hen fundam ental frequency negative-sequence (reverse phase sequence)
@currents @re applied to the arm ature w indings

@

of a m achine,w ith the rotor

synchronous

resulting

negative-sequence

speed and the f eld w indlng shorted through

voltages

of this im pedaàce

the excit
, 
er,

runnlng at
the ratio of the

negative-sequence fundam ental frequency
@

. 
''

to the currents gives

negative-

the
im pedance.

ïdr2.

The reactlve part *IS the

Sequence reactance

In w hat follow s,w e w illshow  that the negative-sequence

to the Enean betw een the d- and @Y-aXIS subtransient reactances,

effects result @111 som ew hat different values of # a

reactance # 2 is equal

TJ' and # ''. Saliency
on w hether sinusoidal

currents are d rculated Or sinusoidal voltages arC

depending

applied.

sô?itll tillle t *111 seconds, the negative-sequence currents m ay be expressed aS

*

l =f/2 a2costof+4) 1b2

2aibg =62C0S Ol+Y + 3 fal
- - - - -  - - - - - - -  R eference

2ai 
z =fw cos *f+Y-C 3 f

c2

Transform ing into #,q,0 components (see Chapter 3,Section 3.3),WC have

*

I fd a2cos(2œf+#)

I -fa2sin(2o/+$)

io 0
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he resultingT
*

f eld due to the negative-sequence stator currents rotates at synchronous

Speed

stator

ted frequencyfa

Opposlte to the direction of the rotor.Therefore, aS view ed from  the rotor,the

currents appear
*

to be double

are lnduced

frequency currents id and iq. C urrents of tw ice the

in the rotor circuits, keeping the tlux linkages of the rotor

ircuits alm ost constant (since resistance is considerably sm aller than inductance). Thec
gux due to the stator currents is forced into paths of low  perm eance w hich do not link

with any rotor circuit. These ;ux paths are the sam e as those encountered in

evaluating subtransient inductances. Therefore, the #- and g-axis com ponents of stator

currents

Sectïon
at 120 Hz encounter subtransient inductances L //# and L !/q (see Chapter 4,
4.2).The corresponding Perunitstator ;ux linkages arC

#a -Z //# *Id /# e-X Id d

# // *-Z I ## *-X I

Neglecting the stator resistance,

unit stator voltages are given by

w ith tim e t in seconds and o r equal to 1.0 Pu,the Per

the follow ing equations'.

e
1 d%d
l od #d

t #

1 d
-  

L-Xa''I acostzœf+èlj - N'&zs1(2Yf+$)œ dt JO

O2
- - X ?? fd sin(2œl+è) -X ''f asin(2œl+$)àl q a@

t
@

For fundam ental frequency negative-sequence currents, O =0 0*H ence,

ed (lXj' - X'')I asin(2Ycf+è)q J

sim ilarly,

e (lX '' -X '')I cos(2œc/+è)q d al

and

do 0

The corresponding phase voltages

the inverse Park's transform ation
(negative
(see

sequence)
C hapter 3,

m ay

Section 3.3):

be determ ined by applying
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eJ cycoso + e (-sin0) + co

D enoting

synchronous

the negative-sequence stator voltage by eal and noting that 0 =Wt at

speed, W C have

ec2 edcoslot) - d:s1 (Y/) + 0

X ?' +X '?d qfw sintor+èl 3+
- (X ?/d2 2 - X '')I zsin(3Yf+è)q J

Fundam ental frequency Third harm onic

Sim ilarly,

e

X '' +X ''
I:2

2 a2sin(œ/+120O +è) + 3
2
(:çd#/-x '')I zs1 (3œf+è)q J

e

X  X *X  Yd q 3
c2 2 f asin(Yl-120O +$) + - (Xj' -X'')I asin(3Yf+è)J g q J

W e SeC that the
@

IS a function

voltages have

of subtransient

a third harm onic

saliency (#J' -# '') .q
it m ay be neglected.

negative-sequence com ponent w hich

This com ponent is sm all; unless the

system

frequency

resonates near this harm onic, A s far aS the fundam ental

average

negative-sequence

of the subtransient

currents are concerned, the reactance @IS equal to the

reactances:

X z
X '' +X ''d 

q (13.78)
2

Since the m m f W ave due

synchronous speed w ith

to negative-sequence stator currents

respect to the rotor, it alternately m eets

m OVeS at tw ice the

Perm eances of the

tw O rotor aXCS, corresponding to X ''d nd # ''a .H ence the value

and X ''q* W ith sinusoidal negative-sequence currents app lied,

w ould

of X2 lies between TJ'
the negative-sequence

reactance @IS the arithm etic W P&D Of # ''d
@

and # ''q*This apply w hen the external

circuit has a large reactance *111 Ser1CS.

If sinusoidal

currents @111 the

negative-sequence voltages

stator w indings can be show n

are app lied to the stator, the resulting

to have a fundam ental frequency

com ponent proportional to 1 1 1
-  +2 X  '' X  '' and a third harm onic com ponent
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oportionalPf to

ative-sequenceneg

3 1 1
*

2 X  'J X  ??d 
q

*

reactance IS

If only the fundam ental is considered, the effective

X z
X  ?z X  zzd 

q2 (13.79)
X  '' +X  ''d 

q

and
W hen X; =X '', there is no third harm-onic component. lh this case, the voltagesq

currents would have only fundam ental frequency components, and Xz =Xj' =Xq''.

Negative-sequence resistance (R2) .'

T he

a

negative-sequence

pow er
tim es

associated

resistance the

w ith the negative-sequence current m ay be expressed

square of the current. T his resistance is designated as

a S

the

resistance R z.

A s far as the negative-sequence stator currents are

appear as short-circuited w indings. The situation is sim ilar to that of an induction

m achine. Therefore, the physical nature of the ùegative-sequence resistance is best

visualized by analyzing the perform ance of an induction m otor. Figure 13.16 show s

tlltl

concerned,the rotor circuits

Cquivalent circuit of an induction m achine Ahritll sym m etry @111 both aXCS. For the

Case w ith asym m etry @1C1 the @tw o aXCS, the circuit

aXCS. sàTitll negative-sequence stator currents,

from

represents average

slip s =2. Therefore, the

the of the tw O

equivalent

resistance representing POWertransfer rotorto shaftis A,(1 -s)Is = -Rr/l.
ffl/f of theThe total rotor COPPCF loss is represented/

halfby the sha.ft

by R rotor lossr*

suppliedk om
through

the stator and theother torque (represented u xgp
tllL?rotor by CODVCFsion

-
% of mechanicalpoWer.

X l R a X r R r

W W 1-N-R =rSRr2
X m

X r

R a

m agnetizing

rotor leakage reactance

stator resistance

reactance X l

R r

stator leakage

rotor resistance

reactance

S slip

F igure 13.16 Induction nAotor equivalent circuit
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The real partof the equivalent

negative-sequence resistance R z.

im pedance seen from  the

Since X m is large, it m ay be

stator term inals is the

neglected.H enee
,

& NN RJ Rr+
- - (13.%%2

Figure 13.17 show s the equivalent circuit of a synchronous m achine appropriate

for use in negative-sequence Since the generated voltages in the m achine are

of positive sequence only, the negative-sequence equivalent circuit contains no em f

,but is representçd by the impedance (Rz +JXz) offered to the ;ow of nex 'ive-sequence
currents. The refçrence bus of the equivalent çircuit is the neutral of the generator

.

netw orks.

> .

Iaz
* 2

R z

=  R eference bus

FJ2

F igure 13.17 N egative-sequence equivalent

m achine

circuit

of a synchronous

Z ero-sequence im p edance

The m achine m ust be star-connected; otherw ise, the ternA Zero-sequence

inapedance has no signis cance aS no Zero-sequence current Can flow .

Zero-sequence reactance (Xo) .'

svhen Zero-sequence currents are applied to the arm ature, the instantaneous

values of currents in the three phases

each

are equal.
*

W ith the arm ature w indings intinitely

distributed SO that phase produces

three

a slnusoidal spatial distribution of the m m f,

the net s eld produced by the phases w ith equal instantaneous currents *IS ZCr0.

N o tlux is produced across the air-gap. The only reactance associated

w inding is due fo slot leakage flux and end-w inding leakage Gux.

actual

w ith any phase

H ow ever, *111 an

m achine, the

to the three phases

ideal

w inding distribution

w ill have a sm all val

*

IS not pçrfectly

Therçfore,

sinusoidal, and the :ux due

ue. the actual 1 : *IS slightly higher

than for the çase and depends on pitch and breadth factors of the w inding.

Zero-sequence resistance (Ro) ..

T he Zero-sequence
@ @

resistance of a synchronous
@

m achine @IS som ew hat larger

than the posltlve-sequence resistance for reasons dlscussed below .
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The

consïsts

spatial distribution

of higher harm onics.

of stator w indings is usually not purely

The spatial third harm onic contribution

sinusoidal, but

to the m m f due

to stator currents *l ,J *l *IC is

M M F r lfucos3o + ï,cos3(0 - 1200) + ïccos3to +1200)1

W hen the statot currents form a balanced set, such RS the * @posltlve-
@ *

Or negative-

SCQLICIICe,

for
nchronoussy

the net m m f due to spatial w inding distribution harm onlcs ls zero. H ow ever,

Zero-sequence currents,

(0 =ot),

AAritll

speed the

ia=ib=ic=lmcoso t

m m f due to third harm onic

and rotor travelling

spatial distribution is

the at

3M M F
. .f
2

gcost3o +Yf) +cos(30 -Yf)J

3

2
f (cost4œ/)+cos(2œf))

Thus the m m f due to third harm onic spatial w inding distribution,xvhen zero-Sequence

harm oniccurrents ; ow *111 the stator w indings, consists of second and fourth

com ponents.These induce currents iu the rotor and cause rotor heating.
* @

Therefore,the

Zero-sequence

(:1).
resistance (40)*ISsliéjlltl)rhigherthan the posltlve-sequence resistance

The difference *IS usually

show s

nOt signif cant.

Figure 13.18(a) the ;ow of zero-Sequence currents in the three phases
and the

equivalent

neutral of synchrpnous m achine.

circuit is shown in Figure 13.18(b).
the The corresponding (single-phase)

1ao

J

V
Zn

n

-  In z
z, z: ---<  y

z

C

>

1ao4

4
R o

n

3Z n

= R eference bus

FJ0

1& f +1 +1J0 :0 c0 ?lao

(a)Currentpaths (b)Equivalentcircuit

F igure 13.18 Z ero-sequence

circuit

current paths and equivalent

of a synchronous m achine
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The neutral im pedance Z carries a current equal to the Sun; of the Zero
-

*sequence

of Figure

currents in the three phases.This is reiected as ?Zn in the equivalentclxcuit

Sequence
from

13.18(b),' which represents only one phase. The reference
equivalent circuit is the ground at the generator. lf the

ground,

bus for the Zero
-

neutral is isolated

the Z  =*D and I =0.JO

13 .4 .3 S equence Im pedances of T ransm ission Lines

P ositive- and negative-sequence im p edances

ln a sym m etrical

im pedances

the

a re

phase order

t, and negative-sequence

identical because the im pedance of such a circuit is independent of

of the applied voltages. The equivalent circuits of transm ission lines

three-phase static circui the positive-

developed in C hapter 6 are applicable to the positive-sequence as w ellas the negative-

Sequence netw orks.

Z ero-sequence im p edance

svhen only

the three phases

ground w ires.

field produced is very

zero-sequence
are identical. The

currents S ow in a transm ission line,

through
*

the currents *1l1

SunA of these currents returns
:

currents

the ground

and/or overhead Since the three-phase arC 1l1 phase, the

m agnetic different from  that produced by' positive- or negative-

Sequence
net effect

currents.ItrCquires consideration of the current distribution in the earth.The

is that the Zero-sequence reactance of transm ission lines tends to be 2 to 3

tim esthe positive-sequence reactance g15-17j.
throughZ ero-sequence currents i ow ing ground result in voltage

necessarily

drops due to

the im pedance of the ground. Evidently, the ground is

potential at al1 points. The reference bus of the zero

nOt at the SaERC
- sequence netw ork does nOt

represent the ground potential at any particular point but *IS the reference ground for

ZCrO-SCQUCnCC

ground

transm ission

and

voltages throughout the system . Therefdre, the im pedances of the
ground

lines*

w ires are included @111 Zero-sequence im pedances of the

This ensures that the Zero-sequence voltages at the ternainals arC

correctly given w hen referred to the reference bus.

13 .4 .4 S equence Im pedances of T ransform ers

P ositive- and negative-sequence im p edances

Transform ers, like transm ission lines,

different phases,

non-rotativearC Or static. sàTitll the

assum ption that sym m etry

three-phase currents do not depend on the phase sequence.

circuits and the àssociated im pedances derived in C hapter 6

exists betw een the inapedances to balanced

Therefore, the equivalent

for the tw o-w inding and

three-w inding
*

transfornlers are equally valid for the positive-sçquence and the

negatlve-sequence netw orks.
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IeTO-SVûUVRCV impedances

The im pedance offered by a transform er to the flow  of zero-sequence currents

gepends on the w inding colm ections. Figure 13.19 gives the zero-sequence equivalent

ircuits for different w inding connections applicable to tw o-w inding and te ee-w indingc

transform ers.

For Zero-sequence

and

currents to flow through w indings On One side of the

ansfornlertr

cam pleted circuit is provided. A dditionally, there m ust be a path for the corresponding

current in the coupled w indings on the other side.

For illustration, let us consider the w inding connections for case 1 in Figure

13.19. The Y-connected prim ary (P) windings with the neutral grounded provide a

into the connected lines, a return path m ust exist through w hich a

ath toP

ZCrO-SCQLICnCC
@

the ground. T he A -connected

currents,

prim ary

w hich

secondary

circulate w ithin
(S) windings
the A . T his

provide a path

balance

for the

Serves to the

currents

within

impedance 4  represents the total per-phase leakage reactances and resistances of the
rim ary and secondary w indings and is equal to the positive-sequence im pedance. TheP

neutral of the Y -connected prim ary ij grounded through an im pedance Zn,. therefore,

the effective zero-sequence im pedance as seen from  the prim ary side is Zo +?Zn. Since

a A-connected circuit provides no path f:r zero-sequence currents f ow ing in the line,

the im pedance as seen from  the secondary side is infnite.

the111 w indings; how ever, the Zero-sequence

the

currents circulating

them .the secondary w indings calm ot S ow @111 lines colm ected to The

lf the w indings

5),

On OnC side are Y -connected w ith neutral

CaSCS

V iew ed

2 and Zero-sequence currents cannot ; ow @111 the
ungrounded (as in

w indings on either side.

side,from either the prim ary side Or the secondary the Zero-sequence

im pedance @IS insnite.

C ases 6 to 8 @111 Figure 13.19 consider three-w inding transfornaers w here the

effects

by

prim ary

of the leakage reactances

a star-colm ected equivalent

on the
(P), secondary (S), and

w inding connections as

and resistances

(see Chapter 6).

w indings are represented

C onnection of this equivalent to the

three

tertiary (17)term inals,and thereference busdepends
show n illthe i gure.

of the

13.4 .5 S im ulation of D ifferent TYpes of Faults

In this section, w e consider the sim ulation of a pow er system  that is essentially

sym m etrical but is rendered unbalanced by a fault at a particular location on the

system . Such faults can be analyzed by appropriately interconnecting the positive-,

negative-, and zero-sequence netw orks at the fault point as described below .

Figure 13.20 identif es the fault currents and voltages at fault location F. The

currents fowing
1

into the faultfrom the threephasesJ,b,and c are represented by Ia,
ôrand f ,C respectively; VJ' Vb and Fc represent voltages to ground at F.
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Z ero-sequence
equivalentC ase W inding connection

circuit

1.

P
Z N

=

S

P -0 s
?Zn Zo

- - - - oRef
.

2.

PX V , P&- NsZv= NRef
.

3.

P S

P > -  - - s
Zo

o -----o R ef.

4.

PX P> sZoS - Ref
5.

P V , P> MSZo- Ref
6.

P V . S=P SZp Zs -o TZt-  Ref
.

7.

P V ,V ,P -SZ# Zs - TZt---oRef.
Z s

SP

TZ
p Z

t

8.

PX T= S= N Ref
F igure 13.19 Z ero-sequence

w inding

equivalent of three-phase tw o-

and three-w inding transform er banks
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1 Fl
a U IJ

l ,-
- lal

b Vb .

I x-
- lbI

c Zc l

1''
w  c

F igure 13.20 D esignation of fault currents and voltages

(a)Single line-to-ground fault

L et us aSSUDAC that phase a is shorted to ground at the fault point F,aS show n

in Figure
*

13.21(a).FronAthe sgure,We SCe that

F
J

0 Ib IC 0

In terrns of the sym m etricalcom ponentk (see Equations 13.69 an4 13.71),We have

F + F, +Fc1 /2 J0 F
J

0

f I
IJ

3
f la 42 c0

I F
F 1a

I I
I N J

Vb l

I
I '-'<
I IbF

c

l w
I

I I
I C

=

(a) Faultschem atic

f lJ

F

Z 1 Pos. seq. net.J

R

I za

F

F  2 N eg. seq. net.J

R

I oJ

F
V o Z ero seq. net.a

R

(b)Sequence network connection

F igure 13.21 Sim ulation of a single line-to-ground fault
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The colm ection of the Sequence netw orks to satisfy the above relationships *ISshowa
*

111Figure 13.21(b).The three Sequence networks are connected at the faultand the reference bus (R) of each sequence network SO as to form  a series (F)
connectios

a

point

(b) Line-to-line fault

Frorn Figure 13.22(a),

L FC IJ 0 h +IC 0

1n ternAs of sym m etrical com ponents,

F F I +1 0 I 0
J1 al cl a2 J0

The sequence connection rei ecting the above relationships is show n in Figure

13.22(b). Since the fault does not involve ground, the zero-sequence network is absent.

netw ork

l FI

L
I
I ---w

l IV
b l a

I
I -''.

V l Ib
C

1 w
I

I 1

z 1 IazJ

F F

V 1 Pos. seq. net. Neg. seq. net. Lza
R  R

(a)Fault schem atic (b)Sequence network connection

F igure 13.22 Sim ulation of a line-to-line fault

(c) D ouble line-to-ground fault

From Figure 13.23(a),

L FC 0 0

In ternls of sym m etrical cöm ponents,

F F FJ1
al J0

I +1cl +fa2 J0 0
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l F
V 1J

I

V I Ia

I w
l IZ

c I b

Ic =

1a3 1az ftzo

F .1 

Pos. seq. net. Fu2 Neg. seq. net. Fw l zero seq. net.Zu1
R R t R

(a)Fault schem atic (b)Sequence network connection

F igure 13.23 Sim ulation of a double line-to-ground fault

The corresponding Sequence network connection *IS shown in Figure 13.23(b).
*

(d) Three-phase fault

T o com plete the picture w ith regard to sim ulation of different types of faults
@

111 ternls of Sequence netw orks,

a).

let US exam ine a sym m etrical three-phase fault aS

shown @111Figure 13.24(
FronA Figure 13.24,

FJ L FC 0

f +h +Id c 0

I FI
V  IJ

l ..w
v I 1b 

I a

1 N..w
l 1F

c ' b

l 'w
I

I fc

f la

F

V  j Pos. seq. net.J

R

(a) Faultschem atic (b)Sequence network connection

F igure 13.24 Sim ulation of a three-phase fault
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1n ternAs of sym m etrical com ponents,

I 0c0

F F F 0
J1 a2 J0

There arC nO ZerO-SeQuenCC

fault

or negative-sequence em f S,and the voltages Fao and P
al

at the point F are each eq
@

ua1 ttl Zero. Therefore, ZerO- and negative-sequence
* *

currents do not S ow  anyw here ln the system . A s expected,

netw ork is involved. The fault is sim ulated by shorting

reference

on1y the posltlve-sequence

faultthe point F and t*t

busR of the positive-sequence network,aS shown *11lFigure 13.24(b).

Form ation of sequence networks

W e SCe from the above analyses that a fault On a POW CC system Can Le

analyzed by appropriately

solution of the resulting

currents

interconnecting

netw ork gives the

the sequeqce

sym m etrical

netw orks of the system .The

com ponents of voltages and

throughout the system .

The positive-, negative-, and Zero-sequence system s represent sym m etrical

system s.

phase

apprqpriate

Therefère,each of these

netw ork. E ach elem ent

system : m ay be represented by

of the pow er system  is represented

an equivalent single-

by a m odel w ith an

degree of recision.P

ln each SCQUCnCC netw ork, the SCQUCnCC

ln the

voltages
* @

are referred to the reference

(or
al1

zero potential)
neutral

bus for the netw ork. posltlve- or negativç-seqgence

the

system s,

of thesepoints arC at the SaDAC potential. Therefore,

w hich

neutrals of each

system s can

bus for its

be connected to a Com m on bus is the reference Or zerô-potential

Sequence

stated

netw qrk. &

A s earlier, the ground *IS nOt necessarily at the SanAe potential at a1l

points in the system .

representative

Therefore,

ground

the reference bus for the ZerO-SequCnCC netw ork is n0t

of the at any particular point; instead, the reference bus serves

al1 points of the system . The individualaS a reference for Zero-sequence voltages at

equipm ent

correctly

m odels are SO constructed that the Zero-sequence vo1tages to ground are

represented w hen referred fO the reference bus of the netw ork.

R epresentation in stabiliy studies

The positive-sequence netw ork is represented in detail w ith equipm ent m odels

as described in C hapters 3 to 1 1.

The negative- and zero-sequence voltages and currents throughout the system

are usually not of interest in stability studies. Therefore, it is unnecessary to sim ulate

the com plete negative- and zero-sequence netw orks in system  stability sim ulations.

Their effects m ay be represented by equivalent im pedances (Z2 and Zo) as viewed at
the fault point F . These im pedances are com bined appropriately dependihg on the type
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of
netw ork

fault and inserted aS the effective fault im pedance Zef in the positive-sequence

aS show n @111 Figure 13.25.

1a3

F

Ljt Pos. seq. networkR
t

Zef

F ault type Z

L ine-to-ground Zg + Zo

L ine-to-line Zz

Z2Zo
D ouble line-to-ground

Za + Zc

Tk ee-phase 0

e

F igure 13.25 R epresentation of faults *111 system stabilit)r studies

This representation gives the correct voltages and currents *111 the PO * *sltlve-

Sequençe
are no negative- or zero-sequence voltages generated in the system . The

negative- and zero-sequence currents that ;ow  during unbalanced faults are driven by

the positive-sequence voltage sources. The positive-sequence pow er outputs com puted

represent the actual pow er supplied elebtrically by the m achines. This includes al1

negative- and zero-sequence resistance losses supplied electrically.

netw ork.

There

N egative-sequence braking torque

A s discussed in Section 13.4.2,

supplied

only half of the negative-sequence rotor losses
@

111 synchronous nAachines are electrically. The other half are supplied

m echanically

torque

by the shaftPoW er

converted

or torque.T his represents

rotor

the com ponent of the total

m echanical that is to supply losses. lt acts to decelerate the

rotor and *IS called the negative-sequence braking

signif cant

pole rotors w ith high-resistance dam per

braking torque is described below .

for m achines close to a fault,particularly

w indings. The m ethod

torque.

those w ith

This effect could be

solid rotors or salient

of accounting for this

R eferring

negative-sequence

to Figure 13.16,

braking torque

AAritll the m agnetizing reactance X m neglected, the

is

F
R

r

2b2
2I 

2J (13.81)

2(& - Rajln
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w here R 1 is the negative-sequence resistance of the m achine and R J is its statot

resistance.

The m achine negative-sequence current Ia2 can be determ ined from  the negative
-

Sequence
fraction

netw ork .D epending on the netw ork configuration, Ia2 can be estim ated as

of the m achine positive-sequence currentg20) .
The total accelerating torque actlng on the rotor is

F
J

F - F  -K  A O  - F
m  e D  r b2

The swing equation (Equation 13.22)isappropriately m odified ttlinclude Fb2.

E xam ple 13.4

Figure

60

E 1 3 . 1 1 show s the system representation applicable to a 1,000 M V A ,20 kV
,

H z generating unit.

H j H2 s%  
s  ccv 1 y  L  jujyujteL L  .

#1 =0.6, -% = l .8 busG
F ccT 2

X I =X o =0. 1 5 X j =X v =0 . l f s = l .01
1 =0.6, -% = 1.8

=

Pu

F igure E 13.11

The transm ission data show n on the figure are in per unit on

N etw ork resistances are assum ed to be negligible.

1,000 V vA,20 kv base.

The generator data in Per unit On the rating of the unit arC aS follow s:

X d 1 .8 1 X

# 2

1.76 XL 0.3 X 'q
R &

0.65

# //# = X ''q =0.25 0.25 X o 0.04 0.003

A 2 0.063 R o 0.005 F ' =#0 8.0 S F 'qo

K o

1.0 S

F //#0 0.03 S F /!qo = 0.07 S H  = 3.5 = 0

The neutrals of tll k) generator stator and the step-up transform er H T * d*W 1n 1ngS are

solidly

the infinite bus

grounded. The neutral of the star-connected w inding of the transform er neaf

is ungrounded.

(a) A double line-to-ground
E  1 3 . 1 1 .

(LLG)fault occurs On circuit2 at point F asshown
in Figure
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(i) N eglecting
Zeyw hich,

a11 resistances, ûnd the value of the effective fault 'lm pedance

hen 'W lnsed ed in the positive-sequence netw ork,represents the

unbalanced fault.

(ii) lf the initialgenerator output conditions are

#0 0 Po 0 Et 1.0

com pute

currents

the m agnitudes of positive-, negative-, and Zero-sequence

throughout tlltl netw ork im m ediately after the fault OCCUrS,

neglecting the effect of generator resistance.

(iii) Com pute
above

the negative-sequence braking torque corresponding to the

condition.

(b) How would the above results ckange
fault w ere

if a line-to-ground fault or a line-to-line

to occur at point F?

Solution

For conditions im m ediately after the fault OCCUCSN the effective positive-sequence

m achine reactance x' o vl' - v // - v ll1a n  -A d -n  .

The three-Sequence netw orks of the system are show n @111 Figure E 13.12. Since

X lt =r ,p mr# q 2,

elem ents

the nçgative-

system .

and positive-jequence reactances are equalfor each of the
in the

(a) D ouble line-to-ground fault

(i)
introduced

E ach Sequence

by the

netw ork represents a balanced system . The unbalanced effect

fault at location F is represented by interconnecting the Sequence

netw orks aS show n in Figure E 13.13.

S //

H 1 H 2L

# //=0.25 0.15 ccT 1 0.1
A  0 6 B

G en. Trans. F . Trans
.

c c T 2

's

=  Z ero potential bus

0.6

(a)Positive-sequence network

Figure E13.12 (t7ontinued on thenext page)
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H  0.6 H aL 1

# z=0.25 0.15 CCT 1 0.1
A  0 6 B

G en. Trans. F . Trans
.

c c T 2

In:nite
bus

=  Z ero potential bus

(b) N egative-sequence network

1.8

0.15 CCT l 0.1

y 1.8 T rans
.G en. Trans.

C C T 2

-  zero potenttal bus

(c)Zero-sequence network

Figure E13.12 (Continuek

Zezr
f +

#

Ip  Ip

F F F

Positive N egative Z ero

sequence sequence sequence

Z ero potential Z ero potential Z ero potential

bus Ip  bus Ip bus

Jr?c+

F igure E 13.13
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The effective negative-sequence

in Figure E 13.14.

and Zero-sequence im pedances as m easured at point

F are show n

0.25+0.15 F 0.6/2+0.1
=  0.4 = 0.4

=

- -)
=

F

0.4
-  . 0.2
2

Z =j 0.22

(a)Effective negative-sequence inapedance

0.15 F 1.8/2 =0.9

=

# 0 0. 1 5

=

F

Z =j 0. 1 5O

(b) Effective Zero-seqtlence inapedance

F igure E 13.14

The effective fault inapedance representing the 1w-1w-() fault is

Z
Z Z

Zg + Zo

/(0.2y0r1p)
0.35

=  /0.0857 Pu

(ii) Since prior to the fault P =Q =0,

S /! =E  =Et =B 1.0 Pu

The positive-sequence netw ork Alpitll the effective fault inapedance inserted at F

reducesto the form shown in Figure El3.15(a).
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j0.4 F 70.4 ./0.2

E ''

G enerator lnsnite bus

-.-- I zg+ B+

= 1.0& 0 Zey 
./0.0857 1.0Z 0O

Ip  =1 + +/g 
:+

1.0 *0.0857

=

Figure E13.15 (a)

B ecause of netw ork sym m etry the

of the

solution is considerably sim plifed. The positive-

Sequence com ponent fault current is

1.0; 
=  =  5 3.5U+ .0 2857
J .

Pu

The total positive-sequence fault current splits into negative- and Zero-sequence

com ponents as shown in Figure E13.15(b).

fs =3.5

Ip  fy0

Z  =
.j0.2 Zo =j0. 152

0.15x3.5
=  =If

-
1.5 Pu

0.35

N

Iyo = Iy. - Ip  = 3.5- 1.5 = 2.0 Pu

Figure E13.15 (b)

B ecause of the netw ork sym m etry about the point F,one-half of the fault current of

each sequence com ponent

infnite bus. O w ing to the generator step-up transform er

zero-sequence current is restricted to the transform er; no

through

iow s from the generator, and the other half from tlltl

w inding connections, the

the generator. Figure E 13.16 show s current
Zero-sequence

iow s in different

current iow s

pad s of the

Sequence netw orks.

3.5

1.5 2.0

L H 1 H a

A  B
l 75 F 1

.
75 + 0.75 F 0

.
75 2.0 F

* +

G en. Positive I.B . N egative Z ero

Sequence Sequence Sequence

1.5 2.0

3.5

F igure E 13.16
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(iii) The negative-sequence braking torque isgiven by

Fbl 2(& - #c)&2

0 063-0.003)0.752( . 0.034 Pu

(b) Line-lo-ground fault

(i) The effective faultim pedance is

Z ye Zz + Zc = j(0.2 + 0.15)

= g'0 35@ Pu

(ii) Figure E13.17 show scurrentflow s in differentPads of the Sequence networks.

If+

0.91 F 0.9 1

Positive

sequence

#- = l .82 1.82

0.91 F 0.91

N egative

sequence

Ip = 1 .82

F

1.82 Z ero

sequence

f = I = If+ f
-  fz

1.0

Z 1 + Zz + Zc

1.0

j(0.2+0.2+0.15)

= -J.3 82* Pu

F igure E 13.17

(iii) The negative-sequence braking torque @IS

F:2 2(& -R
a )Iz

0 063-0.003)0.912( .

0.05 Pu



898 Transient Stability C haP.1%

Line-to-line fault

(i) The effective faultim pedance @IS

Ze)n Za = g'0 2*

(ii) Figure E13.18 shows currentGow s in the Sequence network.

2.5 &#+ -

1.25 F 1.25 F

1.25 1.25

1.0I 
=  - 1 =y+ y

- z  + z1 2

@ j2.5 PL60
.4

F igure E 13.18

(iii) The negative-sequence braking torque is

Fbl 2(& -#c)fa (0.063- 0.003 1 252) .

0.094 Pu

13 .4 .6 Representation of O pen-c onductor C onditions (-

Open-conductor conditionsm ay be causyd by broken conductors or a deliberate
single-phase sw itching

Or tw O phases

operation. Such

of a tk ee-phase circuit.

fautts m ay involve the opening of one phase

(a) 0ne W en cènductor

Figure
@

13.26(a) shows a section ofa tk ee-phase
series

syste> w ith phase J OPen

betw een polnts X ahd Y .

X  and Y  in phases

a),

J,b,

V:,an

c, respectively;

L et V and Vc

1 , Ib and fc areJ

be voltage drops in phases betw een

the line currents.From Figure

13.26(

4* V
C

0 fJ 0
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f la I
J 1

X Y
l I
l V lf I a I

-

œ' a  I I

I l
I l
I I

I

IIb I --------- I
I I

l I
1 I
l I

l V II ' 
- - - - - - - - -

c I

C l I

I I

<% II

(a)Schem atic diagrana
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X  Y

Pos. seq. net.
R

Iaz 
v  

1az

X  Y

N eg. seq. net.
R

1az 
v  

Iav

X  Y

Z ero seq. net.
R

(b) Connection ofSequence networks

F igure 13.26 Sim ulation of one open-conductor condition

ln ternAs of sym m etrical com ponents,

1
- V3V V VJ1

* c2 J0 J

f +f +f 0J1 /2 J0

The connections of Sequence netw orks SO as to satisfy the above equations are show n

in Figure 13.26(b).

(b) Two /#dD conductors

W e nOW consider the condition w ith phases and C OPCn betw een points X

and Y aS shown in Figure 13.27(a).The applicable equations are

V
a

0 Ib = 0

ln ternAs of sym m etrical com ponents,

V +V +V 0J1 /2 c0

f
J1

I z
J

f 1
3J0 IJ
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I
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l
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(a)Schem atic diagrarn

V V V

1a3 Iaz fao

X  Y  X  Y  X  Y

Pos. seq. net. N eg. seq. net. Z ero seq. net.

(b)Connection ofSequence nehvorks

F igure 13.27 Sim ulation of tw o-open-conductors condition

The Sequence netw ork connections that satisfy the above equations are show n *111

Figure 13.27(b).
Frona Figure 13.26 W e see that,

three-sequence

if the

netw orks are connected

for the one-phase open-circuited

in parallel at points X  and Y ;

condition,the

therefore,Cven

Zero-sequence circuit as seen from  X  and Y  has infnite im pedance, Som e POW CC
*

IS transferred through the line betw een X  and Y .

For the CaSC Ahritll tw O phases open-circuited aS *11l Figure 13.27, the three-

Sequence
a path

netw orks are connected @111Serles-> unless the Zero-sequence circuit

the

provides

having fnite im pedance, nO POW CC can be transferred tlzrough line.

E xam ple 13.5

The system shown in Figure E 13 . 1 1 (Exam ple
The

13.4)
@

IS

*

ISsubjected to a single 1-
*

lne-to-

ground

w hich

fault at point F On circuit 2. fault cleared by single-phase sw ltching

disconnects the faulted conductor at both ends sim ultaneously.Show  how  the

netw ork m ay be represented in stability studies during the period w hen one conductor

of circuit 2 is sw itched out.
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Solution

This situation differs slightly from that

depicted

F igure

conductors

*

11l Figure 13.26. A s show n *111 X Y

E 1 3 . 1 9 , the *lm Pedances of

of phases

This

and C need to be

accounted for. @IS achieved

the im pedances associated

by including

w ith circuit 2 in

the Sequence netw orks.

Figure

of

E 13.20 show s the Sequence

E 13 . 1 1

nehvorks

the system of ..and their

l I
I V  I
I a l1 I l

J  l I

l I
I l

I V, II I I
l lb I I

I I
I I
l V  l
l C lI I I

C I I

l l
l l
I l
I I

I lF igure

interconnection to

w ith One phase

represent

of circuit 2

tlzkl condition
Open at both Figure E 13.19

ends.

f la

u  0.6 u ct
- 

l

0.15 x  v  ccT 2 0.1
G 0

.6

Ct positive
-

sequence network ccT 1 CB

1 aa
0.6

0.25 0.15 x  y  cCT 2 0.1

0.6 T rans
.G en. Trans.

C C T 1

N egative-sequence netw ork
,
/

.ë'

/

I oa

l.8

0.15 x  y  ccT 2 0.1

G en. Trans. 1.8 Trans
.

c c T 1

Z ero-sequence netw ork

F igure E 13.20
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X Y
0.4 0.1

0.6

0.6 X Y

0.6

0.5

0.6

X  Y  0.6

0.27273

X Y

0.87273

(a)Reduction of negative-sequence network

X Y

1.8

1.8 X Y

3.6

(b) Reduction ofZero-sequence network

Z2 eg=j0.8727?

X  Y
Zeg=j0.7ù24

X  Y

Z =J.3.60 t#

(c) Totaleffective series im pedance

Figure E 13.21 R eduction of negative- and Zero-seotlence netw orks

A s show n in F igure E 13.21,

view ed

the effective negative- and Zero-sequence imapedances aS

from  points X  and Y are

Zzeg = /0.87273 Pu

Zne, = j 3 6e Pu

and the net effective im pedance that has to be inserted betw een POints X  and Y  of the

positive Sequence netw ork *IS

Z = 7*0.7024 Pu

Thus, from  the view point of pow er transfer betw een the generator

the

and ihe 'lnsnite bus,

effect of opening one phase

by 0.7024

of circuit 2 is the Sarne aS increasing the reactance of

tlltlcircuit Pu.
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13 .5 PERFO RM A N C E O F PRO T EC T IV E RELA Y IN G

Protective relays
*

detect the existence of abnorm al system
@

conditions by

beonitoringm

apened, and energize trip circuits of those breakers.

satisfactorily, relays should satisfy three basic requirem enfs:

quantities,approprlate system determ ine w hich circult breakers should

ln order to perform  thetr functions
selectivity, speed, and

reliability.

Since transient stability *IS concerned Nhiitll the ability

maintain synchronism  when subjected to a severe
erform ance of certain protection system s is of param ountP

System  stability. Protective relays m ust be able to distinguish

stable pow er sw ings and out-of-step conditions. W hile the

of the pow er system  to

disturbance, satisfactory
* @ p

lm portance

am ong
relays

ensurlng

fault conditions,

should initiate

11l

circuit-breaker

aCe n O

operations to clear faulted elem ents,

further relaying operations that cause

it is im portant to ensure that there

UnnCCCSSaCY opening of unfaulted

elem ents dufing stable POW er

could

sw ings.

lead

T ripping
*

of unfaùlted elem ents w ould w eaken

tlltl system further and to system lnstability.

O n the other hand,if the system
@ *

is unstable W e need to know  how it separates

be rèquiredand w hether the point of separatlon

desired.

IS acceptable. Special relaying m ay

to Cause separation aS

O ne of the im portant aspects of transient stability analysis, then, @IS the

evaluation of

particularly

generators.

the

the perform ance protective system s during the transient period,

perform apce of relaying used for protection of transm ission lines and

of

13.5.1 Transm ission Line Protection (2 1-231

There arC a variety of line protection schenzes and practices used by utilities

to m eet particular system

the protection schem e:

requirem ents. The follow ing factors intluence the choice of

* T ype

curreht

of ircuit-C . single

etc.

line, parallel line, m ultiterm inal, m agnitude of fault

infeeds,

@ Vunction of line,itseffecton service continuity,speed w ith w hich fault has to

be cleared

@ C oordination and m atching requirem ents

Three baslc types

(b)
of relaying schem es arC used for line protection: (a)

Overcurrentrelaying, distance relaying,and (c)pilotrelaying g22).



9O4 Transient ttability Cha9
. 13

(a) Overcurrent relaying

O vercurrent relaying is the sim plest and cheapest form of line

basic fornas of relays arC used: instantaneous Overcurrent relay

selectivity,

protection
.

tim e
Tw o

and Overcurrent

relay.
*

They are diff cult to apply
@

w here coordination, and speed a<C

lm portant.

changes

Changes ttltheir settlngs are usually required aS the system con/guration

g22j.
O vercurrent relaying calm ot discrim inate betw een load and fault currents'

,

therefore,

m inim um

w hen used for phase-fault protection,

load

it @IS applicable only w hen the

fault current exceeds the full current.

relaying is used principally on subtransm ission system s and radial

distribution system s. Since faults on these system s usually do not affect system

stability, high-speed protection is not required.

O vercurrent relaying schem es, w hich utilize com m unication channels to

interchange intelligence betw een term inal stations, have been developed to overcom e

the above lim itations. The tw o m ost com m on schem es are pilot w ire relaying and

phase-com parison relaying schem es.

O vercurrent

(b) D istance relaying

A distance relay responds to a ratio of naeasured voltage to naeasured current
.

relay operates if the ratio, w hich represents the effective im pedance of

netw ork, is less than the relay setting. Im pedance is a m easure of distance along

transm ission line and, therefore, the relay is know n as a distance relay.

lm pedance approach provides an excellent w ay of obtaining

and selectivity, by lim iting relay operation to a certain range of the '

follow ing are the different form s of distance relays:

T he the

the

The ' discrim ination

lm pedance. The

* Inapedance relay

@ R eactance relay

@ M ho relay

@ M odis ed m ho and im pedance relays, and com binations thereof

triggering characteristics of distance relays m ay be show n conveniently

on a com plex im pedance (R-P  plane (24j as illustrated in Figure 13.28.
T he im pedance characteristic is a circle on the R -X  plane; the reactance

characteristic is a horizontal line on the A -f plane; the m ho characteristic is a straight

line on the G-B (adm ittance) plane, and a circle through origin on the R-X
(im pedance) plane. The relay operates when the im pedance m easured by the relay
falls w ithin the characteristic.

The
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X

/

/;r/
R

l

X

X

R '% .
(a)lnapedance (b) Reactance (c)M ho

X

D  Z

#

Rl
&
N  zfN

w . . . .

D irectional W' .W' .
(d)Im pedance w ith

directional elem ent
(e)Offsetm ho (9 Lens

F igure 13.28 D istance relay characteristics displayed On a coordinate system

with resistance (R) as the abscissa and reactance (m  as the ordinate

The m ho characteristic *IS inherently directional; @I.C., it detects faults only ilz

0ne reactance im pedance characteristics detects fqults in a11 four

quadrants. Therefore, som e type of directional supervision is generally used w ith these

relays. C om binations of sim ilar elem ents w ith different settings and/or elem ents w ith

different characteristics are used to provide selectivity and coordination.

D istance relaying is the m ost w idely used form  of protection for transm ission

lines*

direction. The and

It is easy
*

to apply and coordinate, provides fast protection, and is less affected

by changes 111 system

13.29 illustrates

conditions.

Figure the application of distance relaying.A t each end of the

line,

show n.

three separate sets of relays are arranged to provide three protective Zones aS

The frst and second

protected line, and the third

protective zones provide p rim ary protection for

zone provides remote backup for the adjacent line.

the

w ithout

For exam ple, the frst-zone relays at A  are set to protect about 80%

any tim e delay. This ensures high-speed protection of the line

of line A B

section and

provides

equipm ent

about a 20% m argin of safety to avoid incorrect

CrrOrS for faults beyond the end of the line

relay

section.

operation caused by

The second-zone relays at A are set to reach beyond the end of the line, a

typical setting

protectlon

being
@

about 120% of the

ensures of the rem aining

relays. Since the second-zone relays

im pedance of the protected line A B . This

20%  of the line not protected by the frst-zone

w ill overreach line A B and operate for faults on
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T im e j
j R elay characteristic
l rd at breaker AI 3 Zone

j j p ejay oharx teristic
l nd I at breaker BI 2 zone j

1 jt r
I 1 zone I

ùwwww-w--vll 
Il

A  B C D  E
D istance >

F igure 13.29 D istance relay characteristic

a section CD, they are set to trip after a tim e delay (typically 0.3
to 0.5 seconds) thereby providing tim e coordination with the srst-zone telays at c
protecting the adjacent line CD.

The third-zone relays at A provide backup protection for the adjacent line CD.
They are set to reach beyond line CD , so that relay operation is assured for faults on

the line. Tim e coordination w ith prim ary protection of line CD  is achieved by having

a tim e delay of about 2 seconds for the third-zone protection.

A  protection schem e sim ilar to that at A  is provided at B , but set to reach in

the

of the adjacentline

opposite direction. Thus a fault On line A B OPCnS breakers at both ends of the

line.

The num ber of relays at each end of a lihe @IS determ ined by the requirem ent

that tk ee-phase,

be

phase-to-phase,

covered.U sually, tw O sets

phase-to-ground? and

of relays are provided: one

double phase-to-ground faults
set for phase faults and the

other for ground faults.

T he reactahce type relays are used for short lihes,

to restrict

and the m ho type relays for

long lines. L ens type relays

units for protection of long

Straight-distance relaying provides adequate protection for m any situations.

H ow ever, it is not satisfactory w hen sim ultaneous high-speed tripping of both ends

of the line is critical to m aintain system  stability. Pilot-relaying schem es, described

are used w hen needed the tripping area of m ho

j*lnes.

below , are better suited for such applications.

P ilot-relaying schem es

Pilot-relaying schem es utilize com m unication channels (pilots) between the
ternAinals of the line that

determ ine w hether the fault

they protect. R elays located at

is internal or external to the

each of the term inals

protected line, and this

inform ation @IS transm itted betw een the line term inals through the com m unication

channel.For an 'lnternal fault,

fault

circuit breakers at al1 term inals of the protected line arC

tripped; for an exterhal the tripping *IS blocked.
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The com m unication m edium for transm itting signals betw een term inals m ay be

ilot? wire (m etallic wires),P0Wer-
t

line carrier, m icrow ave, Or fbre @Optlcs.

*The

transm itted

pilot relay system s can

signal is used and by the

be categorized

fault detector

by the

principle:

m anner 11I w hich the

@ The transm itted signal m ay be used for blocking, unblocking, or transfer trip

operations. ln a blocking system , the

function of local relays that are norm ally

transm itted signal

a breaker.

blocks the tripping

set to trip In a trans# r fr*
system ,

*

a signal @IS sent by

the

relays

other

at One end of the line to either Cause Or

perm lt

com bination

the breakers at end to trip. M unblocking system @IS a

of the above tw O system s.In this system ,the tripping function of

the local relays

unblocks

is norm ally

them

blocked; the signal
@

IS

transm itted from the renAote

ternAinal w hen tripping required. ln the event that the

com m unication channel is lost for

thus protecting against a fault

any reason, local relays are perm itted to trip,

that m ay occur during this period.

# The detection of the faultlocation 'e(1. .,
*

internal Or external to the protected

line)
com parison

m ay be based On either the dlrectional com parison Or the phase

principle, depending on the type of sensing relay used.

In a schem e using the directional comp arison principle, distance relays and

directional relays are used ttldetect internal and external faults.

111 a schem e

w hether the

usipg the p hdse

fault is internal or

relative phase displacenAent

comparison principle, the fault location (i.e.,
external) is detected by com parison of the

of currents entering and leaving the protected line.

Several different pilot-relaying

e w ill describe

schenaes using a com bination of the above

categories

sim plicity

are possible.W here tw o such com m only used schenaes.For

W C Ahrill consider only tw O term inal lines*

Perm issive overreaching schem e..

Figure 13.30 illustrates the principle of operation of this schem e.

Zz- , , -

Z j-

Station A  v ------ ------ Z 1 Station B

' - Zz
I

F igure 13.30 Perm issive overreaching relay
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E ach term inal station of the line has the follow ing relays:

* U nderreaching

about

Zone phase and ground directional distance relays

of these
coverint

80% of the im pedance

of local

of the protected

These

line. O peration rela
ys

results

n O

in tripping

com m unication

breakers. relays Operate instantaneously ss?itl
l

required from  the renlote end.

@ O verreaching

about

Zone 2 phase and ground directional distance relays covering

120% of the im pedance of the protected line.

O peration of these relays

a perm issive trip signal is received

also results in the local breakers

results *111 a perm issive signal being sent to the

rem ote end.Provided from  the renlote end
,

a Zone 2

transfer

operation

trip signal being

being tripped and a

sent to the renlote end.

If the apparent im pedance rem ains inside the zone 2 relay characteristic for a

fxed tim e (typically 0.4 seconds), local breakers will be tripped without
receiving a perm issive trip signal. In this case no transfer trip signal is sent

.

T ypical

13.31.

Zone 1 and Zone 2 relay characteristics at each station arC show n *111 Figure

1

apparent

characteristics, then

If the im pedance

breakers

naeasured by the

at that station are

relays

tripped '

at a station @IS A'/itllirl Zone

lnstantaneously.

X  station B

/
/

A

X z one 2
L

Z one 1

R
,
f

Station A

F igure 13.31 R elay characteristic at station A

lf the apparent im pedances

2 characteristics, then breakers

m easured by the relays at both ends

at both ends open at high speed.

are w ithin zone

If the apparent inapedance is w ithin zone 2 characteristics of the relays at only

One station, the breakers at that station are tripped w ith a tim e delay of 0.4 seconds,

provided the inapedance rem ains Alritllirl Zone 2 for 0.4 sçconds.

To illustrate how this schem e Operates, consider the faults F1,F2,and F3aS

show n @111 Figure 13.32.
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Z z- , , -
Z 1-

F 1 Fc F a

A  B  C
. - z ,- I

. - zc. . . . O

F igure 13.32 Fault locations F1,F2 and Fa

For the fault at F 1w ithin the Zone 1 characteristics of the relays at both ends,

hreakers

Syitllilz

zone 1) of the relay at A, breakers at B trip instantaneously; the zone 2
ends are picked up and they send a perm issive signal to each other. The

delay.at the are tripped w ithout intentional tim e

characteristic of the relay at B and zone 2

tw o ends For the fault at F2

ZOnC 1 characteristic (butoutside
relays at both

ZOnC 2 relay

20at A ,uPOn

the
receiving perm issive signalfrom B (channeltim e nOtrnore than m s),

trips breakers at 2%.

For thefaultat F3(outside of the line section),the zone 2 relay at A is picked
uP.
erm issiveP

A s the ZOnC

signal

clearedfault is not

2 relay at B not up, no tripping occurs at B and no

is sent to A . The zone 2 relay at A  trips the breakers only if the

by the protective relays of line section B C w ithin 0.4 seconds.

*

IS picked

D irectional comp arison schem e:

The principle of operation of a directional com parison schem e w ith a blocking-

type pilot

faults

is illustrated in Figure 13.33.The pilot channel is used to block tripping for

external to the protected

station

line.

E ach term inal of the line has three sets of relays:

@ U nderreaching

about

Zone phase and ground directional distance relays

instantaneously

covering

80% of the im pedance of the line.These relays Operate

to trip the local breakers.

@ O verreaching

beyond the

This ensures

Zone 2 phase and ground directional distance relays

line im pedance.

relays trip local

coordinator tim er),

reachset to

renlote ternlinal SO as to COVer about 120% of the

that a1l internal faults arC detected. These

breakers aftera delay of about25 m S(pickup
the renzote

tim e of the

if no blocking

breakers

signal

if

is received from term inal.Z one 2 relays trip

local the fault is nOt cleared @1l1 about 0.4 S, irrespective of any

blocking signal received from the renAote end.

Zone 3 rpvprSe blocking

line.

directional distance relays set ill Jtdirection

to the protected They detect external faults and send a blocking

opposite

signal to

the renAote end to prevent tripping.
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ZJ >
- Zj Z( -'> X  ------+

F4 F 1 Fa F3

Station A  Station B station C

Z // - Z ///1 1
+ - , , , , , - 7 23

0 2
7 //!
* 2

Z /!/3

(a)Protective
line A B ,

zones of relays

and at station C protecting

stations Aat and B ,protecting

line B C

X

Station A

X

J'

('

R

Station B Za''

(b) Itelay characteristics at station B,
protecting line from B to yt

F igure 13.33 D irectional com parison relaying schem e

L et US exam ine the operation

in Figure

at both

F3

13.33,

and

of this schem e for four different fault locations

F 1, F2,

Figure

tsA?tl

F4 identif ed

Zone 1 relays
13.33(a). For a fault at location F1 identitied

stations A  and B operate and trip breakers at

ill

the

ends Alritll no delay.

For a fault at F the2, Zone 1 relayj

station

(Z(')atstation B trip the localbreakers
instantaneously;

from  the zone

the Zone 2 relays at A , having received

at A  after a short tim e delay

signalnO blocking

relays (Zj') at station B, trip the breakers
of about 25 m s associated w ith the coordinating tim er. This tim e delay is the w aiting

iod in case a blocking signal is sent from the other end. The zone 2 relays (ZJ'')per
t station C also detect the fault at F2, but are prevented from  tripping at high speeda

by the blocking signal received from the reverse sensing zone 3 relays (ZJ'') at station

3
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9.H ow ever,
station

a local tim ed trip results,

the

if the fault is nOt cleared and the ZOnC 2 relay

at C continues to detect fault after about 0.4 S.

Fora faultatF3,the Zone 2 relays (ZJ)atstation A detectthe faultbutare
ventedgrC

*

from tripping by the blocking signal received from the zone 3 relays (Zj'4
B. Sim ilarly, a fault at F4 is detected by the zone 2 relays (ZJ') at station B,atstatlpn

#gt*ISblocked by signals from the ZOnC 3 relays (ZJ)atA .

13.5.2 Fault-c learing Tim es

The rem oval of a faulted elem ent requires

the

a protective retay system to detect

tàat

isolate

a fault has occurred and to initiate opening of circuit breakers w hich Arrill

the faulted elem ent from  the system .The total fault-clearing tim e @1S,therefore,

made UP
the

of the relay tim e

from
circuit breaker.

illitilttit)ll of the

breaker-interrupting

short-circuit current to the

and tim e. The relay tim e @IS the tim e

illitiéttit)lz of the tfip

of the

signal to the

The interrupting tim e @IS the tim e from  the illitifttit)ll trip

and extra-

signal

ta the interruption

àigh

39

of the current through the breaker.

voltage (EHV)transm ission system s,the
On high voltage (HV)

norm al relay tim es range from 15 to

mS(1
cycles).

2to cycles) and circuit-breaker interrupting tim esrapge from 30 to 70 m S
(2 to 4

L ocal breaker failure backup protection is usually provided on each breaker on

critical

Statitlll,

high-voltage transm ission

infeed to a fault through

trip

sy stem s.

the

lf a breaker fails

stuck (failed) breaker

operate at a

w ill be interrupted

to local

by

Sending

end breakers.
signalsttladjacentZone breakers and transferring trip signalsttlrenlote

An exam ple of a normally cleared faultisgiven @111Figure 13.34.BttsA has
z-cycle

frequency is 60 H z and the com m unication

air-blast breakers, and bus B has 3-cycle oi1 breakers. The system  nom inal

m edium  is m icrow ave. A  fault w ithin zone

1 characteristic of the relay at bus A and Ahritllilz Zone 2

càaracteristic of the relay at bus B is considered. W ith the
(but outside zone 1)
typical relaying tim es

Sàow n *11l Figure 13.34,the fault @IS cleared from bus A *111 64 D S and from bus B @11l

104 m S.

An example of a stuck breaker faultcleared
Figure

Svitllill

13.35.A  fault on line B C w ithin zone 1

backup protection is given in

characteristic of the relay at bus B and

by

Zone 2 (butoutside Zone 1)characteristic of the relay at busC @ISconsidered.
Breaker 4 at bus B fails to operate,and the fault is cleared from bus B by sending trip

signals

backup).
to breaker3 at bus B (localhackup)and to breakers 1and 2 at bus A (rem ote
sà?itlz the typical

13.35, the fault is

X in 180 m s.

cleared

breaker-interrupting and relaying tim es show n in Figure

from  bus C in 104 m s, from  bus B in 157 m s, and from  bus

W e See from  this exam ple that the effect of a breaker-failure is not only

adjacenttodelay fault-clearing,but to isolate from the system additionalelem ents to
tàe faulted elem ent

.
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B us A B us B

z-cycle

breakersto)v--V )-.#3-cyclebreakers
Local(bus A) Rem ote (bus

3
B)

breakers 1 and 2 breakers and 4

Prim ary relay tim e

(fault detection)
Auxiliary relayts)
C om m unication

25 m S 25 m S

tim e 3 m S 9 m S

tim e 17 m S(m icrowave)
3B reaker trip

B reaker-clearing

m odule 3 m S m S

tim e 33 m S(2 cycles) 50 m S(3 cycles)

T otal tim e 64 m s 104 m S

Fault cleared from bus A  in 64 m S

Fault cleared from  bus B *111 104 m S

N otes: (i) ForPurposes
3-cycle

of illustration, z-cycle breakers have been assunaed atA

and breakers at B  .

(ii) Com m unication tim e depends on channel m edium used. W ith power line
carrier the tim e m ay be longer.

F igure 13.34 Typical fault-clearing tim es for a norm ally cleared fault
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B us A B us B

(()3
C US C

.  

s r s yp 
/4 stuck breaker 96YFZZS

(()5 (()7
=

Breaker

Breakers

Breakers

4 assum ed to be stuck

1,

6

2,

and
3,4, and 5 assum ed to be z-cycle air-blastbreakers (33 m s)
7 assum ed to be 3-cycle oi1breakers (50 m s)

L ocal breaker R em ofe breakers L ocal backup R em ote backup

15 6 and 7 breaker 3 breakers and 2

Prim ary

(at bus

relay tim e 25 m S 25 .m S 25 m S 25 m S

B)

Auxiliary

tillx e

relayts) 3 m S 9 m s 6 m S 12 m S

com m unication

channel

17 m S 17 m S

tim e
<

Breaker failure 90 m S 90 m s

tim er setting

Breaker-tripping

m odule

3 m S 3 m s 3 m S 3 m S

tim e

Breaker tim e 33 m S(2 cyc.) 50 m s(3 cyc.) 33 m S 33 m S

Total tim e 64 m S 104 m s 157 m s 180 m s

Fault cleared

Fault cleared

from bus C @111 104 m s

from bus B *111 157 m s

Fault cleared from bus A 111 l80 m S

Notes: (i) Breaker failure tim er setting has been assum ed to be 90 m S for the z-cycle
breaker 4.This could Vary

*

from One application to another.For a 3-cycle oil

breaker, a typical value IS 150 m s.

(ii) Com m unication channeltim e dependsOn channelm edium used.

F ieure 13.35 Tvoical fault-clearine tim es for a stuck breaker fault
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13 .5 .3 Relaying Q uantities durin9 S w ingS

The

m echanical

perform ance

oscillations)
tw o-m achine

of protective

and out-of-step

relaying schem es

conditions m ay be

during sw ings

illustrated by
tetectro-

considextnt
the sim ple

represented

and

by voltages

system  of Figure 13.36. T he

of constant m agnitudes behind their

naachines arC assum ed
* to%%

transient lm pedances

considering tht

C (terminal of

tZxZ
s).The effectof swings On relaying quantities @IS analyzed by

busvoltage,

m achine

current,

?t).

and apparent inapedance nAeasured by a relay at

L ine
G çn-A  G en-B

C D

(a)Schem atic diagrana

EAS

ZA B

A  B

1 - -

E
Z v = Za +Zz +Zs

=  =

Zz D Z

'K'p

C

(b)Equivalentcircuit

F igure 13.36 T w o-m achine system

EA and EB are voltages

the

behind the transient im pedances of the tw O m achines.

E B *IS assum ed to be reference phasor, and represents the Angle by w hich

leads E B.

The current 1 is given by

f
Q zô -EaZp (13

.82)
Z w

The voltage y'a't bus C *IS

EC E - Z Id d (13.33)

The apparent inapedance naeasured by an inapedance relay at C protecting line CD #IS

given by
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Z c
E C E  - Z  fd #

I I (13
.84)

fxzô
- zx + z w

fxzô -f szo

If EA=E =1.0B Pu,

Z v
Z c - 7 +UA 

j g - g1Z0 -

1Z0 + 1Z-ô
- Z +Z

(1Z0 - 1Z-ô)(1Z0 + 1Z-ô)d F

-
Z +Z# F1+ cosô S sinô (13

.85)U
sinô

1 l+co>ô
- Zx + Zw - -j2 2

sinô

Z Z ôH  
-  z  - z' - Fcot-

d ' 2 22

D uring

of ô

a sw ing, the angle

an R -

: changes.

w hen

Figure 17.37 show s the locusof Zc as a function
On X  diagram , EA =E e.

X

B-
X)x
N N

Z  N NB N N
N N
N N

N NL ocus of Zc o  N Nx
N N

N NZg NN Nx

N N

8 = 1800 X NxN N
' l centre ks

s 

X
x
x  

Zc w hen 8=900E lectrlca
N N

C 90O -- x' A
- o  N

x- 60 ---Z  
.,

-
A  . - - -

T -M ---**Za -x- 
- - - - - - -  

V-Z w hen 8 =600A . . - -  
wA  

-

A  - -
A  -  -  -

05--A

N ote: O rigin is assum ed to be at C , w here the relay is located.

F igure 13.37 L ocus of Zc as a function of ô,AAritll 1îA =E B
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W hen the voltage

w hichbe a straight line

betw een A and B , *1.e.,

is the perpendicular

of the im pedance Zr.

m agnitudes E and E!
blsector

are equal,the locus of Zc is

of the total

T he angle form ed

system

by lines from

Seon to

inlpedance

A and
B to any on the is equal to the correspondiné angle :.

W hen ô =0, the current 1 is zero and Zc is insnite. W hen 8 =1800, the voltage

at the electrical centre (m iddle of total system  impedance) is zero. Therefore, the
relay at C in effect w ill see a three-phase fault at the electrical centre. The electrical

centre and im pedance centre coincide in this case.

point locus

lf E A

extensions

@

IS not equa1 to E theBn apparent inapedance loci are circles Alritll their

centres on A B . fk>f s, the electrical centre

w ill be above the im pedance centre; w hen E A<E a, the electrical centre w ill be below

the im pedance centre. Figure 13.38 illustrates the shape of the apparent im pedance

loci for three different values of the ratio fa/f s.

of the im pedance line W hen

Zc

X

B
l

, Fa >jfs l - - - - system im pedance (Zv) line/ p-
7 l/

EA = j Ea 7 olocus 
,

,
' 

-
- - Electrical centre (6 = 1800)

; .8=900 .8=600
V

I f z <1 f s I %' ,' l
z l 8 =900 lC 

/
Z 

/ 
l

/ ' R
I

ô =900./ 8 =60$/l 
l

l /
l / o6=60

A
U

F igure 13.38 L oci of Zc w ith different values of E A/2î#

system

line.

generators

(high external '

For connected to the m ain s stemy through a w elk transm ission

lm pedance),the electricalcentre m ay appearon the transmission
O n the other hand, for the CaSC w here a generator

electrical

*

IS connected to the m ain

system through a strong transm ission system ,the centre Ahrillbe in the step-

UP transform er Or possibly
*

FCCOgnIZC

AAritllilz the generator

electrical

itself.

W e should that the centres are nOt fxed points since the

effective machine reactance (assunaed to be fixed atTJ @111 Our analysis) and the
m agnitudes of internal voltages Vary during dynam ic conditions.

The voltage
*

at the electrical centre drops to ZCCO aS incrçases to 1800 M d

then increases 111 m agnitude RS 8 increases further lllltil it reaches 3600. W hen 5

reaches 18005the generator

started,

Ahrill

w here the sw ing One

have slipp ed

slip cycle w ill

a p ole;w hen : reaches the initial value

have been com pleted.
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A fter a system disturbance, the rates of change

changes

of the angle, voltage, and

current afC quite variable. A t frst the rotor angle quickly, slow ing dow n aS

tlltl
ith sm aller changesW

peak angle is reached for a stable Case;

is reached.

then the angle decreases and oscillates

tllltil eqlzilillritlrll

increases gradually tllztil it reaches 18005

this

w hen

If the system  is

a pole is slipped.

unstable,

U nless

the angle

the
*

IS

uccesslon. voltages and apparent im pedances at polnts centreS

oscillate rapidly during pole slipping.

A ctual loci of apparent im pedances m easured by distance relays are m ore

com plex than for the idealized case w e have considered; they depend on variations

in internal m achine voltages, voltage regulator and speed governor actions, and

interactions betw een all the m achines in the system  as iniuenced by the

interconnecting netw ork. Such loci can be readily determ ined for any given situation

by using a transient stability program . H ow ever, analysis of idealized cases involving

sim ple-system  cons gurations is helpful in understanding the results obtained w ith

com plex sim ulations.

system

in rapidseparated
@

by protective system s, @IS follow ed by repeated

*The

slips

near the electrical

pole

Generalized im p edance diagram

The concept of using the inapedance diagranAs for the analysis of distance relay

perform ance was C.R. M ason J.H . N eher (25,261. They
considered the ttsw ing line'' on the R -X  diagram  for the case EA =E a and analyzed the

perform ance of different relays by plotting their characteristics on the sam e R -X

diagram . This w as indeed a pioneering step in understanding the perform ance of

protective system s during pow er sw ings.

This concept w as subsequently extended by other w orkers such as E dith C larke

(271 by developing im pedance loci for various values of the ratio EAIEa. They showed
that the im pedance locus w as a circle for each value of the ratio EAIEa, centred on the

system impedance line with radii and offset betermined by the values of the voltage
ratio as show n in Figure 13.39. The specific case of EA/E a =1 is the lim iting case w ith

insnite radius and offset.

irlitiltll)? developed by and

ln reference

representing

betw een

27, E dith C larke also developed another fam ily ofapparent im pedance loci for constant angular separation (6). lf theCUFVCS
angle

EA and E a is held constant w hile the voltage-m agnitude ratio is varied, the

apparent im pedance w ill trace a portion of a circle w hich passes through A  and B , and

whose centre lies on the gerpendicular bisector of the system-impedance line. These
characteristics are show n ln Figure 13.40. L ine A B is seen to be a portion of the circle

(with infnite radius) which represents 00 and 1800 angular separation. It also
separates the right and left portions of each constant-ô circle into tw o characteristics

such separation angle for the parts differs by 1800. For exam ple, the 90O

circle on the right becom es the 2700 circle on the left.

The tw o fam ilies of characteristics show n in Figures 13.39 and 13.40 can be

com bined to form  the generalized per-unit im pedance diagram  (24,271. These
characteristics are helpful in visualizing and analyzing how  the apparent im pedance

varies in the general case w hen both the angular separation and the ratio of source

voltages

that the

are varied.
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E A
= 4.0

f sB

2.0

l .33

1.0

0.75

A
0.5

E
- - d  .0

.25
f s

F igure 13.39 lnapedance loci for constant voltage ratio

t,

.:

ô=300O

X 6no.
A  W

YN G B% > ù
1  pi  Q T

4  r T

O

8--600

O

P

F igure 13.40 L oci of apparent inapedance for constant angular separation
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13 .5 .4 Evaluation of D istance Relay Perform ance during S w ings

lt *IS clear from the loci of apparent

distance

im pedance derived *111 Section 13.5.3 that

the im pedance

could be w ifhin

unstable

nAeasured by

characteristics.

relaya during

relay

electrom echanical oscillations

the relay The should, how ever, trip only for

conditions.

The

Jeterm ined

perform ance

by calculating

of the relays during

naeasured

POW CC conditions Can be

the im pedances

and

by the relays during the step-by-

step

relays.

stability sim ulations com paring this AAritllthe operating characteristics of the

For line pq of Figure 13.41,the apparent inapedance nAeasured by a relay atP
@

IS given by

Ep

I

E
ZP #

(/ - # )ypq p 
qP q

For evaluating the perforp ance of

is plotted on the

distance relays, the locus of apparent

im pedance so com puted

çharaçteristics as show n in Figure

R -X diagrana along w ith the relay

13.42.

E  y E# Pq q

IPq

F igure 13.41

X

Zz

Z 1

Z#

RP

F igure 13.42

The perform ance
* @*

uslng

opposite

com m unlcatlon

of protective relaying, using a tim ed second

betw een line term inals, does not depend on

Zone an4 nOt
relaying at $he

en4 of the * @clrcult. Tripping occurs if the im pedance locus at either end
characteristic sufû ciently long to allow  tim ed operationrem ains in the second-zone

Or if the srst-zone characteristic *IS entered.

Perform ance of schenaes using pilot relaying Arrill depend On im pedances

naeasured at both ends.
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13 .5 .5 Prevention of T ripping during T ransient C onditions

R equirem ents
@

for prevention of tripping during sw ing conditions generally fall

into tAA?tl categorles:

(a) Prevention of tripping during stable swings while allowing tripping for
unstable transients.

(b) Prevention of tripping during unstable transients and forcing ofseparation at
another point.

Prevention of tripping during stable transients

The ûç jy 5,m o relays have sm aller tripping characteristics than

reactance relays

tripping

set to reach the sam e distance. They m ay stillCover

im pedance

too w ide a
and

range
toto avoid of long

perm itted,

less

the m ho relay

during sw ings. lf sw ings up

characteristic is satisfactory for lines

lines to 1200 are be

w hose im pedance is

than about half the total im pedance of the tAA?tl generators.

T he

ûûojym '' unjts

angular range covered by the m ho relay m ay be reduced by the use of tw o

having linear characteristics as show n in Figure 13.43. The ohm  units are

sim ilar to reactance units except

These

that they

angles

respond ttl im pedances

raakeand -300 instead of +900. are chosen to the

at angles of

characteristics

+1600

of the

ohna units parallel to the boundaries of fault area.

The m ho unit controls the reach,and the ohna units controlthe angular range

of tripping on sw ings. The ohm  units are referred to as tûblinders.'' lf the line flow  is

only in one direction, it is suffcient to use only one blinder (02). lnstead of using
blinders, relays w ith shaped characteristics such as the Etlens'-' characteristic show n in

Figure

line protection.

13.28 Or the çç 57peanut characteristic show n *111 Figure 13.44 m ay

solid-state

be used for

Such characteristics can be readily realized by using relays.

x  : z
* 4  zo O o 

g160 ohm  4
itto 1) 1 o% oun

- 30 ohm

unit (O a)

M ho unit (M )

4  q1  
o

R

Fault area

T
T
T

0 1

0 2 T fipping can occur

only for im pedance

betw een 0 1 and O 2,

and w ithin M

M

T rip coil

F igure 13.43 R eduction of m ho relay angular range
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X

Peanut characteristic

R

F igure 13.44

Out-of-step blocking and tripping relays

ln SODAC CaSCSN

and

it m ay be desirable ttlprevent
*

tripping of lines at the natural

separation

better

point choose the separation

(b)
polntSO that(a)load and generation

the

are

balanced on both sides,Or a criticalload *ISprotected,Or(c) separation
*

IS at a corporate boundary.

instances,ln certain it m ay be desirable ttl trip faster 111 order to prevent

tripping,

the

voltage

used

from declining tOO far. O ut-of-step relaying, either blocking Or *IS

for this PurPOSe.

Principle of out-of-step relaying..

The m ovem ent of the apparent im pedance under out-of-step

Therefore,

having

com pared

condition

conditions *IS slow

to its m ovem ent w hen a line fault OCCUFS. a transient sw ing

Can be detected by

as show n

using tAh?tl relays vertical Or circular

characteristics on an R -X plane in Figure

exceeds

13.45.If the tim e required to cross

the tAA,tl characteristics (OOS2, OOS1) a specifed value, the out-of-step
function @IS initiated.

ln an Out-of-step
used

tripp ing schem e, local breakers w ould be tripped. Such a

schem e could be to

@ Speed UP tripping to lilzzit voltage decline

* E nsure that a selected line is tripped instead of other circuits thatm ay be m ore

critical

The out-of-step

all

tripping relays should not operate

be

for stable sw ings.

conditions

They m ust

detect unstable sw ings and m ust set SO that norm al load arC nOt

picked uP.
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X

O O S2 O O S1 O O S1 O O S2

Z2

Z 1

R

X

O O S2

O O S1

Z2

Z I

R

(a)Vedicalcharacteristics (b) Cirzularcharacteristics

F igure 13.45 O ut-of-step relaying schem es

I11 an out-of-step blocking
tripping

schem e, Zone 2 and perhaps

and

Zone 1 relays
*

arC

prevented from  initiating

sent to open çircuits at a

preferable

of the line m onitored, transfer trip
@

slgnals are

renAote lbcation in order to cause system separatlon at a m ore

location.

The 0ut-of-step blocking relays m ust detect the condition before the line

protection

the

operates. To Cnsure that line relaying

that

@

IS nOt blocked for fault conditions
,

nOtsetting of the relays m ust be such norm al load conditions are illthe

blocking area.

13 .5 .6 A utom atic Line Reclosing

The 'orjtym aJ (60 to 80% )of transm ission line faultsarp of a transitory
to high transient

nature.

A n exam ple of such a fault @IS an insulator i ashover due voltages

induced by

and

lightning.A fter the de-energizçd source

de-ionize, the line m ay be reconnected. Therefore,

the circuit breakers autom atiçally to im prove service

line *IS long enough for thç fault
to PaSS the fault arC to

Com m on practice is ttl reclose

continuity.

R eclosing m ay be

attempts) with fim e delay

either single-shot

each
(one attem pt) Or m ultishot (several

betw een attem pt.If the fault persists after tw o or three

attem pts,

it is indicative

the operator m ay attem pt to reclose

of a perm anent

reclose

fault and the

m anually after

line is taken out

SonAe delay.lf this fails,

of service for repair.The

first attem pt to m ay be either

H igh-sp eed reclosure refers

high-speed or w ith tim e delay.

to the closing of circuit breakers after a tim e J'ust

long

than

enough

1

to perm it fault-arc derionization. The reclosure

of high-speed

can be com pleted in less

second. The follow ihg are the benefts reclosure'.

@ R eduction of the likelihood of system diffculties resulting from

lightning, w ind, or icing,

level of seçurity.

several

outages in rapid succession, usually causçd by severe

by speeding up restoration of the system  to the prior
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@ M inim ization of the effect of line Outage on critical load areas and restoration

of norm al voltages.

H ow ever, high-speed

fault

reclosure m ay
@

not be acceptable @1l1 a1l CaSeS. R eclosure into a

erm anentP

that all circuit
m ay

faults

Cause system lnstability. slany utilities operate On the prem ise

are perm anent and therefore the system m ust successfully

w ithstand

contribute

reclosing into a fault.

to increased i exibility

addition,

increase

ln

ln such CaSCS, high-speed reclosure does not

of system operation.

lines

units m ay

high-speed

shaft fatigue.

reclosure of close to steam turbine generating

This *IS discussed further in C hapter 15.

ln viesv of the above considerations, tim ed and sup ervised reclosure @IS often

used On the bulk transm ission system . T his ensures that

satiss ed

general

and a preferred Sequence of reclosing of circuit

specil c conditions are

breakers is follow ed. The

procedure @IS aS follow s:

@ Potential *IS applied by closing

seconds.

One pre-selected breaker at One term inal after

a tim e delay of 5 to 10

* A t term inals w here out-of-synchronism conditionspoints @111 the system with few lines),are a signifcant probability
the other circuit breakers(e.g., at

associated w ith the line are autom atically

acceptable

closed after the line has successfully

breakersrem ained on potential w ith angles

of at
RCrOSSOPCn (nAeasured

by synchrocheck relays)fora period least 1 second.

W here the

tçrnxinals

closing

successfully

probability

is m inim al,

of an out-of-synchronism condition existing

back

betw een

the circuit

a11 rem aining

rem ained

breakers

autom atically

associated w ith

@

IS placed

the

0n load by

hascircuit after it

On potential for about 0.5 seconds.

13 .5 .7 G enerator O ut-of-step Protection

For situations w here the electrical centre is out in the transm ission system ,the

detection of an out-of-step

protection.
condition and the isolation of unstable generatorts) are

accom plished by line

H ow ever, for

transform er,

w hen

step-up

situations w here the electrical centre is w ithin the

a specialrelay m ust be provided at the generator.
@

1I1

generator or

Such a situation

OCCUrS a generator pulls out of synchronism a system An?itll strong

transm ission.A low excitation levelon thegenerator(fa<fs) also tends to contribute
to such a condition.

Eg ectof generators operating out-of-step condition

D uring an out-of-step condition, there

and voltages of the affected m achine Ah?itllthe

are cyclic variations in currents

frequency being a function of the rate

large



924 T ransient Stability C hap
. 13

of slip of its poles. The high am plitude currents and

could result in w inding stresses and pulsating torques

dam aging m echanical vibrations. There is also a risk of

affected

off-nom inal

that

frequency

can excite
operation

potentially
*losing the auxiliarles ofttw

unit aS w ell RS the auxiliaries of nearby

effects

stable *unlts.

In order to avoid these adverse On the unit and the rest of the system

,it *IS desirable to have an out-of-Step

of

relay that Nprill trip the *unlt;the

be restricted to disconnection the m achine from the system

generator

resynchronization

breaker,rather than ilzitifttill!j a com plete shutdow n of the

tripping should

by tripping the

unit. This allow s

of the generator aS SOOn aS conditions stabilize.

Relays for out-of-step tripping of generators

The basic schem es available are sim ilar to those used to detect out-of-Step

conditions On the transm ission system .

regard

There are,how ever, nO industry standards Of

com m only

28 provides

possible

used practices

results

Ahéitlz to generator
* @

out-of-step

the of a Survey o f lztillt)r practlces and a

protection.

description

R eference

of different

schem es. W e Arrill discuss tw o of the schenAes here.

(a) M ho elem entscheme..

T he princi

m onitors

ple On w hich this schem e *IS based *IS illustrated @1lI Figure 13.46.A

m ho relay the apparent im pedance (looking into the
transform er and is set to reach into the

network)
local

at the H T

terrninal(11)of the unit generator.
The relay AApill im m ediately trip

offset

the generator w hen the apparent im pedance

naeasured atthe HT bus enters the m ho characteristic. The setting objective
unstable(achieved

sw ings.

relay

naachine

T ypically, the

characteristic is

by choosing the size of the circle)
point

*

IS to Jt11()A,; tripping only for

angle

set

8c

about

theat w here the sw ing sim pedance enters the

to 12005 the m axim um angular separation of the

system

lf the relay circle is too

sw ings. lf the relay circle is

from the w hich m ay OCCUr w ithout loss

large,the protection m ay

of synchronism .

trip the generator for stable

too (8c large), the schem e m ay not trip the
generator for unstable sw ings. In addition, if ôc is too large the tripping can occur

when the angular separation approaches 1800; this should be avoided since it subjects
the

sm all

circuit breaker to the m axim um recovery voltage during interruption.

of false tripping for a loss-of-potentialT o m inim ize the probability condition,

an overcurrent fault detector @IS som etim es used to supervise the m ho characteristic.

(b) Blinder scheme..
J

This schem e consists of tw o inapedance elem ents, referred to aS blinders,and

a supervisory

Figure

relay w ith an offset m ho characteristic. The characterlstics arC shown
@

111 13.47.

There are Dnany possible W ays of

generator @IS tripped w hen the apparent

applying blinders.

im pedance locus

ln One schem e, the
@

IS AA/itllill the m ho
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L H  s jne
lnGniteA

bus

ZJ##

Xj L H BA

X vR Zs

=

(a)System schem atic (b)System equivalentcircuit

X B

ï
N
N

hZ  ïS 
:
N
N
N
ï

N R
N
N

ïX  .TR
'- -

% -

-  &- w x  
x x

m m
x m

m x
x x

y 

(a y8 
.- x x x

m x
x  g

- -
-  

- -
- -

- -
- -
sw 1'ng locusV 
-  >

/ - - .

/
Z

/ /X  zd 
z

/
Z

/
Z

/
Z

Z

Z

A

(c)Relay characteristic and sw ing locusas nleasured at the tfv bus

F igure 13.46 G enerator out-of-step protection

using an m ho elem ent schem e

characteristic and CCOSSCS both blindérs,the tim e for crossing being @1C1CXCCSS of a set

value (typically 0.15 s).
offers m ore selectivity than the sim ple m ho elem ent schem e. It is

also easy to set the schem e so that circuit breaker operation is effected at a favourable

sw ing angle. In view  of the tim e delay involved in detectiùg the out-of-step condition,

it is easy to coordinate w ith the transm ission line protection; this perm its the reach to

extend

The schem e

into the system beyond the HT bus (H)of the step-up transform er,RSdepicted
ill Figure 13.47.

ln Figure 13.47,the relay @IS assum ed to be located at the H T bus of the step-
@

UP

w hich
transform er.ltm ay justaSconveniently be located at the generatorterm inals,111

CaSC the origin of the R -X  diagram shifts to point L .
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X B
!

ï
l
l

ï
l
l

1
ï

RH  ï
!

ïX  ï
TR  î
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.  j-
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,--- ------ kj Ij j
x x

x x

xxyx uu
u u

y

y  y
I - - -. -. 

. .
. .

. .
.  

. .
. . yw.

. .

j.u g jo ou ,//
/
/
/

! /X  z# 
/S - zUPCW ISOV  z

/
m ho elem ent ,'

/
/

/
/

A

B linder elem ent

F igure 13.47 G enerator out-of-step protection using a blinder schem e

E xam ple 13.6

For the follow ing unstable CaSC sim ulated 111 Exam ple

at the H T bus:

13.2, plot the apparent

im pedance naeasured by a distance relay located

Exciter on manualcontrol(constant Eyp;faultduratiön equalttl0.1S.

ldentify

rèactance.

the location of the electrical centre and com pute the effective m achine

Solution

Figure

dom ain

E 13.22 show s the locus of apparent im pedance com puted during the tim e-

sim ulation.

From the apparent inapedance locus plot,We See thatthe electrical centre (C)lies
between the HT bus (H) and the '
C ,

lnsnitebus (B).
0.055

The reactance betw een points H  and

as m easured on the plot, *IS equalto Pu.Therefore,

A C B C

O r

X eg + 0.15 + 0.055 0.5 - 0.055
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Solving,W e get

X 0.5-0.15 -2x0.055

0.24 Pu

This *IS equalto the average of # '/=0.23d and X ''=0.25.

L

0.5 B

>
=

n 0.4
@

8

0.3 m /=j
.

: s E quivalent

/E lectrical 
,
zz (prefault)

0.2 centre zz
. /

Z
V

Z

V0
. l t = 1 

.7 1 s Ac ,
z  

-

- - -  f = 1.1 s (fault cleared)Z 
. - -

0 0 R  in Pu
' 

- 1 -0.5 H  0.5 1.0

X tr =0. 15
- 0.1

L
= x

- 0.2

X  X 'er
- 0.3

- 0.4 A

- 0.5

0.5
A  B

Xeg A , 11
E a

=  =

circuit

Figure E 13.22 A pparent im pedance locus K

13 .5 .8 Loss-of-Excitation Protection

synchronous m achine can be caused by a w ide variety

of abnorm al f eld circuit conditions. This m ay range from  a com plete short-circuit of

the seld w inding to an effectively open-circuited feld w inding.

W hçn a generator loses excitation, it operates as an induction generator,

running above synchronous speed. The excitation is now  supplied from  the pow er

system ; hence, the m achine draw s reactive pow er from  the system . This m ay cause

L oss of excitation of a

Severe system  tage

C ontinued operation

vo1 reductions.

of the m achine aS an induction generator m ay Cause

dam age due to stator and rotor heating. The stator current m ay be as high as 2 to 3

tim es rated, depending on slip. The induced slip frequency rotor currents m ay cause
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rotor overheating @111 steam -turbine generators.
@

The tim e to reach dante<oqs
overheating *IS on the order of several

L oss of

PoW er

loss

system

generator

to w hich the

excitation

m lnutes, depending on the slip.

m ay cause w idespread voltage reduction ift*t

generator @IS colm ected *IS w eak.This m ayyin turn
, CAU SC

of load and loss of synchronism  of other generators in the system . To prevent
- excitation relaying should be provided to trip the m ain andthis,

û eld

quick-acting

breakers

loss-of

of the faulty

The older loss-of

generator.
- excitation protection consisted of undercurrent relays

connected in the f eld @ @clrcult.Such relaying could not distinguish betw een purposely

*reduced excitation light load

equlpm ent w idely

during
*

conditions and accidental loss of excitatlon
.

relay

directional-distance

The used nOW for loss-of-excitation protection *IS a

relay connected to the generator term inals. lt @IS based On the

principles developed by C .R .

for this relay, w e need to ûrst

M ason in reference 29.ln order to understand the basis
*

understand the loss-of-excitation characteristlcs of the

generator.

Loss-of-excitation (LOE) characteristics (23,24,291

initial
response

loading condition.

Figure

The of the m achine follow ing the loss of excitation depends on the

13.48 show s the general

generator

shapes of the paths traced

inapedance

circuited

aS nAeasured at the term inal w hen the.f eld

by the

circuit
apparent
is short-

for three different illitiftl

loci have been lottedP
* @ @

On an R -

E ach characterlstlc IS term inated

pow er
X  diagram

just before

Output conditions. T he apparent
* @

im pedance

On a Per unit m achlne lm pedance base.

the rotor angle is 1800.B eyond this

point,the inapedance changes beconae erratic due to pole slipping.

L,

X  (pu)

1.0 (()3(()2

0.5 (4)1
0.5 1.5 2.5

R2
.0 3.0 4.0

- 0.

-  l . 0 Q1 1
(()2 5

-

1.5 (()3 3
- 2.0

(pu)

00% initial Output

091 initi alOutput

091 initialoutput

F igure 13.48 Typical L O E characteristics
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W hen excitation is lost,the f eld tlux linkage and the effective internalvoltage

raduallyg

radual
*

In
gux decays. R eferring to the tw o-m achine equivalent circuit of Figure 13.36, w hat w e

have is a situation w here the internal voltage EA is decreasing and the rotor angle ô

is increasing. The loss-of-excitation characteristic is, therefore, som e com bination of

the tw o fam ilies of curves show n in Figures 13.39 and 13.40. The actual path traced

decrease

reduction

addltion, the

depending on the û eld circuit tim e

in active pow er output, accom panied by

m achine absorbs increasing am ounts of

constant. This results *1f1 a

an increase in rotor angle.

reactive PoW er aS the f eld

gepends on the relative rates

initial generator output, transm ission

overall

of variation *111 E andW ô,

f eld

w hich @1C1turn depend

con stant.

on the

strength, and circuit tim e The

effect On the apparent inap/dance at the m achine term inals @IS aS depicted *111

Figure 13.48.

sôlitll a high illitiftl Output, the rotor angle advances m ore rapidly and the

endpoint

slip

corresponding

show n in the f gure

also relatively high,

is reached nAore
@

IS and therefore the

quickly, typically w ithin about 10 s. The

im pedance locus term inates at a value

d-to the

O n the other
average
hand, w ith

endpoint

of subtransient and *Y-RXIS

the

reactances.

a l()A4,illitiftl

and the slip at the @IS sm all. The

output,

im pedance

rotor angle advances slow ly

locus term inates at a value

corresponding to the average of d- and *Y-RXIS

The locus of the endpoints

betw een

of the

synchronous reactances.

loss-of-excitation characteristic *IS show n @111

Figure 13.49. It ranges the subtransient reactances and the synchronous

reactan ces.

in identifying

endpoints as

A lthough these extrem e values are not actually

encom passing

reached, they are helpful

ofthe L O E relay characteristic. B y

Ahrill

the locus the

show n *111 Figure 13.49,the relay operate before the generator srst

starts to slip poles.

X

R
##  ' / 2

t ear y q a

# J L ocus of endpoints

of L O E characteristics

5

N early equal to X d

R elay characteristic

F igure 13.49 L O E relay and system characteristics



93O Transiént Stability Chap
. 13

Loss-of-excitation relays

The characteristics Uf an L O E relay proposed by M ason @111 reference 29 ù<C

show n in Figure 13.49.lt is an offset m ho relay.

the

The offset is equal to one-half of the
*

IStransient reactance of generator. The total reach of the relay equal to tht

synchronous reactance Lï1d.

of theThe offsetting

against

extrem e

im proper operation

relay

during

characteristic from the origin provides seled ivity

PoW er sw ings

the

Or out-of-step conditions. ln

Case of Zero external

sw ing

inapedance

locus w ith the system

im pedahce,

im pedahce
electrical centre (intersection ofthe

locus) is at the ceqtre of the generator
X 'd*

offset

Therefore, the L O E relay zharacteristic *IS offset

The m ho relay Ahritll the above characteristic has
by #J/2.

been w idely used and

has generally perform ed satisfactorily.
T o provide greater selectivity against false operation during underexcited

operation, stable transient sw ings, or syjtem  disturbances causing underfrequency

operatioh, the use of tw o offset m ho relays w ith characteristics as show n in Figure

13.50 is proposed by J.B erdy #111 reference 30.

31 a m ore discrim ihating relay developed at O ntario

H ydro in 1978. This relay can prevent unit trip for recoverable excitation failures and

trip the unit m ore rapidly for unrecoverable failures. The relay uses generator ûeld

and

R eference describes

ternainal voltages
@ *

aS inputs. lt Uperates On the general

l()AA,

principle that w hen the

terrninal voltage IS hlgh

1()A!;

the f eld voltage

voltage

should be and, conversely, w hen the

ternAinal voltage is the seld should be high. For a detected excitation

problem ,

A  lf this does not rectify the problem ,

show s a block diagram  of the relay. The relay also includes

protection as show n by the dashed blocks in the f gure.

the relay Arrill irlitiftll)J try to transfer voltage control to an àlternate

V W exciter. the retay trips the unit.Figure 13.51
selective overexcitation

C

AX

- R  +RX 'l2
d

)

Ilianxeter 1.0 pu;

instantaneous

Ilianleter Jf#,'

tim e delay of 0.5

- fç

#

to 3.0 S

F igure 13.50 L O E protection Arpitll tAséll m ho relays
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D C
voltage

feld

A C
generator
term inal
voltage

l q r n

' O vervoltage 1 1 . 1 y------x1
- - y j---j T lm er j----- j A N p  j-;I d t

ector l j j ;--1 
.
, 

,, e1 L J 
.- - - - - - - - -  j 

L- - -- -A jI

I I I

l I I

I l ll I
' U ndervoltage . 1 I R elay T  =.I T

lm er I . .detector 1 drlver lnstant trlp
I
l . .

I (ExcltatlonI
1 regulator
I

1 transfer)l
I

I 1 j
,
1 O vervoltage ,1 j

--K Y  :*****W**WWWW**O*T I I
I I detector Ijl 2

- . .- -- . -. .. . .- --I
I
I
I

I R elay T  .1
, U ndervoltage A N D  T im er . 

. .drlver T lm ed trlpdetector

(Generator
trip)

D ashed blocks show overexcitation protection.

Figure 13.51 A discrim inating loss-of-excitation relay (311

Exam ple 13.7

ln this exam ple, W e exam ine the reSPOnSe of the System of Exam ple 13.2 ttl loss of

generator excitation.

(a) If the seld of the equivalentgenerator representing the four units of the plant
resistance),
L O E

@

IS suddenly shoded (directly,slpitllZero external determ ine the
locus of apparent

term inals.

im pedance

A ssum e that the L O E relay has a cllaracteristic

naeasured by an relay located at the

generator

that

sim ilar to

show n 111 Figure 13.49. Show the corresponding
@

tim e rCSPOnSCS of

generator term inal voltage, active and reactlve pow er Outputs,and rotor angle.

(b) Ileternzine
generators

norm ally

the locus of apparent im pedance if the seld of only one of the four

in the plant is shorted (directly). The other generators operate
w ith excitation control.

A ssum e that in each of the above CaSCS the initial system operating condition is the

Sam e aS in Exam ple 13.2.

Solution

(a)
@

IS

The apparent
@ @

inapedance locus com puted by
*

using a transient stability

detail
Program

show n 1l1 Flgure
@

am od isseur circults,

Eya to zero

generator ls

and shod ing of the seld is sim ulated

E 13.23. The represented *111 including

by setting the feld voltage

at /= 1 .0 S.
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>
=

Q
@ e

8

f=0- 1.0 s0
.5 jt)(Prefau

/=3.40 s

X
.
Yx

x0.0

/=3.58 s
- 0.5

-  1.0

L O E relay

characteristic
- 1.5

- 2.0
- 2.0 - 1.5 -1.0 -0.5 0.0 0.5 l.0

1.0

B ase M V A  and kv  equal to

generator rated values

R illPu

F igure E 13.23 A pparent

w hen
per

feld w indings

unit Z  m easured by an LO E relay

of a11 four units are shoded

The tim e response plots of Et, P, Q and 8 are shown in Figure E13.24.
These plots are helpful in explaining the shape of the appàrent im pedance locus, if w e

note that

corresponding

E

It
ZJ## R +jX

w here

2E
t
P 2E

t QR

2+#
X

2+/ 2#Q l

From Figure E 13.23,

at

W e See that the apparent im pedance locus enters the LO E

characteristic /=3.4 S, @1.e., 2.4 S after the s eld is shod ed. A s W e See *111 Figure

E13.24(b),
cycle.

succession.

A s

this corresponds

the

to the tim e w hen the generator',has

generator continues to slip poles, P, Q, and

slipped one com plete

E t oscillate in rapid

(b)
generators

F igure E 13.25 show s the apparent im pedance

generators
*

locus w hen the Geld of one of the

is shod ed. The other three continue to Operate norm ally Apritll

A V R and P SS controlling their excitatlon.
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+
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0.0
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= 800
O
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e

O

19
a 400X

1 I2O0 ,Y  
1800 'I

I
l
I

l0
0 1 2 3 4

1000

Tim e in seconds Tim e in seconds

(a)Tim e reSPOnSe of term inalvoltage f, (b)Tim e reSPOnSe of rotor angle 8

Y
X 2000
.Q
<

t
Y 1000

'g 0
<

- 1000
0 1 2 3 4

3000

<
>
X 500
.f1

&

b 0
T

&

g -5::

- 1000
0 l 2 3 4

1000

Tim e in seconds Tim e in seconds

(c) Tim e CCSPOnSC of active POWCFP (d)Tim e CCSPOnSC of reactive POWCC

F igure E 13.24 T im e I'CSPOnSeS
*

of generator variables

follow lng shorting of seld w indings
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>
=

* -

8

/=0- 1.0 s0
.5 (prefault)

0.0

- 0.5 .5 50 s /=4.36/ 
.

- 1.0

- 1.5

- 2.0
- 2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

l.0

B ase M V A  and kv  equal to

generator rated values

S

R in Pu

F igure E 13.25 A pparent

the
per

seld w inding

unit Z m easured by an L O E relay w hen
*

ISof one of the geperators shoded K

13 .6 C A S E S T U D Y O F T RA N S IEN T S T A B ILIT Y

O F A LA R G E S Y S T EM

T his Case study
@

*

IS intended to dem onstrate analysis of a large practical

instability. The results show  how

the

system

the

for w hich a dlsturbance results in transient

unstable portion
@

of the

actions of protectlve

system

relaying. ln

@

IS isolated from  the rest of the system through
@ * #

the

addition, tAArtl possible m ethods of m alntalnlng

stability are illustrated.

The system

The area of interest for the system under study *IS show n @111 Figure 13.52.It

consists of an 8 unit 7,000 M W nuclear plant

and

connected to the rest of the system

through

system

consists

tAA?tl 500 kv double circuit lines three 230 kv double circuit lines*The

m odel,

of

w hich represents a portion of a large intercoùnected POW er system ,

* 2279 buses, 467 m achines, and 6581 branches

@ A 11 nAachines and associated controls m odeled e111 detail

* Loadsm odeled aSvoltage dependent(#=50% f+50% Z,:=100% 4
7
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The contingency

A double line-to-ground (LLG)fault occurson the 500 kv double-circuittiae
com prising 1 and 2 in Figure 13.52. The location of the fault is show n in the

fgure as junction X, which represents the location nearest the plant where the two
circuits share the sam e tow er. The sw itching sequence is as follow s:

circuits

Tim e (m s) Vvçnf

0 N o disturbance

100 Apply LLG faultat junction X On circuits 1 and 2

164 L ocal end clearing-.

O pen

O pen

breakers at bus 1 for circuit 1

breakers at bus 2 for circuit 2

T his OCCUCS 64 m S after the fault @IS
@

IS com puted aS the Sum of fault

applied, and

detection tim e

this tim e

auxiliary

(33
connected

m S

relay tim e (6
2 cycles).

m s),
A t this

and
(25

breaker-clearing
m s),
tim e

tim e, the fault rem ains

on the ends of circuits 1 and 2 at junction X.

187 R em ote end clearing'.

O pen

O pen

C lear

breakers at bus 4 for circuit 2

breakers at bus 3 for circuit 1

fault(the line @ISisolatesd)

This OCCUrS 87 m S after the fault @IS applied, and the tim e
@

IS calculated aSthe Sun; of faultdetection tim e (25 ms),
auxiliary

@

relay tim e (12 m s),com m unication tim e ( 1 7 ms;
m lcrowave),and breaker-clearing tim e (33 m S = 2 cycles)

5000 T erm inate sim ulation

S im ulation

The s-second sim ulation W aS conducted using

of 0.01

explicit num erical integration

(fourth orderR-K)and an integration
the

tim e step second.

Figure
*

13.53 show s absolute rotor angle

angle

plots
@

for j*unlt 6 3 and for a unit

located 111 the external system . A bsolute IS nAeasured relative to the

synchronously rotating reference fram e, and it is clear from  plots that

system  unit rem ains synchronized w hile the unit G 3 loses synchronism

m onotonically unstable. The responses

sim ilar to that of G 3. A s units G 1 to

the external

and becom es

of the other Seven units at the nuclear plant

system

is

G 8 beconae unstable, the rest of the
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O

O
=

Q
* - A

a

Q

Q

Q

>

3
K

m

<

l
/
/
/
/
/

/

200 ,'m U nit 6 3/
Z

V

Z

/150 zz
z

..
A

100

50 R em ote generator

0

- 50
0.0 0.5 1.0 1.5 2.0 2.5 3.0

250

T im e @111 seconds

F igure 13.53 Ttotor angle tim e reSPOnSe

beconAes generation def cient, and hence

drift slightly. In this regard, using

the absolute angles of a11 naachines *11l the

system

is often

relative angles rather than absolute angles

a better choice since it perm its One to easily
*

observe the relative m otion of

rotors betw een naachines. The L L G fault results 111 the loss of OnC 500 kv double-

circuit line, leaving

w eaker

the entire 7,000 M W plant connected to the system through a

(i.e., higher im pedance) path consisting of one double-circuit 500
kv  line and three 230 kv  double-circuit lines. The plant is unable to transfer full

output through this path, and the resulting accelerating pow er leads to instability.

signif cantly

How does the system Come apartJJ J resultof instability?

Figure 13.54 show s the characteristic for the out-of-step

The locus of the effective netw ork inapedance naeasured at

protection

the unit

on unit G 3.

terrninals *IS

superim posed on the circle.W e see that the

except

trip the units.

step

during the brief period w hen the

im pedance locus does not enter the circle

fault is on; therefore, the protection w ill not

The point of system separation is clearly beyond the reach of the out-of-

protection.
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Figure 13.55 and Figure

1

13.56 show the line protection perform ance for relays

on circuit 3 at buses and 7, respectively.The apparent lm pedances naeasured at each

end looking tow ard the opposite ends are show n on the plots. The relays are m ho

distance relays and have zone 1 coverage of about 75%  of line length ànd zone 2

overreach of about 125%  of line length. These plots show  that the apparent im pedance

enters the zone 2 relays

bus

at bus 1and enters the zone 1and zone1 relaysat bus7.The
Zone 1 relay at 7 w ould trip

w ould

circuit 3 at bus 7 and send a transfer trip signal to

the breakers at bus 1 w hich

true for the com panion 500 kv

then trip

circuit (#4)
the

circuit 3 at bus 1.T his logic
*

also holds

w hich w ould be tripped 11I an identical

m alm er. Following the loss of 500 kv circuits (at
overloaded

approxim ately 0. 8 s),
be

the

rem aining

through

system .

230 kv circuits w ould becom e extrem ely and w ould lost

protection actions, thereby com pletely isolating the unstable plant from the

FronA Figure
*

13.55, W e Can determ ine that the inapedance sw ing CTOSSeS the

circuit at a polnt about 84% of the line length from bus 1.This point represents
@

the

electticalcentre follow ing the disturbance and is theoretically w here

(although the entire circuit is tripped). Figure 13.57 shuws y plots
naeasured

Separatlon OCCUCS

at buses 1 and 7,and at the electrical centre. The voltage

of bus voltage

at the electrical

centre leads the other voltages @11l collapsing aS instability OCCUrS.
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ethods of m aintaining stability

A s discussed *111 C hapter

adding

consider the

17, there exist Diany possible W ays of im proving

fastertransient stability

etc.).
(including transm ission facilities,fastrsvalving, fault

clearing, llere,W e follow ing tAA?tl m ethods'.

(a) Reduction of the pre-contingency t?z//rz/f
other

of the plant.lf one unit@IStaken off
line (AAritll
plant

fault.

output to system ),
output w ill be reduced sufficiently to ensure stability follow ing the LLG

C urve 2 in Figure 13.58 show s the absolute rotor angle for unit 6 3 for

redispatched units *1l1the external the total

this CaSC. lt show s that the plant rem ains ill synchronism . This solution to

instability @1S,
*

111

how ever,

the

generally costly because available energy *IS kept idle

Or bottled plant.

(b) Rejection
can be

of generation following f/? t?disturbance. lf the output
accelerating

of the plant

rapidly reduced follow ing the contingency, the pow er can

be reduced Sufû ciently to m aintain synchronism . C urve 3 in Figure 13.58

SIAOW S the unit 63 rotor angle response with two units (G7 and G8) tripped at

173 m S(73 m Sfollowing faultapplication).
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13 .7 D IR EC T M ET H O D O F T RA N S IEN T STA B ILIT Y A N A LY S IS

The direct m ethods determ ine stability
*

IS

w ithout explicitly

appealing

solving the system

differential equations. This approach

the

academ ically and has received

considerable attention since early

used transient Cnergy for assessnlent
of M agnusson (321

of transient stability. The

xvork and A ylett

based
(33)
m ethods

w ho

Cnergy-
m ethodare a special Case of the m ore general L yapunov's second Or the direct

method (see Chapter 12, Section 12.1.4),the energy function being One possible
Lyapunov

This
function (34-371.

describessection

based.A  detailed treatm ent

concepts

of the subject is beyond

the basic On w hich the direct m ethods are

the SCOPC of this book.Interested

readers m ay

system

consult references 38

PoW er transient stability

and 39, books dedicated

by the direct m ethods.

entirely to the analysis of

13.7.1 D escription of the Transient Energy Function A pproach

lktïlliltjiball analogy (40,411

T he transient energy

of a

approach Can be described by considering a ball rolling

on the inner surface

represents the region

as Figure 13.59. The area inside the bow l

of stability, and the area outside is the region of instability. The

bow l depicted *111
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rim of the bow lis irregular @1ê1shape SO thatdifferent points on the rim have dtfferent

heights.

l

l
l
l
l
l

l
l
l
l
l
l

1 1
l I
l l

! /
ï l
& l
N #
N I

N /
N I
N

. /

N /& 
zN

N x  A

h

SE P
%

F igure 13.59 A ball rolling on the inner surface of a bow l

Illitiltll)rthe ballis resting at the bottom of the bow l,

kinetic

and this state is referred

to aS the stable equilibrium r /ïnf
@

111

(SEP).W hen SonAe
the ball, causing

surface of the

to m ove a particular direction, the

bow l along a path determ ined by the direction

it
energy

ball w ill roll

@

ISinjected into
UP

m otion.

the inside

()lr illitiltl The

point w here the ball w ill stop is governed by the am ount energy initially

injected. lf the ball converts a1l its kinetic energy into potential energy before reaching
the rim , then it w ill roll back and eventually settle dow n at the stable equilibrium

point again. However, if the kinetic energy injected is high enoùgh to cause the ball
to go over the rim , then the ball w ill enter the region of instability and w ill not return

of kinetic

to the stable equilibrium point. The

rim  of the

surface inside the bow l represents the p otential

e/drfF

surface
surface,
(PEBS).

and the bow l represents the p otential CNer:F boundary

Tw o quantities

the

are required ttl determ ine if the ,,ba11 Alpill enter the instability

rirn@reglon:
*

CrOSS1ng
initial

(a) illitiëtl kinetic energy
of the

injected
@

and (b)
depends

the height of the at the

point. The location CrOSS1ng point On the direction of the

m otion.

A pp lication to p ow er system s

The basis for the application of the TEF m ethod to the analysis of POW CC

system  is conceptually sim ilar to that for a ball rolling in a bow l.

system  is operating at a stable equilibrium  point. lf a fault occurs, the equilibrium  is

disturbed and the synchronous m achines accelerate. The pow er system  gains kinetic

and potential energy during the fault-on period and the system  m oves aw ay from  the

SEP . A fter fault clearing, the kinetic energy is converted into potential energy in the

stability lnitially the



Sec. 1 3 .7 D irect M ethod of T rans'Ient Stability A nalysis 94 3

sam e m anner as up the potential energy surface. T o avoid instability,

the system  m ust be capable of absorbing the kinetic energy at a tim e w hen the forces

on the generators tend to bring them  tow ard new  equilibrium  positions. T his depends

an the potential energy-absorbing capability of the postdisturbance system . For a

iven postdisturbance netw ork conf guration, there is a m axim um  or critical am ountg

of transient energy that the system  can absorb. C onsequently, assessm ent of transient

Stability requires

the ballrtlllilléj

(a) Functions that adequately describe the transient enefgy responsible for
separation of one Or DAOCC synchronous naachines from the rest of the system

(b) An estim ate of the critical PDpr#F required for the nAachines to lose
synchronism

For a tw o-m achine system  the critical energy is uniquely defned,

Section

and the TE F

analysis

illustrated

*

IS equivalent to the equal-area

in Figure 13.60, w hich show s

criterion described @111 1 3. 1 . This @IS

two plots,both having rotorangle (ô)aSthe
ordinate g40).

angle

T he

clearing

illustrates
(ô
transient

upper plot illustrates the equal-area

) is established by equality of areasC

criterion *111 w hich the critical

W 1

used

ahd W 2* The loqver plot

the energy

of

m ethod

clearing
*

angle *111 ternls potential

durlng

angle,

the fault-on period

the

@

IS added

can to specify the critical

and kinetic energy. The kinetic energy gained

to the potential energy at the corresponding rotor

w hich be

and SuEn @IS com pared to the criticalpotential

G iven a disturbance, there *IS a stable

system .

Figure 13.61. Any postfault system trajectory
clearing (xcI) inside this region of attraction will

A region of attraction Can be deûned

energy
equilibrium  point for

for this postfault SE P

to determ ine stability.

postfault

show n in

the

a S

AAritlz the state of the system

to the

at fault

eventually Converge

lies

SE P,

region
*

and

the system @IS said to be stable. O n the other hand, ilrXcI

stable

outsidç the of

attraction,

tllkl

the postfault system  w ill

said to be unstable.

nOt Converge to the equilibrium polnt,and

system *IS

The state of the system atfaultclearing (Xcl) Can be described by the value of
tlltlCnergy function evaluated atX 1,c *I.C.,F(xcI). Hence the

the critical energy

direct m ethod solves the

stability problem  by comparing Ftxcj) to
if Utxcj) is less than Vcr and the quantity
relative stability. This quantity is defined

F(xcI) m easures the am ount of transient energy injected into the
system  by the fault w hile the critical energy m easures the strength of the postfault

system . M ore precisely, the critical energy m easures the energy-absorbing capability

V TheCr* system *IS stable

rcr - q xcl) @IS a good n3easure of system
aS the transient dDprMF m argin.

The quantity

of the postfault

R eferring

system .

to Figure 13.61,if therotor oscillates AA?itllill tllerangeYçN to ô 2, the&
system  w ill rem ain transiently

svill

stable.lf the rotor sw ings bçyond this range, the system

and &uz on the potential energy curvebeconae unstable.Hence the two pointsèçN

trajectories. This boundary is
and the points on this boundary

form a boundary to a11 stable rotor angle called the

potential

potential

energy boundary

peaks.
surface (PEBS) are local

energy
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F igure 13.60 lllustration of equivalence of transient

energy m ethod and equal-area criterion
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F igure 13.61 R egion of stability and its local approxim ation

The boundary of the stability regionconstantenergysurface lx I F(x) =KIas shown usually approximated locally by a
in Figure 13.61, w here K  represents the

*

IS

critical energy V of theCr postfault system .

13.7.2 A nalysis of PracticalPow er System s (40-49)

The application of the direct m ethod to practical pow er system s is diff cult. A

num ber of sim plifying assum ptions are necessary. To date, the analysis has been

m ostly lim ited to pow er system  representation w ith the generators represented by the

classicalm odeland loadsm odelled RSconstantim pedances (42-452.Recently,there
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have been several attem pts
*

to extend the m ethod to include nAore detailed m odels

efforts(46,47j.This,however,IS still
are required to im prove the

at a developm ental stage

accuracy and reliability of

and further research

the m ethod Asritll detailed

m odels. llere, W e Ahrill lim it Our discussion to the sim plif ed system m odels.

sàTitll the generator
*

m atrlx ,

transient reactances and load adm ittances included *111the

node adm ittance W e m ay w rite

Io Y EoR (13.86)

w here Y R

nodes

*

IS the reduced adm ittance m atrix Ahritlz all nodes other than the generator

internal elim inated,EG @ISthe generator internalSOUCCC voltage vector,andN6
*

IS the generator

L et

current vector.

the internal voltage of the ltllgenerator in phasor notation be given by

E Ei Z ô i

and the .th .th! COW
N 7 colum n elem ent of Y byR

G '#.+7 j .iJ J

For a system Ahritll D m achines, the active Output of the tlll generator *IS given by

Pi - - +Retfjfj )

n
-  

.  

+ - yRelEi yijh )
* 

=  17 (13.87)

2E
i Gii+ EiE (Sjysintôj-ôy) +Gijcoslôi-ôjj l

* 

=  17
* @

7 # I

For the application of the T EF m ethod, it *IS convenient to describe the transient

behaviour of the system w ith the generator rotor angles expressed w ith respect

of inertia

to the

inertial centre of all the generators. The position of the centre
,

'

W ((2()1) @IS
delned aS

16 
cog L H i ô j

H v i - 1
(13.88)

w here H v is the sum  of the inertia

T he m otion of the C O l is

constants of a1l n generators in the System .

determ ined by
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E  (Pii-pei)
* 

=  1I

21f rtlocoz)F # (13.89)COI

and

#(ôCOI) (Aœ )OoCOI (13.90)

w ith

P i P * *+1 l2G
jj (13.91)

E  (c
* 

=  17

#ei sintôj-ôy) +Dijlôi-hlj (13.92)
* 

+ iJ

w here

P m echanical input pow er of the @ltlzm achine

C y

D **

E iE  .# #.J

E iEj G j.

synchronous0 0

h o cog

speed *111 elec.rad/s

Per unit speed deviation of C O I from synchronous speed

The m otion of the generators Ahritll respect to the C O l Can be expressed by desning

0j 6 - 6i COI rad (13.93)

and

*

0i
O j

0 0

*

ôi
- l o cw

O o

(13.94)Pu

The equations of m otion of the tll@l m achine in the C O 1 reference fram e arC

H i
2Sj#(Yj) P '-Pmi ei PH COI (13.95)

T

#(0j) Ojoo (13.96)

w here O i

The

*

IS pu speed of the i m achine w ith respect to

energy function F describing the total system

the tlz the C O 1
.

transient energy for the

postdisturbance system is desned aS
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n

F 1

2
l SJfœ j - #
. j(0j-0j )

- 

=  jI

2

- 

=  jI

n - 1 E 0j+% (13.97)
-  E SCijlcosèij-cosuijj - D cosèij #(0j+%)ivi

. 

=  j. - wj. + 1I 7 S S0
j +0j

w here

0j

Ji

S angle of bus i at the POstdisturbance SEP
2//0 0 Per unit m om ent of inertia of the tlli generator

The transient enefgy function *IS com posed of the follow ing four term s'.

(a) 1
2
T l o i .i 2@ change

fram e

@

111 rotor kinetic energy of al1 generators @111 the C O l reference

(b) C# 3 (0 - 0Y) 'mi i i * change in rotorpotentialenergy of a11generators relative to CO1

(c) EE c:( S .coso - cosov) . change irlstored m agnetic energy of allbranches

(d)EEJD cos0:J(0j+%) :# change*111dissipatedenergyof allbranches

The frstternA *IScalled the kinetic PDer:F (Vke)and *ISa function of only generator
speeds. The

function of
Sum ofternAs2,3,and 4 @IScalled the potential (%c)and @ISa

only

The

generator angles.

transient stability assessm ent involves the follow ing steps:

1. C alculation of the critical enefgy FCr

2. C alculation of the total system energy at the instant of fault-clearing Zc/

3. Calculation of stability 1R . F - Z /.cr c The system *IS stqble if the stability

index *IS positive.

T im e-dom ain sim ulation is run UP to the instant of fault clearing to obtain the angles

and speeds

at fault

of a11 the generators. These are used to calculate the total system energy

( Vcl) clearing.
T he calculation of FCrn

the

*

1-e .,

T E F

the boundary of the region of stability,

approaches

is the m ost

diff cult step @111 applying m ethod. Three different are brieiy

described below .
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(a) The closestunstable equilibrium point(UEP) approach

E arly Papers

the

On the application of the TE F m ethod for transient stability

analysis used follow ing approach to determ ine the sm allest F *Cr*

Step 1 : D eterm ine a1l- the U E PS. This @IS achieved

system steady-state equations w ith

by solving the postdisturbance

different initial values of bus angles.

Step 2.. system  potential energy at each

The critical energy Vcr is given by system

in the m inim um  potential energy.

C alculate of the U E PS obtained @11l step

results

1.

energy at the U E P w hich

Referring to

on the

the rolling ball analogy,

The

the closest

rim  of the bow l. criticalenergy

energy
direction

of the ball w hen it *IS at the low est

U EP is analogous to the low est point

at the closest U E P is equal to the potential

point on the rim . This assum es that the

low est point on the rim . Sim ilarly, for

a pow er system  this approach com putes the critical energy by im plicitly assum ing the

w orst fault location; hence, the results are very conservative.

of initialm otion is alw ays tow ard the

(b) The controlling UEP J##r/cc: (40,48l

The degree of conservatism introduced by the closest U E P approach is such

that the results are usually of little practical value. The controlling U E P approach

rem oves nauch of this conservativeness by com puting the critical energy dependent

On the fault location. This approach *IS based On the observation that the system

relatedtrajectories
to the

for al1 critically stable CaSCS get near to those U E PS that are closely

boundary of system separation.The U E PS are called the controlling or relevant

U EPS.

T he com putation PCOCCSS

of disturbance

@

111 this approach consists of twO steps : (1)
identifcation of the m ode and (2)calculation of the controlling UEP.

M o d
. e of disturbance (M OD) .. @

The m ode of disturbance identises the m achines that are severely disturbed by

a given

Of the

disturbance.These m achines are m ost likely to lose synchronism w ith the rest

to

system  if the disturbance

determ ine the M O D  is to

is severe enough to CaUSC system instability.O ne W ay

nAachines gO unstable.

perform  tim e-dom ain sim ulations and identify w hich

A n autom atic procedure for determ ining the M O D  is described

on thein reference 49 based norm alized Z Thispe* procedure requires a considerable

am ount of C PU tim e w hen detailed generator m odels are used.

Controlling UE P calculatlon:

The SEP OrUEP *ISa solution of the P0Wer-flow equations (AAritll ' = jl to n) :
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fi H# /
- #mi 

ei
P 0H COI (13.98)

F

O j 0 (1 3.99)

There are rRany solutions ttlthe above equations, one of

U E P is calculated

w hich @IS the SEP.A llother

solutions are U EPS. The controlling by solving the follow int

m inim ization problem '.

n

m in F = fi
i = 1

A n approxim ate

N um erical

U E P based On the M O D @IS used aS a starting point
@

O n e

for the solution
.

problenas

based

r e som etim es encountered w hen IS solving for the

controlling

potential

described

U E P On the above approach. A robust rocedureP
*

based On the

Cnergy
below .

boundary surface crossing point suggested 1f1 reference 44 is

The boundary of stabilip-region-based controlling UEP r#CQ m ethod

E arlier C U E P m ethods face serious Convefgence
@

the controlling U E P, especially w hen the system

com plex.

IS

PrO
highly

blenzs w hen solving for

stressed Or highly
@

unstressed,

if the

or the m ode of system instability

solution

*

IS T hese PrOblenas usually ar1SC

starting

of the

point for the CU EP @ISnot sufsciently close to the exactCU EP.

Som e Convergence problenas Can be Overcom e by the B C U m ethod w hich has

the capability of producing a m uch better

In reference 44,the boundary of the

starting point

stability region

boundary.

for the C U E P solution.
@

IS des ned aS the union of

the stable m anifolds of the UEPS On the Any trajectory starting from a
point on the boundary AlrillConverge

B C U

to one of the U E PS as tim e increases.B y m aking

ofuSe of this property, the m ethod

system through

The

com puting
@

the C U E P

com putes

Of its associated

the controlling

reduced

U E P a POW Cr

system .

dynam lc behaviour of a m ultim achine PoW er system

described

represented by

classical generator m odels and constant inapedance loads @IS by E quations

*13.95 and 13.96.The associated reduced system m odel for thi: m ultim achlne POW CC

system @IS des ned RS

@

0i # / -#
H i

Pmi ei H COI #f * = 1I # * * @ N (13. 100)
F

T he equilibrium points of the reduced System arC the Sarne aS those of the original

system . The B C U m ethod com putes the C U E P aS follow s'.
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(i) For a given system and a contingency,
it

a sustained fault : torytra
.
j CC

@ *

*

111 tim e

dom ain *IS sim ulated lzlltil reaches the

reduced system (thePEBS).The system

boundary of stabllity reglon of the

state at this tim e instant is referred to

aS the exit p oint.

(ii) Starting
tllltil

AAritll the exit point, the reduced system

local

@

IS sim ulated *111 tim e dom ain

the quantity
*

Z gi
the

reaches its frst @ *m lnlm um . The rotor angles at

this point constltute starting point for the C U E P solution.

(iii) The controlling UEP @IScom puted
controlling

using any

relative

robust num erical technique. The

UEP SO obtained @ISthe UEP to the fault-on trajectory.

The B C U m ethod appears to be prom ising
@ @

and Can be

accom m odate nAore detailed m odels. s4ore testlng IS required ttl

easily

verify

of stability

extended to

its accuracy

and Convergence characteristics. s4ore im portantly, the boupdary region

for PoW er system s m odelled *111 detail needs to be investigated.

@) Sustained-faultJ##r/lc: 1421

The calculation of the controlling U EP for large system s *IS Very tim e-

consum ing. U nder SCVCCC system conditioàs,

U E P .

the solution PrOCCSS m ay either failto

Converge Or Converge
the

to the W rong The sustained-fault approach W aS developed

to avoid calculation of the

The critical energy is

controlling U E P .

determ ined as follow s:

1. A  tim e dom ain sim ulation Alritlla sustained

the potential çnergy boundary surface

fault is run until the system

(PEBS). The crossing of the

CCO SSC S

PE B S is

indicated by the potential energy reaching its m axim um .

2. The potential energy at the crossing

for that particular fault location.

of the PE B S is taken as the critical energy

E xam ple 13.8

ln this exam ple, w e illustrate the use of the TE F m ethod

by considering the sim ple system  of Exam ple 13.1.

for transient stability analysis

For the single-m achine infnite bus system of Figure E 13.1,

(a) W rite the dynam ic equations
E quations 13.95 and 13.96.

for the postdisturbance system corresponding to

(b) W rite tlzklexpression for the system ençrgy function.

(c) Calculate the postdisturbance system SEP,UEP,and t h e criticalenergy VCr*
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(d) Calculate the energy atfault clearing w ith fc=0.07 S,
fault

0.086 S, and 0
.0:7 S

.I7eterrnine the system stability for each of the three durations
.

Solution

(a)
E 13.26.

The postdisturbance reduced equivalent circuit of the system is show n in Figuve

X r=0.95
1 2

P  1 = 1.1024s1 ôe

/1=1.162616 /2=0.9008110

F igure E 13.26 Postdisturbance equivalent circuit

B ecause bus 2 representsand Yj =ô1/Yc = AY,. an inGnite bus,M  = xF and A Y =0 . Consequently, 0j = ôcoI

Since G 1a=0, D j2=0 and P

system ,

l
= #m j

E quations

= 0.9. The postdisturbancemk dynam ic equations of the

corresponding to 13.95 and 13.96, are

2x3.5#(œ 1) 0.9 - 1.1024s1 01

#(01) 377* 1

(b) From Equation 13.97,the system transientenergy function *IS

F S S3
.
5x377* 1-0.9(01- 01)-1.1024(cos01-cos0j)2

(c) At the postdisturbance SEP,WC have

S0
.9 -1.1024s1 01 0

H ence,

J0j 0
.9552 rad 54.730

For this sim ple system there is only one postdisturbance U EP,w hich is given by
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1:01 a -01 2
. 1864 rad 125.270

The critical Cnergy, w hich equals the system potential energy at the postdisturbance

U E P, @IS

FCr ? u S & S-#
. 1(01- 01) - Clztcosol-cosol)

- 0.9(2.1864-0.9552)-1.1024(-0.5775-0.5775)

0.1651

(d)
com puted

To com pute the energy

3.1.

at fault clearing, W e Alrill uSe the generator angles
*

111 E xam ple

(i)W ith /c=0.07 S,061=48.580=0.8479 rad,and

0.9l
c x0.07 0.009 Pu

7

The total energy at fault clearing @IS

F 7

2cl
2

- 0 9(0.84x 377x0.09 . 79-0.9552) -1.1024(c0s48.580 -cos54.73O)

0.1107

Since F /< Fcr,C the system *IS stable; the stability m argin @IS U -VCr cl

0.1651 -0.1107 =0.0544.

(ii)W ith fc=0.86 S,0/1=52.040=0.9083 rad,and

O
0.9

x0.086 0.011057C Pu
7

The total energy at fault clearing *IS

F 72cl 110572-0
.9(0.9083-0.9552)-1.1024(c0s52.040 -cos54.73O)x377x0.0

0.1620

The system @IS stable; how ever, the stability m argin *IS nOW reduced to

0.1651 -0.1620 =0.0031.

(iii) shritll
fault clearlng

f =0.087
@ *

s, 0C1 =52.30=0.9128 rad,and œ c=0.011186 Pu.The totalenergy at

IS
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F 7
2cl 377x0.0111862-0.9(0.9128 -0.9552) -1.1024(X cos52.3O-cos54

.73o)

0.1657

Since V / V ,C Cr the system is unstable.

The above results are consistent w ith the tim e-dom ain sim ulation results of Exam ple

l 3 . 1 .

13 .7 .3 Lim itations of the D irect M ethods

111 spite of the Diany signifcant accom plishm ents *111 recent years ill the

application

com putation

practical use.

of the direct m ethods,

continue to

m odelling lim itations

be m ajor im pedim ents

and unreliability of

their widespreadtechniques
The dlrect

ttl

m ethods are vulnerable to num erical problenas w hen One @IS

solying stressed system s.

teclm iques usually im poses

than

The uSe of sophisticated and robust CU EP solution

a heavy com putational burden,m aking the m ethod slow er

the tim e-dom ain sim ulation.

The best Course appears to be the uSe of a hybrid

the

approach *111 w hich the

transient Cnergy calculation @IS incorporated illttl conventional tim e-dom ain

sim ulation

com puting

stability

(50-541.
the stability

This enhances capability of tim e-dom ain

m inim izing the effort required in

the sim ulations by

thenAargin and determ ining

linnits.

R EFER EN C ES

(11 W .D .Stevenson,
1975.

Elements of Power System Analysis, rd3 Edition,M cGraw-
llill,

(21 R.T.Byerly
Press,

and E.W .Kim bark,Stability of L arge Electric Power Systems,
IE E E 1974.

(31 E.R. Laithwaiteand L.L. Freris, Electric Enerv :1ts Generation,Transmission
and Use,M cGraw-Hill(tJlC),1980.

E41 A . Ralston and H .S.W ilf, M athematical M ethods for D igital Computers,John
W iley & XOnS, 1962.

(51 B.Carnahan,H .A .Luther, and J.O.W ilkes, Applied NumericalM ethods,John
W iley & Sons, 1969.

(61 C.W . Gear, Numerical Initial Value Problems Ordinary D lg rential
E quations, Prentice-H all, 1971.



References 9 5 5

(71 Kundur PrabhashaA ar, D igital Simulation and Analysis of Power System
Dynamic Performance,Ph.D .thesis,University of Toronto,1967.

f8J P. Kundur and P.L. Dandeno,
into Pow er System

2052,

Gûlm plem entation of A dvanced G enerator M odels

Stability Program s,'' IE E E  Trans.,V ol.PA S-102,PP.2047-

July 1983.

f9J H .W .Dom m el,çûDigitalCom puter Solution of Electrom agnetic Transients *111
Single

A pril

and M ultiphase N etw orksy'' IEE E Trans V ol.*7 PA S-88, PP. 388-399,

1969.

f10J B.Stott,Kçpower System
February

D ynam ic R esponse C alculations,'' P roc. IEE E ,V ol.

67,PP.219-24 1, 1979.

g11J P.L.Dandeno and P.Kundur,(çzpkNon-iterative
Including

V ol.

the E ffects of V ariable L oad-v oltage

Stability Program

C haracteristics,'' IE E E  Trans.,

Transient

PA S-92, PP. 1478-1484, Septem ber 1973.
*

(12J H .W .Dom m eland N .Sato,(tFast TransientStability
1972.

Solutions, IE E E  Trans*5

V ol.PA S-91, PP. 1643-1650, July/A ugust

(131 M .Stubbe,A .Bihain,1.Deuse,and J.(2.Baader,GtSTA G A N ew Uniied
Software Projram  for the Study
System s,

of the D ynam ic B ehaviour of E lectrical Pow er

,5IEE E  Trans., V ol.PW R S-4, N o. 1,PP. 129-138, 1989.

(141 EPRI Report, Programmers M anualfor E TM SP Version 3, Prepared by
O ntario H ydro, 1.992.

(151 C.F.W agnerand R.D .Evans,Symmetrical Components,M cGraw -Hill, 1933.

(161 lïtlitlzClarke,
1943.

CircuitAnalysis of Ac Power Systems,Vol.1,Jolm W iley &
Sons,

(171 P.M .Anderson,Analysis ofFaulted PowerSystems,lowa State Press,Am es,
Iow a, 1973.

(181 W estinghouse
Reference

E lectric C orporation, E lectric Transm ission and D istribution

B ook,E ast Pittsburgh, Pa., 1964.

(191 C.L.Fortescue,çtv gtuod of Sym m etrical
A IE E

C oordinates A pplied to the Solution

of Polyphase N etw orksr'' Trans., V ol. 37,Pt.1l,PP. 1027-1140, 1 9 1 8 .

A

(201 T.M . O 'Flaherty and A .S.Aldred, ttsynchronous
IE E ,

M achine Stability

1962.

under

U nsym m etrical Faults,55P roceedings V ol. 109A ,P.431,



956 T ransient Stability C hap
. 13

(21) W estinghouse
Sentinels'' publication,

C orporation, App lied P rotective R elaying,

N ew ark,

E lectric a new  Etsilent

1976.

(221 H .M .Rustebakke (editor),Electric Utility Systems and Practices,Jolm  W iley
& Sons, 1983.

(231 C.R.M ason,The Art and Science ofprotective Relaying,Jolm W iley & Sons,
1956.

(241 General Electric Company,
1966.

Use f/itr R -X D iagram R elay F ork
,

Philadelphia, Pa.,

(251 C.R. M ason,
56,

uujyejay

PP.823-832,

O peration during System  O scillationsr'' A IE E  Trans., V ol
.

1937. D iscussion by J.H . N eher, pp. 1513-1514. C losure by

C .R .M ason, V ol. 57,PP. 111-114, 1938.

(261 J.11.N eher, Com prehensive M ethod of Determ ining the Perform ance of
D istance R elays,''A IE E Trans V ol.*# 56,PP. 833-844, 1937.

(271 1ï (litll Clarke,çtlm pedances Seen by Relays during Pow er
w ithout Faults,'' A IEE Trans.,V ol.64, pp.372-384, 1945.

Sw ings w ith and

D iscussion by A .J.

M cc onnell, P.472, June Supplem ent 1945.

(281 IEEE W orking Group Report,ttout of Step Relaying for Generators,''
1977.

IE EE

Trans V*; o1.PA S-96,PP. 1556-1564, Septem ber/o ctober

(291 C.R.M ason,(iA N ew Loss-of-Excitation Relay forSynchTonous Generators,''
A IE E Trans V ol.*, 68,PP. 1240-1245, 1949.

(301 J.Berdy,ttlwoss of Excitation Protection for M odern SynchronousGenerators,''
1975.IE E E Trans., V ol.PA S-94, PP. 1457-1463, Septem ber/o ctober

(311 D .C. Lee, P. Kundur, and R.D, Brown, ttylk High Speed, Discrim inating
G enerator L oss of E xcitation Protection,'' IEE E Trans., V ol. PA S-98, PP.

1895-1898, N ovem ber/D ecem ber 1979.

(32) P.C.M agnusson,ttTransient Energy M ethod of Calculating Stability,''AIEE
Trans. V ol.> 66,PP.747-755, 1947.

(33) P.D .Aylett,CCTY: Energy Integral-criterion of Transient Stability Lim its of
Pow er System s,55P roc.IE E ,V ol. 105C,N o.8,PP.527-536, Septem ber 1958.

(341 G.E.Gless,KiDyyygtM ethod of Lyapunov Applied to TransientPowerSystem
Stability,''IE E E Trans., V ol.PA S-85,N o.2,PP. 159-168, February 1966.



References 9 57

(351 A .H . El-Abiad and K . N agappan,ttTransientStability Regions
2,

of M ultim achine

Pow er S stem s ''y , IE E E Trans., V ol. PA S-85, N o. PP. 169-178, February

1966.

1364 M .Ribbens-pavella, GçcriticalSurvey of Transient Stability Studies of M ulti-
tlls4achine Pow er Sysiem s by Lyapunov's D irect M ethod ''5 Proc. 9 Annual

Allerton Conference On Circuits and System Theory,PP.751-767,October
1971.

(37.1 A .A . Fouad, ttstability Theory-criteria for Transient Stabilityr'' Proc.
E ngineering

42 1-450,
Foundation Conference OD System Engineering for Power, PP.

H eM iker, N .H ., 1975.

f38J M .A . Pai, Enerv
Press,

Function Analysis for Power System v67/z7di ilitl), Kluwer
A cadem ic 1989.

(39.1 A .A .Fouad and Vijay Vittal, Power System
F unction

Transient Stability A nalysis U sing

f/i tr Transient f ncrr M ethod, Prentice-H all, 1992.

(40j T.Athay,V .R.Sherkat,R.Podm ore, S.Virm ani,and C.Puech,ttTransient
E nergy

EX -76-C -01-2076,

A nalysis,'' Final R eport of U .S.D epartm ent

C ontrol,

of E nergy C ontract N o.

Prepared by System s Inc-,June 1979.

(411 Chi-Keung
T ransient

T ang, ttE valuation of the D irect M ethod for Pow er System

Stability A nalysis,'' M .Eng. degree thesis, U niversity of T oronto,

A ugust 1984.

(421 N .Kakim oto,Y .Ohsawa,and M .Hayashi,ûtTransient Stabilit)?
Parts

A nalysis of

E lectric Pow er System V ia L ure' Type Lyapunov

M ay/lune

Functions,

1978.

1 and 11 555

Trans.1EE of lapan,Vol.98,No.516,

(431 A .A .Fouad and S.E.Stanton, ttTransient Stability of M ultim achine Power
System ,

1981.

Pad s 1 and 11 555 IE E E Trans., V ol. PA S-IOO, PP. 3408-3424, July

(44) H.D .Chiang,F.F.W u, and P.P. Varaiya,&iI7oundations of thePotential Energy
B oundary

IE E E

Surface M ethod for Pow er System Transient Stability A nal * 57YSIS,

Trans*, V ol.C A S-35, PP.712-728, June 1988.

(451 M .A .El-Kady,M .M .Abu-Elnaga, R.D .Findlay,and C.G.Bailey,
A pplications

ç&g arseP

Form ulation of the D irect M ethod
tll29

of Transient Stability for On

M icro-c om puters,'' P roc. M idw est Symp osium On C ircuits and System s,

PP.519-522, L incoln,N eb., 1986.



958 Transient Stability C ha9
. 13

(461 A .A .Fouad,V .Vittal,
K im ,

Trans. ,

N odehi,

C ontrol ''5

and

Y -X .N i,

T ransient

Zein-Eldin,H .M . E .V aahedi,H .R .Pota
, K .

5. ççp tyoot Stability ktssessnlent AAritll Excitation

1989.IEEE V ol.PW R S-4,N o. 1,PP.75-82,February

(471 V . Vittal, N . Bhatia,
of N onlinear

A .A . Fouad, G .A . M aria,

the

and H .M .

ttlncorporation

M ethod,''

L oad M odels @111 Transient

Z ein-Eldin
,Energy Functio
n

IE E E Trans. , V o1.PW R S-4, N o.3,PP. 1031-1036, A ugust 1989
.

(48) T.Athay,R.Podm ore,and S. @ @Vlrm anl,((JjkPracticalM ethod forthe Direct
A nalysis

584,

of T ransient Stability,''IE E E Trans. , V o1. PA S-98, N o.2,PP
. 573-

s4arch/A pril 1979.

(49) A .A . Fouad, V . Vittal, and Taekyoo Oh, tEcritical Energy for Transient
Stability

PA S-103,

ytssessnzent of a M ultim achine Pow er System ,55IEEE Trans. , V ol
.

PP.2199-2206, 1984.

(50) P. Kundur, û&A Practical View of the Applicability
M inipaper presented at the IE E E Panel Session

M ethods

of the D irect M ethods
y

''

On A pplication of D irect

to Transient Stability A nalysis

1984.

of Pow er System s,IE EE  Trans*5V ol
.

PA S-193, PP. 1634-1635, Ju1y

(51) P.Kundur,itEvaluation of M ethods for Studying Power System
A m es,

Stability,''

P roc.International Symp osium on P ow er System rk/tzdi ilitl), low a,1985.

(521 B. Gao, çtA ssessm ent of Power System Transient Stability Using Energy
Functions,'' M .A .SC.thesis, U niversity of T oronto, 1986.

(531 G.M aria,C.Tang,
PW R S-S,

and J.K im ,

2,

içH yyyjd Transient Stability A nalysis,''IEEE

Trans., V ol. N o. PP.384-393, M ay 1990.

(541 C.K .Tang,
from  C onventional

C .E .G raham ,M .E l-K ady, and R .T .H .A lden,ttTransient Stability

Index Tim e D om ain Sim ulation,'' Paper 93SM 487-9PW R S,

presented at the 1993 IE E E PE S Sum m er M eeting, V ancouver, July 1993.



. *' .' r v' r' r v t T '%T '%5< < < < #.> r *+*'+*+*+*'+Y'+*+*+T+5' K'<  Y > Y *' *' Y Y r t Y > '< r t v r t f 'r t r' r' *' T e *' * > *' ' +' r *' 5'+T r' t r Y' r r r r Y *'+'Y+*+$+'t+*V+M+*+*+*+* /<  Y *' *' T*'T+T+.'%VV '<+%+*+* T' T' Y +' T *' *' T' 5' Y v v ' T' Y Y e Y' T 'T Y *' Y' Y' f r' *' *' *' *'z.v+r* *' '.N*.##Ne.*.##e .*% ,#.#,#.#...è.#..#.........,*...,..#...,#..#.#.#,#.'.#*#.#,*.#,#,#.*:'.','.':*,*,***,*.*.*.*.*.*.#.*,#.*.*.#. %%%%%%%%%%% **,#+.*.@.*.+.+.w....#...,#..#.e#,#.*e++.m.*.*:+.*.+'.*.'.*.*.*.*****.*.'.'**.***.','.*.*.#.'***#.*.#.#.#.#,#**.*.4'N * %%% * * *' &* * %* S* V 4. * 4, * 4 4. è # 4. ù+ 4. + ##pee +.+*v.*+*%*.%.*t*.*.*.*.*%*%*%*.*t*k*'*+* #è*+*4*4*è*+*.***+*+*+*+***+#,*,*,*,*+*,*.*,*.*,*.*4 * 4. è . # 4 . è + %+v..%*.*.*. .e#èe ..%* è .+.4.+*.***.***.*.*.*.*.*.*.*.*.***+*.*.*.***.*.*.*+*+*+*+*+* 4% * ** * ..%% *#*: 4
.*4.% 4'# *% # 4. *. * * * , , # . . , . : . # # . 4 * : 4 4 4 # 4. * 4. 4 *. * .% 4 * . è 4 . # . . :. 4 4. è 4. 4. . :. # 4. 4. * 4. 4, # 4. # # # , 4. * # # 4 . # # è ,# 4,*** . p 4%%%4.+.+.+.k .e *.4....444 # # . 4 4 : * # . . . #<%*.% *##* : *'* ù%%**%.

. .
..*..è

..#**. .#. .*è. .è..*..*. 4#-z:#. e. ++. ee:*. v+. .+. e. v%%%*..+.4+. e. .%*. eu*. *1**....... .i.*..# .*.*1. +#. :4. .4. k*.+4. /. .+.4*. e.e.e#***. .+.w*. .*4*4*4.*.*4*. v*..+. .4-.44*. v*. .4..**4..*. v+.à*. e. z***. v+.à%*.*.*. .4. *#.4i v+. .. .*. 4. ... .. *. : . : . #. . : : . *. . * . è . . v%. 11. # 4. 4. à%%%*. 4+**. &*. .*.4+. e.e. z#. +%# ..e.#.*......... .... Chapter 14 4'+M+T+***+*+* Y@+***Y***Y+* * e Y T œ * * * * * *** * + * * # * # * * * * *yy+ * * * * * * + p * * * @ * * * * @ * * * * + + *** @ * è *. *. * * * # $' * *' * * *. $ # é' @ *' * !' *' *y#,*y@ %*' #' ' *y* # *' * *#*y* *' * *k * $. *. * * *' # @ *. **#. &* @ * * * *' ' * !' * *' *' * ' * * * * *. * *: *y*y . %.%*. #*y* * * * N* * * * * , %%* * ' * *. * #@. . . * *.*.-*. * * *. * *. *. *. *. *. + .

V oltage Stability

industry

prim arily

V oltage control stability

but are now  receiving special

and problem s are

attention in

nOt nCW to the electric

m any system s. O nce

utility

associated

w ith w eà'k system s and long lines,voltage PrOblenAs are nOW also a SOLIrCC

of concern *11I highly

instability

developed netw orks aS a result of heavier loadings.

netw ork

ln recent

years,

The

ltageVO has been responsible

E1,21:

for several @m aJ Or collapses.

follow ing arC SonAe exam ples

@ N ew Y ork Pow er Pool disturbances of Septem ber 22, 1970

@ Florida System disturbance of D ecçm ber 28, 1982

@ French system disturbances of D ecem ber 19, 1978,and Jantlafy l 2 , 1987

@ N orthern B elgium system disturbance of A ugust 4, 1982

@ Sw edish system disturbance of D ecem ber 27, 1983

@ JaPanCSC System disturbance of Ju1y 23, 1987

A s a Consequence, the ternAs iiyojtage

appearing

operation.

DAOrC frequently in the literature

instability'' and ttvoltage collapse'' are

and in discussions of system  planning and

9 5 9
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A lthough 1ow  voltages can be associated w ith the PCOCCSS of rotor angles goiug
@

can occur w here
Etangle stabllity'' ls not an lssue. The gradual pulling out of step of m achines, as rotor

angles betw een tw o groups of m achines approach or exceed 1800, results in very low

voltages at interm ediate points in the network (see Chapter 13, Section 13.5.3)
.

H ow ever, in such cases the 1ow  voltage is a result of the rotors falling out of step

rather than a cause of it.

Out of step,
@

the type
*

of vo1tage
@

collapse related to voltage instabillt)?

V oltage

pow er system

conditions

stability, as

to m aintain

described in C hapter

voltages

2,@IS concerned w ith the ability of a

acceptable at a11buses in the system under norm al

and after being subjected to a disturbance. A system enters a state of
voltage instability w hen a

condition causes a progressive

causing

disturbance, increase @111 load dem and, Or change @111 system

and uncontrollable decline in voltage.The nlain factor

for reactiveinstability is the inability of the pow er system to m eet the dem and

POW er.

This chapter Ariill review basic concepts related to voltage stability and

characterize

to voltage

the Etvoltage avalanche'' phenom enon. The dynam ic and static approaches

stability analysis w ill be described, and m ethods identified for preventing

voltage instability.

1 4 . 1 BA S IC C O N C EPT S R ELA T ED T O V O LT A G E S T A B ILIT Y

V oltage stability

leading
@

to voltage

an inherent

problenas norm ally

collapse

OCCUC in heavily stressed system s. W hile

the disturbance m ay
@

be initiated by

system .

a variety of Catlses,the

underlying

strength

contributing to voltage

load characteristics,

problem
@

IS w eakness 11l the PoW er ln addition to the

of transm lssion netw ork and POW er transfer levels, the principal factors

of voltage control

T his section

collapse are the generator reactive pow er/voltage controllinnits,

actioncharacteristics of reactive com pensation

under-load

devices, and the

devices such aStransform er tap changers (ULTCS).
illustrates the basic concepts related to voltage instability by firstly

considering

phenom enon

the characteristics of transm ission system s and then exam ining

loads,

how  the
*

IS ini uenced by the characteristics of generators, and reactive

PoW er com pensation devices.

1 4 . 1 . 1 T ransm ission System C haracteristics

The characteristics of interest are the relationshiPS betw een the transm itted

power (PR), receiving end voltage (VR4, and
characteristics w ere discussed for a sim ple

and

the reactive POW er
*

11l

injection
radial system C hapter 2

(:j).
(Sectlon

Such

2.1)
for transm ission lines of varying lengths @11I C hapter

and load buses,

6 (Section 6.1).Forcomplex
system s w ith a large num ber of voltage SOurCeS sim ilar characteristics

Can be determ ined by using POWer-;ow analysis (see Chapter 6).
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(a)Schem atic diagrana

f

0.8

0.5
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9-18.20
0 =84.30

I xlyzlxsc

ZLN /ZLD

(b)Receiving end voltage,currentand POWer aSa function of load dem and

F igure 14.1 C haracteristics of a sim ple radial system

L et us brieiy review  the characteristics of the sim ple radial system considered
*

111 C hapter

reproduced

end

(Figure 2.4). For reference the schem atic
in Figure 14.1(a). As shown in Section 2.1.2,

2 diagrann

the

of the system
* *

reCC1V1ng

@

IS

current 1 and

voltage VR and POW Cr P arCR given by the follow ing equations'.

f
E1 s

A Z ( l 4 . l )
LN

1 Z

V - - EsJF z
z x

LD (14.2)
N
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# R
Z  E  2LD S

cosYF Z
LN

(14.3)

w here

F
z  2 zso 

Lo a -4)1+ +2 cos (
X N Zox

Plots of f U and P:5 R are show n *111 Figure

and cosp =0.95.
14.1(b) aS a function of load dem and

(Zzx/Zzo),
to

for the CaSC w ith tano = 10.0 T o m ake the results applicable

any value of Z the valuesLNn of f VR and P areR appropriately
P

norm alized.

A s load dem and increases (ZJo decreases), R increases rapidly atfrst and
then reaching a m axlm um , and fnally decreases. There is thus a

m axim um  value of active pow er that can be transm itted through an im pedance from

a constant voltàge source. The pow er transm itted is m axim um  w hen the voltage drop
in the line is equal in m agnitude to VR, i.e., w hen Zzo /zzx = 1. The conditions

corresponding to m axim um  pow er represent the lim its of satisfactory operation. The

values

slow ly before

of VR and 1 corresponding to m axim um  pow er are referred to as critical values.

For a given value of power Pp delivered (Py<PRuy9 , two operating points may
be found corresponding to tw o different values of Zzo. This is show n in Figure

14.1(b) for #a=0.8. The point to the left corresponds to norm al operation. At the
operating point to the right, 1 is m uch larger and Vp m uch low er than for the point to

the left.

For a load dem and higher than the m axim um POW Cr, control of POW Cr by

varying the load w ould be unstable,

the

@

I.C.Nan increase in load adm ittance w ould reduce

Pow er.

depending

In this region,

the

load vol

On load-voltage
m ay

characteristic.

tage Of m ay nOt PfOgfCSSiVely decrease

W ith a Constant-adm ittance load

characteristic,

norm al.

the system condition stabilizes at a voltage level that @IS losver than

O n the other hand, if the luad is supplied by a transform er shritlz U L T C ,

of reducing

the

tap-changer action

effective Zzo. T his

voltage. Yhis is the

Arrilltry to raise the load voltage,w hich has the effect

losvers VR still further and leads to a progressive reduction of

phenom enon of voltage instability .

m axim umFrona E quation

the

14.3, W C See that the value of P R Can be increased

by increasing SOurCe voltage

m ethod

Es and/or

A rnOCC traditional of
decreasing (.

illustrating the phenom enon @IS to plot
@

the

relationship betw een VR

Figure

and PS, for different values of load PoW er
@ *

factor $,/1t11 Es

byconstant aS show n @11I

dashed lines in the figure.

satisfactory

operatlng polnts

O nly the operating points above the critical points

show n14.2.T he locus of critical @IS

represent

operating conditions.
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% IEs 0.9 lag 0.95 1ag 1.0 0.95 lead 0.9 lead posver factor

1.0
A

-  
*

0.8 -- -
-

-
-  L ocus of critical points

- - e0 @ 6 -  -  
*  

e

0.4

N ote: Pv xx is the m axim um  pow er

0.2 transfer at unity pow er factor

0.0 #s IPU AX
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

F igure 14.2 T he VR-P R characteristics of the system of Figure 1 4 . l

ln Chapter 6 (Section 6.1), We developed î.slm ilar V-P characteristics for
transm ission lengths. Practical pow er system s consisting of m any

voltage sources and.load buses also exhibit sim ilar relationships betw een active pow er

transfer and load bus kb ltages. W e w ill illustrate this for the system  show n in Figure

14.3,

Figure

consisting

lines of different

of 39 buses AAritll nine

14.4 show s the V-P Curve for

generators One Sync11ronous Condenser.

the system ; it represents the variation in voltage

and

at bus 530,a critical 1n 1- 1z
ï

*

the load

total active POW er load ln the shaded
area prone

area. This

to voltage instability,

been

aS a function of

curve has produced by

1

using a

series ofP0W er-flow solutions fordifferentload levels.The loads in area (shaded)
are uniform ly scaled UP w hile the PoW er factor @IS kept constant. The active POW er

Outputs of generators arC correspondingly increased *111 proportion to the size of

generator.

the

T he # and com ponents

<(jç 5:nee

of each load arC assum ed to be independent of

bus voltage. A t the of the V-P Curve, the voltage

Pow er-i ow

drops rapidly

solution

w ith an

increase @111 load dem and (or nom inal voltage load). fails to
Converge

stability

allow ing

beyond

lim it

this @ @llm lt,w hich is indicative of instabili

is im practical and a satisfactory

ty. O peration at or near

operating condition is ensured

the

by

sufs cient (tPOW er

com plex system s have V-P  characteristics sim ilar to those of the

of Figure 14.1. Such characteristics represent the basic property

* 77

m argln.

W e See that

sim ple

of netw orks

radial system

AApitll predom inantly inductive elem ents.

so far considered the V-P  characteristicsW e have AAritll constant load

factor.V oltage stability,

the

*

11I fact,

at the

depends On how variations *111 aS w ell

characteristic

PoW er

P in fheaS

load area affect voltages load buses.O ften,

the

a m ore useful for

certain aspects of voltage stability analysis IS Q- F relationship,which showsthe
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>
=

W

O
=
>

.<
Q

O

>

m

A

0.8
B

0.6

C

0.4

0.2

0 . 0 I ' l ' l .
80 l00 120 140 160 l80 200

1.0

Totalactive POWCr (M W ) *11Iarea 1

F igure 14.4 The V-P Curve at bus 530 of the system show n in Figure 14.3

sensitivity

absorptions.

and variation of bus voltages w ith respect to reactive

For the sim ple

load

radial system of Figure
*

111

1 4 . 1 , such
power injections or
characteristics for

different values of POW er arC show n Figure

the

2.8

characteristics Can b e derived nAore readily than V-P

C hapter 2.

characteristics for

of These

system s

srritlz a non-radial type structure and arC better suited for exam ining the requirem ents

for reactive POW er com pensation.

show sFigure 14.5

for the three operating
Q- F curves com puted at

conditions represented by points

the buses 160,

and

200, 510,and 530

A ,B , C on the V-P curve

of Figure
@

Operatlng

Q- F curves
reactive pow er

14.4.Point A  represents

point, and point C a condition

the base case, point B

the critical operating

a condition neaf the critical

at

has been produced by successive P0W er-flow

point.

calculations

E ach of these

w ith a variable

SOUFCC at the selected bus and recording its values rCquired to hold

different scheduled bus voltages.

represents

The bottom of the

dQI
control

d v is equa1 to Zero, the voltage
Q- Z curve,

stability lim it. Since

w here the derivative

all reactive POW ef

devices arC designed

increase

to Operate satisfactorily w hen an increase *1l1 @IS

accom panied

stable

by

the
an @11l U,operation On the right side of the Q-V CUrVC *IS

and On left side @IS unstable. A lso, voltage

bottom

On the left side m ay be SO 1() Nsr

that protective

identifying

stable

devices

the stability
m ay

lillzit,
beactivated.The of the Q- Z curve,in addition to

def nes the m inim um reactive POW CC fCquirem ent for

operation

ln
r31.

this section W e have exam ined the characteristics of transm ission System s

aS im pacted by
@

IS

the flow of active and reactive POW CF through

that

highly

follow ing

inductive

elem ents. lt evident from the analysis presented here the are the

principal Causes of voltage instability'.
u
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@
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point,
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Bus voltage (pu)

*
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(c) Operating condition at the
critical 'operating point, w ith

a load
. 
of 1 86.9 M W ,

1 17.9 M V A r in area 1

0.0 0.3 0.6 0.9 1.2

Bus voltage (pu)

Figure 14.5 The Q- F curves forsystem shown @11lFigure 14.3
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@ The load On the transm ission lines @IS ttl () high.

@ The voltage SOUFCCS are tOO far from the load centres.

@ The SoUrce voltages are tOO 1() 5A?.

@ There is insufs cient load reactive com pensation.

The transm ission system V-P and Q- F characteristics
phenom enon

the characteristics

rim arilyP

approach

program s is, how ever, not necessarily the m ost efticient w ay of studying the voltage

stability problem . M ethods of analyzing voltage stability are discussed in Section 14.3.

have been introduced here

to illustrate the basic associated AAritlz

presented for deriving by using

voltage instability. T he

conventional pow er-i ow

14 .1.2 G enerator C haracteristics

G enerator A V R S are the m ost im portant

ternainal

Dieans of voltage control @11à a POW er

system .

constant.

U nder norm al conditions the voltages of generators
@

are m aintained

D uring conditions of low -system

field

voltages, the reactlve POW CC

lim its

dem and On

generators m ay

5, Section 5.4).
longer

exceed their currentand/orarm ature current (see
voltage

C hapter

Nvhen the reactive POW CC output @IS lim ited,the terrninal @IS nO

m aintained constant.

The generator s eld current is autom atically lim ited by an overtxcitation lim iter

). The function and m odelling of such lim iters are described in Chapter 8(OXL
(Sections 8.5
behind the

and 8.6).W ith constant seld current,the pointof constant voltage
effectively

@

IS

synchronous reactancè (see Chapter 3,Figure 3.22). This
increases the netw ork reactance signiû cantly, further aggravating the voltage collapse

condition.

generators, current

operators responding to alarm s. The operator reduces reactive and/or active pow er

output to bring the arm ature cutrent w ithin safe lim its. O n som e generators, autom atic

O n m ost the arnAature lim it @IS realized m anually by

arm ature curtent lim iters w ith tim e delay are used to lim it reactive POW er output

through

im pact of loss of generator voltage control capability, consider

the system  shown in Figure 14.6(a). lt consists of a large load supplied radially from
an infnite bus, w ith interm ediate generation supplying part of the load and regulating

the AVR (2q.
To illustrate the

voltage (V14.
sàTitll voltage at the internzediate bus m aintained, the V-P characteristic @IS

by curve 1 in Figure 14.6(b). W hen the generating unit àt the interm ediate
point hits its feld current lim it, the bus voltage (Vg) is no longer m aintained and the
V-P characteristic is show n by curve 2. A n operating condition such as that

represented by point A  is considerably m ore stable w hen on curve 1 than w hen it is

show n

On Curve 2. These results dem onstrate the im portance of m aintaining the voltage

control capability of generators. In addition, they

close

show that the degree
e

of voltage

thestallilit)r

voltage

cannotbe judged based only on how the busvoltage ISto norm al
level.
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G I x

Pg #l+7ps

E s

(a)Schem atic diagranA

FR

Curve 2 (excitation of GI at its lim itl
,
z'

.2

/

A Curve 1 (Vg - regulated)
z'

.
z'

l /
1 ..z
1
-  CI
l I
l I

I
1

I I

CS F I I II I I
I l 1

I I I
I 1 l
1 l I
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I I I

I I
I

I I
1 l
I I

I I
I l I
I l I
l I l

I I I P
RP P  P

A 1/r 2 M M L

(b)The Vp-Pp characteristics

F igure 14.6 lm pact of loss of regulation of interm ediate bus voltage

This sittllttit)ll @IS sim ilar to that w hich 1ed ttl voltage

in N ovem ber

collapse *111 the B rittany

region of the French system in IlecenAber 1965 and 1975 (41.

14 .1.3 Load C haracteristics (1,51

L oad characteristics and distribution system voltage controldevices arC am ong

the key factors

The

iniuencing system  voltage stability.

characteristics and m odelling of different

L oads

types of loads are discussed @111

com ponents Vary

AA/itllthe transm ission characteristics changing the

determ ined by the

by PoW er ; ow

T he system voltages settle at values COm POsite

transm ission system and loads.

C hapter 7. w hose active and reactive AAritlz voltage interact

through system .

characteristic of the

the
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lnistrl-lltltit)ll system voltage regulators and substation transform er U L T C S

attem pt to constant (see Chapter l l , Section
1 1.2). W ithin the norm al control range, loads appear effectively as constant M VA
loads. This m ay have a destabilizing effect during conditions of voltage collapse. The

effect

hold voltage at the point of consum ption

of U L T C S Arrill be discussed further @11l Section 14.2.

W hen the U L T C S reach the end of their tap range,distribution system  voltages

begin to drop. residential active and reactive loads w ill drop w ith voltage. This

w ill in turn reduce line loading and, hence, the line reactive losses. The industrial

loads,

capacitors

increase in

AAritlz

The

large com ponents

in the industrial area

of induction m otors,

less

Ar/ill change little. H ow ever,

causing

the

Arrill supply reactive POW er,thereby a net

the reactive load ( l ) .
voltagesW hen the distribution rem ain 1ow  for a few  m inutes,therm ostats and

other

exam ple, heating-type

load regulation devices,

loads

aS w ell aS m anual controls, tend to restore load. For

w ill run longer to bring the tem perature to the level called

for

iven tim e.g

by the therm ostats.

s4any loads

C onsequently, m ore such devices

of this type w ill be restored to their

Arrill be operating

full

at any

norm al voltage value

OVCC a 10 to 15 m inute

transm ission and

period

distribution
g5q.Asvo1tage-sensitive controlled loads CFCCP back,

voltages

to

w illdrop further.

A t voltages

and

below 85 90% of the nom inal value, Son;e induction nAOtOrS

m ay

Industrial

stall drasv high reactive current. This brings

controlled

the vo1tages dow n further.

and com m ercial nAotors are usually by m agnetically

drop

held

contactors;

of

therefore, the voltage drop Ahrill Cause DRany

A fter

nAotors to Out.T he loss

load w ill result @111 the recovery of voltages. SOE/C tim e, the nAotors are
restored to service.This m ay CaUSC voltages to drop again if the original CaUSC of the

voltage problem still persists.

lt is evident from the above discussion that,

include

for accurate analysis of voltage

stallilit),,

transfornAer

the netw ork

tap-changer

representation m ust

action and capacitors

the effects of distribution

in the distrl'bution system s. D epending

scope
consideration the effects

0n the of the study, the representation of load characteristics should take into

of therm ostats

areas, nAotors and capacitors m ay

and other load regulation devices.

need to be represented explicitly.

ln industrial

14 .1.4 C haracteristics of Reactive C om pensating D evices

llere,

In C hapter

w e brieiy

1 1, w e considered

describe

different types of reactive com pensating

how  these devices inf uence voltage stability.

devices.

(a) Shuntcapacitors

B y far the m ost inexpensive Dieans of providing reactive POW er and voltage

support use capacitors. They can be effectively used up to a certain

point to extend the voltage stability lim its by correcting the receiving end pow er

factor. They can also be used to free up ttspinning reactive reserve'' in generators and

thereby help prevent voltage collapse in m any situations.

@

IS the of shunt
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Shunt capacitors, how ever, have a num ber of inherent lim itations from t*e

viesvpoint of voltage stability and control :

* ln heavily

be

shunt capacitor com pensated system s, the voltage regulation tends

to POOf.

* B eyond

shunt

a certain level

capacitors (this

of com pensation, stable

is illustrated in E xam ple

operation

14.1).

*

IS unattainable w ith

@ The reactive

of the

pow er generated

voltage; during system

by a shunt capacitor

conditions of low  voltage

is proportionalto the Square

drops
,

the var support

thus COnApounding the PrOblenl.

(b) Regulated shuntcompensation

A static VJr system (SVS) of snite size Asiill
capacitive

regulating

possibility

output. There are nO vol

range.

of this

Xvhen pushed

leading

to

tage

the lim it,

control Or

regulate

instability

UP to its m axim um

ATritllillPrOblen:s the

an SV S beconaes a sim ple capàcitor.The

to voltage instability m ust be recognized.

A synchronous condenser, unlike an SV S,

relatively

has an intetnal vo1tage

and

Source. lt

continues tu supply reactive POW er dow n to 1()A,; vbltages contributes

to a nAore stable voltage perform ance.

Series cap acitors

Series capacitors arC self-regulating. The reactive POW Cf
@ *

IS

supplied by series

capacitors

voltages.

proportional to square of the

This has a favourable effect on

*

IS line current and lndependent of the bus

voltage stability.

Series capacitors
*

are ideally
@

suited for effectively

reduce

shortening long lines.U nlike

shunt capacitors, SCrICS capacltors both the characteristic inapedance

resul
(Zc)and

the electrical

regulation
length (0) of the line (

and stability are signif cantly
SeC Chapter 11).As a t, both voltage
im proved.

E xam ple 14.1

Figure system representation applicable fo a 322 km (200 m i),
kv  transm ission line supplying a radial load from  a strong system . The

param eters are expressed ih per unit on 100 M V A  and 500 kv  base.

E l 4. l show s tll () 500

line

(a) W ith the sending end voltage (Fj) m aintained at l .0 pu, generate ;-Z curves
at the receiving end for four different values of receiving end load pow er:

1300,

w ith the Q-V curves of the transm ission
characteristics w ith the reactive pbw er

450, 675, and 950 M V A r, respectively.

1500, 1700, and 1900 M W assum ed at unity PoW er factor. Together

system ,plot the shunt capacitor

u voltage being 300,P
Q- V

injection at 1 .0
E xam ine the effectiveness of shunt
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F1 = 1.0Z 0 Transm ission line

7
-  L oad

i - P 2

- cg

F2Z 0

(a) Schem atic diagrarn

Z1 = 1.0Z 0 YSe F21 0

r h rs,

=  =

YSe

F

2.142 -724.973
0 +

./2.076
Pu

sh PU

(b)Equivalent circuit representation of line

F igure E 14.1 A 322 km , 500 kv line supplying a radial load

capacitor com pensation

A ssum e

aS a m eans of providing reactive pow er com pensation,

that the load at the

state characteristic due

receiving end exhibits

action of transform er

a constant M V A steady-

to the
*
.

tap changers.

(b) If the reactive Com pensation at the receiving end @IS @ln the form of an SVC
w ith a capacitive

as P z is gradually

lim it of 950 M V A r,

1300

exam ine voltage stability of the system

increased from M W to 1900 M W .

Solution

(a)
and the

Figure E14.2 showsthe steady-state Qi - % characteristicsof the transm ission line
shunt capacitors.

The transm ission line characteristics are show n in solid curves.These curves

the relationship behveen voltage

corresponding
theat receiving end busand injections

receiving-end

represent

of reactive

PoW er

assum ed

at that bus, each to a given level of PoW er,

at unity pow er factor.

The relationships behveen voltage and the reactive pow er produced by

dashed lines. The intersection betw een a solid curve

shunt

capacitors are show n in

dashed line establishes the

and a

steady-state operating point corresponding

shunt

to the respective

receiving-end PoW er and capacitor rating-
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0.4 0.6 0.8 0.95 1.0 l .05 1.2

% @1l1Pu

C apacitor

characteristics

System

characteristics

F igure E 14.2 System

characteri

and shunt capacitor
*

steady-state Q- F
at*stlcs; capacltor M V A r show n

rated voltage

L et US exam ine the steady-state system perform ance w ith a load level of 1300 M W

and a capacitor bank of 300 M V A r, represented
*

IS

by the operating

of the

point

capacitor;

disturbance,

A . A t this

point the slope hQ lAZ of the system greater than that shunt this
represents

system

stable operation.

operating
@

svhen

returns to point
*

perturbed by a sm all transient

A . T he addition of a sm all am ount

the

of capacitance

a characteristicaS represented by Operatlng olnt A ' resultsP in an increase in voltage,

norm ally expected.

The situation is quite different at operating

M V A r.

point B ,w ith a receiving PoW er of 1900

M W  and a capacitor

than

bank of 950 N ow,the slope hQ IAF of thesystem @ISless
that of the capacitor. A sm allperturbation

sm all am ount,

leads to progressive deviation @l 11 F2'

A n increase of shunt capacitor by a as represented by oint B 'P ,results

in a decrease @1l1 bus voltage.

W e thus See that at Very high levels of shunt com pensation, stable operation is nOt

possible.

of 675

The lim iting load pow er level is about 1700 M W  requiring a shunt capacitor

M VAr. At this level, the slope AQM V of the system is nearly equal to that of
the shunt capacitor.

ln the above analysis
* @

W e have considered only the steady-state perform ance w ith the

load at the recelvlng end m aintaining constant M V A  due to transform er U L T C action.
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The transient response depends on the inherent load characteristics.

a constant current load characteristic, sw itching additional

point B

short term .
Causesa transientreduction of L  and Pz. The system

T C ,

For exam ple, w itll

load w hen operating at

is voltage stable in the

H ow ever, the action of the transfonn er U L aS it attem pts to raise the

secondary voltage, causes an increase in prim ary (line) current. This results in a

decrease in % and Pz. The voltage % decreases with each tap m ovement until the tap
changer reaches its * *1111)1t.The System settlesat1ow valuesof % and Pz.

(b) Figure E14.3 shows the steady-state Qi- Z2
con stant

characteristics w ith a static V&r

com p ensator

capacitive

than

(SVC). The SVC m aintains voltage Z2 until its m axim um
Output

M W ,

lim it of 950 M V A r *IS reached. C onsequently, for values of P z

M W ,

itor.

1900

less

the SV C m aintains

SV C hits its capacitive lim it and its
Pu.

characteristic is that
% at 1.0 Nvhen #2

of a sim ple

reaches 1900 the

Capac This

leads to voltage instability.

<
>
2
@>#

* -&

SV C at capacitive1400
P z = 1900 M W  lim it. z,

-. z ?

1200 ..
#

#1000 '
1700 S4NV ,js

#

ze l800 
1500 M w  ... l

z ' l
z #

600 ... l
, ... l

. I1300 M W  e '
400 ..- l

e# 1e
-  e

. ,- I sv C w ithin200 . . - - -  

j ------- jatjng range- , regu
1

0.4 0.6 0 . 8 1.0 1.2

F2 *111 Pu

F igpre E 14.3 System

SV C

and SV C

capacitive
Q- F characteristics;

lim it 950 M V A r

14 .2 V O LTA G E C O LLA PS E

V oltage collapse is the process by w hich the sequence of events accom panying

voltage instability leads to a 1ow  unaccep table voltage prof le in a signif cant part of

the PoW er system .

V oltage collapse m ay be m anifested in severaldifferentW ays.W e w ill describe

a typical

the

scenario of voltage

phenom enon based On

collapse, and then provide

actual incidents of collapse.

a general characterization of
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14 .2 .1 T y picalS cenario of V oltage C ollapse

W hen a POWCC System is subjected to a sudden increase of reactive POWCr
dem and follow ing a system  contingency,the additional dem and is m et by the reactive

poyver reserves
suff cient reserves

carried by

the

the generators and com pensators.

stable

G enerally there are

possible,

reactive

because

system

of a com bination

and settles

of events

to a voltage level. H ow ever
, it is

and system  conditions, that the additional

PoW er dem and m ay lead to voltage collapse, causing a *m alor breakdow n of

part Or all of the system .

scenarioA typical of a voltage collapse would be aSfollows (61:

@ T he POW er system

units

@

IS experiencing

the

abnorm al operating conditions w ith IACVQ

generating

E H V  lines

near load centres being out of service. A s a result, som e

and reactive pow er resources are at a m inim um
.

are heavily loaded

* T he triggering event @IS the loss of a heavily

adjacent
absorbed

loaded line w hich w ould CaUSC

additional loading On the

reactive POW CF losses ill

rem aining

the lines (:

lines* T his w ould increase the

by

causing

a line increases rapidly for

loads abovesurge inapedance loading), thereby a heaVy reactivePoWer
dem and on the system .

@ Im m ediately

reduction

follow ing

voltage

the loss of the E H V  line, there w ould be a considerable

of at adjacent load centres due to extra reactive PoWer
dem and. This w ould CaUSC a load reduction, and the resulting

stabilizing

term inal

reduction @1l1

POW er ;ow through the EH V lines w ould have a effect. The

generator

increasing

inductances

A V R S w ould, how ever, quickly restore voltages by

excitation.

associated

T he resulting additional reactive pow er tlow  through the

w ith generator transform ers and lines w ould cause

increased voltage drop aCrOSS each of these elem ents.

A t this
e

1.e .,

stage, generators

w ithin the arm ature and
would likely be Ahéitlzillthe P-Q Outputcapabilities,

f eld current heating * @llnnlts.The speed gOVCr1A0rS

w ould regulate frequency by reducing M W Output.

@ T he E H V level voltage reduction at load centres w ould be ref ected into the

distribution system .

voltages

T he U L T C S of substation transform ers w ould restore

distribution and loads to

each tap change operation,the

prefault levels in about 2 to 4 m inutes.

resulting increm ent in load on E H V  lines

W ith

w ould
increase the line X 1l d R 1lan losses

,

line

w hich in turn w ould Cause a greater

the

drop

each@11I E H V levels. lf the E H V @IS loaded considerably above SIL ,

M V A increase *111 line tlow w ould CaUSC several M V A rs of line losses.

@ A s a result,w ith each tap-changing

the

operation,the reactive

throughout system w ould increase. G radually, the

output of generators

generators w ould hit
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their reactive POWCF capability lim its (imposed by
generator reached

reduced term inal

m axim um allow able

continuous f eld

current lim it,

for a f xed M W

current) one
its term inal voltage

by OIIC.W hen the srst its field

w ould drop.A t the voltage

furtheroutput,the arnlature current w ould increase. This m ay

lim it reactive Output
@

to keep the arm ature current Ahritllill allow able * *llnnlts. 1ts

share of reactlve loading w ould be transferred to other generators, leading to

overloading of m ore and m ore

excitation control, the system

This

generators.W ith few er generators on autom atic

w ould be m uch m ore prone to voltage instability.

w ould likely be com pounded by the reduced effectiveness of shunt

com pensators at 1ow  voltages.

The PrOCCSS Ahrill eventually lead to voltage collapse Or avalanche, possibly

leading to loss of synchronism of generating units and *a m aJ Of blackout.

14 .2 .2 G eneralC haracterization Based On A ctual Incidents

There have been a num ber of voltage collapse incidents w orldwide (see
references 1,2,7 and 8 fordescriptions).Based On these incidents,voltage cbllapse
m ay be characterized aS follow s-.

1. The illitilttilléj event

changes

such

such aS
m ay

tural 'na

be due to a variety

stem

of causes: sm all

lncrease *11l Sy load,Or large

gradual system

sudden disturbalaces

a S

seem ingly

eventually

losj of a generating

uneventful initial

unit Or a heavily loaded line. Som etim es, a

disturbance m ay lead to successive events that

CaUSC system collapse.

2. The pro system  to

dem ands. U sually, but not alw ays, voltage collapse involves system  conditions

w ith heavily loaded lines. W hen transport of reactive pow er from  neighbouring

heart of the blenx is the inability of the m eet its reactive

areas @IS difl cult, any change that calls for additional reactive PoW er support

m ay lead to voltage collapse.

3. The generally m anifests itself as a slow  decay of voltage. lt

is the result of an accum ulative process involving the actions and interactions

of m any devices, controls, and protective system s. The tim e fram e of collapse

in such cases could be on the order of several m inutes.

voltage collapse

The duration of voltage

on the

collapse dynam ics @111 SonAe situations m ay

usually

be nauch

shorter, being order of a few seconds. Such events are caused

by

(81.
rotor angle

unfavourable load

T he tim e fram e

com ponents as

of this class of voltage

such induction nAotors Or dc converters

instability @IS the SanAe aS that of

instability.ln niany

be

situations, the distinction betw een voltage and

angle

exist.

instability

T his

m ay nOt clear, and Socne aspects of both phenom ena m ay

form of voltage instability m ay be analyzed by conventional

transient

represent

stability sim ulations,

the devices, particularly

provided appropriate

induction m otor loads,

m odels are used to

and various controls
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and protection associated shritll the generators and transm ission equipm ent
.

Based On the above considerations,the com panion book by C.W .Taylort%l
classifies voltage stability into transient and

book groups know n incidents

longer-term  tim e

of voltage instability
frames.
by theseA ppendix F of the

tim e fram es.

4. V oltage collapse is strongly ins uenced by system  conditions and

characteristics. T he follow ing are the signif cant factors contributing to voltage

instability/collapse:

@ L arge distances betw een generation and load

@ U L T C action during 1() :4,voltage conditions

@ U nfavourable load characteristics

@ Poor coordination betw een various control and protective system s

5. The voltage collapse problem m ay be aggravated
@

by excessive USC of shunt

capacitor com pensation. R eactive com pensatlon can be m ade m ost effective

the judicious choice of a m ixture of shunt capacitors, static var system s,
possibly synchronous condensers.

by

and

14 .2 .3 C lassification of V oltage Stability

lt is helpful to classify voltage stability into tw o categories: large-disturbance

voltage stability and sm all-disturbance voltage stability. These subdivisions essentially

decouple phenom ena that m ust be exam ined by using nonlinear dynam ic analysis from

those that can be exam ined by using steady-state analysis. This classitication can

sim plify analytical tool developm ent and application, and it can result in tools that

produce comp lem entary inform ation.

L arge-disturbance voltage stability is concerned w ith a system 's ability to

control voltages follow ing large disturbances such as system  faults, loss of load, or

loss of generation. D eterm ination of this form  of stability requires the exam ination of

the dynam ic perform ance of the system  over a period of tim e suff cient to capture the

interactions of such devices as U L T C S and generator G eld current lim iters. L arge-

disturbance voltage stability can be studied by using nonlinear tim e-dom ain

sim ulations w hich include proper m odelling.

L arge-disturbance voltage stability, as discussed in Section 14.2.2, m ay be

further subdivided into transient and long-term  tim e fram es.

Sm all-disturbance (or sm all-signal) voltage stability is concerned with a
5system  s

changes

approaches

ability
*

111

to control voltages

of

follow ing sm all perturbations, such aS gradual

load. This form stability

of the

Can be effectivelY studied w ith steady-state
@

that use linearization system  dynam ic equations at a given Operatlng

polnt.
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Follow ing

Therefore,

a disturbance,

it

the system  voltages often do

level.

acceptable.

of voltage

T he
necessary

system  is then said to

@

IS to defne the region

stability

of

not return to the original

voltage level considered

have hnite within the specised region
level.

14 .3 V O LTA G E S TA B ILIT Y A N A LY S IS

The analysis

of tw o

of voltage stability for a given system state involves the

exam ination aspects (9q:

(a) Proximity to voltage instability..How close is the system to voltage instability?

D istance to instability m ay be rneasured in ternAs of physical quantities, such

as load level,active POW CF flow  tlzrough a criticalinterface,and reactive POW CF

on thereserve.The

specis c

versus operating decisions.

contingencies (line outages,

m ost appropriate m easure fOr

system  and the intended use Of

any *gIVCn
*

situation depends

the m argln; for exam ple, planning

C onsideration m ust be given to POssible

loss of a generating unit Or a reactive POW er

SOUCCC,etc-).

(b) M echanism of voltage instability'.How and why doesinstability occur? W hat
are the key factors contributing to instability? W hat are the

areas? W hat nAeasures are m ost effective @1I1 im proving voltage

voltage-w eak

stability?

T im e-dom ain sim ulations,

the events and their

appropriate

chronology leading to

in w hich m odelling is included, capture

instability.

readily

H ow ever, such

sim ulations are tim e-consum ing and do nOt provide sensitivit)/

inform ation and the degree of stability.

System

m any aspects problem  can

m ethods, w hich exam ine the viability

a specised operating condition of the

dynam ics inf uencing

the

voltage

of

stability are usually slow . Therefore,

be effectively analyzed by using static

of the equilibrium  point represented by

POW er system .

of

The static analysis

techniques

appropriately

allow exam ination of a w ide range system

the

conditions and, if

used, Can provide nnuch insight into nature of the PrOblenn

and identify the key contributing factors. D ynam ic analysis, on the

is useful for detailed study of specisc voltage collapse situations,

of

other hand,

coordination

protection and controls, and

sim ulations also exam ine w hether

testing

and

of renledial nAeasures. D ynam ic

how  the steady-state equilibrium point

w ill be reached.

In this section, W e discuss static aS w ell as dynam ic
O

analysis techniques and

W e illustrate how  the tAN?tl approaches Can be used 11l a com plem entary m alm er.
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14 .3 .1 M odellin9 R equ irem ents

The follow ing arC descriptions of m odels of POW CF System elem ents thathave

a signii cant im pact on voltage stability-.

L oads. Load characteristics could be critical *11l voltage stability analysis. U nlike *

conventional transient stability and pow er-flow  analyses, expanded subtransm ission

system  representation in a voltage-w eak area m ay be necessary. T his should include

transform er U L T C action, reactive pow er com pensation, and voltage regulators in the

subtransm ission system .

It @IS im portant to account for voltage and frequency
@

dependence of loads
. lt

m ay

appropriate representation

also be necessary to m odel induction nAotors speclf cally. ln Son;e CaSCS
,

of load characteristicsat low voltagesm ay be essentialt) 1 1) .

G enerators and their excitation controls.

nCCCSSarY to account for the droop

voltage stability analysis,

characteristic of the A V R  rather than

For it m ay be

to aSSUrnC

Zero droop. lf load (line drop)
beprovided,

should

its effect should

com pensation

represented. Field

(see Chapter 8, Section 8.5.4) *IS
current and arnlature current lim its

be

reactive

represented

pow er lim it.

specif cally rather than aS a l xed value of the m axim um

Static var system s an operating w ithin the norm al voltage

control range, it m aintains bus voltage w ith a slight droop characteristic. W hen

operating at the reactive pow er lim its, the SV S becom es a sim ple capacitor or reactor;

this could have a very signil cant effect on voltage stability. T hese characteristics of

SV S

(SVSs) .sVhen SVS is

should

SV SS is

rçpresented

described in C hapter

be appropriately

1 1 (Section

*

1l1 voltage stability studies. M odelling of

1 1.2.9).

A utom atic generation

betw een
control (A GC) .

and

For contingencies resulting *1l1 a significant

m ism atch

supplem entary

signif cantly,

have

tie

generation

line bias

load, the actions of prim ary

change

speed control and

frequency

detrim ent

control Can system generation

som etim es to the of voltage stability. H ence, these functions

to be represented appropriately.

P rotection and controls. These include generating
@

unit and transm ission netw ork

protection and controls.

current protection,

Exam ples are generator excltation

transm ission line overcurrent protection,

protection,
*

arnAature OVCI'-

capacltor bank controls,

phase-shifting regulators, and undervoltage load shedding.

14 .3 .2 D ynam ic A nalysis

The general structure of the system m odel for voltage

'bed

stability ysis

13 (Section
differential

anal @IS

sim ilar to that for transient

13.3.5), the overall system

stability analysis. A s

equations, com prising

descrl 11l C hapter

a set of first-order
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equations, m ay be expressed *11l the follow ing general fornl:

@

X f (x,V ) (14.4)

and a set of algebraic equations

I(x,V ) Y VN (14.5)

NlJitlla setof known initialconditions (xo,V 0),where

X state vector of the system

V bus voltage
@ @

vector

l curreùt 111Jection

node

vector

Y N netw ork adm ittance m atrix

Since w e include the representation of transform er tap-changer and phase-shift

as a function of bus voltages and tim e. Theangle

current

controls,the elem ents of Y

injection
*

vector l *IS a

changeN

function of the system

the

states X and bus voltage vector

V , representlng

(generating unity, nonlinear
to the tim e-dependent nature

betw een

the boundary conditions at ternainals of the various devices

static loads,m otors,SV SS,HVD C converters,etc.).Due
of devices such as f eld current lim iters,the relationship

I and X Can be a function of tim e.

E quations
@ *

14.4 and 14.5 Can be solved @111 tim e-dom ain by using any of the

num erlcal lntegration m ethods described @111Chapter 13 (Section 13.2) and network
pow er-flow

is typically
*

analysis m ethods described @111Chapter 6 (Section 6.4).The study period
On the order of several m inutes. ss/itll the inclusion of

representlng

the

the ççyjgw system

equations
*

dynam ics'' leading to voltage collapse,

special m odels

the stiffness of

system differential is

m odels.Im plicit 'lntegratlon

change

greatly enhance

m ethods

signifcantly higher than that of transient stability

are ideally suited for such applications. Facilities

to autom atically

transients decay,

the integration step, as

the com putational efl ciency

tim e the solution progresses

of such techniques

and fast

g12).

E xam ple 14.2

ln this exam ple w e analyze the large-disturbance

in Figure

based

voltage stability of the system  show n

E 14.4, using tim e-dom ain sim ulations. T he test system considered here #IS

and

on the system  originally described in reference 25, and used

10 for analysis of the various aspects of voltage stability.

in references 2,8,

111 addition ttl illustrating

exam plestability,

transform er

this

tap changer

to dynam ic analysis of voltage

show s the effects of generator overexcitation lim iter (OXL),
and load characteristics on voltage stability.5

the tim e-dom ain approach
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7 x  G 3

1 T 1 5

G  1 x
8

2 -1-4

6 2 x

T2 6 9 ): v 6 1 j

1 5 U L T C

F igure E 14.4 Test system

The test system data are aS follow s:

Transmission lines (R,X  and B j?k#& On l00 M FW base) ..

L ine R X B

5-6 0.0000 0.0040 0.0000

6-7 0.0015 0.0288 1.1730

9- 10 0.00 10 0.0030 0.0000

Transformers and X  in#& On 100 M FW base) .'

Transform er R X R atio

T 1 0.0000 0.0020 0.8857

T2 0.0000 0.0045 0.8857

13 0.0000 0.0125 0.9024

14 0.0000 0.0030 1 .0664

T 5 0.0000 0.0026 1.0s00

16 0.0000 0-0010* 0.9750 (load
(load

(load

0.9938

level1)
2)
3)

level

1.0000 level

UL TC for transformer F6 between buses 10 and 1 1..

T im e delay

T im e

for the s rst tap m ovem ent: 30 S

delay

band:

for subsequent tap m ovem ent: 5 S

D ead : l % Pu

steps

bus voltage

Tap

Step size:

range : + 16

5/8%1 (= 0.00625 pu)
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Shunt cap acitors..

B us A r

7 763

8 600

9 1710

f oads..

Bus P (M w ) Q (M VAr)

8 3271 1015 (load
(load
(load

3320
level1)

2)
3)

1030 level

3345 1038 level

11 3384 971 (load
(load
(load

3435

level1)
2)
3)

985 level

3460 993 Ievel

G eneration:

Bus p (M w ) r (pu)

G 1 3981 0.9800 (load
(load
(load

4094

level1)
2)
3)

0.9800 level

4152 0.9800 level

G2 1736 0.9646 (load
(load
(load

0.9646

level1)
2)
3)

level1736

1736 0.9646 level

63 1154 1.0400 (load
(load
(load

1.0400

level1)
2)
3)

level1154

1154 1.0400 level

M achine p aram eters..

M achine
M achine
M achine

(()((11111).,. ----,--''-''''

2:

3 :

lnfnite
H  = 2.09,

bus
M V A  rating
M V A

2200

1400

M V A

M V AH = 2.33, rating

follow ing
respective M V A
T he are tll () param eters of m achine 2 and m achine 3 On their

ratings :

Ra 0.0046 Xd 2,97 Xq

X /q

1.99

& 0.155 XL 0.28 0.49
X //# 0.2 15 X ''V = 0.2 15
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F ' = 4.10X F  / =qo

T ''qo

0.56

F //& 0.033 = 0.062

Exciters..

B oth m achine 2 and m achine 3 have thyristor exciters w ith a gain of 400 alld

the sensing circuit-tim e constant of 0.02 seconds.

A erexcitation limiter for machine 3 ..

fv-= lf

I

=  3.02 Pu Idmu zf

1 1

4.60 Pu

LIM 3.85 Pu 0.248 K z 12.6

The O X L *IS included for generator 3 only.The

show n *111 Figure E 14.5 and its functional

block diagram  of the O X L is

characteristic is show n in Figure

E 14.6.

W e w illconsider three system load levels:

L oad level ((((;11111)..,,* -------'''''-' 6655 M W ,

M W ,

M W ,

L oad

1986 M V A r

level 2: 6755 2016 M V A r

L oad level 3: 6805 2031 M V A r

Ifdmaxj I
0

+

Id - 1 1d, - Von
: -  r 1 5 K z

s T o the input
+

of exciter
- Iu M  1 0

fd

/#?nr 2

Figure E 14.5 B lock diagram of O X L

Ifd
//,,,. 2 = 1 .6XFL C

FL C = full load current

ldma b = 1.05xFL C

I
l
l
I T jm e

0 30 s

F igure E 14.6 O X L characteristic
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The disturbance considered *IS the loss of one of the lines betw een buses 6 and 7

a fault). Investigate the voltage stability
representations of loads at buses 8 and 1 1:
(w ithout of the system with tll e following

(a) The load at bus 11
current for both

transform er (T6)

constant im pedance and 50%  constant

active and reactive com ponents; the action of the U L T C

supplying this load is m odelled in detail. T he load at bus 8

is m odelled as 50%

is m odelled aS constant M V A for both active and reactive com ponents. T he

transform er 14 supplying this load *IS assum ed to have a fixed tap.

(b) The active power com ponent
induction m otor w ith the follow ing param eters

for description of m odel):

of load at bus 8 is represented

(see

as an equivalent

C hapter 7, Section 7.2. l

M otor rating 3600 M V A , 60 H z

X = 3.3 Pu R 0.01 Pu X s 0.145 Pu

R r 0.008 Pu X r 0.145 Pu H  = 0.6 S

Load torque exponent 2.0 (that*1S,L 2ro or )

All othercom ponents are m odelled aS @1l1(a).

(c) The load at bus
T 6. The load

com ponent

w ith

and

1 1 is represented as in (a), w ith ULTC action of transforlner
at bus 8 is represented as constant M V A  for the reactive

a therm ostatically controlled load for the active com ponent

the following param eters (see Chapter 7,Figure 7.4 for description of
m odell:

K p

F 1

0.l K î

L

1.0 1 1

G

1.0

40 S 20 S l .5G o

Solution

(a)
1 1 ,

of

F igures

l0,

the

E14.7(a),
7 follow ing

(b),and (c)show the tim e K SPOnSCS of the voltages
buses

at buses

and the loss of one of the lines betw een 6 and 7,for each

three load levels. T he corresponding plots of generator

in F igures

6 3 field current,

(b),regctive
(c).

PoWerOutput,and term inalvoltage are shown El4.8(a), and

The effect of the loss of the line is to cause the system voltage

bus 1 l voltage to nearly its

rem ains below  its continuous

dropto initially.For

load level 1,the U L T C action of transform er 1 6 restores

reference value in about 40 seconds. Field current of G 3

lim it and the term inal voltage

and

*

IS m aintained at the initial value by the A V R . T he

voltages
*

of buses 10 7 settle at values below the predisturbance values. T he

System ls voltage stable.
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W ith load level 2,the voltage of bus 11 *IS restored to nearly its reference value A1lï

about 40 seconds aS in the case of load level 1.H ow ever, the reactive pow er dem and

G 3 exceeds its lim it
.

on the generators is now  higher and the G eld current of generator

T he overexcitation lim iter of G 3 starts ram ping the s eld current

seconds.

dow n at about 1%Q

This in turn triggers tll klfollow ing chain of events:

@ The term inal voltage of G3,w hich is no longerbeing controlled by the ANR
,

drops.

@ V oltages at buses 1 1 , l0,and 7 drop.

@ The U LTC On transform er T6 Operates to restore the voltage and load at

bus 1 1 .

@ The dem and for reactive

continues to hold tll e

pow er on the generators increases. The O X L on G 3

field current at its lim it and the term inal voltage of G 3

continues to drop.

@ Voltage at the transm ission level (bus
reduction of bus 10 and bus 1 l voltages.

7) drpps and this CaUSCS further

@ The U L T C On 1 6 Operates again, repeating the above chain of events.

The net effect of each tap m ovem ent of transform er 1 6 @IS to reduce bus 11 voltage

rather than increase @1t. The voltage at bus

reaches its upper lim it at about 260 seconds.

progressively until the U LTC

The voltages stabilize at this point. The

11 falls

voltage at bus 11 settles at 0.865 Pu.

W ith load level 3, the dem and for reactive PoW er

seconds.

is higher.

W ith

C onsequently, the Geld

current of G 3 reaches its lim it at about 50 loss of voltage control by

G 3, the voltages

of the

at the transm ission leveland at bus 11 drop w ith each tap lnoq/elnent

reaches its lilu it at about l 10U LTC .The voltages stabilize w hen the U LTC

seçonds.The voltage of bus 11 settles at nearly 0.84 PLl.

(b)
bus

T his Case differs from tlltl above in that tlz () active pow er com ponent

level 2 is considered.

of load at

8 is represented aS an induction m otor. O nly load F igures

El4.9(a),
induction

(b)
m otor.

and (c) show plots
stalls

of tll () speed,

65

reactive and active POW CV

a decrease

of the

The m otor at about seconds. T his resùlts @ln i 1-1

active pow er absorbed by the m otor. H ow ever, the reactive pow er draw n by the m otor

increases rapidly. This causes voltage collapse as depicted in Figures E 14. 10 and

E 14.l 1. For com parison, the voltage response w ith constant M V A  load at bus 8, as

com puted in (a), is also shown in Vigure E14.1 1 .

(c)
system

This Case considers a therm ostatically controlled (TC) load at bus 8,with the
load at level 3 .Figures

of the
El4.12(a),

and
(b)
active

and

bus 8, the conductance T C load
(c) show plots of the voltage at

pow er draw n by the load. Figure

E14.13 show s the corresponding piot of voltage at bus 11(curve 1 ).
bus

For com parison,

8the rCSPOnSC of bus 11 voltage

2).

w ith constant resistance load at is also show n

in Figure E14.13 (curve
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T C

of voltage

load and constant

m agnitude at bus 1 1 w ith

resistance Ioad at bus 8

Follow ing the loss

U L TC

of a line betw een buses 7, the voltage

voltage to its reference

6 and of bus 11 drops.Tlle

of transform er 16 restores bus 11 value at about 40

seconds. lf the load at bus 8 Nvere a constant resistance load, the voltage w ould

as a therm ostatically controlled

load, bus 1 1 voltage drops and the U L T C operates again at about 90 seconds. The

action of the T C load causes the voltage to drop again. The interaction betw een the

U L TC and the TC load continues until about 170 seconds, w hen the U LTC reaches

its upper lim it. The conductance of the TC load and the pow er continue to increase

until the

stabilize depicted by curve 2 of F igure E 14.13.W ith

8 and
POW Cr

1 1 stabilize

reaches the predisturbance level of 3345 M W .The voltages atbuses

at about 0.85 Pu and 0.845 Ptl,respectively.

14 .3 .3 S tatic A nalysis

The static

fram es along the

approach captures snapshots of system  conditions at various

tim e-dom ain trajectory. At each of these tim e fram es,
state variables

tim e

tim e

derivativesof the 'e(1. .,k)in Equation 14.4 are assunaed to be zero,and
the state variables take on values appropriate to the specif c tim e fram e.

the overall system  equations reduce to purely algebraic equations allow ing

static analysis techniques.

C onsequently,

the uSC of

ln the Past, the electric tltilit)i

pow er-i ow

by Com puting the V # and Q- V Curves at Selected load buses. Generally, such curves
are generated by Cxecuting a large num ber Of pow er P OW S using conventional m OdC1S.

W hile Such procedures can be autom ated, they are tim e-consum ing and do nOt readily

conventional

ProgranAs for static

industry has

analysis of voltage

largely depended on

stability. Stability is determ ined
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rovide 'P

addition,

characteristics

lnform ation useful *11I gaining

these procedures focus

insight

on indi

into CaUSCS of

vidual buses;

bus

stability

that is,

problem s. In

the stability

arC established by

condition

stressing each independently.

A lso,

This m ay

unrealistically

Q- Z and

distort the stability

analysis

of the system . the buses selected for

V-P m ust be chosen carefully, and a large num ber of such Curves

m ay be required

the Q- Z curves
in the system .

obtainto com plete inform ation. ln fact, it m ay nOt be possible to

generate

elsew here

com pletely due to pow er-tlow  divergence caused by problem s

A num ber of special techniques have been proposed

Som e

@

111 the literature for

voltage

described

stability
*

analysis

2

using the static approach. of these techniques

have

a re

w idespread

ln part

practical
of the 1990 IEEE report ( 1 (1 .ln general,these nOt found
application.

andR eferences 13 14 describe the practical

On V-Q sensitivity.The m odalanalysisapproach

applications of an approach based

described in references 9 and 10 has

also been applied to voltage stability analysis of practical system s.ln this section,W C

describe these

voltage

identify

added

tw o approaches. T he advantages of these approaches are that they give

stability-related inform ation from  a system -w ide p ersp ective and clearly

areas that have potential problem s. The m odal analysis approach has the

The

advantage that it provides

principal reason for considering

inform ation

the

regarding the m echanism  of instability.

V-Q sensitivity analysis here is that it serves
aS a good introduction to the m odal analysis.

(a) F-P sensitiviy analysis

A sshown in Chapter6 (Section
Equation 14.5 m ay be expressed

6.4.3), the
in the follow ing

netw ork constraints rçpresented by

linearized form :

g--o- jJP0JQ0JpvJ vQzv0 jA (14.6)
w here

A P increm ental change

change

change
AQ
A 0

@

111 bus real POW CF

*increm ental *11l bus reactlve PoW er

angle

m agnitude

injection
increm ental @1I1 bus voltage

voltageAV increm ental change @1l1 bus

The elem ents of the Jacobian m atrix give the sensitivity betw een POW er flow and bus

voltage changes.

If the conventional POW Cr-tlow m odel

Jacobian m atrix in E quation 14.6 is the

is used for voltage stability

sam e as that derived in C hapter 6

analysis,the

for solving

the pow er- equations by using the N em on-R aphson technique. W ith the enhanced

device m odels represented by E quation 14.4, the linear relationship bçtw een pow er

and voltage for each device w hen # = 0 m ay be expressed as follow s:

R ow
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A Pd ?t11

AQ d 2ta1

A 12

A zz

AV d

(14.7)
A 0d

w here

APd increm ental change

change

change
AQ d
AV d

A 0d

ill device real POW CC Output

increm ental in device reactive PoW er

m agnitude

Output

increm ental @111 device voltage

voltageincrem ental change @1C1 device angle

The ternAs of the netw ork Jacobian m atrix *11l Equation 14.6 associated A'ritll each

device are m odis ed by 8tI1,

System voltage

A 12, A 2I A zz to

stability is affected by both

and form the system Jacobian m atrix
.

# and Q.H owever, at each
operating point w e m ay keep P  constant and evaluate voltage stability

the increm ental relationship between Q and F. This is analogous to

by considering

the Q-V curve
approach. A lthough increm ental changes in # are neglectçd in the form ulation, the

effects of changes in system  load or pow er transfer level are taken into account by

studying the increm ental relationship between Q and F at different operating
conditions.

B ased on the above considerations, *111 E quation 14.6, let A P =0.Then

AQ JR AV (14.8)

w here

JR (J -JQV Q0 -1Jpelpvl (14.9)

and JR @IS the reduced Jacobian m atrix of the system . Frona E quation 14.8, W e m ay

w rite

AV -1J
R  
AQ (14.10)

The m atrix J -1R @IS V-Q
For com putational

the reduced Jacobian. lts th diagonal
@ *

elem ent @IS the V-Q
sensitivity

T he

at bus *1. efû ciency,this m atrlx IS not explicitly form ed.

V-Q sensitivities arC calculated by solving Equation 14.8.
The V-Q sensitivity at

operating

sm aller

point. A POsitive

a bus represents

V-Q sensitivity

the slope of

indicative
the Q- F curve at thegiven

@

IS of stable operation',

decreases,

the

the sensitivity, the nAore stable the system .
@ *

A s stability the

m agnitude

C onversely,

negative

nature

of sensitivity

negative V-Q

the increases, becom lng

indicative

lnf nite at the stability @ @llm lt.

a sensitivity *IS of unstable operation. A sm all

sensitivity represents a Very unstable operation. B ecause of the nonlinear

of the V-Q relationships,the m agnitudesof the sensitivities for differentSyStenn
conditions do not provide a direct nAeasure of the relative degree of stability.
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(b) P-F m odal analysis 19,151

V oltage stability characteristics of the system Can be identif ed by com puting

tlatl

Jacobian
eigenvalues and eigenvectors (see Chapter

14.9.

12, Section 12.2) of the reduced
m atrix JR defned by E quation L et

JR (A n ( 14 . 1 1)

w here

( right
left9

A

eigenvector

eigenvector

m atrix of JR

m atrix of JR

of Jdiagonal eigenvalue m atrix R

Frorn E quation 14.1 1

-

1JR -1(A n (14.12)

Substituting ill E quation 14.10 gives

AV w-1 uu( n (14.13)

OC

AV E i i n iAQ (14
. 14)

@

l lj

where (f

E ach eigenvalue

tllis the @l colum n right eigenvector and 9
/

right

the tlli royv lefteigenvector of JR
'

hi and the corresponding and lefteigenvectors (jand9 /
desne the th dei m o of Q-V response.

Since (-1= 9 ,Equation 14.13 m ay be written aS

9AV -1A n AQ

O r

V -1A q ( 14. 15)

w here

V 9 AV @IS the vector of m odal voltage variations
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and

q nAQ is the vector of m odalreactive POWer variations

The difference betw een E quations 14.10 and 14.15 @IS that A -1 *IS a diagonal

uncoupled
m atrtx

w hereas J -1
R

@

@

1115 general,

Thus,order equatlons. for

is nondiagonal.
th de w ethe i m o

E quation 14.15 represents frst

have

1
ljVi qi ( 14.16)

lf lj>0, the
*

SanAe

th da) voltagei m o and the th da)i m o reactive POW er

stable.

variations are along the

thedlrection, indicating
tll

that the System is voltage lf lj<0,

opposite

tlli m odal

voltage and the m odal

indicating that the system  is

variation equals the inverse

variation.

th da)i m o

reactive POW CV

unstable.

variation arC along directions
,

vo1tage The m agnitude of each m odalvoltage

of 1 . tim esl the m agnitude

determ ines

of the tnodal reactive PoW er

ln this Sense the m agnitude of 1 .l
@

the degree

voltage. T he sm aller the m agnl

lj=0, the

tude of POsitiveAw'f the
of stability of the

h jth dalcloser t e m o

voltage

change

is to being unstable. Nvhen .thl m odal
*

111 that m odal reactive PoW er

the

Causes insnite

voltage collapses

change in the m odal

because any

voltage.

Let US nOW exam ine relationship between bus V-Q
has

sensitivities and

eigenvalues

except

of J lnR' E quation 14.14,
*

IS

let AQ =ek, w here ek al1 Zero elem ents
for the th jem entk e w hich equal to 1

. Then

AV E n ï,i i
*

I lj

w hereq$%
The

is the elem ent of Ti.

V-Q sensitivity atbusk isgiven by

OF

DQk
(E ki9ik (14

. 17)
*

l lj

W e See from the above equation
' instead

that the V-Q sensitivities cannotidentify individual
voltage

effects

collapse m odes, they provide inform ation regarding the conabined

m odes of voltage-reactive pow er variations.

lf the transm ission netw ork resistances are neglected and the node adm ittance

m atrix Yx is sym m etrical, the reduced Jacobian m atrix JR is also sym m etrical g15).
Then the eigenvalues and eigenvectors of JR are real. ln addition, the right eigenvector

and the left eigenvçctor of an eigenvalue of JR are equal.

W ith phase-shifting transform ers (which m ake the m atrix Yx unsym m etrical)
and line resistancesj JR is only nearly sym m etrical', the eigenvalues of JR for all

practical purposes are real.

of all
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The

p roxim ity

because

m agnitude of the eigenvalues

to instability. E igenvalues do not,

Can provide a relative DACaSUrC of the

how ever, provide an absolute nAeasufe

of the nonlinearity

(angle)

of the PrOblenl. This *IS analogous to the dam ping factor

in sm all-signal

but

stabilit)r analysis, w hich is indicative of the degree

distance

of dam ping

is not an absolute

instability

and

@

IS

m easure of stability m argin. If a m egaw att

required, the system  is stressed increm entally until it

to voltage

beconaes unstable

m odal analysis

analysis helps *11I

applied at each

determ ining how  stable

@

IS operating @polnt.
@

The application of m odal

the system

the

IS and how m uch extra load Or

PoW er
critical

transfer level should be added. Nvhen system reaches the voltage

point,the m odal analysis is helpful
@ * *

in identifying the voltage stability

stability

critical

areas and elem ents w hich partlclpate 11l each m ode.

E xam ple 14.3

For the 500 kV ,322 km lihe system considered in E xam p1e 1 4 . 1 ,w rite the equations

of the PoW er tlow from  the sending end to the receiving end in the follow ing form  :

# = /(0,F)

Q #(0,F)

Find the expressions for J#05 J and J deG ned# 1
,
:5 :05 by the Iinearized load ;ow

equations'.

i

r'jl JJ#0PVJJQ0QFi) jl
(a) W hen Pz= 1,500 M W , calculate the eigenvalues of the reduced Q- U Jacobian

m atrix and V-Q sensitivities w ith the follow ing different reactive power
injections for each of the corresponding two voltages on the Q-V curve:

(i)
(ii)
(iii)

Qi
Qi
V alues

500 M V A r

400 M V A r

of Qi close to the bottom of the Q-V curve

A ssum e that, for the PurPOSe of analysis, the load and reactive PoW er Sotlrce

have constant P,: characteristics.

(b) Determ ine the voltage stability by com puting tll t)eigenvalues of the reduced
Q- U Jacobian m atrix for the following CaSCS :

(i)
(ii)

P 1,500

1,900

M W ,

M W ,
Qi
Qi

450 M V A r

P 950 M V A r

Assum e that the reactive PoWer Qiis supplied by a shuntcapacitor.
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Solution

From Figure E14.l(b),the adm ittance m atrix of the two-bus system @IS

2.142-/22.897F
- 2.142+/24.973

- 2.142+/24.973
2.142-/22.897 (El4.l)

From Equation 6. l01of Chapter 6, the expressionsfor P and Q at any bus k aregiven
by

Pk F, E  (G
m  = 1

F  cosoa +f a F
w sinoa )

(E14.2)

@* F, E  (G F sinoa-SaL cosoa)
m  = 1

w here 0a =0k-0w.

For the tw o-bus system ,w e have

#1 71((2.1427 cos01j-22.897F1sin011) +(-2.142Facos01a+24.973Fas1 0ja))1

P1 V ((-2.142F1cos0a1+24.973Fsinoal) +(2.14271 c0s0a2-22.89772 sinoazl)2
(El4.3)Q

1 71(42.14271s1 011+22.8977 cos011)+(-2.142F1 s1 01a-24.97372 cosolz)2

Qz Fa((-2.142F sin0aj-24.973F1cos0z1) +(2.14271 s1110:2+22.89772 cosoaal).2

w here 011 =022=0,and 0a1 = -012=0.

W e are interested only in Pz and (22.sàTitllZ1 = 1 .0,

P z 2-2
.142Facos0 +24.9737:s1 0+2.142%

Qz 2-2.1427as1 0-24.97372c0s0+22
.8977a

H ence the expressions for the Jacobian term s are given by

J
d#
00#0 2.1427:s1 0 +24.9737 coso2

J
OP

0Fz -2.142cos0+PV 24.973s10+4.284%

(E14.4)
J

OP
Q0 -2.142 7ac0s0 +24.9737 sino2

:0

J
:Q
0F2QF -2.142s10-24.973c0s0 +45.794%
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(a) The linearized pow er-flow equations are

LPz S aA0 +J AFzPV (El4
.5)1Q

z J :A0 +JQ AVQF

W ith h Pz=0,

AQ2 -1(J z -JPeJP. Je )AVPV

O r

LQz JR AFa

w here

JR -1J -J 
ef a JpvQF Q

The expressions for J J J and J are:Z5 ;0' given by

sim ple system , Jp is a l x 1

m atrix itself. The V-Q sensitivity

# 0,

m atrix.
p v

The eigenvalue (l)
is equal to the inverse

E quation E l4.4. For this

of the m atrix is sam e as the

of the eigenvalue.

For each value of Qi,there are tAs?tlsolutions for the receiving end voltage.Table
E 14. 1

305.9

sum m arizes F, 0, 1, and dVIdQ with # =1,500 M W  and : =500, 400, 306, and
M VAr. For each case, the eigenvalue and V-Q sensitivity are both negative at

the l()A5? voltage

M V

solution and are both positive at

: =305.9
sm all.

Ar (close to bodom of the Q- V Curve

the voltage solution. W ith

), dVIdQ is large and l is very

high

T able E 14.1

High Voltage Solution Low Voltage SolutionQi

(M VAr) p- e z dvjdg za : z dvjdç2

500.0 1.024 -37.30 17.03 0.059 0.671 -66.70 -39.87 -0.025

400.0 0.956 -40.10 12.4 1 0.081 0.706 -60.30 -20.96 -0.048

306.0 0.820 -48.20 0.52 1.923 0.812 -48.80 -0.95 -1 .055

305.9 0.814 -48.70 0.02 50.1 0.815 -48.60 -0.70 -1 .434

(b)
adnnid ance

W ith a shunt capacitor connected at the receiving end of the line, the self-
*

IS

F22 2.142-/(22.897-#C)
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(i) W ith # =1500 M W and a 450 M VAr shuntcapacitor,

%  =0.98 1 0= -39.10

Since # c =4.5 Pu,

F22 2.142-/(22.897-4.5) 2.142-/ 18.397

W ith this neW value of F22>the reduced Q-V Jacobian m atrix,calculated by using
E quation E 14.4, *IS

JR 5.348

A nd JR *IS positive,indicating that the system is voltage stable.

(ii) W ith P = 1900 M W  and a 950 M VArshunt capacitor,

%  =0.995 0 =-52.9702

Since # c =9.5 Pu,

Y22 2.142-/(22.897 -9.5) 2.142-/1.397

and the reduced Q-V Jacobian m atrix,calculated by using Equation E14.4,is

JR -13.683

A nd JR is negative, indicating that the system @IS voltage unstable.

Bus participation factors

The relative participation of bus k in m ode . *l IS given by the bus p articipation

factor'.

Pki (kï9ïk (14.18)

Frona Equation 14.17,We See thatPkideterm ines the contribution of hito the V-Q
sensitivit)r

B us

at bus k.

participation factors determ ine the areas associated w ith each m ode.The

sum  of all the participations for each m ode is equal to unity because

left eigenvectors are norm alized. The size of bus participation in a

indicates the effectiveness of rem edial actions applied at that bus in

m ode.

bus the right and

given m ode

stabilizing the

There are generally tw O types of m odes.T he frsttype has Very few  buses w ith

large participations and all the other buses w ith close to zero participations, indicating

that the m ode is very localized. The second type has m any buses w ith sm all but
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sim ilar

articipations; thisP

occurs if a single

degrees of participations, the rest of the

indicates that the m ode is not localized.

and buses w ith close to Zero

A typical localized m ode

load bus *IS colm ected to a Very strong netw ork te ough a long

traàsm ission line.A  typical non-localized m ode OCCUrS w hen a region Ahritllilz a large

up
lt is im practical and unnecessary to calculate all the elgenvalues of JR for a

practical system  w ith several thousand buses. O n the other hand, calculating only the

m inim um  eigenvalue of JR is not sufl cient because there is usually m ore than one

w eak

system *IS loaded and the m ain reactive support for this region
*

*

IS exhausted.

m ode associated Asritll different Parts of the system , and the m ode associated

w ith the m inim um
@

IS

sm allest

stressed.

eigenvalue m ay

ln practice, it is seldom

nOt be the m ost troublesom e m ode aS the System

of the

eigenvalues to identify all
necessary

critical m odes.

to com pute EnOrC than 5 to 10

Branch participation factors

L et US com pute the branch participation factor associated sAritll m ode *l by

assum ing that the vector of m odal reactive PoW er variations q has allelem ents equal
to Zero except for the thi 

,
w hich equals 1. T hen from E quation 14.15, the

corresponding vector of bus reactive POW er variations @IS

AQ 0) -19 q iq ii (14.19)

where ii @IS the right eigenvector
norm alized so that

tll of JR
' W e further assun3e that all the right

eigenvectors are

E
@

7

2(/f 1 ( 14
.20)

SàTitll the vector of bus reactive PoW er variations equal to AQ ti)5the vector of bus
voltage variations, v ti)A 

,

*

IS

ZV ti) 1

lj
Ao ti) (14.21)

and,the corresponding vector of bus angle variation @IS

21t tlti) -1-l
pe
lpv Av (i) (14.22)

sà/itlz the angle and voltage

linearized change in brallch

variations for both the sehding end and receiving

end know n, the reactive losg cah be calculated.

The relative participation of branch j 11lm ode DleIS given by the participation
factor:
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sotossforbranch jP
m axH um*jïJ for a1lbranches (1 4.23)LQ

loss

B ranch participation factors indicate, for each m ode, w hich branches COIASUm C the

pow er response an
w ith high participations are either w eak links or are heavily loaded. B ranch

participations are useful for identifying rem edial m easures to alleviate voltage stability

problenAs

reactivem ost @111 to increm ental change *111 reactive load.B ranches

and for contingency selection.

Generator participation factors

A s @111 the Case of branch participation,

determ inedvoltage and angle

com pute

relative

variations are

a given reactive pow er v

at each m achine term inal. T hese

for ariation
,

*

111 turn

are used to the change
* @ *

@

11l reactive PoW er
@

Output

m ode

for each m achine.

T he partlclpatlon of m achine 11I œl @IS given by the generator

participation factor'.

LQ for m achine# (14
.24)mi

nzaxinzunz AIZ for a1l nzachines

G enerator participation factors indicate, for each m ode, w hich

m ost reactive PoW er @111reSPOnSe to an increm ental change *111

generators

system  reactive

supply the

G enerator participations provide PFOPCF

loading.

distribution

of reactive rCSCCVCS am ong

im portant inform ation regarding

all the m achines in order to m aintain an adequate voltage

stability m argin.

Calculation of smalleigenvalues J7 5, 1 91:

of a

Several teclm iques are available

real m atrix (16-181. In the EPm

for com puting

VSTAB program  (191, an
is used. T his is a com bination

a selected subsetof eigenvalues

im plicit inverse

lopsided

sim ultaneous

sim ultaneous iteration m ethod of the lop sided

(1M P11)iteration (LOPSI) m ethod and the implicit inverse iteration
m ethod.

L O P SI algorithm

Sim ultaneous

and corresponding

involve an accurate

iteration m ethods are suitable for obtaining dom inant eigenvalues

eigenvectors of real unsym m etrical m atrices. These m ethods

eigensolution of a sm aller iteration m atrix at each iteration cycle,

the dim ension of w hich depends on the num ber of vectors processed sim ultaneously.

sim ultaneously.

eigenvectors,

bi-iterationA

A lop-sided

procedure is used to obtain left and

iteration procedure is used to obtain

right eigenvectors

only One set of the Or
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to

sim ultaneous

obtain the right

iteration

and left eigenvectors sequentially. A detailed description of the

m ethod can be found in reference 1 6 .Ilere,

algorithm
*

W e brieiy

for

describe

the com putational procedure for '

a subset of dom inant eigenvalues

m atrix

obtained

A .

lm plem enting the L O P SI calculating

and corresponding

and

right elgenvectors of a real

T hese dom inant eigenvalues corresponding

A

left eigenvectors Can be

applying

E ach iteration

by the SanAC procedure Tto
*

cycle of the L O PSI algorithm involves a prem ultiplication and

a reorientation, follow ed by a norm alization and

unsym m etrical

corresponding

vectors

Prem ultiplying

right

norm alized.

m atrix of order n for w hich
a convergence

the r dom inant

test.L et A be a real

eigenvalues and

eigenvectors are req
@

'

redul .LetR =g R jR2 ... Rr )
each

be a set of trial

SO that the m axlm um elem ent for colum n of R *IS 1.

R by A and denoting the resulting setof vectors s - g S jSz ... S y. j,We
have

S A R (14.25)

Let A = ( Aa
of A

l Ab 1 -diagl âll ... l2 r lr+1
of

. . . k
n  J be a diagonal m atrix of the eigenvalues

arranged *111 descending

. . . 4.)
order absolute magnitude,and let * = ( *a1

of A

* b 1 =

E :1
that

$, s s o $,l#r+1 bea matrix of thecorresponding righteigenvectors SO

A *
a

* A
a a

and

A *b *bAb (14.26)

The trial vectors R m ay be represented aS a linear com bination of the full set of

eigenvectors'.

R * C + *bC:a a (14.27)

whereCo and Cv are coeffcientmatrices ofsize rXr and (n -rlxr,respectively.lt
follow s from E quations 14.25 to 14.27 that

S *  A  C  + * bA :C :a 
a a

(14.28)

The losver eigenvectors
@ *

contribute

num ber of lteratlons,

of C b becom e

reorientation

due to the

relatively less to S than they do

w ashing-out process of earlier

to R . A fter a

iterations, the

coefs cients m uch sm aller than those of C  .a

The PFOCCSS involves the com plete eigensolution of the rXr

iteration m atrix B obtained from the solution of

G B H (14.29)
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w here G =R TIt and TsH =R  
.

B y substituting the values of R  and S given

by com parison

by E quations 14.27 and 14.28
, and

assumingtheCv
that

coeff cients to be negligible w ith the C coeffcients
,

a

W e Can show

R T* C B
a a

T*  A  CR
a a a

(14.30)

lf R T*
a
is nonsingular,

C
a
B NN A C

a a ( 1 4 .3 1 )

which showsthat thematrix of lefteigenvectorsof B @ISan approximation toCoand
that the eigenvalues of B are approxim ations to Aa.If T @IS the rXr m atrix of right

eigenvectors of B ,then

-

1T N
N

*2 (14.32)

H ence, the set of vectors obtained by the llltlltilllic ation

-

1W S T *
a
A + *

a a
A C bc ab (14.33)

gives an im proved set of right eigenvectors.

theThe colum n vectors ill W m atrix arC norm alized SO that the m axim um

elem ent for each vector @IS 1,and W Ahpitll its colum n vectors norm alized *IS denoted

by
i 

- Ri -1 j with Ri andLet AR = I R ,
iteration i and iteration i- 1, respectively.

m axim um  elem ent of A R  is less than a

*W  
.

i-1R equal to the eigenvectors solved at

T he iterative PCOCCSS *IS continued until the

prespecis ed tolerance.

the

ln sum m ary, the LO PSI procedure

corresponding right eigenvectors is

to calculate the r dom inant eigenvalues and

a. Selectr initialtrialvectors R =g R IR2* * * 1 .

b. Prem ultiply R by A , S =A R .

C. D eterm ine G =R TIt
5
H =R TS

.

d. Solve G B =H for B .

C. D o fulleigensolution of 2 .

f. D eterm ine W =ST ,Ahiitll T  the right eigenvector m atrix of B .

g. Set #R =W  
,
w here #W &IS W norm alized such that a11 the vectors haVC their

largest elem ent equal ttl 1.
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h. C heck Convergence; if converged, stop. O therw ise, g0 back to b.

A m ong

absolute

a11 the r eigenvectors

larger

assedP

of the

m agnitudes Ahrill

ones corresponding to

converge srst. Therefore, ifj- 1

the the eigenvalues w ith

vectors have already

thethe Convergence test, they are locked and iteration @IS carried only
*

On rest

r vectors. Such a locking procedure results in savings @111 com putatlon tim e,the
-

oritym aJ of w hich *IS effected

T he COnVCCgCnCC

are required, it is advisable to m ake r greater

vectors. T his not only m akes a fast convergence

in the prem ultiplication stage.

of the L O P SI algorithm  depends on

eigenvalues

extra

j hrlhr. I I . lf m dominant
than m  by including a few

guard rate PrObable for the

required
*

conlugate

eigenvalues and eigenvectors but also ensures that the occurrence of

eigenvalues in positions hm and 1,,+1 w ould be of no consequence.

com plex

IIL SI algorithm

L et us return to the PrOblenA of eigensolution of JR .

w hich correspond to the largest
d to J -1 A t each iteration

,applie R .

Since W e are interested @1l1

the eigenvalues w ith the sm allest
-

1 the L O PSIeigenvalues of Jp 
,

the

absolute m agnitudes,

hasalgorithm to be

prem ultiplication @IS

- 1

R
S J R (14.34)

and the L O PSI algorithm beconaes an inverse L O PSI

D irectsolution of Equation 14.34 involves

algorithm .

m atrix m anipulation on JR 'R ecall
- lJthat JR =JQv -JQ: Jpe pv

,

sparsity of the Jacobian

follow ing

w hich *IS not Sparse

E quation

due to reduction. T o fully exploit

solving

the

m atrix, œ @111 14.34 *IS obtained by the

set of Sparse linear equations'.

JP0

JQ0

Jpv

J vQ

::i'ii'll:'

;,!!iiii;,k 
,))i!g.0 j (14.35)

It can be readily show n thatthe S obtained by solving Equation 14.35 @IS SanAe aS the

S given in E quation

E quation 14.35, the

sim ultaneous

14.34. Since E quation 14.34 is solved im plicitly by solving

inverse L O P SI algorithm  becom es an im p licit inverse Iop sided

iteration

The IIL SI
(11LS1)

algorithm  is

algorithm .

applied to

right

JR

left

and TJR @111 turn to calculate the sm allest

eigenvalues and corresponding and eigenvectors.

Illustration of m odalanalysis

T o illustrate the application of m odal analysis,

1 4. 1 . 1 ,

let us consider the 39-bus, 10-

m achine system

characteristics for
of Figure 14.3.In Section WC com puted the V-P and Q-V
this system (see Figures 14.4 uand 14.5).W e nOW perform m odal
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analysis

P

at the three operating

of Figure

conditions represented by points A , B ,and C on the g'

Curve 14.4.

Table 14.1 gives the 5ve sm allest eigenvalues of JR of each of the thvee

operating points. W e SCC that the m agnitudes of the eigenvalues decrease AS the

system

0.0083,

approaches

indicating

instability. A t the operating point C , the sm allest eigenvalue *IS

that the system *IS On the Verge of instability.

T able 14.2 gives the bus,

operating

branch,

(1=0.0083)
prone to voltage instability (based on
participations in the least stable m ode.

stable m ode for

generator participations for the least

condition C . Figure 14.7 identif es the al'ca

bus participations) and branches A'/itllhigher
#

and

T able 14.1 Five sm allest eigenvalues

O perating s rA

Point
r

l j 0.3867 0.1446 0.00'83

12 1.0271 0.5550 0.3209

13 2.4049 1.5133 0.9334

:4 4.1031 2.6280 1.8757

15 4.2699 3.0209 2.3373

T able 14.2 B us,

the

branch, and generator participations
@ @

ill

least stable m ode for Operatlng polnt C

B us Participation B ranch Participation G enerator Participation

B us Participation B ranch Participation B us Participation

530 0.2638 500-520 1.0000 1311 1.0000

520 0.2091 300-360 0.8414 24 12 0.2786

510 0.1025 100-350 0.8175 1011 0.2103

500 0.0941 320-500 0.8093 1014 0.2036

320 0.0482 330-350 0.6534 1013 0.2036

310 0.0319 1012 0.2036

300 0.0296

340 0.0279
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lt is of -lnterestto Compare these resultswith the Q-V characteristics
and

show n *11:
Figure

m argin. From  T able 14.2, w e see that these buses have high participation in the m ode

w hich is on the verge of becom ing unstable. The advantage of m odal analysis is that

it clearly identifes groups of buses which participate in the instability. The p-z
analysis, being a single-bus approach, is unable to provide any colm ection betw een

results obtained for individual buses. For large practical system s it m ay be necessary

to com pute a very large num ber of Q-V curves in order to fnd the problem area
.

Because of the way the Q-V curve stresses the system , it m ay not always be possible

14.5(c).The Q-V Curves show that buses 530 510 have Zero reactive

to com plete

The

the CUCVC,in w hich case the search for a m ore criticalbus m ust continue
.

m odal analysis

basis,

approach elim inates this PrO

troublesom e.

blem and easily identifes, On a

system -w ide areas w hich are potentially

Transient state app roxim ations

ln the analysis

fram es

of voltage

w hich

stability follow ing a contingency,

inf uence

there are several

distinct tim e @111 different devices act to

lt is usefùlto be able to establish the condition of the system

system  perform ance
.

during each tim e fram e
,

determ ineparticularly

actions

if steady state cannot be achieved and w e w ish to w hat control

Cause instability.
*

This leads to the concept of transient state approxim ations
.

A lgebraic

to

equatlons

tim e

are used to represent system  conditions w hich are approxim ations

system .various fram esalong the transienttrajectory of the These snapshots
of system conditions represent transient state approxim ations.

M odal analysis

system .

Can be applied to each snapshot to investigate the voltage

stability of the

Proxim iy instabilip

Proxim ity
@ *

to sm all-disturbance voltage instability @IS determ ined by increasing

load-generatlon ln steps

increase

until the system beconaes unstable or the POW Cr ; ow  fails to

Converge.
@ *

ln cre a se

The *111 load

111 generation follow s a
m ay

loading

encountered

by

order

be area, Zone,
*

IS

Or individual buses. The

that usually system -specif c. lt *IS

essential to capture nonlinearities w hen m oving from OnC system state to

another.

M odal

regarding

the point

steer the

perform ed at specif ed operating points provides inform ation

areas prone to instability, and bus and generation participatinn factors. A t

of collapse, the left eigenvector identises the m ost effective direction to

system  to m axim ize voltage stability. A dditionally, such m easures as reactive

analysis

re serv e s,

m echanism

losses, and bus voltages provide valuable inform ation regarding the

of instability.

R eferences 20 to 25 describe special

voltage collapse to vo1tage

techniques for

instability. The

determ ining the point

follow ing sections discuss

of

tAArtl of these

and proxim ity

techniques.
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14 .3 .4 D eterm ination of S hortest D istancë to Instability

The distance to voltage instability *IS norm ally determ ined by

stresslng

increasing
*

the

system

based

load in a predefned m anner,

on historical and forecast data.

representing the m ostPrO
@

bable scenario

H ow ever,

sm allest

W e are also lnterested

loading pattern

description of a m ethod of determ ining the

on the teclm ique described in reference 24.

that results *111 the stability m argin.

M V A

The

in know ing the

follow ing is a

m argin,m inim um stability based

B asic //le/ry

W hat W e w ant to fnd *IS the set of load M W and M V A r increm ents w hose

vector sum  is a m inim um  and w hich,w hen

Cause the POW CF-tlow Jacobian to be

im posed on the initial operating condition,

singular. This m ay be achieved by organizing

the ow er-f owP equations @111 the form

f (x, p) ggve j-gopj0 (14.36)
w here

X g va PgoP j
llere x is the

active and

system  state

reactive load

vector, and P

active

@

IS the paranAeter vector w hose elem ents are

PoW er,
vectors,

and generator POW er. B oth X and P are

N =lN PQ

num ber

+Npvdim ensional sAritll 78: the total num ber of PQ buses
total of P V buses.

PQ
The dim ension of the nonlinear vector

and N p rz the

function f is also N .

X and

L et Jx and Jp be the Jacobian m atrices of the vector function f w ith

p , respectively. M atrix Jx is the sam e as the pow er-tlow  Jacobian

respect

m atrix

tb

of

E quation

obtained

14.6. For

by solving

a given param eter vector pi, a system  state vector xi can

E quation 14.36 using any of the pow er-i ow  solution techniques

be

described *111 C hapter

ternAscondition *111

reaches its voltage

param eter vector

of active and reactive loads,

stability critical point if the

6. E ach pj represents a specif c

and active generation. The
system

system

paranleter vector P+ and the

corresponding system  state

is singular. L et S denote the

that

vector X* are such that the

hypersurface
POW CF-

in the A -dim ensional

; ow Jacobian m atrix Jx

paranAeter SPaCC such

Jx(x. , p+)
G iven

@

IS singular if P+ @IS a point on S.

an initial system operating

distance

point

betw een
(xo, po) , w ew ish to 6nd the param eter

vector P+ On S such thatthe Po and P+,k - I p. - po *ISa local5
m inim um for the distance betw een

A ssum ing that S @IS a

Po and S.

sm ooth hypersurface near P+, a norm al vector to this

hypersurface at (x+ , p, ) @IS given by X
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9 # W #J
P

( 14.37)

w here W + @IS the left eigenvector of J
x
(x+, pv) corresponding to the Zero eigenvalue

.

And W* *ISnormalized such that In+ =1*
Starting from  the initial system

along

operating point

by

E quation

increm entally increasing

solved

P a particular

(Xo , po) , the system
direction. E ach tim e p

is stressed

increases
,

*14.36 @IS to obtain the system state vector X.A nd P *IS contlnuously

increased along

tlow

the sam e direction tllltil,at the voltage stability

that

criticalpoint(x+, p+),
the POW Cr- Jacobian m atrix J beconaesX singular; *1S,

P. P0 +k9 (14.38)

where k is the distance betw een the illitiétl system operating point (xo, po) and the

voltage stability criticalpoint (x+ , p, ) aS
For a given ini ti al system operating

k = p. - po l .
point (xo , po) , P Can be increased along

different directions. O bviously,the value

is increased.Ourobjective is to

of k depends on the direction along w hich p

5nd the direction of the param eter vector p such that

k *IS the local @ @m lnlm um .

The follow ing procedure determ ines the vector N +

singular

along w hich the distance

betw een the illitiftl equilibrium point (xo, po) and the point (x+ , pv ) *ISthe
shortest:

(1) Let+% bean initialguessforthedirection 9 . , lnol= 1 .

(2) Stress thesystem by increm entally
Jx

the

beconaes singular;

S.

that is,

increasing

determ ine ki, pj
P
and

along the direction of 9 i
@

tllltil

XiSO that p = po+kïnii IS 0n

surface

(3) Set = w J ,9i+1 i p and Ini+l I= 1 .

(4) lterate steps 1,2,3
the corresponding

9 i
equilibrium

tllztil converges

condition.

to a value 9 + .Then, = po+k.n .p, *IS

W sim p le radial system exam p le

For illustration,let us consider the radialsystem  show n in Figure 1 4 . s .C orresponding

to Equation 14.36,W e have

f (x,p)
74Fsina - #

2 
-  Q4Fcosa - 47

0 (14
.39)

0
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1Z 0 Z =J'Q .25 VZ  -a

P + 'J

Figure 14.8 A  sim ple radial system

w ith

F #
X D d P

Q

The Jacobian m atrices are

4 Fcosa
JX

- 4Fsina

4sina

4cosa - 87

(14.40)

and

- 1 0
J ( 14.4 1 )
P 0 - 1

The determ inant of Jx is

dettlx) 216F- 32 F cosa (14.42)

On the singular surface S,dettlx) =0,that@1S,

167 - 32 F 2cosa 0

O r

1F (14
.43)

z cosa

Equation

Equations 14.39 and 14.43, w e have the follow ing

S in the param eter space:

14.43 describes the relationship behveen V and @ ,

descrl

w hen Jx *IS singular. From

expression 'bing the singular surface
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P2+4Q -4 0 (14.44)

L et us asstlm e that the initial system operating condition is as follow s:

Po 0.8 Qo 0.4 V 0.3554 Qo 13.520

Table 14.3 show s the iterative PrOCCSS of finding the point of voltage instability w hich *IS

closest to the * * @lnltlal operating condition.

T able 14.3 C alculation of the shortest distance to voltage

14.8instability for the system of F igure

Iteration L eft E igenvector n
i 

Distance to lnstability (ki) Pi, Qi

233111 1 0725 1.8430, 0.1500l (0.9725 -0. .

4jT 0 4173 1.0828, 0.70692 (0.6776 0.735 .

873511 0 4061 0.9977, 0.75413 (0.4869 0. .

4 0 4443 0.8959j1 0.4024 0.9788, 0.7605( .

0 4405 0.8977j1 0.4016 0.9769, 0.76055 g .

0 89911T 0.4015 0.9758, 0.76106 g0.4378 .

F igure 14.9

com ponents

operatlng

result in a

of load

show s the singular surface

as coordinates. O n the

condition.T he surface

param eter space

sgure, the point (Pv, Qv) represents the initial
the Iocus of all com binations of P and Q which

S in a w ith active and reactive

Zero eigenvalue

S represents

of the Jacobian. A ll poipts below represent voltage stable

çonditions, and all points above S represent unstable conditions.

Generaldescription of the procedure

For any system ,

level

the general procedure for fnding the m inim um distance from

anillitiftlload P05&%toS isaSfollows'.

(1) lncrease load from
Ahrillbe discussed

Po, Q () in som e direction (the
later) until an eigenvalue of the

choice of the initialdirection

JacobianTheloadlevelP 1 ,GN point*ISthe is practically zero.
stability lim it. This

pointP I ,Q llies OnpOr

corresponding to this

is extrem ely near, S.

(2) For at Q 1, perform m odal analysis and determ ine
eigenvector of the/u// Jacobian matrix. The left eigenvector contains elements
w hich provide the increm ents of M W  and M V A r load for each bus. The

eigenvector points in the shortest direction to singularity, w hich is therefore

norm al

the conditions P 1, the left

to S.
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F igure 14.9 T he singular surface

the Convergence
S in the P-Q plane,

of the iterative process

and

(3) Go back to the base CaSC load levelP07Q0 and
eigenvector

load the System again,but this

tim e in the direction given by the

reached, a new  left eigenvector is
left found @111(2).svhen S *IS

com puted.

(4) Again
of

WereturntothebaseCaSCP05Gèandloadthesystem *11Ithedirection
the nCW eigenvector given ill (3). This PCOCCSS IS repeated tllltil the

com puted

Arrill

eigenvector does nOt change shritll each neW iteration. The PrOCCSS

then have converged.

Nvhen it has converged,the solution gives

applied

them inim um vector(I?and Q)
how ever,

distance to

S from P0,Gè'ThisPFOCCSS
but

Can be to large practical system s; S is

nOt a sim ple locus, a hypersurface *111 a paranAeter SPaCC of dim ension 2N ,w here

N isthe totalnum ber of load buses (although WC arC free to choose the paranleter
space we use). The shape of this hypersurface is not
expect that this process w ill fnd only a local m inim um .

encountered

know n, and therefore W C Can

B ecause of the nonlinearities

dependent

eigenvector

this initial

in loading the system

on the initial direction
from P07G%toS,

loading.

localthe m inim um W e 5nd *IS

W C choose for W e could uSe the left

corresponding to the

direction, but it m ay be

m inim um eigenvalue of the Jacobian at Po, Q : for
m ore appropriate to use uniform  loading based on

an expected load pattern.
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W large system exam p le

This system has 600 buses. The total load PoW er *1l1 the base Case *IS 24,594 M W
,

14,112 ytr.The ini ti algUCSS for the direction of stressing the system ,

uniform ly,

*

1.e*5Wè is such that
the active and reactive load PoW er @111the base Case is scaled UP and the increase
@

111 load active PoW er @IS m atched by

the

uniform ly

study results.

scaling UP

l 4 .5

actlve generation of a1l the

generators. Table 14.4 sum m arizes T able show s, at each iteration
, the

elem ents of the vector 9i associated w ith the top 20 buses w ith the largest increase in active

PoW er load.

T able 14.4 Sum m ary

to voltage

of iterations to 5nd the shortest distance

instability of a 600-bus test system

/

Distance to lnstability Total Load P and Q / Sm allest Eigenvaluelt
eration f 

.J at (x., p. )(kij at (x+ , p, ) O x

0 24,594 M W , 14,1 12 M V A r 0.034

1 1 16 25,729 M W , 14,763 M V A r 0.034

2 38 25,285 M W , 14,046 M V A r -0.0 15

3 30 24,788 M W , 14,207 M V A r -0.014

4 30 24,737 M W , 14,207 M V A r 0.013

From T able 14.4 w e see that,w ith the initial uniform load increase, the stability lilu it

is about 25,729 M W , an increase of about 1 , 1 35
@

IS

M W . T he corresponding vector S um of all

active and reactive POW er
@

load increases l 1 6 . T he sm allest eigenvalue
@

Jx is 0.034,

associated w ith

of

indicating that the system  ls on the verge of instability. T he left elgenvector

the m inim um  eigenvalue gives the loading direction for the next iteration. T able 14.5 lists the

top 20 entries of the leû eigenvector; the load at each bus is increased in proportion to the

corresponding eigenvector entries.

PrOCCSS Converges Convergence,
length ki is only 30, signifcantly sm aller than the initial direction of uniform  load increase.

The total m egaw att load increase for the m inim um  loading direction is only 193 M W  above

the base case; this is 942 M W  less than the m argin found w ith uniform  loading.

W e See that the quickly.A t the load increase vector

14 .3 .5 T he C ontinuation Pow er-Flow A nalysis X

The Jacobian m atrix of E quation 14.6 beconaes singular at the voltage stability

@ @llm lt. C onsequently, conventional pow er-flow  algorithm s are prone to convergence

problem s at operating conditions near the stability lim it. The continuation pow er-flow

analysis overcomes this yroblem by reformulating the power-fow equations so that
they rem ain w ell-conditloned at all possible loading conditions. T his allow s the

solution of the pow er-i ow  problem  for stable as w ell as unstable equilibrium  points

(that is, for both upper and lower portions of the V-P curve).
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T able 14.5 T OP 20 elem ents of the vector 9 i at each iteration

Iteration 1 lteration 2 lteration 4

B us E p E  B us E p E  B us E p E

279 0.146 -0.005 257 0.14 1 0.001 257 0.138 0.001

278 0.146 -0.005 260 0.140 0.000 260 0.138 0.000

281 0.146 -0.005 283 0.140 0.000 258 0.138 0.008

280 0.145 -0.005 282 0.140 0.000 283 0.137 0.000

293 0.142 -0.004 284 0.140 0.000 282 0.137 0.000

282 0.133 -0.002 258 0.138 4.008 284 0.137 0.000

283 0.133 0.000 256 0.137 0.005 256 0.137 0.005

284 0.132 0.000 246 0.137 0.005 247 0.137 0.008

260 0.131 -0.002 247 0.137 0.008 246 0.137 0.005

257 0.131 -0.002 293 0.136 0.001 248 0.136 0.004

256 0.120 0.000 248 0.136 0.004 294 0.135 0.011

246 0.118 0.000 279 0.135 0.001 265 0.134 0.004

265 0.117 0.000 278 0.135 0.002 293 0.134 0.001

248 0.117 0.000 280 0.135 0.001 261 0.133 0.007

258 0.117 0.002 281 0.135 0.001 267 0.133 0.0 10

247 0.116 0.002 265 0.134 0.004 250 0.133 0.006

270 0.112 0.000 294 0.134 0.011 269 0.133 0.010

292 0.112 0.000 261 0.133 0.007 281 0.132 0.001

261 0.111 0.001 250 0.132 0.006 268 0.132 0.009

277 0.l 11 0.000 267 0.132 0.010 279 0.132 0.002

N ote:E and E are the # and# ternAs of the left eigenvector 9i .

The continuation P0W er-

reference

;ow m ethod described in this section @IS based On the

approach

m ethod

described *111 23. lt USCS a locally-p aram eterized continuation

and belongs to a general class of m ethods for solving nonlinear algebraic

equations known as path-following methods (30,3 l j .

B asic p rincip le

The continuation POW er-flow analysis USCS an iterative PrOCCSS involving

predictor

solution

and corrector steps as depicted in Figure

a tangent predictor is used to estim ate

14.10. Frona a know n initial

(J%), the solution (B) fora SPCCI'ied
pattern

using

of load increase. The corrector Step
@ *

then determ ines the exact solution (C)
a conventional P0W er-tlow analysls w lth the system load assum ed to be fixed.
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The voltages for a further increase in load are then on a new  tangent

predictor. lf the new estim ated load (D) is now beyond the m axim um load on the
exact solution, a corrector step w ith loads fxed w ould not converge; therefore

, a

corrector step w ith a sxed voltage at the m onitored bus is applied to fnd the exact

solution (E). As the voltage stability lim it is reached, to determ ine the exact m axim um
load the size of load increase has to be reduced gradually during the successive

predictor steps.

predicted based

Predictor
A  .

. a.
. .

. s
,
. -  C orrector. 

- 
'

, 
,'-

o . c=  Exact solutlon -
-

- -

-JZ --X- 1)
o E
>  N
œ  C ritical point ----* Nx
>  A N

m  NG  ----W F

L oad

F igure 14.10 A typical sequence of calculations

in a continuation pow er-f ow  analysis

M athem atical form ulation

The basic equations
*

arC sim ilar to those of a standard P0W er-flow analysis

except
*

that the increase ln load is added as a paranleter.
@

The reform ulated P0W er-:ow

equatlons,

expressed

AAritll provision for increasing generatlon aS the load *IS increased, m ay be

a S

F(0,V ) IK (14.45)

w here

l @IS the load paranAeter

0 is the vector of bus voltage

voltage
*

angles

m agnitudesV is the vector of bus

K is the vector representlng percent load change at each bus

The above set of nonlinear equations is solved by specifying a value for l such

that

0 < l < l
critical
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w here l =0 represents the base load condition, and k =1 itica,cr represents the critical

load.

E quation 14.45 m ay be rearranged RS

F (0,V ,l) 0 (14.46)

P redictor step ..

ln predictor step, a linear approxim ation is used to estim ate the next

solution for a change in one of the state variables (i.e., 0, F, or l).
Taking the derivatives of both sides of Equation 14.46, w ith the state variables

corresponding to the initial solution, w ill result in the follow ing set of linear
*

equatlons:

the

F e# 0 +Fv J V  +t yd k 0

O r

d'

(Fe F FV l 1 A 0 (14.47)

dk

Since the insertion of l in the POW CF-i ow equations
*

added an unknow n variable,OnC

DAOCC equation is needed to solve the above equatlons.This is satisfed by setting One

of the com ponents of the tangent vector to +1 Or - 1 .This com ponent is referred to as

the continuation p aram eter. E quation 14.47 nOW beconaes

#0F
a

F V F z

ek jA g-hj (14.48)#1
w here ek *IS a rO:7 vector shritll al1 elem ents Cqual to ZCFO except for the tllk elem ent

(corresponding to the continuation
lnitially, the load param eter

corresponding com ponent of the tangent vector is set to + 1. D uring the subsequent

predictor steps, for reasonj given later, $he continuation param eter is chopen to be the

state variable that has the grçatest rate of change near the given solution, and the sign

of its slope determ ines the sign of the corrçsponding com ponent of the tangent vector.

A s the m axim um  load is approached, a voltage w ill typically be the param eter w ith

pqram eter) being equal to 1.
l is chosen as the continuation paranAeter and the

the largest change.

O nce the tangent vector is found,the prediction for the next solution @IS given

by
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0 00 #0

V Vo +J A (14.49)

l lo dk

w here the subscript & i 5 50 identis es the values of the state variables beginning of

solution exists w ith

solution

at the

the predictor step. The step size c is chosen so that a pow er-Q ow

the specif ed continuation param eter. lf for a given step size a

found

calm ot
*

IS

be
in the corrector step,the Step size is reduced and the corrector step repeated

lzlltil a successful solution *IS obtained.

C orrector step :

ln the corrector step,the originalsetof equations F(0,V ,l ) =0 *ISaugm ented
by one

T hus

equation that specif es the state variable selected as the continuation paranleter
.

the nCW set of equations is

F(0,V ,l)

Ik-n

(01 (14.50)

ln the above,

to the predicted

isXk the state variable selected aS the continuation

xk. This set of equations can be slightly

m odiû ed N ew ton-R aphson pow er-i ow  m ethod. The introduction of the additional

equation specifying xk m akes the Jacobian non-singular at the critical operating point.

T he continuation pow er-flow  analysis can be continued beyond the critical point and

thus obtain solutions corresponding to the low er portion of the V-P curve.

and

equal value of

paranAeter

solved using a

n *IS

The tangent

C u rv e ,

sign

IS Z e ro

com ponent

at the critical point,
of l 'e(1. .,

@

and
#l) is positive for the upper portion of V-P

ls negative beyond the critical point. T hus the

of dh Aprill indicate w hether Or nOt the critical point
@

ln c re a se ,

has been reached.

If the continuation paranleter *IS the load the corrector Ahrill be a

verticalline (forexam ple,
other

a

a voltage

horizontal line (for exam ple,

hand,

segm ent

m agnitude is
BC in Figure 14.10) on the
the continuation param eter,

V-P  plane.

the

lf,on the

corrector w ill be

segm entDE).

Selection of continuation parameter..
%

The selection of appropriate continuation paranleters *IS particularly

for the corrector steps. A POOr choice of the paranleter Can Cause the

im portant

solution to

diVerge. For exam ple, the uSe of load paranleter l aS the continuation Paranneter @111

the region

m axim um

of critical point

O n

Can Cause the solution to diverge if the estim ate exceeds

the load. the other hand, w hen the voltage m agnitude is used aS the

continuation paranleter the solution m ay diverge if large steps 111 voltage change arC
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used.A  good practice is to choose the continuation

has the greatest rate of change near the given

param eter

solution.

as the state variable that

Sensitivity inform ation

ln the continuation ow er-i owP analysis, the elem ents of the tangent vector

represent changes in the state variables in response to a differential change

in system  load. Therefore, the dv elem ents in a given tangent vector are useful in

identifying çtw eak buses'', that is, buses w hich experience large voltage variations in

response to a change in load.

differential

Complem entary &Sd of conventional and continuation m ethods

T he continuation m ethod

ideally

H ow ever,

suited for solving

pow er analysis is robust and P exible. lt

pow er-iow  problem s w ith convergence diffculti

of -tlow is

C S .

the m ethod *IS Very slow and tim e-consum ing.

com puting pow er-f ow  solutions up to

conventional and continuation m ethods

The best overall

beyond

pow er-i ow  analysis in a com plem entary m alm er. Starting from  the base case,

Equation 14.45 is solved using a conventional m ethod (N ew ton-Raphson or Fast
Decoupled) to com pute power-iow solutions for successively increasing load levels

approach for

point is to use the

and

the critical of

tllltil a solution cannot be obtained.
@

IS used to obtain the POW Cr-flow

From  that point onw ard, the continuation m ethod

solutions. U sually, the conventional m ethods can

criticalprovide solutions

necessary only

right up

if solutions

to the @polnt; the continuation m ethod beconaes

exactly at and past the critical point are required.

Illustration of continuatioh power-flow application

T o illustrate the application of continuation POW CF-S ow analysis, let US Once

again consider the system of Figure 14.3. The voltage stability properties of this

system  w ere

and in Section

analyzed @1C1 Section 14.1.1 by

14.3.3 by applying m odal
computing V-P and Q- V characteristics,

analysis. A s the pow er-P ow  solutions w ere

voltageobtained using conventional m ethods, the stabilit)p
@

analysis had to be lim ited

to only stable equilibrium points,that is,to the UPPCF

C  on the

portlon of the V-P Curve.A t the

lim iting

indicated
operating condition considered (Point

14 . l ,

V-P

by the eigenvalues

unstable.

of T able the system *IS

curve of Figure

on the verge of '
14.4), as

lnstability

but not actually

W e now  extend the analysis to operating conditions past the critical point by
@

uslng
@ @

IS

continuation POW er-flow analysis. The load @11l

lncreased @111 the SanAe W ay aS described @111 Section
area 1 of Figure 14.3 (shaded)
14.1.1 w ith loads assum ed to

have constant M V A characteristics. Figure 14.11 show s the comp lete V-P CUFVC for

the system . The upper portion of the Curve (?t to C) WaS com puted using a
conventional POW er-

show n
tlow analysis (Fast

T he
Decoupled) and @IS identical to the

characteristic @111Figure 14.4. losver portion of the Curve ((2 to B) WaS,
how ever, com puted uging the continuation POW Cr-tlow analysis.
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0.2

B
U o 0 l ! 1 1 l -- >.

80 100 120 140 160 180

Totalactive PoWer (M W ) *111area 1

F igure 14.11 V-P Curve at bus 530 of system show n *11I Figure 14.3

T able 14.6 V oltage sensitivity and participation factors for critical operating point

C ontinuation Pow er-Flow  M odal A nalysis

V oltage B us ParticipationB
us B us .S

ensitivity Factor Factor

530 0.126 530 0.2654

520 0.112 520 0.2104

510 0.079 510 0.1025

500 0.075 500 0.094 1

320 0.054 320 0.0481

310 0.044 319 0.0317

300 0.042 300 0.0294

370 0.041 340 0.0278

260 0.040 370 ' 0.0267

340 0.940 260 0.0263

d v  for bus kN
ote:V oltage sensitivity factor for bus k

Sttnl of dv for a1l buses
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Point C represents

M W .

the critical operating point, and the corresponding area 1

load is 186.98 For this operating condition, the tOp 10 entries for the voltage

sensitivity

com parison,

factors

the
(dV elem ents

top 10 entries
of the tangent vector) are listed

bus participation factors

@

111 T able 14.6. For

for the corresponding to the

least stable

voltage

system .

(see Section 14.3.3) are also shown
instability identif ed by the tw o approaches

This is to be expected since, for the loading

m ode in the table.T he areas Prone to

are practically identical for this

pattern considered, there is only

One voltage w eak area.

14 .4 PR EV EN T IO N O F V O LT A G E C O LLA PS E

T his section identil es system design and operating m easures that can be taken

to Prevent voltage collapse.

14 .4 .1 S ystem D esign M easures

(a) Application of reactive power-compensating devices

ln Section 14.1.4,W C discussed the effects of different types of reactive POW Cr-

com pensating

ensured

dçvices On voltage stability.
@

A dequate stability m argins should be

by Proper

locations

selection of com pensatlon schem es. The selection of the sizes,

studyratings,
@

Coverlng

and of the com pensation devices should be based on a detailed

the m ost Onerous system conditions for w hich the system @IS required to

Operate satisfactorily.

D esign criteria based On m axim um allow able vo1tage

stability

drop
@

follow ing a

contingency are often not satisfactory from  the voltage

stability m argin should be based on M W  and M V A r distances

im portant to recognize voltage control areas and w eak transm ission

regard.

to

vlew point.

instability.

T he

lt @IS

boundaries in this

(b) Controlof network voltage and generator reactive

Load (or linedrop) com pensation of a generatorAVR regulatesvoltage on the
high-tension side

Section 8.5.4). In
m oving

or partw ay

m any situations
of, through, the step-up transform er (see

this has a benes cial effect on voltage

C hapter

stability

8,

by

point of constant voltage electrically closer to the loads.

A lternatively, secondary outer loop control of generator excitation m ay be used

the

to regulate netw ork side voltage. This should be m uch slow er than the norm al

regulation

controls.

of generator term inal voltage to m inim ize adverse interaction of the tw O

A rCSPOnSC tim e of about 10 seconds @IS usually adequate for the Outer loop

control.

Several utilities are developing specialschem es for control of netw ork voltages

tltilitiesand reactive POW er.For exam ple,French and Italian (EDF and EN EL) are
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developing

voltages

ttsecondary vo1tage tfol''COn schem es for centrally

E lectric

controlling

Pow er
netw ork

and generatorreactive outputs (26,271.Tokyo Com pany has
an adaptive controlof reactive PoWer supply g28).

Coordination of protections/controls

A s identif ed *111 Section 14.2.2,

equipm ent

One of the Causes of voltage

and

collapse *IS the

lack of coordination betw een protections/controls PoW er system

requirem ents.

studies.

A dequate coordination should be ensured based on dynam ic sim ulation

Tripping of equipm ent to prevent an overloaded condition should be the last

resort. W herever possible, adequate control m easures (
be provided for relieving the overload condition before '

the

autom atic Or m anual)
@

equlpm ent

should

lsolating the from

system .

@) Controlof transform er taP changers

T ap changers Can be controlled, either l () c :t11)?
*

risk of vol

or centrally, so as to reduce the

detrim ental, a sim ple m ethod is to

block tap

t>ge collapse. W here tap changing ls

changing w hen the source side voltage sags,

Several

and unblock w hen the vo1tage

reCOVerS. tltilitie s are using such schem es (lj.
for application of im proved U L T CThere is potential control strategies. Such

and distributionstrategies m ust be developed based On a know ledge of the load

system

w hich

characteristics.

supply

For exam ple, depressing the distribution voltages in substations

predom inantly residential loads provides load relief at least tem porarily.

partially

m anually

This Ahrill be offset eventually w hen the load *IS increased by the action of

autom atic Or controlled devices.lncreasing
@

voltage

the

on industrial loads does

not m aterially

the

affect the load supplied,

such

but lncreases reactive PoW er supplied by

capacitors associated Ahritll loads.

s4icroprocessor-based U L T C controls offer virtually tllllirrlitetl tleltillilit)? for

im plem enting

characteristics.

U L T C strategies so as to advantage of the load

W here dropping the dow nstream  voltage offers relief, the voltages m ay

control take

be reduced to a specif c

w here

level w hen the prim ary

the other hand,

controls should be

m aintaining

applied. There is

secondary

ev e n a

voltage drops below  a threshold. O n

voltage is benes cial, norm al U LT C

possibility of actually raising voltages

slightly

specis c
above norm al (291.The best strategy depends On the characteristics of the
system .

Undervoltage Ioad shedding 11,321

T o cater to unplanned Or extrem e situations, it m ay

to underfrequency

cater to extrem e situationq

be necessary to uSC

undervoltage load-shedding schem es. This @IS analogous

practice to

load

shedding, w hich has becom e a com m on utility

resulting in generation def ciency and underfrequency.L oad shedding provides a low -
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cost m eans system  collapse. T his is particularly true if

system  conditions and the contingencies leading to voltage instability are of low

probability, but w ould result in serious consequences. The characteristics and locations

of the

of preventing Nvidespread

loads to be shed are m ore im portant for voltage PrOblenls than they are for

frequency problem s.

L oad-shedding schenAes should be designed SO as to distinguish betw een faults,

transient voltage dips, and low  voltage conditions leading to voltage collapse.

14 .4 .2 System -o perating M easures

(a) Stability m argin

The system
@

should be

the approprlate scheduling

operated

of reactive

Ahritll an adequate voltage stability naargin by

PoW er rCSOUFCCS and voltage

degree

prof le.

of m argin

T here are

at present no w idely

systenl paranAeters

accepted

to be used

guidelines

as indices.

for selection of the and the

These are likely to be system

individual

dependent and

m ay have to be established based on the characteristics of the system .

lf the required

voltage

additional

m argin cannot be m et by using available reactive POW C;

resources and control facilities, it m ay

to provide

be necessary to lim it

and to startUP generating units voltage support
POW er

at critical

transfers

are a s.

(b) Spinning rdsdrpd

A dequate spinning reactive-pow er reserve m ust be ensured by operating
@

111generators,
@

if necessary,

m aintain the

at m oderate Or l()AA? excitation and sw itching shunt

capacltors to

identiû ed and

desired voltage PrOf le. T he required reserve m ust be

m aintained Ahritllill each voltage control area.

Op erators ' action

O perators
@

m ust be able to recognize

such

voltage stability-related syrnptorns and

take approprlate renaedial actions

possibly

collapse

voltage

regard.

aS a last resort, load

need to be established.

as voltage and pow er transfer controls and,

curtailm ent. O perating strategies that prevent voltage

O n-line m onitoring and analysis to idenyify potential

stability problenas and possible renAedialnAeasures w ould be invaluable in this
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S ubsYnchronous O scillations

1I1 the analysis of POW er system dynam ic

up of a single

turbine-generator

perform ance SO far, the rotor of a

turbine generator W aS assum ed to be naade

accounts for the oscillation of the entire

m ass. Such a representation

rotor w ith respect to other

generators.

2 a steam  turbine-generator rotor has a very com plex m echanical

structure consisting of several predom inant m asses (such as rotors of turbine sections,
generator rotor, couplings, and exciter rotor) connected by shafts of snite stiffness.
Therefore, w hen the generator is perturbed, torsional oscillations result betw een

of this m odeT he frequency of oscillation *IS usually in the range of 0.2 to

H z. In reality,

different sections of the

The torsional

turbine-generator

oscillations in the

rotor.

subsynchronous range could, under certain

conditions,

related

interact w ith the electrical system in an adverse m aM er.Specialproblenas

to torsional oscillations include the follow ing..

(a) Torsionalinteraction with PoWer system controls.

(b) SubsynchTonous
lines*

resonance AA?itll series capacitor-com pensated transm ission

(c) Torsionalfatigue duty due to network switching.

The torsionalcharacteristics of hydro units are such that interaction AhritllPOW CF

system controls or transm ission netw ork has not been a Source of concern.

This chapter describes the characteristics and m odelling

relatedshaft system and discusses various PrO
@

111

blenAs to

of a turbine-generator

subsynck onous torsional

oscillations that require consideration the design of PoW er system s.

10 2 5
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15 .1 T U R B IN E-G EN ERA T O R T O R S IO N A L C H A R A C T ER IS T IC S

1 5.1 .1 Shafl System M odel(1-61

rotor generating unit is a com plex m echanical system . It m ay

exceed 50 m etres in total length and w eigh several hundred tons. The rotor contains

m achined shaft sections of varying sizes and couplings that are either integral or

shrunk on and keyed to the rotör. T he turbine sections contain disks, blades, and other

sm aller com ponents. The generator includes coil slots and retaining rings. Such a rotor

The of a therm al

system

rated frequency.

has é large num ber of torsional vibration m odes both above and below the

A  continuum m odel of the rotor system w ould be required to account

for lete ran' gecom p

interaction betw een the
the of torsional oscillations (61.However, the problem

@

due to

electrical system

frequency

and the rotor m echanical
@

111 the subsynchronous range.

m odel

T his allow s the

system  ls principally

representation of the rotor

system  by a sim ple

Figure 15.1

generating

lump ed-m ass for electrical system interaction studies.

show s the structure of a typical

reheat

lum ped-m ass

turbine.

m odel of a

unit driven by a tandem com pound T he f ve torsional

m asses represent rotörs generator, tw o sections,

an interm ediate-pressure (1P) turbine section, and a high-pressure (HP) turbine section.
The generating unit is assum ed to have a static exciter. For a unit w ith a rotating

exciter driven by the sam e shaft system , there w ill be an additional m ass representing

the

the of the losv-pressure (LP)turbine

exciterrotor(see exam ple shown *1C1Figure 15.6).

F LPB LPA
N
x ux x

s xjj:'x
x 

'

x  x.. 
.
.

Nh
.
x 

b 
sx 

* 
x. ..N 

xx 'x xx 
h

xA  , .'

K  IP K  K  K45 34 23 12

H P or L Ps L PA G en.

L Pc

HP T T T Te

5 4 3 2 1

F igure 15.1 Structure of a typical lum ped-m ass shaft system m odel

ln developing

notation-.

the m athem atical equations of the shaft system , W C uSe the

follow ing

FHPn Tf#,
F FLPAD f## = m echanicaltorques developed by the respective turbine sections

@

111 Pu

Fe generator ealr-gaP torque @111 Pu
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O0 rated speed *11Ielectricalrad/s 2zh ?77 for60 Hz

t9:1% rated speed in mechanicalrad/s (llpploo
#/ num ber of f eld poles

C i = speed of m ass J @111 electrical rad/s

ài angular

synchronously

sitionPO of m ass i in electrical radians AAritlz respect to a

rotating reference çùit-çùot+&io

Aœj speed deviation of m ass l*111Pu (3,4,.-33404/(440
D dam ping coefs cient Or factor *111 Pu torque/pu speed deviation

H inertia constant ill l$15àT.s/!tfhJA

K shaft stiffness *111 pu torque/electrical rad

t tim e @111 seconds

The shaft system dynam ic characteristics are defned by

stiffness

three sets of paranleters:

inertia constant H  of the individual m aSSCS, torsional K of shaft sections

connecting

The
adjacent m aSSCS,and dam ping coeffcientD associated AAritlleach m aSS.

follow ing *IS a description of each of the paranAeters.

Inertia constant

The inertia assigned

assum ed

to each rotor m aSS includes its share of shaft @ @lnertla.

Turbine blades arC to be rigidly

the

colm ected to the rotor.lf the m om ent of
@ISinertia of a rotor m aSS J kg'm 2

5 Per unit inertia constant H (see Chapter 3,
Section 3.9) *ISgiven by

2

H J 1 O zm

2

J (2a 4/min)/j012
2V A V Abas

e hcxe

Torsional stW ness K

For a shaft of uniform cross-section undergoing elastic strain, the torsional

stiffness Orspring constant *ISgiven by g11

GFK (15
. 1)

l

w here

G rigidity

form

m odulus of shaft m aterial

F factor w hich def nes the geom etric property

l length of shaft
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For a solid shaft of circular cross-section Ahritll dianleter #,

F
4zd (15

.2)32

The torsional stiffness defnes the relationship betw een the torque transm itted

and the angular tAvist betw een the tw O ends of the shaft'.

F K è (1 5.3)

w here

F torque,
@

N .m

0 tw lst,

stiffness,

rad

K N 'm /rad

ln a turbine-generator

T he

rotor, each shaft Span consists of several sections of

different dianAeters. torsional stiffness of each section *IS determ ined and then a

single equivalent stiffness is com puted aS follow s:

1 1

K t
otal

K i
ndividualsection

For the representation of

studies, angles are expressed @111

turbine-generator shaft system s inelectrical radians (or degrees). W ith POWCr
the

system

num ber of

generator f eld poles equa1 to #y,

0 electrical rad (0 m echanical rad)P
2

ln system studies,torque is norm ally expressed @1l1PCr unit w ith the base torque Cqual

to

V A b
aseT Vb

a se
A b

a s e

P

2O Q
m

* 0

The torsional stiffness is then given by
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)p ln/nAechanicalradK  pu torque/electricalrad

(#y/ 2)Fbase

K  N m /m eche calrad 4Oo

V A  2b
n e py

Damping coeff cientor factor D J2-#/

T here are a num ber of SOUCCCS contributing to the dam ping of torsional

oscillations:

(a) Steam forces On turbine blades.The oscillation of the turbine blades *111the
steady-state

represented as

turbine section.

team  flow  's lntroduces dam ping.A s an approxim ation, this m ay be

being proportional to the speed deviation of the respective

(b) Shaft m aterial hysteresis. Nvhen the interconnecting shaft sections twist,
dam ping *IS introduced due to the m echanical hysteresis of the shaft m aterial

aS it undergoes cyclic stress-strain variations.

(c) ElectricalSOurCeS.Generator,exciter,and transm ission networkscontrl'bute to
dam ping of oscillations.

are a

The dam ping

function of the

levels associated w ith torsional oscillations

turbine-generator output. T im e constants
very

associated

are sm all and

w ith the

decay of torsional oscillations range from 4 to 30 seconds.

The various m echanism s

their contributions are difs cult to

contributing to

predict. There

torsional dam ping

degree

arC com plex
* @ @ @

and
@

IS a high

The

of varlablllty ln the

torsional

actual

m ode dam ping even am ong sim ilar units.

dam ping levels is through station tests g3j.
ln our m odel

best naeans of determ ining the

of the shaft

m ay

indi

be represented e111 ternAs

system ,

of dam ping

dam ping

W e Arrill assunAe that al1 SOurCeS

torques proportional to speed

of dam ping

deviations of

vidual m aSSeS; that *1S, torques betw een rotors are assum ed to be

negligible.

Shaft system equations

W e Ahrill illustrate the developm ent of

considering the rotors of the generator and L PA

equations of individual

turbine show n in Figure

DAaSSCS by

15.2.
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0 0

O OA  L
(0 AL
* 61

:2 rT
LPA e
?' v.+

Fl2 /''
.

K  k12
F23 F12

M z, D z M 1, D j

L P turbine G eneratorA

F igure 15.2

The various com ponents of torque associated w ith the generator rotor arC as follow s:

lnputtorque F12 #12(ô2-ô1)
O utput torque Fe

Dam ping torque D 1(Aœ1)
A ccelerating torque FJ F1a -F.-D IA Y j

T he equations of m otion of the generator rotor arC

2 S 1
#(AY 1) F

J # 1a(ôz- ô1)- FC- D 1(AY 1)d
t

#(ô (A
Y 1) Ycd

t

Sim ilarly, the follow ing arC the equations of the f PA turbine section..

lnput torque F +F23 FLPA LPA+#23(ô3 -ôz)

Outputtorque F12 #12(ô2-ô1)

Damping torque D zlhoz)

E quations of m otion:

2S 2
d(Lœ)) T
dt Z#x+#23(ôa - ô2) -r1a(ô2 - ô1) -D2(AO2)

d 62
(loz)ocd

t
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T he equationj of the comp lete r/l/r system show n *11I Figure 15.1 m ay be

sum m arized aS follow s **

dlLœ2 H
) d t

1) K
jz l ôa - ô 1) - Te -D 1 (AY 1)

G EN ;

#(ô1) (A
Y 1) o,d

t

2 S a
dlâog) T

dt Z#z+#za ( ôa - ôc) -1 12( ô2 - ô1) -D 2(AO2)

VP @A'
#(ô2) (2ï 

6: ) Oo2d
t

#(AY2S
a d t

3) F
LPa+ra4(ô4 - ôa) -r2a(ôa - ô2) -D a(AOa)

LP *B' (15.4)
#(ô?) (l

Ya) œcd
t

1 H 4
#(AYj) T

gp +#45( ô5 - ô4) -#a4( ô4 - ôa) -D4 (AO4)d
t

IP :

#(ô4) (2ï 
6:dt 4)Y0

1 H 5
#(AY5) F

se -K45( ô5 - ô4) -D 5(AO5)d
t

H P :
#(ô5) (2ï 

b:dt 5)

D uting

dynam ics

a transient condition, the generator air-gap torque
@ @ @

@

IS determ ined by the

of the

generated

dynam ics

by

of the

generator

the individual

and the pow er

turbine sections

system  to w hlch lt ls colm ected.The torqùes
'

e(1. .,
*

F F FHPn f#, 1#

steam turbine and itsgovernlng system (see
Fz,s):5

C hapter

depend

9).

on the
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E xam ple 15.1

The data applicable to a Gve-m ass

0.9kV, pf,1,800 r/m in (four poles
torsional m odel (see Figure 15.1) of 960 M VA 247
) nuclear unit w ith a static exciter is as follows:

M  Pow er* W R l Shaft Stiffnessass

i 1b.A2 Section lb'ft/radN o
. R otor Fract on

l G EN  - 1,1 14,382 G EN -L P A 279,823
,373

2 L PA 0.24 1,83 1,389 L PA-L PS 235,204
,647

3 L Ps 0.24 1,830,972 L PS-L PC 207,786,864

4 L Pc 0.24 1,830,4 17 L PC-H P 133,530
,2 19

5 H P 0.28 225,240

* Fraction of total turbine PoW er generated by the respective turbine

sections under steady state

(a) Ileternxine the inertia constant H  in M W .S/M VA for each of the five IMaSSCS
and tll () stiffness K *111 Pu torque/electrical rad for each of the four shah

sections.

(b) Com pute the steady-state value of torque transm itted by each shaft section and
the angular

the

displacenaent
* @

betw een the generator and H P turbine section,w hen

generator IS Operatlng at rated Output.

Solution

(a) The m om entof inertia of the HP section rotor (nlass 5)is

h (u 2lb .ft2)1.356
32.2

225,240x 1.356

32.2

9485.3 kg = 2

The corresponding inertia constant @IS

H s - 2 11 2a r/m lny

ï 60 VA rating

1 x9485
.3x(21 x 180042 1z 60 96o x 106

0.1755 G S/M VA
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Sim ilarly,tll k,inertia constants of the other naasses are

L PC section @@ H 4 1.4270

L P section @*B H ? l .4275

LPA section ** H z 1.4278

G enerator @@ H L 0.8688

The torsional stiffness of the shaft behveen the H P and L P turbine sections @ISC

K45 1.3561 lbft/rad

1.356x133,530,219

181,066,980 )( ln/naech.rad

Expressing this *111pu torque/electrical rad,W e have

$o 181 066,980 4*p>
V A . . p 2

f

181,066,980
X
4 x 377

960 x 106 42

17.78 Pu torque/elec.rad

The torsional stiffnesses of other shqft sections expressed *111 Pu torque/electrical rad

are

LPC - L P **B # 34 27.66

LP - L P @*B A J:23 31.31

L P œA G EN *@ K 12 37.25

(b) The air-gap torque (Fe)*ln PerunitOn 960 M VA base 's 0 91 . .

The torques developed by the different turbine sections are

F F F 0.24 x 0.9 0.216f#? L% LPc Pu

F 0.28 x 0.9 0.252HP Pu

The torque transm itted by the shaft section betw een the generator and LPA @IS

F12 F
e

0.9 Pu

Therefore, the angle by w hich LP rotorA leads the generator rotor @IS
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ôz1 ôa - ôl Fla/r lz

0.9/37.25 0.02416 elec.tad

The torque transm itted by shaft betw een LP and LP turbine sections @ISA B

F F - F 0.9 -0.216 0.68423 12 Z#
x

Pu

H ence,

ôa2 ô -ô3 2 F IKZS23

0.684/31.31 0.02185 elec.rad

Sim ilarly,

6 ô -ô F43 4 3 IK5434

(0.684 -0.216)/27.66 0.01692 elec.rad

and

654 ô5 - ô4 F IK4s45

0.252/ 17.78 0.01417 elec.rad

Thus,the H P section rotor leads the generator rotot by

)
ô - ô5 1 6 + ô + ô + ô32 2154 43

0.01417 +0.01692 + 0.02185 + 0.02416

0.0771 elec. rad

4.42 zlec. degrees

15 .1 .2 T orsionalN aturalFrequencies and M ode S haPeS

The natural

m odalanalysis

state-

frequencies

technique descri

and m ode shapes Can be determ ined

bed in C hapter 12.T his requires

using

w riting E quation 15.4

by the

*

111the Space fornA:

*X A x (15.5)

For a sm all perturbation, the generator air-gap torque m ay be expressed RS
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F
e

Ks Aô ! (15.6)

w here K s

The

@

IS the synchronizing torque coeff cient

linearized equations of the rotor
(see Chapter l2,Section 12.3).

system m ay be readily
*

w ritten by

inspection of E quations 15.4.For exam ple, the generator rotor equatlons are

#(AY j) D 1 K  +K12 S(Aô )+1 12
2S 1dt - (lo j)2S

1

(Aô2)2N
1

#(Aô
Yo(AY 1)d

t

and the equations of the LPA turbine section are

dlhoz) K12 Dz K + K12 23
-  .  .

(Aô2) K23
+ - - -

d t
(Aô1) - (AOa)2 H

z 
2 H z

(Aôa)1H
z

2 S c

dlhôz)
Yc(AYa)d

t

llere,

section

W e have assum ed that the m echanical torque FLPA developed by the

turbine @IS constant.

The state variables arC thus the speed deviations A œ .l

rotor

and the rotor angle A ôj,

thew ith - = 1.l ttl 5.The elem ents of the state m atrix A of the system depend On

torsional stiffness coefl cients, the inertia constants of the individual m aSSCS, and the

generator synchronizing torque

of A

coeff cient K S.

The eigenvalues
@

corresponding

variable

elgenvectors

give the natural frequencies of the

give the ttm ode shaper'' i.e., the relative

shaft system .

activity of a state

The

@

11l a given m ode.

Examples of torsionalcharacteristics

Figure 15.3 show s the natural frequencies and m ode shapes of the rotor of a

555 M V A , 3,600 r/lzlill fossil-fuel-fred generating unit w ith a static exciter. A lso

show n in the f gure are the inertia constants of the DAaSSCS and the stiffnesses of the

shaft sections connecting

assum ed

them . The synchronizing

stiffness) to be 1.98 Pu torque/rad.
torque

D am ping coeff cients
coeffcient (electrical

to

K  is

be negliglble;

arC assum ed

this has no effect on the calculation of the natural frequencies or the

m ode shape.

Since

oscillation.

w e are considering a

The natural frequencies,

of the

rotor w ith 5ve IOaSSCS, there are ;ve m odes of

RS given by the im aginary com ponents of the

eigenvalues m atrix A ,are l .67 H z, 16.35 H z, 24.1 H z, 30.3 H z, and 44.0 H z.
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0.124 0.232 1.155 1.192 0.855

(M W 'S/M VA)
K 21.8 48.4 75.6 62.3 1.98

(l)tltorque/rad)

K

U
>
Q
O

*i;
W

O

O
O

2
=

+

Q

*J

Q

H P IP L Ps L PA G

l l l I l
I I I l l

T o POW Cr

system

1.0

I
I
l
I

s4ode 0

0

0.996 0.993 0.981 l 0.958 I

l I , I
I l I l

l I I
l ' .

l l l
l l I

/0 - 1 .67
(system

H z

m ode)

l
0 608 l

@

0 156 l l
I I - j0 

I jI -0.349 Il l
- 0.676 I I :

I l
-  1 0 1 l l

- l I jl

s4ode 1

16.3 H z

I I1
.0 j I

l j l 1
l , I : :4: jj 

.

0.302 I ,1 l ,0 

I j0
. 1851 0.1551 Il l J

1I 
jl 
jl 
.

A4odeh 2
24.1 H z

O
>
D

O

l 0.504 I l 0
.440 I

l I l0
. l l 0 ' , , 1

0 I j l I

l l l 1
I 1. j
l 0 .7 1 9 ,1

.0 , l j
I

l
I0

.757 j
l !

I l j l
. 0.149 l j ()

. ()()g .0 
I l 0

.0351 Il j j
l j I
I :

I1.0

s4odeh 3
30.3 H z

s4ode

X
4

44.0 H z

F igure 15.3 Ttotor natural

a 555 M V A ,

frequencies and lh ode shapes of

3,600 r/m in steam  turbine generator
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displacem ents of the individual m asses for each m ode

of oscillation are given by the right eigenvector of the corresponding eigenvalue. T he

elem ents of the eigenvector associated w ith either the speed deviations or the angle

deviations m ay be used. ln the plots show n in Figure 15.3, each eigenvector has been

norm alized so that its largest elem ent is equal to 1.0.

The relative rotational

The 1.67 H z m ode represents

m ode

the oscillation of the entire rotor against the

POW er
depends

system . This *IS the norm ally considered *11I system stability studies. lt

On the synchronizing

the

torque coeff cient K s and the SunA of the inertia

constants of a1l rotor m aSSeS. A s Seen by the m ode shape, al1 5 ve DAaSSCS

participate nearly

other

equally

four

@

111 this m ode.

The m odes represent the torsional m odes of oscillation. The frst

torsional m ode has a natural frequency
@

of 16.3 H z.lt has One

m ode shape.The polarities

L P

of elgenvector elem ents associated

polarity reversal

w ith the rotors

in the

of the

generator

L P

and the section are opposite to those associated w ith the rotors of the
B,lP,and H P Y

sectlons. This indicates that the

against the other three rotors w hen this m ode *IS

generator

excited.

and L PA rotors oscillate

The second torsional m ode has a natural frequency of 24.1 H z,

natural

and its m ode

shape

of 30.3

has tw O polarity

three polarity reversals

reversals. The third torsional m ode, Asritll a frequency

H z, has

Ahritll

@

111its m ode shape.Finally,the fourth torsional

m ode,

reversals.

a natural frequency of 44.0 H z, has a m ode shape Ahritll four polarity

ln Figure 15.3, the rotors

relative am plitudes of rotational

of the generator

displacem ent in

and the L PA section have Very 1() AA/

the fourth torsional m ode. This

Eqeans that this m ode cannot be easily excited by applying torques to the generator

and L PA

ln

turbine rotors.

a general Case,

the

a rotor Ahritll DAaSSCS has n - 1 torsional m odes. The .thl

torsional m ode has z4 highest torsional frequency
, and its m ode shape has *l

polarity reversals.

O nly

Figures 15.4 to 15.6

the torsional m odes are

provide additional exam ples of torsional characteristics.

show n, and the system

Figure
@

m ode is om itted.

The torsional characteristic show n @111 15.4 @IS that of the 960 M V A ,

1,800 r/m in (fourpole)
turbine

nuclear unit considered 11I E xam ple 1 5. 1 . T his unit has One

H P and three L P sections. 1ts torsional frequencies arC 8.4 H z, 15.2 H z,20.3

H z, and 23.6 H z.

Figure 15.5 show s the torsional characteristics of a 191 M V A , 3,600 r/m in

(two
and

pole) coal-ûred unitwith a static exciter.Ithasthree turbine sections'.HP,lP,
One L P . H ence, the rotor @IS represented by four lum ped

H z.

m aSSeS. T he principal

torsional frequencies are 22.4 H z, 29.6 H z, and 52.7
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H 0.176 1.427 1.428 1.428 0.869

(è2I5!?'S/M VA)

K 17.78 27.66 31.31 37.25

(1)11torque/rad)

K

U
O
>Q

o

*ëJ
W

Q
O

D

2
R

6

%
Q
o
'>

Q

O
>

* > A

O

T o pow eru p I
,pc I-ps I-pa () syst

e m

l l l I l
1 1 ' l 1
' : : 0 . 8 8 I

l j 0.62 ' j

l l : de 1I l I O

0 j l l 1 = 3-4 I:Z
j j -0.11 j I
1 l
l

I
- 1.0 I -0.86 I I

l l j
I l 0 84 I

0.91 I .l 
0 47 l. 

j ode aj 
, I ,0 j g = 15

.2 H zl I 
j-O.O81 1 
l l

t l l
l ' l
1 1 - 1 . 0 1 1l 

j l 1 o I yl 
I I -

1 't l l
l 0.50 1 I1 

j l l ode 3l 
I I I 

.  a; ? u z0 , , 3 .
- 0.07 l

- 0.48
I

- 0.97 j
1

1 0 l
* l

0

I l l l
I I I
l l l

l l I1
, 1 0.05 I 0. 1

I 1

l 1 .02 ','
, . 1 6 , , .

I I
I 1
l 1

I !

A4ode

h
4

23.6 H z

F igure 15.4 T orsional natural frequencies and m ode shépes

of a 960 M V A , 1,800 r/m in turbine generator
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0.099 0.337 3.68 0.946

(M W .S/M VA)

K 37.95 31.91 82.74

(pu torque/rad)

K

U
>
Q
O

*ë;
W

Q

O
o

2
=

6

Q
Q

*md

1

>
'J

O

T o pow t
H P IP L P G system

j j l Il
I l.0

ll

l
1 0de 1
I l0 

1 = 22.4l 
- 0 19 l1 l 

- !

- 0.67 l -0.49 1 1
l l1 
, Il 
l jl 
l I1

.0 I l j
l 0 52 1 l

@ 
.

' 0 09 1
, ode 2j 

. 
.

0 z = 29.6l 

j - : . 1 jl l 
,I l

l Il 
:1

l l
l I l
1 0.52 1 II 

j de ?l I 
- 0 004 . O

1 I *0 a = 52.7l 
: -0.02 ll

I I
l I

-  1 0 l l@

H z

H z

H z

F igure 15.5 T orsional natural

of a 191 M V A ,

frequencies and m ode shapes

3,600 r/m in turbine generator
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Figure 15.6 show s the torsional characteristics of a 635 M V A , 1,800

six
r/m in

(fourpole)unitAhritlza rotating exciter (EX).The rotoris represented by lumped
m a SSC S.

H 0.254 0.983 1.001 l .009 1.035 0.013

(M W .s/M VA)

K 13.9 18.2 25.2 54.9 5.7

(pu torque/rad)

*

U

>
Q
O

*i;
W

Q
O

O
o

2
=

+

Q

'Xd

O
X
*J

o po er syste

I - 1 . s l - AC

i i l 1 i
I l I I i
i I I i !
I I 1 I 1
l I I I I
l l I I l
l l I 1 1

1 l I l

. I I I
I l

l I

I I , I de j1 l I I l ()
l ! l l 7

. 8 zI I I I I 1
l l I I I
I I l I I
I I l I I

I l I l

I l I 1(1
. . 0 l l I I ljl I 1 I

I I I I l
I l I I I

11 0 1 1 ' 1 '
I I l
I I I
, 1

, 
1
, , I ode 2

I 1 I 15
.0 zI l I I I 2

l I I I I
l l 1 l 1
I I 1 I l

! l l l l
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l I l I
I I I
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,/@ I I 1 I

l l I l

I I I I I d ?l I I I I O e
1 l I I 17

. 5 zI 
.1 3I I I I I
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I I l I I
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1 I I 1
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I 1 I
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I I l
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F igure 15.6 T orsional natural frequencies and m ode shapes
@

of a 635 M V A ,

1,800 r/m in turbine generator w ith a rotatlng exciter
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15 .2 T O R S IO N A L IN T ERA C T IO N W IT H PO W ER S Y S T EM

C O N T R O LS

A s discussed ill tlle previous section,torsionaloscillations of turbine generators

aCe inherently liljlltl)r dam ped.

and

W hile the level of dam ping Can Vary to Socne extent

w ith steam conditions unit Output, norm ally it *IS nOt affected by the

unit Or netw ork controls. H ow ever, there have been several instances

generating

of torsional

m ode instability due to interactions AAritll the generating unit excitation and prim e

m over controls, and

describe the CaUSCS

nearby H V D C converter controls. In this

of such torsional instability problem s and m ethods

w ith section,

of analyzing

W C

and lzlitiéjfttilléj the PrOblem s.

15 .2 .1 Interaction w ith G enerator Excitation C ontrols

T orsional m ode destabilization

during

fossil-fuel-sred

application of a

unit at

by excitation control w as srst observed in 1969

power system  stabilizer (PSS) on a 555 M VA, 3,600 r/m in
the Lam bton generation station in Ontario (7,81. The PSS,
signalw hich used a stabilizing based On speed nAeasured at the generator end of the

turbine-generator

this can be readily

are sim ilar to those

shaft,

seen from  the torsional

found toW aS excite the low est torsional m ode.The reason for

characteristics show n in Figure 15.3,w hich

of the L am bton *unlts. Shaft speed naeasured at the generator end

has
*

IS

a high com ponent

designed to provide

of the 16 H z torsional m ode. The stabilizer transfer function

Zero phase shift betw een the input

torque at the system m ode frequency of 1.67 H z, SO RS to

speed

result in

signal and air-gap

a purely dam ping

torque

generator

com ponent RS show n @11l

characteristics are such
Figure 15.7(a)
that this results

(see
@

111

Chapter 12).
of about

H ow ever, the

a phase

to

l1'éj 1350 at 16

Hz (81.A s shown *111 Figure
hence

15.7(b),
instability

the effect @IS produce a negative dam ping

torque com ponent and of the 16 H z torsional m ode.

A o A o

AL =AFO

A ô
1350

AôIAV
I
I

A Fe

(a)Pure dam ping torque at1.67 Hz (b)Negative dam ping torque and
positive synchronizing torque at l6H z

F igure 15.7 T orque com ponents due to P SS
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This PrOblenl W aS solved by

sections,

speed

addition,

pickup

close to the çf (j 55no e of the

sensing speed

16 H z torsional

betw een thç tAsrtl LP turbin
e

m ode (see Figure
location, other torsional m odes also have

an electronic l ltçr,w ith a notch at 16 H z and
very

substantial

1() Nsr
). At this

am plitude
. In

*

l 5.3

attenuatlon at other

torsional frequencies, W aS used *111 the stabilizing path.

approach described in C hapter 12 is ideally suited for

investigation of torsional stability problem s. This is illustrated in Exam ple l 5
.2.

T orsional m ode instability through excitation control m ay also be caused by

a term inal voltage lim iter w hich uses feedback of term inal voltage to control

excitation through a very high gain g8j. This can cause torsional instability, unless
som e kind of s ltering is provided to attenuate high frequency com ponents of the

voltage signal.

analysisThe m odal

E xam ple 15.2

This exam ple

kV ,

considers the effect of PSS On the torsional stability of an 889 M V A
,

1 8 .5 1,800 r/m in generating
*

IS

unit w ith a tandem -COm POUn

sinailar to that

d turbine. The shaft

system

except that

representation show n *111

each double ;ow LP

Figure

turbine

E 1 5. 1 .lt @IS of Figure l 5
.4,

section IS represented by tw o m asses.

H P LP j LP2 LP3 G EN

A  L R  B L R  C L R  D
Fe

l Y A Y l YB C
8/

Figure E 15.1 ShaA system representation

The shaft system data are aS follow s'.

lnertia D am ping

(pu torque/pu

C oefficientM

ass ( 2WR *111 2lb.ft ) speed)

G enerator 1,081,920 0

L P3R or L P3L 1,054,512 0.125

LP or LP2R 2L 1,067,855 0.125

LP IR or LP IL 1,048,380 0.125

H P 258,000 0.125
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Stiffness StiffnessSh
aA Section ShaA Section(lb

.ft/rad) (lb.ft/rad)

G en - C oupl D 844,391,342 LP2L - C oupl B 625,948,703

C oupl D . L P3R 859,3 16,929 C oupl B L P IR 626,684,2 14

L P LP3R 3L 2,545,306,455 LP IR L P 1 L 2,548,322,567

L P3L - C oupl C 627,555,327 LP IL œ C oupl A 566,819,519

C oupl C - L P2R 628,294,620 C oupl A  - 212,716,172

LPZR - L PZU 2,546,764,972

T he m echanical torque developed by
*

each turbine section is assum ed to be constant.

The system  is represented as show n ln Figure E 15.2 svith paranaeters expressed *ln Per

unit On 889 M V A and 18.5 kV .

E t A s X s R
E = 0.02 X E 0.6

P = 0.9 0.3 E  t 1.0

P ,
F igure E 15.2 System representation

The generator paranzeters *11I Per unit on 889 M V A and 18.5 kv are as follosvs:

X d 1.72 X  /d 0.36 X  '?d 0.24 T '#0 5.7 S F #do 0.02 S

X 1.69 X ' 0.40 X #? 0.23
q

F ?
qo

1.5 S F '1Cp 0.04 S

The generator *IS equipped

system perform ance

a thyristor exciter.

w ith the follow ing alternative
with Ourobjective

of PSS :

@

IS to exam ine the

form s

(a)
naeasured

A delta-om ega stabilizer with shaftspeed (Aœ) aS inputsignaland
at the generator end, at coupling B , at coupling C ,Or at both

speed

couplings B

w ith

and C . T he excitation system m odel *IS show n in Figure E l5.3.

M t
PSS gain W ashout Phase lead

sTw 1 + s F1 + K A M ssA œ  
K sras Z

(pu) 1 + sTw 1 + s Tz 1 + s L

KA 200 L = 0.005 S Fj 0.3 S F2 0.06 S r l.5 S

F igure E 15.3 Thyristor exciter w ith delta-om ega stabilizer
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(b)
substantial attenuation at the higher torsional natural frequencles.

of the s lter is

above,A stabilizer aS but Ahritll a torsional G lter having
*

a notch at 9 H z and

T he transfer function

F
O

Fj

1 + s20
.00031258

(1 +s 0 022 +x2 0.000756@ 2 +x2 0 009)) ( 1 +s 0.01 .

(c) pow er (delta-') as signal as
show n in Figure E 15.4. This system  is sim ilar to that of F igure E l 5.3, except that an

equivalent speed (A(ocç) derived from electrical power is used instead of actual shaft
speed.

A stabilizer Ahritll electrical deviation stabilizing

A f /

- hP e
A œ  sTw 1 + NF1 + K A u ss1 eq 

s  ysvAB
l H s 1 + sTw 1 + sTz 1 + sTA

Figure E 15.4 Thyristor exciter w ith delta-' stabilizer

A nalysis

(a)
analysis

*

D elta-om ega stabilizer. The effects of PSS are exam ined

approach

speed (A(o) at different
stabilizer gain K siua are

described *1l1 The analysis

by

considers

using the m odal

Senslng
values

C hapter l2.

locations on

the effects of

the shaft. For each

of the considered to give an

C a se ,in#icationtwo Orthree
of the effect

of varying the

of eigenvalues

gain.

listed

The results arC sum m arized ill Table E 15.1,w here the six pairs

represent six m odes w hich are im portant from  view point of

stabilizer application. The im aginary com ponent of each com plex pair of eigenvalues

gives the frequency of oscillation in radians per second. T he real com ponent gives the

rate of decay of the am plitude of oscillation (see Chapter 12).

the

The first four m odes listed @1l1 T able E 1 5. 1 represent the dom 'lnant torsional m odes.

The fifth m ode,identified as the system m ode,ls associated w ith the oscillation of the

generator rotor w ith respect to the rest of the pow er

of the system  m ode is the reason for using the speed

The sixth m ode, identified as the exciter m ode, is prim arily

voltage and exists only in the presence of speed stabilization.

lm proving

feedback

system .

signal

tll e

to

dam ping

the exciter.

associated w ith the seld

T his m ode *IS usually

of theheavily dam ped and becom es unstable only for high values

Considerations in Choosing the param eters Of the speed signal feedback circuit is to

achieve m axim um  dam ping Of the system  m ode w ithout signiG cantly sacrificing the

dam ping

of K sTAa. O ne

of the exciter m ode.

W e See from the results that, w ithout the speed signal
@

stabilization (KsrAa -0),
instability. The

the

system m ode has a positive real pad representlng sm all-signal
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eigenvalues associated w ith the torsional m odes,

original level of torsional dam ping and serve
@

COm Par1SOn.

w ithout speed

reference

stabil'lzation,

for

give the

aS a PUIT OSCS of

The results also show  that the effect of sensing speed at the generator end is to cause

of al1 four torsional m odes, w hile signiGcantlyeither instability or decreased dam ping

dam ping the system  m ode.

Sensing

and

speed only at coupling B has an adverse effect on the 23 H z torsionalm ode,

m ode.only at coupling C

R esults obtained w ith the speed

shaft indicated that there is no

sensing has an adverse effect On the 9 H z torsional

signal

single

sensed at other possible

acceptable

Iocations alOng
*

the

location that œIS for all torslonal

m odes.

A com bination

effects On all

signals sensed at

four torsional m odes.

of couplings

T he

B and C IS Seen to have favourable

system m ode

location and depends only on the stabilizer

dam ped for the entire range of the stabilizer gain

results in a slight reduction of its dam ping.

sensing

to speed

gain. The exciter m ode is heavily

considered, although a higher gain

itself @IS insensitive

(b)
G lter added

D elta-om ega stabilizer

in the speed
torsional h lter. The results of the analysis w ith the

signal loop are sum m arized in T able E 15.2. The effect of the

w ith

f lter, as expected, is to m ake the m odes insensitive to the speed signal

stabilization. The dam ping of the system  m ode w ith the filter is on the sam e order as

that w ithout the f lter. H ow ever, the flter has an adverse effect on the exciter m ode.

This

torsional

is because the characteristic of the filter circuit is such that it increases the éI étilA

in the frequency range associated w ith the exciter m ode. A s a consequence, the speed

signal gain has to be lim ited to a value w hich gives suffcient stability m argin for the
%

exciter m ode. The lim iting value of the gain depends on the external system

im pedance, generator characteristics, and system -operating conditions g9). W ith a
low er value of X #,the exciter m ode is less stable.

(c)
a delta-'

D elta-p stabilizer. The results arC sum m arized

stabilizer @IS effective w ithout causing

Table E 15.3. They show  that

instability of the torsional m odes. So

%

ln

far aS tll ()system and the exciter m odes are concerned, there @IS Very little difference

betw een the delta-' stabilizer and the delta-om ega stabilizer w ithout a torsional f lter.
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T able E 15.1 E ffect of delta-om ega stabilization w ithout a torsional G lter circuit

Speed Torsional M odes System  Exciter
sr Sens'lpg

L ocatlon 9 H z 17 H z 23 H z 24 H z M ode M ode

0.0 - -0.05$ 56.2 -0.07+j105.7 -0.l0+j146.1 -0.17+j151.2 +0.23+j5.7 -

9.5 Generator +0.31$ 57.6 +0.20ij106.0 +0.24$ 146.4 -0.06$ 151.3 -0.73$ 5.0 - 1 3.7:j13.1

9.5 Coupl - B -0.25$ 55.3 -0.17$ 105.6 -0.01$ 146.2 -0.1M j151.2 -0.75$ 5.0 - 16.7+j13.9

19.0 Coupl - B -0.47$ 54.3 -0.28$ 105.5 +0.07:j146.3 -0.20$ 151.2 - 1.20+j4.2 - 14.51j19.7

9.5 Coupl - C +0.06$ 56.6 -0.26$ 105.5 -0.2l+jl46.1 -0.18+j151.2 -0.74$ 5.0 - 15.5+j13.7

19.0 Coupl - C +0.20+j57.0 -0.46+j105.3 -0.31+jl46.1 -0.19+j151 .2 - 1 .20+j4.2 - 12.8+j1 8.j

9.5 Both B and C -0.10+j56.0 -0.22+j105.5 -0.1 1+j146.1 -0.19+j151.2 -0.74+j5.0 - 16. l+j13.8

19.0 Both B and C -0.16+j55.7 -0.37$ 105.4 -0.12+j146.1 -0.20+j151.2 - l .20+j4.2 - 13.6+j19.1

28.5 Both B and C -0.22$ 55.5 -0.52+j105.2 -0.13+j146.1 -0.21+jl51.2 - 1.36+j3.6 - l 1.9+j22.9

T able E 15.2 E ffect of delta-om ega stabilization w ith a torsional filter

Speed Torsional M odes System  Exciter
K svM  Sens'm g

L ocation 9 H z 17 H z 23 H z 24 H z M ode M ode

0.0 - -0.05$ 56.2 -0.07$ 105.7 -0.10:jl46.1 -0.17+j151.2 +0.23+j5.7 -

9.5 Generator -0.06+j56.2 -0.07$ 105.7 -0.1 1+j146.1 -0.17+j151.2 -0.91+j5.l - 10.4$ 15.8

9.5 Coupl - B -0.05+j56.2 -0.07+j105.7 -0.10+j146.l -0.17+j151.2 -0.94$ 5.0 -8.1ij14.1

19.0 Coupl - B -0.05$56.2 -0.06$105.7 -0.10+j146.1 -0.17$15/.2 - 1.42$4.1 - 1.9$20.5
9.5 Coupl - C -0.06+j56.2 -0.07+j105.7 -0.10+j146.1 -0.17+j151.2 -0.92$ 5.0 - 10.54j20.0

19.0 Coupl - C -0.06$ 56.2 -0.06$ 105.7 -0.10àj146.1 -0.17+j151.2 - 1.41$ 4.2 -3.2$20.0

9.5 Both B and C -0.05$ 56.2 -0.07:j105.7 -0.10+jl46.1 -0.17$ 151.2 -0.93$ 5.0 -9.4:j21.3

19.0 Both B and C -0.05+j56.2 -0.06$ 105.7 -0.10àj146.1 -0.17$ 151.2 - 1.42$ 4.2 -2.5$20.4

28.5 Both B and C -0.05$ 56.2 -0.06$ 105.7 -0.10+j146.1 -0.17+j151.2 - 1.54+j3.5 +0.5+j20.6

T able E 15.3 E ffect of delta-r stabilization

Torsional M odes System  Exciter
K svM

9 H z 17 H z 23 H z 24 H z M ode M ode

0 -0.05+j56.2 -0.07$ 105.7 -0.l0+j146.1 -0.17àj151.2 +0.23$ 5.7 -

9.5 -0.05+j56.2 -0.07$ 105.7 -0.10+j146.1 -0.l7+j15l.2 -0.75$ 5.0 - 15.6+j13.7

19.0 -0.05+j56.2 -0.07$ 105.7 -0.10ij146.1 -0.17$ 151.2 -1.20$ 4.2 - 13.1$ 18.6

28.5 -0.05+j56.2 -0.07+j105.7 -0.l0+j146.1 -0.171j151.2 - 1.40+j3.6 - 1 1.3+j22.0
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15 .2 .2 Interaction w ith S peed G overnors

The problem

1983

of speed-governing

the

system s causing torsional

surfaced *111 during

instability

r/m in nuclear unit

m ode

at Ontario Hydro (91.
The

com m issioning of a 635 M V A , 1,800

This unit is equipped w ith a fast-acting

speed

electrohydraulic

governing

shaft.

system .

torsional
governor SCnSCS

The m ode shape for this unit @IS

speed at the H P turbine

sim ilar to that show n in

end of the

Figure
@

15.6,

w hich indicates that the 7.8 H z, 15 H z,

governing

and 19.6 H z torsional m odes A'r11l aPPCaF *1l1

the end-of-shaft speed signal. The system USCS an electronic

circuit to com pensate

valves

for the nonlinear ; ow Versus valve position

linearizing

characteristics of

the steam (see Chapter 9,Section 9.2).
D uring the cqm m issioning tests, w hen the unit reached the 100 M W Output

level,

lead and the valve-linearizing circuits (see Chapter 9, Figure 9.34) partially elim inated
the vibrations, and the loading could be increased to 475 M W  (nearly 88%  of rated
output). Beyond this level, severe vibrations of the governor valves were experienced.

abnorm al vibrations w ere detected in the governor valves.C hanges to the phase

U nit load W aS reduced to a safe level tllltil the problem W aS investigatçd and

satisfactorily

Further field investigations and com puter

identif ed tw o factors w hich contributed to the

solved.

sim ulations using the m odal anqlysis

problem '.

(a) Inaccuracies
A s a result,

12,

in the valve-linearizing

the effective governor

loading

circuit, particularly in the 475 M W  region.

droop suddenly increased by a factor of

about aS increased.

(b) Large bandwidth of the electrohydraulic servo system . This allowed
governor interaction at the higher frequencies associated w ith the

m odes.

signis cant

torsional

The problem W aS solved by providing accurate linearization of valve

characteristics w hich m aintained

A s an additionalprecaution,

a constant droop of 4%  over the entire loading

f lters w ere added to elim inate torsional com ponents
range.
from

signal. ln

perform ance during

the speed designing the û lters, careful consideration W aS given to the

Severe system disturbances and load -ections.reJ

15 .2 .3 Interaction w ith N earby D C C onverters

The problem of subsynchronous

Ahritll controls of nearby H V D C

system

M W
ill 1Nlorth Dakota (10,1 1).

instability due to interaction

system s first cam e to light on the Square B utte dc

The Square B utte system  consists of a +250 kV , 500

torsional m ode

dc link.Therectiferstation @ISlocated adjacent
one rated at 234 M W

theto M ilton Y

station consisting of tw o turbine generators, and

oung generating

the oiher at 410
M W .T he converters em ploy equidistant

m odes are constant current control at the

f ring system s.

rectif çr and

T he norm alregulator control

constant voltage control at the
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inverter. a supplem entary k equency sensitive power controller (FSPC) is
provided betw een the sending end and receiving end system s. Field tests show ed that

the supplem entary dam ping control destabilized the frst torsional m ode (1 1.5 Hz) of
the

In addition,

M W  generating unit. The tests also show ed that the norm al constant current

control acting w ithout the supplem entary dam ping control could cause instability of

the 1 1.5 H z torsional m ode w hen som e of the ac lines near the rectif er w ere sw itched

out. O pening of the ac lines reduced the ac system  strength

instability of the torsional m ode. The torsional oscillations

4 10

w hich resulted *11I the

stabilized w hen the dc

POW er level W aS reduced.

A t the tim e these instabilities svere observed,the current controlw as m odii ed,

SO aS to allow  safe operation,

Subsequently,

w ith SonAe constraints On the dc POW er level and the aC

system conditions. follow ing a detailed analysis, the control

svere m odiû ed

This PrO

T he

so as to operation under all but extrem e system

blem has been the subject of investigation of the EPRI research project
w ork carried out under this

allow safe

system s

conditions.

R P 1425-1.

of the phenom enon and the developm ent
project has 1ed to a broader
of generic solutions g12q.

understanding

B asic p henom enon

Torsional m ode oscillations Cause phase
The

and am plitude m odulation of the

generated

com ponents

alternating voltage w aveform . m odulated

equal

This m odulated

theto fundam ental frequency m inus the

voltage

torsional

has frequency

frequency (see
bus.Figure 15.8). voltage is im pressed on thedc system com m utating

f h Z%  Y ) Converter

z '  7
>

IdH P IP/LP
.  L Ps LPA G  It

k 

-  

c ontrol

Torsional modes f 
= torsional modef =/1 ,h ,h nh 
.  s ndam ental frequency (60 Hz)

F igure 15.8 T orsional interaction AAritll dc control

W ith the equidistant fring angle control used in m odern H V D C converters, a

shift in voltage phase due to a torsional m ode causes a sim ilar shift in the sring angle.

This ûring angle m odulation, together w ith the alternating voltage m agnitude

m odulation, w ill result in corresponding changes in direct voltage, current, and pow er.

The closed-loop current control responds to correct for these changes. This in turn is

rei ected aS a change 11I the

variation @1C1 shaft speed at

generator pow er.

the torsional frequency

lf the net phase

and the

1ag

resulting

betw een the

change e1f1
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electrical

unstable.

torque

T his situation

of the generator

is sim ilar to

exceeds 90O the torsional oscillations beconAe

thatdepicted in Figure 15.7(b).

Factors inf uencing torsionalinteraction (12,131

The possibility of torsional instability due to interaction w ith nearby

that

dc System

controls depends

on theunit and

on rating of the dc

electrical distance betw een

the system @11l relation to of the generating

the tw o.R eference 12 recom m ends uSC of

the unitinteraction factor (U1F) defned below aS a nAeasure of the influence of dc
system controls on torsional m ode stability.

M V A  SC  ld
c j - g

M V A  SC t#
(15.7)

w here

M V A JC

M V A g

SC t, SC g

M V A rating
@

of the dc system

M V A ratlng of the generator

short-circuit capacity

and

atthe dc com m utating bus (excluding aC
flters)Alpitll withoutthe generator,respectively

lf U 1F is less than 0.1, there is little interaction betw een the torsional

oscillation and the dc controls.

ParallelaC lines tend to m inim ize the possibility of torsional instability.R adial

em anating from  isolated

unfavourable torsional interaction.

dc lines therm al-generating stations arC m ost PrOnC to

The nom inal tiring angle of the rectis er has an im pact On the degree of

interaction.T he tendency to Cause torsional

angle

l()A,;

is increased.Therefore,

the

instability increases as the nom inal sring

m odes requiring the dc system  voltages to be

m ay increase

operating

possibility of torsional instability.

Effect of dcsystem controls f1%11l

ln the CaSC of the Square B utte @prolect, the torsional instability W aS caused

through

rectis er

tAA?tl different control aths:P the supplem entary dam ping control and the

current control.

T he instability caused by the

the

supplem entary dam ping control W aS due

gain

natural

and large phase lag *1I1 frequency range

units

at the losver end of the

to high

torsional

frequencies. O nly

1()A,?

One of the tAA?tl near the rectif er had a torsional

frequency

could
(11.5 Hz) enough

by

to interact Ahritll the dam ping

11.5

control. T his PrOblena

be readily solved uSe of a notch f lter at H z @1l1 the supplem entary

control. T he other unit's ûrst torsional frequency W aS SO high aS nOt to CaUSC

instability.
=
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The ins uence of the current Or POW CF

a bandw idth

control depends

the

On the regulator

bandw idth.

O nly

have

the

T ypically,

torsional m odes

these controls have @11I vicinity of 10 to 20 H z
.

AAritlz frequencies telow the upper range of the bandw idth
the potential for becom ing unstable.

ln the Case of Square

regulator

B utte,

frequency

the problem due to the current controlW aS solved

by

m ay require m ore than current regulator to achieve stable

operation. ln such cases, an additional dam ping path m ay be required. ln reference l2
,

a subsynchronous damping control (SSDC) has been developed to dam p potentially
troublesom e torsional oscillations.

sim ple m odif cations of the

m odifying the reSPOnSe characteristic. Som e H V D C system s

The problem of torsional interaction w ith the controls of H V D C system s m ay

otherbe investigated

m ethods of

by using

studying the

(a)
and

sim ulations'.

the m odal analysis approach.

effects

R eference 13 describes

apparent

(b)

prO

shifts in the

blenl. Tw o m ust be accounted for *111 the

bridge sring angle due to shifts in phase of the

busvoltage the speed variation ((or/œ0)effects on the generatorvoltage g101.

15 .3 S U B S Y N C H R O N O U S R ES O N A N C E

The phenom enon of subsynchronous /'CSODJDCP (SSR)
SSR

OCCUrS m ainly in series

capacitor-com pensated

in 1970 resulting in the

southern

transm ission

failure

system s.

of a turbine-generator

The frst PrOblenA W aS experienced

shaft at the s4ohave plant

that

@

1l1

C alifornia. lt w as not until a second shaft failure occurred @11I 1971 the

real Cause of the failure

these failures,SSR  has

w as recognizedbeen a subject of as subsynchronous resonance g141. Since
considqrable electric utility industry interest.

B efore w e discuss the SSR  phenom enon,1et us f rst exam ine the characteristics

of a series capacitor-com pensated system and the posjibility of unstable
subsynchronous oscillations.

1 5 .3 .1 C haracteristics of S eries C apacitor-c om pensated

Transm ission System s I 1 5,161

ln an uncomp ensated transm ission system ,

stator windings (see
distribution of arm ature

faults and other disturbances result

ilz- (lll offset com ponents @111 the generator C hapter 3,

w indings,

Section

3.7.2). These currents,
result in a com ponent

unbalanced

due to the Space (stator)
H z.f air-O gaP

@

Sorque
phase-seqvence

at the slip frequency of 60 In the Case of

faults,

(slip

the negatlve com ponents of stator currents result
*

111a 120 Hz frequency) com ponent f air-O gaP torqge.Therefore,
either

it is necessafy

129to avoid having any of the torsional frequencies Very near 60 H z Or H z.
ln series cap acitor-comp ensated transm ission system s, the situation can be very

different. C onsider, for exam ple, the sim ple radial system  show n in Figure 15.9. ln

this case, instead of the dc com ponent of fault current, the offset transient current is

also alternating current of frequency equal fo the natural frequency (œ,,) of the circuit
inductance and capacitance:
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X ET E jujjujteo ( busX R Xc

(a)Schem atic diagranA

X ' X R XT' E E

S /!

E B

= =

X c A'z =e LF

E ''

R Xc= 1/(œQ E
B

(b)Equivalentcircuit

F igure 15.9 R adial series com pensated System

1 O o
O n

(*oZ)(*oC)

X C
0 0 -XL rad/s (15.8)

O r

fn XC
=  fo -X

L

H z (15.9)

w here 
.//*ISthe synchronous frequency @111Hz,and 0: -2a/orad/s.
G enerator stator current com ponents

slip
of frequency )k inducerotorcurrents(and

slihence torque) of
frequencies as a

frequency

function of the
(60 % )Hz.Table 15.1 shows the naturaland P

ln practice,the

degree of com pensation.

frequency-dependent characteristic of the effective im pedance

of a netw ork is com plex
@

and a m ore detailed

frequency

determ ine
Scannlng
this

Program such aS that

system

described in

representation

reference

@

IS required. A

18 Can be used to

im pedance.

The subsynchronous naturalfrequency Z )of the network and the frequency
of the associated induced rotor currents (and

frequency.
torque) are said to be com plem entary,

aS their Sum @IS equal to synchronous A series capacitor-com pensated

transm ission netw ork Can CaUSC sustained Or negatively

(a)oscillations by two distinctive m echanism s'. self

dam ped subsynchronous
- excitation due to induction

generator effectand (b)interactions Alritlltorsionaloscillations.
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T able 15.1

Percent C om pensation N atural Frequency Slip Frequency

(#c/Xz)X 100 (% ) .L, (Hz) 60 -X (HZ)

10 18 42

25 30 30

30 32.6 27.4

40 38 22

50 42.4 17.6

Shunt-comp ensated transm ission system s norm ally

subsynchronous

have naturalfrequencies

do

*

111

the supersynchronous range ; therefore, oscillations nOt POSC a

problem .

Very

Exceptions are

long transm ission.

situations involving high degFCCS of shunt com pensation and

15 .3 .2 S elf-Excitation due to Induction G enerator Effect

Figure 15.10 is a sim plif ed equivalent circuit of a synchronous m achine useful
*

111

the

explaining

m achine

subsynchronous

has

effects. T he effect

been represented by a circuit

of saliency has

sim ilar to that

bèen neglected

for

and

used induction

m otors.The effects of the rotor circuits have been lum ped and represented by a single
* *

circuit w ith a resistance R r and a leakage reactance X r. The pow er frequency quantltles

have been omitted and only subsynchronous frequency effects are colsidered.

is

;* eqStator current I j
X  j r--- N eglect

1-  - 1

R a X / R r X r

1-N
- R Slip S

fn - fo
=

S fn

' j1, xA
c

.
y .1, eg

R  = R
R

r
+  -

S

F igure 15.10 Sim plified

applicable

equivalent

to

circuit of a

subsynchTonous

synchronous

frequency quantitiey

m achine
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Since fn<fo,
induction m achine

the slip
*

S *IS negative, and the rotor behaves m uch like that of an

rulm lng above synchronous speed.Depending on fn,the effective
R eg  can negative. A t com pensation, this apparent

negative resistance m ay exceed the netw ork resistance, effectively resulting in an R L C

circuit w ith negative resistance. Such a condition w ill result in self-excitation causing

electrical

resistance be high degrees of

oscillations of intolerable levels. The tendency tosvard this electrical

subsynchronous

decreasing the

pole

instability is decreased by increasing the netw ork resistance and by

resistance of generator rotor circuits (for exam ple, by providing a good
face dam per

T his form
winding).
of self-excitation *IS purely an electrical phenom enon and @IS nOt

dependent on the shaft torsional characteristics.

15 .3 .3 T orsionalInteraction Resultin9 irl S S R

If the com plem entof the naturalfrequency 'e(1. .,synchronous frequency m inus
the naturalfrequency) of the netw ork *ISclose to OnC of the torsional
the turbine-generator
@

IS

shaft system ,torsionaloscillations can be excited.

frequencies of

T his condition

referred to aS subsynchronous ?'PSODJNCC E161.
in large

U nder such conditions, a sm all

voltage induced by rotor oscillations Can result subsynchTonous currents;this

current w ill produce an oscillatory

it

com ponent

svhen

of rotor torque w hose phase is such that

enhances the rotor oscillation. this torque @IS larger than that resultilldj from

m echanical dam ping,the coupled electrom echanical system AArill experience grow ing

oscillations.

Subsynchronous resonance @IS thus a condition w here the subsynchronous

com plem ent

circuit

of the natural frequency

is

of a series CaPaC1

natural

'

tor-com pensated arnAature

of a turbine generator close to its torsional frequencies, resulting @1l1

a strong coupling betw een the electricaland m echanical System s (171.
dangerous.T he Consequences of subsynchTonous

the

resonance Can be lf the

torsional oscillations

COnSCQUCnCCS.
*

111

E ven
uP,

if the oscillations

lltliltl turbine-generator shaft Aè/ill break w ith disastrous

are not unstable, system disturbances can result

shajttorques of high magnitude, causing loss fatigue f4/c of the shaft.

15 .3 .4 A nalyticalM ethods

T orsional interaction effects involve energy interchange betw een the generator

system  inductances/capacitances of the netw ork. T herefore, the analysis

of SSR  problem s requires representation of both the electrom echanical dynam ics of

the generating units and the electrom agnetic dynam ics of the transm ission netw ork.

The generator stator circuits and the netw ork cannot be represented by steady-state

algebraic

shaft and the

used for

as system

SSR  studies is of a higher

stability

order and

equations @1l1 studies.

greater

C onsequently, the system  m odel

stiffness than the m odel used for

stability studies.

Several m ethods have been used for the study of SSR .The follow ing *IS a brief

description of these m ethods.
%
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(a) Eigenvalue
described

(modao analysis.
12.

The general approach @IS the SanAe AS that

in C hapter The m ethod

system

analysis

com putational

characteristics. sà?itll the

of Very large system s

is pow erful and provides insight into

availability of special techniques for

(see Section 12.7.2), system  size

the

the

and
thisburden are no longer considered RS the lim itations of

approach.

(b) Frequency
inapedance

netw ork,

natural

scanning

a S Se en

g18,19j.
froln the -

This technique

buses

com putes the equivalent

lnternal of generators

gives

looking into the

for different values of frequency.

and

lt inform ation about the

SSR .

frequencies of the

This approach is

system

particularly

the tendency tosvard self-excitation and

suited for prelim inary analysis of SSR

problenAs.

(c) Frequency
subsynchronous

criterion. This

response analysis full system g20j. The stability of the
oscillations is analyzed by using the m ultidim ensional N yquist

approach can handle detailed m odels and large system s.

(d) Approximate
stability

of SSR .

k equency-domain
of individual torsional

analysis

m odes. lt
g2l ,221. This m ethod analyzes the
is lim ited to approxim ate detection

(e) Time-domain analysis.The
be used to com pute the

electrom agnetic transient p rogram

transient-tim e response (231. A full
(EM TP)m ay
three-phase

representation

equipm ent, including

transient shaft torques

of the system

nonlinear

*

IS used. lt allow s Very detailed representation of

effects.

due to SSR .

particularly

H owever, this m ethod/
lt @IS suited for analyzing

*

IS lim ited to the

analysis of sm all system s.

Frequency dependent netw ork equivalents m ay be used to facilitate the analysis

of very large com plex system s (241. Such equivalents preserve the natural resonant
characteristics of the netw ork they represent.

E xam ple 15.3

In this exam ple, W e illustrate the > 0 form s of instability of subsynchronous

oscillations -com pensated system s:

excitation. The test system  considered ls show n in Figure E 15.5. lt consists

M V A , 24 kV , 3,600 r/m in turbine generator feeding pow er through a series

andassociated Ahritll series capacitor
*

SSR self-

of a 555

capacitor-

com pensated transm ission

the torsional characteristics

system  to an infnite bus.The shaft

of the generating unit are aS

system  param eters

show n in Figure 15.3. The

and

dam ping factors (D )of the individualDRaSSCS are assum ed to be negligible.

The generator and netw ork param eters @ln Per unit On 555 M V A , 24 kv base are aS

follow s'.
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T zL

G

E t

- pg y cs#
,+yp,

RL V X c

f s

F igu re E 15.5 Series-com pensated system

X a 1.81 X

.Y /#q

T  /?qo

X //#

1.76 & 0. 1 6 TJ 0.3 # /q
T / =qo

0.61

0.217 0.254 R & 0.002 F / =#0 7.8 S 0.9 S

F !/#0 0.022 S 0.074 S A 0.008 B 9.6sat sat V rl 0.8

Z v 0.008 +
./0.13 Rz 0.008 XL 0.75

The P0W er-;ow condition *IS aS follow s'.

P t 519.5 M W E t l .08 fs 1.0

The degree

generatorthe
of com pensation (i.e., Tc/fs )
varies accordingly.

is varied and the reactive POW CV Output of

Ourfocus here *ISOn the interaction behveen the lowest torsional( l 6 Hz)
the

m ode and

the subsynchronous natural frequency oscillation of the netw ork for follqw ing

values of load at the H V bus:

(a)
(b)

P s

# 1
166.5M W , QL

Ps

0

0, 0

A nalysis

(a) W ith PL=166.5 M W ,QL -0:

W e uSe the eigenvalue analysis approach described @1l1 C hapter 12 to analyze the

m odal interaction. H ow ever, tll () system m odel includes the dynam ics

system

of the

transm ission netw ork and the generator stator circuits.The com plete equations

are expressed *111the dq reference fram e.

Table E15.4 lists the eigenvalues, frequency and dam ping ratio (() associated with the
low est torsional m ode and the netw ork m ode as a function of the degreç of series

com pensation (expressed in percent of line reactance Xg). ln addition, participation
factors associated Alritll the

seriescapacitor(Avc)
Since the netw ork is m odelled

generator speed devigtion (Aœ j) and vpltage across the
listed. These help identify the extent of interaction betw eenare

the tw o m odes. in the dq reference fram e w hich rotates

w ith the generator rotor,the frequency of the netw ork m ode com puted #IS i 1) fact the

com plem ent

natural
of the network naturalfrequency (i.e., synchronous frequency m inusthe

frequency).
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W ith no com pensation,

dam ping

the torsional m ode has à frequency of 16.29 H z and a slu al l

positive

m ode

due to electrical SOUI-CCS. W ith 25% com pensation, the torsional

frequency and dam ping

and

increase Very slightly; the netw ork m ode has a

frequency

betw een

of 35.2 H z a dam ping ratio of 0.013. There is Very little interaction

the > 0 m odes aS indicated by the pad icipation factors.

A s the degree

slightly

of com pensation is

varies and its dam ping

increased, the frequency of the torsional m ode

increases slightly at frst and then decreases; the

frequency

com pensation,

of the netw ork m ode decreases

the torsional m ode is 'ustJ

dam ping

unstable and there is a noticeable

and its increases. A t 70%

am ount of

interaction betw een the tw o m odes. Fulher increase @1l1 the degree of coln pensation

strengthens

the tw o m odes closer together in frequency

the coupling betw een the tw O m odes.This

but apart

becom es

coupling

in dam ping.

effect tends to pull

The torsionalm ode

becom es unstable, w hile the netw ork m ode m ore stable. W ith 75% to 80%

com pensation

the tw o

the tw o m odes have nearly equal frequencies, and the coupling betw een

m odes %IS the greatest.

The effect of interaction betw een the netw ork m ode and the torsional m ode On the

characteristics of tlz () netw ork m ode @IS m ore evident @l n Table E l 5 .5 . T his table

provides the frequency

the

and dam ping ratio of only the netw ork m ode w ith and w ithout

representation of the turbine-generator rotor, that is, w ith and w ithout

the presence of the torsionai m ode. lt is clear that, in this case, the interaction betw een

the tw o m odes increases the dam ping of the netw ork m ode.

m ultim ass

(b) W ith P =:0=01

The results are sum m arized in' Table E 15.6. W ith the load rem oved, tll () effective

resistance of the netw ork @IS reduced signifcantly. C onsequently, tll ()netw ork m ode

beconaes the frequency

m ode approaches

increases. ln this

the torsional m ode

Case,the effect

frequency, the coupling betw een the tw o m odes

of the interaction is to increase the dam ping of the

torsional m ode and to decrease tll ()dam ping of the netw ork m ode.

unstable due to the induction m otor effect.A s of the netw ork

com pares the dam ping ratio

w ithout m ultim ass rotor representation. lt is evident

m ode

Table E15.7 and frequency of the netw ork nnode u/itll alld

that the

nnakes the netw ork m ode m ore unstable. The stronger
presence
the interaction

of the torsional

betw een

the tAl/llm odes,the less stable the netw ork m ode.



10 58 S ubsynchronous O scillations C hap
. 15

T able E 15.5 C om parison

m ultim ass

of the netw ork m ode w ith and w ithout

representation of the turbine-generator rotor

W ith #1 166.5 M W ,Vs 0

N etw ork m ode w ith m ultim ass N etw ork m ode w ith single

%  C om p. representation of the turbine lum ped-m ass representation

of line generator rotor of the turbine-generator rotor

2-3

Freq. (Hz) ( Freq. (Hz) (

25.0 35.20 0.0130 35.32 0.0133

50.0 24.75 0.0288 25.13 0.0185

60.0 2 1.80 0.0231 2 1.82 0.0205

65.0 20.09 0.0230 20.27 0.02 15

66.0 19.74 0.0230 19.96 0.02 17

68.0 19.04 0.024 1 19.37 0.0221

70.0 18.27 0.0273 18.78 0.0224

71.3 17.70 0.0376 18.39 0.0227

72.0 17.49 0.0460 l 8.20 0.0228

74.0 17.06 0.0658 17.63 0.023 1

75.0 16.88 0.072 1 17.35 0.0233

77.0 16.51 0.0814 16.74 0.0237

78.0 16.23 0.0850 16.27 0.0239

80.0 16.05 0.0858 15.96 0.024 1

lqote: N etw ork m ode show n above @IS *l11 the d-q reference fram e; the actual netw ork

frequency *ISequalto synchronous frequency (60 Hz) m inus the above.
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T able E 15.7 C om parison

m ultim ass

of the netw ork m ode w ith and w ithout

representation of the turb'lne-generator rotor

W ith #1 Vs 0

N etw ork m ode w ith m ultim ass N etw ork m ode w ith single

%  C om p. representation of the turbine lum ped-m ass representation

Of line generator rotor shah s of the turbine-generator rotor

2-3
Freq. (Hz) ( Freq. (Hz) (

25.0 35.20 0.0088 35.32 0.0088

70.0 18.25 -0.0058 18.78 -0.00 18

75.0 16.94 -0.061 1 17.35 -0.0050

78.8 16.36 -0.0750 16.26 -0.0080

80.0 16.20 -0.0758 15.96 -0.0090

85.0 15.46 -0.0639 14.62 -0.0 138

93.7 12.90 -0.024 1 12.38 -0.0246

N ote: N etw ork m ode show n above is in the d-q reference fram e

15.3.5 C ounterm easures to SSR Problem s (25,261

A wide variety of methods have been proposed t. n the literature for
counteracting SSR .These m ay be broadly classified aS follow s:

(a) Static hlter. This can take the form of a blocking filter (parallel-resonance
type) in series with the generator, or dam ping circuits in parallel with the
series capacitors.

(b) Dynamic hlter.
picks

opposition so as to com pensate

generated in the arm ature.

T his @IS an active device placed *111 series AAritll the generator.
*

lt

UP a signal derived from rotor m otion and produces

the

a voltage 11I phase

for or even exceed subsynchronous voltage

(c) Dynamic
colm ected

stabilizer. This consists of thyristor m odulated shunt reactors

to the generator term inal.C ontrol

achieved by m odulating the thyristor

from

of subsynchronous

sw itch tiring angles, using

oscillations @IS

signals derived

the generator shaft speed.

(d) Excitation
a signal

system

derived

damp er. G enerator excitation control is m odulated by using

from the shaft speed SO aS to provide increased dam ping of
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torsional oscillations.

(e) Protective relJFS.The SSR condition *ISdetected by a relay
detection

and the affected

units are

torsional

tripped. T he relay m ay

m otion by sensing rotor

take several fornAs: of excessive

speed Or detection of SSR condition by

sensing the arnlature current.

(f) NGH  scheme J267.This consistsof a linear resistorin series with back-to-back
thyristors

com ponents

connected aCCOSS the series capacitor. T he Presence of SSR
*

111 the capacitor voltage *IS detected and reduced by the action of

the resistor discharge @ *clrcult.

A n exam ple of a conaprehensive SSR protection schem e is the OnC at Salt

Ri erV P o'ect'sr J N *aVW O Plant(271.ltconsistsof three fornlsof protection:(i)a tuned
resonantblocking Slter @111serieswith the generator,(ii)an excitation

and (iii) a static relay which trips

system  dam per

the units if theto dam p subsynchronous oscillations,

transient shaft response exceeds an acceptable level.

15 .4 IM PA C T O F N ET W O R K -S W IT C H IN G D IS T U R BA N C ES

A  generating

include

unit encounters a m ultitude of sw itching duties during its lifetim e.

as sim ple line sw itching,These plalm ed

and

aS w ell aS unplanned events,

lines,

such

system

disturbances

faults fault clearing, reclosing of and

can produce

stress variations
*

IS a cum ulative

of oscillatory shaft

undergone by the shaft m aterial m ay cause loss of fatigue life. This

process, w ith each incident using up a portion of the total fatigue life.

faulty

high levels

synchronizing. Such

torques. T he resulting cyclic

short

T raditionally, turbine

circuits in accordance

generators

w ith industry

have been designed

(281.

to w ithstand term inal

standards Term inal short circuits arC

rare events;

than

consequently,

sucha few events

a generating

over its entire

unit w ould not be

netw ork-sw itching
@ @

operations could

expected to experience m ore

life. ln the early 1970s, it w as realized that

contribute to shaft fatigue dam age. This

recognltlon

units

Cam e about aS a result of studies prom pted by the shaft failure

of a

of s4ohave

due to SSR . A lthough

possible

the SSR henom enonP *IS different nature, it dresv

attention to other transm ission netw ork conditions that m ay lead to shaft

dam age. T he effects of netw ork disturbances and sw itching events On turbine-

generator

of investigators

expenditure

shafts, independent

(2-6,29,301.
also

of SSR conditions, have been exam ined by a num ber

A procedure for estim ating

E P R I

torsional fatigue life

has been

testing of shaft

This problem  has been exam ined by

recom m endations have been m ade to the

extensive

developed under

specim ens g31j.

an research @prolect, based On

an IE E E w orking
@

grotlp: and general

switching (32)and (b)successive network

industry concernlng

switching (331.
(a) steadY-state
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Steady-state sw itching

Sw itching
@

111 transient

operations involving opening

torques w hich im pose severe stress

sw itching

or closing of circuit breakers can result

On nearby generators.

under

U sually, the

m ost Severe operation AA?itll the netw ork illitiftll)r steady state @IS the

reclosing of transm ission lines across a large breaker angle. D epending on the netw ork

im pedances, the resulting sudden increase in the air-gap torque of a nearby generator

could be very large. T his causes the m echanical system  to respond to the principal

torsional natural frequencies. lf the resulting torques are high, this m ay result in loss

of shaft fatigue life. For the purpose of explaining the basis used for determ ining the

acceptability of the shaft duty im posed by a sw itching operation, it is helpful to

brieiy review  the fatigue characteristics of shaft m aterials.

Torsional fatigue characteristics JJ, J, l 6, 331..

F atigue

occurring in

and strains

is defined

change

stresses

a

process

m aterial subjected
@ *

So n;e

as the ofprogressive localized

to conditions w hich

perm anent structural

at polnt Or polnts and w hich m ay

produce iuctuating

culm inate in cracks or

com plete

Fatigue is a cum ulative process in w hich

expenditure. O bservable defects such as cracks w ill

fracture aftera suffcientnum ber of iuctuations (161.
additional events add to previous

tllltil

life

not be form ed a11 the fatigue

life is consunaed.

A typical fatiguecharacteristic of a shaftspecim en subjected to a fully reversed
num bercyclic stress @IS show n *111 Figure

m agnitude

1 5. 1 1 .The f gure

cyclic

show s how the of cycles

to failure is related to the of the stress. T he û gure also defnes the

a
o

D

=
o

O

Q

O
=
>
N=

=

X
X
O

>X IlI
I
I
l
1
1
l

10 210 103 410 l05 106 710 810

C ycles to crack illitifttit)ll

F igure 15.11 A typical fatigue characteristic show ing

cycle life curve for fully reversed stress
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Q
O

X
@ -

>

*
*

>
*

= =
0 0

kœ  o
= T

k
=

< d

E FR S = equivaleùt fully reserved
allow ed at m ean stress

H C FL

l
l
1
I

>

0 M S U ltim ate stress

stress

s4ean stress

F igure 15.12 s4ean Stress effect

high-cycle

w hich
fatigue
shaft

lim it (HUFL) which tIS the lilzzitilléj value of the cyclic
fatigue

stress

the

stress to

can be subjected such thatpractically no cum ulative dam age
OCCUrS. ln addition to the alternating

illustrates

stress, the effect of the nAean should be

considered. Figure

allow able

15.12 how the n3ean stress Or the steady-state
*

IS

torque

H C FLlosvers the cyclic
*

IS

torque. T he allow able cyclic torque equal

the

to

w hen the DAean stress equal ttl ZCCON

the

and it *IS equal

F or

to Zero w hen nAean stress
@

IS equal to the ultim ate stress of m aterial. any other value of niean stress

betw een these tw O extrem es, the allow able cyclic torque is determ ined aS show n @11I

Figure 15.12.

Figure

of the

15.13 show s a typical stress-strain Curve for a m aterial. T he linear

region

elasticàlly

V alues

Curve *IS know n aS the region of elastic strain. A m aterial w hich *IS

deform ed w ill return ttl its original
@

shape and strength after deform ation.

of strain ill the nonlinear reglon

of the

arC know n aS p lastic strain. Plastic sttain

results *111 perm anent deform ation m aterial.

Stress

1

#

/

/
/

l
l
1
l
I
I
l
l
I
I

l
I
I

> Strain

E lastic
strain

O

reglon

Plastic
strain

reglon

F igure 15.13 Stress-strain Curve
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H igh-cycle fatigue *IScaused by a large num ber of 1ow am plitude Ructuations',
it results @1C1 elastic deform ation. C onversely,

* * *

low -cycle

num ber of large am plitude

such

i uctuatlons; lt lnvolves
fatigue

local plastic

@

IS caused by a sm all

gionsdeform ation in re

aS keyyvays and û llets.

R ecom m endations..

For plalm ed sw itching operations, such aS a sim ple line restoration, IEEE

guidelines

contribute
(321 recom m end that the sw i
significantly to cum ulative shaft

shaft

tching be conducted so that

fatigue. T his m eans that the

it does nOt

m agnitude

m ostl

of
the cyclic

the

stress,w ith m ean stress effects included,

and

should be kept y below

high

fatigue

cycle

the

fatigue

capability
lim it(see
of the

Figures 15. 1 1

shafts w ill be
15.12).ln thisway,nearly allof

preserved to w ithstand the

unplanned

system

and unavoidable disturbances such aS faults, fault clearing,

im pact of

reclosing into
faults, and enAergency line sw itching.

Guidelines for screening acceptable Iine-switching duties.'

A detailed investigation of a11 possible

im practical.

tltilitie s
Thçrefore,the IEEE (321has

line-sw itching cases

suggested general guidelines to

w ould be

perm it the

to SCCCCn

a detailed study.

sw itching operations and to determ ine

These guidelines assum e a simp le line

applicable

if any of the CaSCS requires

restoration # om steady state ;
hence,

10

they are on1

seconds Or nAOrC. The
y

guidellnes

large

for delayed
@

num ber of CaSCS w here a angle

a reclosing tim e of about

are based on detailed studies perform ed on a

across the open breaker indicated that there

reclosing, AAritlz

could be excessive shaft torques.

The breaker angle

The

@

IS nOt by

im pedances
itself Very useful in judging the severity ofa

sw itching
@ @

operation.

naeasured

circuit play a signis cant
*

11I

role. T herefore, t .h. e

severlty

com puted
IS @11IternAs of the sudden change the generator POWCr (2ïJ7),aS

by a conventional transient

by the IE E E for A# *IS 0.5

stability

per unit of

than

Program . A rule-of-thum b lim it

proposed

sw itching

Sw itching

studied in

generator M V A rating. A line-

Case resulting
*

@

111 A# of less 0.5 Per unit m ay be considered safe.

Operatlons

detail

resulting @11I A# greater than the 0.5 PCr unit lim it have to be

to aSSCSS the shaft duty.

S uccessive netw ork-sw itching disturbances

Successive netw ork disturbances,
@

11l

such aS autom atic high-speed line reclosing
@

ISfollow ing

compounding effects of the different switching operations. For exam ple, in the case
of high-speed reclosing, the follow ing successive sw itching disturbances are involved:

a fault,can result dangerously high torques. The Concern here for the

* Transm ission line fault
@

*

C learing

R eclosing

of fauly

of the line,either successful Or unsuccessful
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The torsional oscillations due to successive im pacts m ay reinforce the illitiftl

oscillations.

type

of am plifying vibrations to dam aging levels is a function of the

of disturbance and the tim ing of subsequent sw itching operations.

ln the analysis of the effects of netw ork-sw itching operations on shaft torques,

T he risk

the 60 H z com ponent of air-gap

to

torque
@

associated w ith the dc offset *111 the stator

current @IS generally found have a slgnif cant
@

effect. Therefore,

sim ulate

it *IS

m odel the generator stator and netw ork translents. T o the
necessary

circuit-breaker

to

operation adequately,

to

aS affected by the current ZCFO crossing
*

@

1l1 each phase, it *IS

necessary uSe a three-phase cycle-by-cycle representatlon.

(231The electrom agnetic transientProgram
for

provides a nieans of representing

these effects. lt also has facilities com puting shaft torques and determ ining

torsional fatigue life expenditure.

R çference

predicted range

faults,

of

33 prepared by the IE E E

fatigue life expenditure for

fault

w orking
@

group gives a sum m ary of the

varlous netw ork disturbances: different

types

A utom atic

of clearing,

reclosing

signif cant

high-speed

successful reclosing, and unsuccessful reclosing.

plants
*

of

identis ed aS posing a

m ultiple

risk in shaft

faulted lines near generating
@

@

IS

fatigue

study

alternative

life expendlture. W here hlgh-

duty

w ith

reclosingspeed
@

IS

strategies

recom m ended. T he

are contem plated, a

follow ing are possible

to aSSCSS the shaft fatigue

reclosing strategies

reduced risk of shaft dam age'.

(a) Delayed reclosing,Ah?itlla delay of 10 SOrnAore.

(b) Sequential
plant,

reclosing; @1.e., autom atic reclosing from the end rennote from the

follow ed by synchro-check reclosing of the plant end.

(c) Selective reclosing;faults ** -e . ,

line-to-line

lillnitilzéjautom atic high-speed reclosing to single line-

to-ground and faults.

R eference 30 provides a com parative

high-speed

assessnAent

w ith unrestricted reclosing and the above

of the fatigue life

alternative reclosing

expenditure
*

strategles.

h

15 .5 T O R S IO N A L IN T ERA C T IO N B ET VVEEN

C LO S ELY C O U PLED U N IT S

A  single generator of M  m asses connected to a POW CF system has M  m odes of

oscillation

the
(for exam ple, see Figure

rigid-body m ode in w hich all
15.3).
rotor

O ne of these m odes *IS the system
@

m ode Or

DAaSSCS m OVC @11l phase :5,1t11 nearly equal

fromm agnitude. The other M -1 m odes are torsional m odes w hose frequencies differ

One another and in w hich the M  rotor DAaSSCS have differing degrees of participation.

lf there are N  m achines

through

m agnitude

the electrical system .

operating in parallel, their shaft system s are

The electrical stiffness of such coupling is an order

coupled

of

sm aller than the m echanical stiffness Qf shafts interconnecting adjacent
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rotor m aSSeS. Therefore,the rigid-body m odes of oscillation have frequencies @1l1the

range of 0.2 to 3.0 H z.

The interaction betw een the shaft system s of parallel units has an effecton the

torsionalm odes.The need to consider this interaction w as frst recognized during feld

tests conducted atthe s4ohave generating station E41;a double resonant peak WaS
observed near OnC of the torsional frequencies w ith tw o generating units operating *ll1

parallel.

The effect of interaction betw een torsional dynam ics of tw o closely coupled
*

units @IS depicted
@ @

ill

characterlstlcs show n

Figure 15.14.

in Figure 15.3.

E ach unit @IS assum ed to have the torslonal

H P IP I-Ps I,PA G  G  I,PA I,Ps IP H P

l 1 I I I l I l l l
I I 1 l I I l ) 1 l
' l l l I l l l t '

I l l I I l (je j
l I I I O

=  16.33 H z

e

s4ode

h
2

Q
O

Q
O
o
d

=
. 72
=

1 6.44 H z

s4ode

h
3

=  24.16 H z

Q
Q

'J < >- - '
s4ode

h
4

24.19 H z

O
>
'J

O

s4ode

h
5

30.67 H z

R

s4ode 6
30.69 H z

s4ode

h
7

=  44.0 l H z

s4ode

h
8

44.0 1 H z

F igure 15.14 T orsional frequencies and m ode shapes

of tw o coupled turbine generators



S ec. 1 5 .6 H ydro G enerator T orsionalC haracteristics 10 6 7

M odes 1 and 2 represent
*

the low esttorsionalm odes.ln m ode 1d-/ = 1 6 . 3 31
*

H z)
the corresponding DRaSSCS 11I the tw O units oscillate @1lI phase, w hereas ln m ode 2

antiphase. The difference in1  = 16.44 Hz) the corresponding masses oscillate in
frequencies of the tw o m odes is 0.1 1 H z. This difference is a function of the stiffness

coefs cient of fhe electrical coupling betw een the tw o units. W ith a low  coupling, the

tAA?tl frequencies
@

w ould be equal. A s the coupling @IS increased, the frequency

difference 1nCrCaSeS.

Sim ilarly,there are in-phase and antiphase

individual

m odes corresponding to each of the

other three torsional m odes of the *unlts.

111 a general

the

Case of N  identicalnAachines (each having ;; nAasses) operating
@

11lparallel, following torsiönalm odes exist (341:

@ 0
. n e group

@

of J; nnodes in w hich the corresponding rotors in each unit oscillate

in unlson. These m odes are stim ulated by sym m etrical disturbances On all N

units, and arC designated in-p hase m odes.

@ T he M grOuPS

m odes

of N -1 identical m odes representing interm achine dynam ics.

designatedT heje have linearly independent m ode shapes and arC

antip hase m odes.

The above analysis aSSUDACS thatthe N  units are truly identical.lf the units are

only

frequency.

nom inally identical,

torsional

there w ill be fam ilies of N m odes slightly separated *111

E ach m ode fam ily Arrill consist of one in-phase m ode, *111 w hich

the generators participate at slightly

w ith slight differences in frequency.

because

different m agnitudes, and N - 1 antiphase

The torsional interaction in this case w ill

m odes

be less

of the differences in the individual torsional frequencies

m odes

of the @unlts.

T he

brought

torsional-related

possible spread of

on-line is signif cant in

antiphase

situations

torsional aS additional units arC

w here notch f lters are used to solve

problenAs.

15 .6 H Y D R O G EN ERA T O R T O R S IO N A L C H A RA C T ER IS T IC S

The rotor of a hydraulic generating unit consists of a turbine rulm er and a

generator rotor.

C onsequently, there are at m ost tw o torsional m odes

The inertia of the generator rotor is about 10

lf the unit has a shaft-driven exciter,there is an additional rotor nAass.

of oscillation.

to 40 tim es higher

1ie

than that of

the turbine rulm er(waterwheel).The torsionalnaturalfrequencies @11lthe range of
6 Hz to 26 Hz (351.

There

generator

the

are no reported cases of adverse dynam ic

rotor and the electrical netw ork. The follow ing

interaction betw een the hydro

are the principal reasons for

absence of adverse interaction (35,361:
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1. The high
*

value of the

turblne rulm er and

generator

exciter rotor.

rotor inertia @1ll relation to the inertias of the

This effectively

to excite

shields the rotor m echanical

system .

disturbances

A s a result, it @IS difi cult torsional oscillations through

on the generator.

2. V iscous w aterw heel dam ping. T his naakes the inherent dam ping of torsional

oscillations for hydro units signif cantly higher than for steam -turbine

generators.

R EFER EN C ES

E1q J.P.Den Hartog,Strength of M aterials,Dover,1961.

(21 M .C. Dunlop, S.H . Horowitz, A .C. Parikh,
Gtl'urbine-G enerator Shaft T orques and Fatigue: Part l - Sim ulation M ethods

and Fatigue A nalysis; Part 11 - lm pact of System  D isturbance and H igh Speed

R eclosure,''

Jackson, S.D . U m ans, R .D . and

IE E E Trans*5 V ol. PA S-98, N o. 6, PP. 2299-2328, N ovem ber/

D ecem ber 1979.

(31 D .N .W alker,S.L.A dam s,and Ik.J.Placek,çtTorsionalV ibration and Fatigue
4373-of Turbine-G enerator Shafts,''IE EE  Trans., V ol.PA S-IOO,N o. l l ,PP.

4380,N ovem ber 1981.

(41 D .N .W alker, C.E.J.Bow ler, R.L.Jackson, and D .A .Hodges, iiResults of
Subsynchronous

5,

R esonance T est at M ohave,''IE E E  Trans., V ol.PA S-94,N o.

PP. 1878-1889, Septem ber/o ctober 1975.

(5) R.Quay and A .C.Schwalb,discussion of reference 4, 1EEE Trans.,Vol.PAS-
94,N o. 5,PP. 1887-1888, Septem ber/o ctober 1975.

E61 R.G. Ram ey, A .C. Sism our, and G.C. Kung, ûtlm portant Paranleters @1l1
C onsidering

Trans.,

Transient T orques On Turbine-G enerator Shaft System s,

1980.

3, IE E E

V ol.PA S-99,N o. 1,PP.311-317, January/February

(71 W . W atson and M .E. Coultes,
Problem s,''

iigtatic E xciter Stability

V ol.

Signal On L arge

G enerators œ M echanical IE E E Trans*7 PA S-92,PP.205-212,

JanuaryT ebruary 1973.

E81 D .C.Lee and P.Kundur,ttAdvanced Excitation Controls forPower System
Stability Enhancem ent,5, C IG R E Paper 38-01, 1986.

(91 D .C.LCe,R.E. Beaulieu,and G .J.Rogers,çtEffects of Governor Characteristics
on Turbo-G enerator Shaft T orsionals,''IEEE Trans.,V ol.PA S-l04,N o.6, pp.



References 10 69

1255-1261, June 1985.

g10q M . Bahrm an, E.V .Larsen, IL.J. Piwko, and H .S.Patel, tûExperience with
H V D C Turbine G enerator T orsional lnteraction at Square B utte,5: IE E E

Trans., V ol.PA S-99,PP.966-975, M ay/June 1980.

g 1 l 1 N .Hingorani,S. Nilsson,M . Bahrm an,J.Reeve,E.V .Larsen,and R.J.Piwko,
W hichGtsubsynchronous

lnclude

Frequency Stability

Paper presented at

T ransm ission into System

Studies of E nergy System s

H V D C T ransm ission,'' the Sym posium  on

Plalm ing, Phoenix,lncorporating H V D C Pow er

A riz., M arch 24-27, 1980.

(121 EPRIReport EL-2708,<<HVDG System Controlfor Dam ping Subsynchionous
G eneralO scillations,''

C om pany,
Final Report of Project r 1425-1,Prepared by Electric

O ctober 1982.

(131 CIGRE/IEEE guide
H avz g

Phenom enon,''

L ow

(tplanning D C L inks

Short-c ircuit C apabilities,

for T erm inating

Part

at A C L ocations

I : A C /D C Interaction

1992.

g14) E. Katz, (isubsynchronous
on D ynam ic

Sum m er

R esonance, Paper presented at the paneldiscussion

Stability in the W estern lnterconnected

M eeting, July 18, 1974.

Pow er System s,IE E E PE S

(151 C.Concordia, J.B.Tice,
Feeding

and C .E .J. B ow ler,

G enerating

presented

U nits Series-c apacitor

EGsub-synchronous T orques on

C om pensated L ines,'' Paper

C hicago,at the A m erican Pow er C onference, M ay 8-10, 1973.

(161 IEEE Com m ittee
SubsynchTonous

A4arch/

R eport,

O scillations,''

ttproposed T erm s and D es nitions for

IE E E  Trans*5V ol. PA S-99,N o.2, pp.506-51 1,

A pril 1980.

(171 C.Concordia,discussion of reference 16.

(18) B.L.Agrawaland R.G.Farm er,iiuse of Frequency Scanning Techniques for
Subsynchronous

349,

R esonance A nalysis,'' IE E E Trans., V ol. PA S-98, PP. 341-

M arch/A pril 1979.

(191 P.M .Anderson,B.L.A grawal,and J.E.Van N ess,Subsynchronous Resonance
j?zP ower System s, IEEE Press, 1990.

(20) J.M . Undrill and T.E.
C om prehensive

1446-1455,

System

1976.

K ostyniak, tûsubsynchronous O scillations Part

Stability A nalysis,'' IE E E  Trans., V ol. PA S-95,

1

PP.
July



10 70 S ubsynchronous O scillations C haP
. 15

(211 L.A .Kilgore and D .G .Ram ey,ttvjyransm ission and Generator System Analysis
Procedures for

PE S Sum m er

Subsynchronous R esonance

M eeting, July 1975.

Problem s,'' tutorial session
, IEEE

(221 EPRI Report EL-2614, çtstudy of Turbine Generator Shaft Param eters from the
V iew point of Subsynck onous R esonance,'' Final R eport of C ontract TPs8l-

794,Prepared by Pow er Technologies lnc-, Septem ber 1982.

(23) EPRI/DCG Report EL-7321,
A pplication G uide,''

ççE lectrom agnetic T ransients Program V ersion

2 :R evised N ovem ber 1991.

(241 A .S. M orched, J.H . Ottevangers, and L . M arti, uyj4tjjtj-port Frequency
D ependent

Presented

N etw ork E quivalents for the YM YP SS> Paper 92 SA4 461-4 PW R D
,

at the IE E E PE S Sum m er M eeting, Seattle, July 1992.

(25) IEEE Com m ittee Report, ttcounterm easures to SubsynchTonous
N o.

R esonance

Problem s,''

Septem ber/o ctober

IEE E Trans., V ol. PA S-99, 5, PP. 1810-1817
,

1980.

(261 N .G.Hingorani,:iA N ew Schem e for Subsynchronous Resonance Damping of
T orsional O scillations and Transient T Orque - Part 1,55 IE E E Trans.,V ol.PA S-

100,PP. 1852-1855, A pril 1981.

(27) R.F W olff,
129-133,

top

A pril 1981.

ttS Subsynchronous T/G  - Shaft D am age, E lectrical orld,PP.

(281 AN SIStandard C50.13-1977,Requirements for Cylindrical Rotor Synchronous
G enerators.

(29) J.S. Joyce,
of Single and M ulti-phase System  Fqults on

Fatigue,'' IE E E  Trans., V ol. PA S-99, N o.

T . K ulig,and D .L am brecht,çtTh: lm pact of H igh-speed R eclosure

T urbine-G enerator Shaft T orsional

1, PP. 279-291, January/February

1980.

(301 (Z.Iï.J.Bowler,
B reaker

P.G . B row n, and D .N . W alker, dtE valuation of the E ffect of

Pow er R eclosing Practices On Turbine-G enerator Shafts,'' IEEE

Trans V ol.@; PA S-99, N o.5,PP. 1764-1779, Septem ber/o ctober 1980.

(311 EPm Report EL-3083, itDeterm ination of Torsional Fatigue Life of Large
Turbine Generator Shafts,'' Final Report of Project 1531-1, Prepared by
G eneral E lectric C om pany, A pril 1984.

(321 IEEE W orking
Sw itching

G roup

O perations

R eport, kijF FE Screening G uide for Plalm ed Steady-

State to M inim ize H arm ful E ffects On Steam T urbine-



References 10 7 1

G enerators,''

1980.

IE E E Trans., V ol. PA S-99, N o. 4,PP. 1519- 1521, July/A ugust

(33) IEEE W orking
D isturbances On

G roup

Turbine-G enerator

lnterim R eport, CûE ffects of Sw itching N etw ork

Shaft S stem s ''y , IE E E Trans., V ol. PA S-

1 0 1 ,N o.9,PP.3151-) 157, Septem ber 1982.

(341 R.T.H . Alden, P.J. N olan, and J.P. Bayne, çç%jyaft Dynam ics @11l Closely
C oupled

M ay

ldentical G enerators,'' IE E E Trans. V ol. PA S-96, PP. 72 1-728,

/lune 1977.

(351 G .Andersson,R.Alm uri,R.
- 

ts 'U n1 G enerator-to-Turbine

R osenquist, and S. T orseny,

lnertia R atio on D am ping

V ol.

ttlnfluence of H ydro

of Subsynchionous

O scillations,'' IE E E Trans., PA S-103, PP.2352-2361, A ugust 1984.

(36) L.E. Eilts and E. Cam pbell, GGshaft Torsional Oscillations of Hydrogenerators,''
U .S. B ureau of R eclam ation R eport R E C -ER C -79-6, D enver, C olo., A ugust

1979.





5+m+'+Y+w#v%%%*#5tw%+#%%wtwkT%vfTyw+'%%%*.w#5tYtT#Y%w#%#w#%%vFvFr%T#*t5.5.%+T+T%*+r+%+%#TeT+T+T+r+'+T+T+T+r+*#T+T+5+5+'%'+*.r**e5eT+T+T+T**+'+' rlt*rAtwtlflt*f*lll*tlr T+T+r+'+T+Y+T+T+%#T+T+T+%%'+'+T+*+% T,Y**+*+'@'@*@'+e+*@f**@'*'**AT*Y*F*Y***t+f*8*F+*@r*t+Y,T*T****.++%T4

%*%*%%%w*v*
.++èè+*+%+%w%+.%.%w+.%*.*..'.'w%w4**..%.*.*èw*..Q+#.%*èwew*.+4..*.4*.&%.*%%.4.*F..we%'* l .. . .. ....4- ...*6 i w.4 ... . . . . . .. . ..+.*.. .. ...*...+ .... ...# + + Chapter 16 *,T.T %+$+*m$ C *+*+T T@Y %+%+%+T+'%M+*+*+*+M+@+%+*+*F@ * + +%*%* * +%% @#* * + * * * * +v+ + %à%.*k*y * * . , y . . yylylylylylyloly.. y+g+. y . #k**%*%*%*%*%* è 4 4 # #z* .+ * *z@z*xéx .* + * *z* .# * * *o* * * *z+x*t*z* @z#******* *& -*.. +4 *& ****4* ** 4F+*.#è* *v.w*.%w* *4. *ù -*0. *&..*'*...*

M id -T erm and

Lo ng -T erm S tability

M id-term stability and long-term stability are associated AAiitll the response of

pow er system s

excursions of

to Severe upsets. Severe upsets arC those disturbances that result @111

that they

frequency, voltage, and

invoke the actions of slow

POW Cr i ow s either SO great Or SO long-lasting

controlsPFOCCSSCS, protective system s, and nOt

m odelled *111 conventional transient stabilit)r studies.

This chapter

exam ines
illustratesthe nature of system reSPOnSe when subjected to severe

upsets

stability. lt describes m odelling considçrations and analytical teclm iques for sim ulation

of long-term  dynam ic response. ln addition, it gives illustrative exam ples and provides

guidelines for enhgncing the ability of pow er system s to cope w ith severe upsets.

and the need for distinction betw een m id-term and long-term

1 6 . 1 N A T U R E O F S Y S T EM R ES PO N S E T O S EV ER E U PS ET S

ln considering the nature of system response to m ajor disturbances, it is helpful
to visualize the pow ér system  operating conditions in term s of the 5ve states depicted

in Figure 16.1. A  description of these states and the w ays in w hich the transition takes

place from one state to another is provided in Chaptçr 1 (Section 1.3). This chapter
focuses On events and system conditions associated sh?itll the extrem is state.

10 73
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N orm al

R estorative A lert

In extrem is E m ergency

F igure 16.1 Pow er system operating states

An exam ination of actualsystem disturbances g1-6jshows an underlying
T his is depicted in

that

Pattern

Figure

the

exists w ith regard to the events leading to system failures.

16.2 w hich show s the events that could CaUSC transition from the alert state to

ill extrem is state. The illitilttilllj event could be a disturbance of natural * @Orlgln,a

m alfunction ofequipm ent,

and

Or a Consequence of hum an factors.M odern pow er system s

are to ensure secure operation m ore probable

contlngencles (see Chapter 1 for a description of the design contingencies). ln the vast
m ajority of cases, power system s are able to withstand any single contingency and
m any m ultiple contingencies. T he protective and control system s act to prevent the

propagation

designed
@ @

operated for the

of the disturbance to other parts of the netw ork.

O ccasionally,

a portion

how ever, an unusual com bination of circum stances and events

Causes of the interconnected system to separate com pletely and form One Or

m ore electrical islands.

those covered by the

T he initiating event is usually

norm al design criteria'. for

a contingency m ore

exam ple, tripping

severe than

of several

transm ission lines RS the result of a tornado, an ice storm , Or a m alfunction of

com m unication equipm ent. The events triggered aS a COnSeqVenCC of the

event,

variations

by stressing

of frequency

the system

(from
exist

further, CaUSC uncontrolled cascading

initiating

outages. W ide

58 to 63 Hz)and voltage (from
conditions

50% to 120% of PrC-

disturbance value) m ay during the ensuing system
result

g1q.The system
Can thus deteriorate to the ill extrem is state, the being the loss of signifcant

portions

dom inate

of system load. G enerally, the actions of control and protective

situation

system s
*

ISthe system FCSPOnSC during

protection

these conditions. T he often

aggravated

action

by poorly coordinated and control system s.E naergency

possible

control

should be directed tow ard Savlng aS m uch of the system aS from  total

collapse.
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N orm al

state

A lert state

System  w eakened by
-  outage of equipm ent,

)
-  m alfunction of com m unication

and protection equipm ent, or
-  severe w eather conditions

1 l

I IInitiating event l 
I lnitiating event iI 

1

I L oss Of several lines I l Single contingency p
1 l

because of tornado, ice l l - System  stable; returns lI 
: !R estorative' I storm

, or equipm ent I l to alert state
, O r I

l IState m alfunction l 
I - system  unstable 'l (

l - L oss of generating j I because of failure of
l I

plant I j protective system s '
l I

l - - - - - - - - - - - - - - l oy cgntfol Rids; IX OVCS !
l

I to in cxlrcrnjl state

I C onsequential events I
I

II 

T ripping of additional $I

I facilities because of l
1l 

response of protection I
l '

and control system s lI

I n In extrem is
l lR eesG blishm ent 

I s stem  separated into islands! y
I Process I

I - R esponse of protection andI
-  Island generation 1 controls causes tripping ofI

I and load balanced ' j d/or joad
I generat On anl

-  Islands synchronized I 
-  system  at a reduced loadI

l F ilities restored l- ac 
I jevell

F igure 16.2 Transition of system states during Severe upsets
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System rd5'# /N5'd tti islanding conditions

The system reSPOnSe

T herefore,

to an islanding condition *IS basically a sustained-

frequency
@

Prlm e
of the

transient. the speed control

m over and energy supply system s play a

system dynam ic perform ance. O ften,the

subsequent responses of

m ajor role in determ ining the nature
situation is com pounded by high- or

and the

low -voltage conditions.

U ndergenerated islands..

ln an island w ith total initial generation

spinning

less than the total load,

island,

the frequency

Ahrill decline. If there *IS suff cient reserve Apritllill the the system

frequency

w ith the

returns, @111 a few seconds, to a near norm al value.lf suff cient generation

ability to rapidly

lead

increase output

of

*

IS nOt available, the frequency m ay reach

levels that could to tripping
@

therm al generating units by underfrequency

underfrequencyprotective

load-shedding schem es are usually em ployed to reduce the

that can be satisfactorily supplied by the available generation

relays, thus aggravatlng the situation further. Therefore,

connected load to a level

(see Chapter 1 1 ,Section
1 1.1.7).

C onsequently,in an undergenerated island,the initialtransientis dependent On

responses
m inim um  value

the of spinning

frequency
@ *

generation FCSCCVC and load-shedding relaying. The

of *IS reached *111 a few seconds. The system frequency

reSPOnSe beyond thls polnt depends On the prim e m over characteristics.

O vergenerated islands..

an excess frequency w ill rise, and the

speed-governing system  w ill respond by reducing the m echanical pow er generated by

the turbines. The power plants, in effect, experience a ttpartial load rejection.'' The
perform ance of the island and its ability to stabilize w ithout loss of load depend on

the ability of the power plants to sustain a partial load rejection. This is discussed
further in Section 16.3.

ln an island Ahritll initial generation, the

R eactive # OW Cr balance:

The system perform ance @IS also influenced by the reactive POW CV balance

Ah?itlzilz A  signiscant

absorbed could lead to high- or

lim iters and controls m ay be

protective

the island. m ism atch *1l1 the total reactive

low -voltage conditions.G enerator

pow er generated

over/underexcitation

and

activated. l11 extrem e situations,
*

unlts.

the CCSPOnSC
@

of

relays could lead to the tripping of generating For exam ple,an lsland

Ahritll liéjlltl)rloaded E H V lines and/or cables

am ounts of reactive POW CC;

by

this situation,

m ay cause generators

if not corrected quickly,

the to absorb high

could lead ttl

tripping of the units loss-of-excitation protection.
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P ow er p lant auxiliaries.'

V ariations,

the

especially a decrease, @111

degrade

exam ple,

feedw ater

perform ance of POW er plant

circulating

pow er
auxiliaries

supply voltage and frequency

driven by induction m otors.

C a n

For

PUm PS
@

a re

associated AAritlz w ater, condensate, heater drain, and

drlven by induction m otors.D egraded perfornaance of these

lead to loss of condenser Vacuum , high turbine-exhaust tem perature,
pum ps m ay

and insuff cient

condensate/feedw ater flow . A4any nuclear plants
@

are, therefore, equipped
*

w ith

undervoltage

70%

and underfrequency

value)
relaysset to trlp the plant at low voltages(typlcally,

of rated and atl()A,rfrequencies (typically,59.2 Hz) g81.
Pow er plant m otors com m only

and

use electrom agnetic contactors and relays

relays

in the

starting

Or long

protection circuits. The response of these

voltage dips could discolm ect the m otors.

contactors and to Severe

System restoration

W hen the islands reach steady-state conditions, operators take steps to restore

the interconnected system . Thqse adjusting of generation and load in each
ds, and restoration of generating units, loads, and otherisland, resynchronizing of islan

facilities tripped during the system  disturbance. Start-up and reloading of therm al units

involve

are constrained by a num ber of factors, and full POW er

several hours.The restoration of POW er can be speeded
m ay

up considerably

nOt be available for

if the therm al

units are available quickly

load''uutrjpping to house

reloading. M any utilities have, therefore, adopted

teclm ique. T he follow ing are the different m ethods used

for the

to

achieve this E9,10):

(a) Trip
of the

the ûre at the m om ent 1of disconnection and rely on the therm al storage

boiler for about 20 m inutes.

(b) As (a),but re-ignite the fire and leave the boiler running On the iljllitit)ll
burners.

(c) Apply a specialfring technique atVery l ()Ahiload.

(d) Leavethe boiler at fullPOWeror reducePOWertom inim um load.Dum p CXCCSS
steam into the atm osphere, and drasv uPOn feed-w ater storage, usually for

several hours.

(e) Leave the boilerat m inim um load and bypassCXCCSSsteam into the condenser.



10 78 M id-T erm and Lon9-T erm Stability C haP
. 16

16 .2 D IS T IN C T IO N B ET VVEEN M ID -T ER M A N D

LO N G -T ER M S T A B ILIT Y

A s noted in C hapter 2,the ternls long-term stability and m id-term stability are

nCW *111 the literature On POW CC system stabilitl?.

Arpitlz

They Nvere introduced aS a result of

the need to deal AAritll PrOblenAs associated the dynam ic reSPOnSe of PoW er

system s

L ong-term  stability

inter-m achine synchronizing

to Severe upsets.

analysis aS desned *1f1 references 11 to 15 aSSUDACS that

POW Cr oscillations have dam ped Out,

duration

the result being

uniform system frequency. The focus *IS On slow er and longer phenom ena

that accom pany large-scale system  upsets and on the resulting m ism atches

betw een generation and consum ption of active and reactive pow er. B oiler dynam ics

of therm al units, penstock and conduit dynam ics of hydro units, autom atic generation

control,

saturation,
POW er

sustained

plant

off-nom inal

and transm ission system protections/controls, transform er

and effects On loads and the netw ork are likely to be

signil cant.

The ternA m id-term stability W aS introduced @11I references 14 and 1 5. lt

represents

ln m id-term

the transition betw een the transient CCSPOnSCS and the long-term

oscillations
rCSPOnSCS.

stability,

w ell

the focus @IS On synchronizing POW er betw een

m achines,

large-voltage and/or frequency excursions.

lt is clear, by these defnitions, that the distinction betw een m id-term  and long-

term  stability is w eak. W hat m akes long-term  stability different is that it assum es that

the system  frequency is uniform  and that fast dynam ics are not signif cant. This is

helpful if analytical tools require these assum ptions to facilitate sim ulation. B ut w ith

today's softw are that utilizes advanced sparsity and eff cient im plicit integratïon

techniques, sim ulating long tim e fram es w ith fast-dynam ic m odelling is becom ing less

on theaS aS effects of som e of the slow er henom ena,P and possibly

of a Concern.

There is no w ell-defned distinction betw een the m id-term tim e fram e and the

long-term

periods beyond the

sim ulation should be

tim e fram e SO far aS m odelling requirem ents are concerned. For tim e

transient period, the choice of m odels to be included @111 a

based On the phenornena being analyzed and the System

representation used, rather than on the actual duration of the sim ulation. For exam ple,

neglecting boiler dynam ics or steam  process control in a ttm id-term '' sim ulation m ay

be acceptable for sim ulation of disturbances in w hich the driving functions to these

dynam ics

disturbances

are sm all. H ow ever, neglecting these slow er dynam ics for m OrC SCVCrC

that m ay invoke protections associated AAritll variables such aS steam

Pressures

of a num ber of utilities

could have a trem endous im pact on the sim ulation results.The experiences

@have identised the need to represent interm achine oscillatlons

and fast transients associated AAritll excitation system s *11à long-term stabilit)r studies

(16q. Thus, the distinction between m id-term  and
satisfactorily based on a fxed tim e-fram e basis, nor

light of this, the best approach to

long-term stability calm ot be

On m odelling requirem ents. In

classifying stability problem s associated w ith SCVCCC
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system upsets @IS to elim inate the concept of m id-term aS a Separate

tim e

category and to

uSC long-term to

L ong-term

CnCOm PaSS

stability

al1 studies beyond

be described

the transient fram e.

w ould then aS the

to reach an acceptable state of operating equilibrium

ability of a pow er

follow ing a severe

System

system

disturbance

subsystem s.

to in addition to dynam ics, the effects of slow  dynam ics of autom atic

system  controls and protections. L ong-term  sim ulations m ay include severe

disturbances, beyond the norm al design contingencies, that have resulted in cascading

Shat m ay or m ay system

T he tim e fram e of interest extends beyond the transient

nOt have resulted @111 the being divided into

period sufs ciently

include, fast

and slllittill!j
*

of the POW er system
* @ @

illttl a num ber of separate islands w ith the

generators

of whether
m inim al

l

ln each island rem alnlng ln synchronism .Stability in this case is a question

each island w ill reach JD accep table

extrem e

state of operating equilibrium with
disrup tion ft? services. ln an Case, the system and unit protections

in w hole orm ay
@

com pound the adverse situatioà and lead to a collapse of the island

ln part.

G enerally, the long-term stability PrOblenAs arC associated Ahritll inadequacies
@

111 equipm ent

insuff cient
responses, poor

active/reactive pow er

characteristic

coordination of control and protection equipm ent, Or

CC SCrV C .

The times of the PCOCCSSCS and device: activated by the large
voltage and frequency shifts w ill range from  a m atter of seconds, corresponding to the

responses of devices such as generator controls and protections, to several m inutes,

corresponding to the responses of devices such as prim e m over energy supply system s

and load-voltage regulators.

From  an analytical standpoint,long-term stability program s

capability

becom e extensions

of transient

tim e-step
stability Progran;swith the desired of adjusting the integration

according to the dom inant transients (17j.
O ne application of long-term  stability sim ulation

dynam ic analysis of voltage stability (discussed in Chapter
of

gaining

14)
protection and

interm achine oscillations

interest *IS the

requiring sim ulation

the effects

reactive

of transform er tap-changing,

pow er lim its, and therm ostatic loads.

generator

ln this case,

overexcitation

are not likelyhto be im portant and energy supply system  transients

H ow ever, care should be exercised before neglecting som e of the

m ay not be critical.

fast dynam ics.

16 .3 PO W ER PLA NT RESPO N SE D U RIN G SEV ERE U PSETS

16 .3 .1 T herm al Pow er Plants

The ability

* * @im portance

operation

plants to partial

pow er
ln m lnlm izing the

plants
@

of to survive partial load

lm pact of a Severe upset

2 1

and
rejections is of crucial

quickly restoring norm al

of the POW er

load relectlons

system .
* @

R eferences 18 to describe the

and PrOblenls experienced in succes
responses pow er

sfully w ithstanding

of

such disturbances.
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R eference 22,prepared by an IE E E W orking G roup, provides guidelines

is a
for

enhancing

of these

pow er plant response to partial

guidelines:
load rejections.The following Sklm m ary

(a) (lverall #/
control

ant control. T o w ithstand a partial

input

load 'ectionreJ , the overall plant

m ustprom ptly decrease the POWef (fuelflow)to correspond to
the output electrical POW er.

@

A s there are tim e lags in this decrease, the POW Cr

input

intelligence

m ust tem porarlly undershoot the

to determ ine the input pow er

pow er output.

reduction is the

T he ideal SOUrCC of

actualPoW er Output
.

(b) Boiler control. W ithout a turbine bypass
*

system , a partial load @rejection

appears

; ow

to the boiler as a step decrease ln Steam tlow .Prom pt reduction of fuel
*

IS essential, RS noted above.

For a once-through boiler,

P ow ,

pronApt
@

IS

reduction of the feedw ater flow , tightly

coupled

norm ally have superheater/turbine

theto fuel also required. H ow ever, once-through boilers

bypass system s of lim ited capacity to protect

the furnace tubes and to assist @111 Pressure controi. T his bypass capability Can

be used to ease the rate of reduction of fuel and feed-w ater tlow .

For a drum

because the
(vpe
inanAediate

boiler, the reduction of feed-w ater : ow should

CCSPOnSC
* @

of the drunA Nvater level *IS to

delayed

decrease w ith

be

steam flow  and the resultlng rlse in drurn Pressure. In addition, overfeeding *IS

required

level.

to obtain the higher-level

A dequate w ater-level
@

111 steam flow . T o enhance

w ater inventory required at the low er pow er

control is particularly im portant for large changes

the ability of w ater-level control during a partial

load 'ectionreJ , consideration

range
high

betw een high

flow .

and l()A5,

should be given to tem porarily increasing

w ater-level trip lim its, or delaying the trip

the

for

feedw ater

For either type
@

Sln c e

of boiler, a delay @111 the reduction of air S ow @IS generally

desirable the cooling effect of the CXCCSS air ; ow Asrill tend to

com pensate
*

for the lags @11l fuel ; ow

Operatlng

stable

burners m ust be controlled
CCSPOnSC.
relative

H ow ever, the air ; ow to the

to the fuel flow to m aintain

com bustion.

For pum ps steam  intercept

valves w ill interrupt the steam  i ow ; therefore, it is necessary either to provide

an alternate steam  source to the auxiliary turbine or to sw itch to m otor-driven

feed driven by auxiliary turbines, the closure of

PUm PS.

(c) Turbine-generator
lillzit

trip
O

ection-reJ

overspeed controls are designed to

overspeed following full-load rejection to about 1%  below the overspeed
settings. This w ill obviously prevent overspeed trips during partial load

control. The turbine
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n ile the control valves and the intercept valves are closed,there *IS no steam

tlow  through the turbine. T o prevent overheating of the reheater tubes, boiler

firing m ust be tripped off if the interruption of steam  flow  through the reheater

is sustained. H ow ever, since the closure of the steam  valves is tem porary,

tripping

protection

of the boiler S ring Can be avoided by

controls.

PfOPer coordination of boiler

and fuel control w ith the turbine

ln addition, aS recom m ended *111 reference 4,the overspeed controls m ust

(i) N ot interfere Asritll norm al speed governing #111 such a Way that the
perform ance of the islanded system @IS adversely affected

(ii) Be capable
@

of discrim inating betw een unit 'ectionsreJ and transient

system

reduce

dlsturbances,

unit

e.g., transm ission system faults that tem porarily

PoW er

(d) Power plant auxiliaries. The effect of
during

auxiliaries
partial load-rejection

not trip

voltage and

conditions

frequency variations

experienced

ensure vital

should be checked to

AArill Out.

(e) Steam turbine bypaskes. The use of a steam bypass system perm its the
reduction of boiler PoW er @11l a controlled m alm er. A w ell-designed turbine

bypass system  signis cantly enhances

withstand a partial load rejection.

the capability of the PoW er plant to

N uclear plants norm ally have

fossil-fuelled

steam turbine bypass system s.ln N orth A m erica,

POW Cr
bypass

plants

system s.

Alritll druna type boilers

AAritlz turbine Pow er plants w ith

are not usually equipped

once-through boilers have

installedturbine and Superheater bypass system s;these arC prim arily for start-

UP and shutdow n duty.

16 .3 .2 H ydro Pow er Plants

E xperience w ith the operation of hydraulic units under System islanding

conditions has dem onstrated that

good

operation

unloading

stability of speed control

governor tuning is critical

under islanding conditions

the

(231.
O r

T he requirem ent

other isolated m odes

for

of
@

IS @11l coni ict AAritll governor
@

settings

under norm al synchronous Operatlon.
req

For rapid load changes,

uired for fast loading and

it is desirable

to have a fast governor reSPOnSe. H ow ever, the governor

under

settings
*

that result @111 a fast

CCSPOIISC

R eferences

usually Cause frequency instability

guidelines

system -lslanding conditions.

23 to 25 provide
@

111

general for selection of the governor settings.

Chapter 9 (Section 9.1.3), the governor settings
varied to control the dynam ic perform ance of the generating unit are the

tim e

A s described that Can be

dashpot

A

reset

tem poraryS>

m ethod of analyzing the

F the droop R v, and the gate
*

SerVO system

paranAeters

gain l:s. convenient

effects of variations 111 these On the stability of
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frequency

of the optim um  governor param eters, the stability of the generating

w hen supplying an isolated non-synchronous load m ust be considered. T his repre

the m ost severe condition from  the view point of frequency control.

determ ination unit

Sents

T able 16.1 show s the effects of varying the governor paranAeters On the

describedoscillations *IS the eigenvalue analysis *111 C hapter 1 2 . For a

stability

w ater starting tim e Tw of 1.0 second. The unit is assum ed to be supplying rated pow er

to an isolated load having a constant power characteristic (equivalent to having a
dam ping coeflcient of -1).

tim eof a hydraulic unit Ahritlz a m echanical starting F of 6.2 seconds and a

T able 16.1 E ffects of governor paranleters under isolated operation

G overnor Param eters E igenvalues

K s R v TR M ode 1 M ode 2 M ode 3

5.0 0.38 1.5 +0.048$ 0.60 -1.058 -5.96
5.0 0.38 2.0 -0.006$ 0.59 -0.799 -3.87

- 0.255 -3.775
.0 0.38 5.0 -0.173$ 0.65

- 0.104 -3.755
.0 0.38 10.0 -0.212+j0.72

5.0 0.24 5.0 -0.003$ 0.75 -0.277 -3.44
5.0 0.30 5.0 -0.081+j0.71 -0.237 -3.58

- 0.248 -3.705
.0 0.35 5.0 -0.141$ 0.68

- 0.262 -3.825
.0 0.40 5.0 -0.193+j0.64

2.5 0.38 5.0 -0.107$ 0.54 -0.252 -2.86
10.0 0.38 5.0 -0.251+j0.73 -0.256 -5.72

5.0 0.30 1.5 +0.095$ 0.65 -0.920 -3.68
5.0 0.50 1.5 -0.010+j0.54 -1.140 -4.32

2.5 0.38 1.5 +0.044+j0.51 -0.954 -2.93
10.0 0.38 1.5 +0.039+j0.68 -1.058 -5.96

T able 16.1 lists eigenvalues associated w ith three m odes that are sensitive to

variations @111 governor paranleters.
@

The frst naode is an oscillatory m ode represented

a conlugate a frequency (given
im aginary com ponent) on the ord. er of 0.6 rad/s or 0.1 Hz. The stability of this m ode
is of prim ary concern for isolafed operation and during system -islanding conditions.
The other tw o m odes listed are non-oscillatory m odes represented by real eigenvalues.

The reci

by pair of com plex eigenvalues having by tlltl

rocalsP
*

of the real eigenvalues

the FCSPOnSIVCnCSS of the governor

represent

under isolated

tim e constants and are a nAeasure of

operating conditions.

governor param eters to ensure

oscillations are very w ell dam ped is of prim ary concern. lt is desirable to achieve this

w ithout unduly slow ing dow n the speed of response since speed of response affects

For isolatçd operation, selection of that the
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the m axim um frequency

variations

deviation w hen an island is form ed.The results of T able 1 6 . 1

show  that the in the

dynam ics of the unit under

governor param eters

isolated operating conditions:

thehave follow ing effects on the

* A n increase @11I dashpot

a rqduction

reset tim e TR results *111 an increase @1l1 dam ping,

accom panied by *111 rate of reSPOnSe.

* A n increase @111 tem porary

in the

droop R T results irl an increase *11I dam ping and a

slight decrease tim e to reach steady state.

@ A n increase *111 SCrVO system gain K  results in an '

T he im provem entw ell aS @111 the rate of reSPOnSe.

lm provem ent

in the rate

in dam ping

of

a S

reSPOnSe @IS

prim arily through reduction in the tim e constant associated w ith m ode 3.

The results in T able 16.1 are for a select com bination of gOVCrnOr paranAeters

num berchosen to illustrate the overall nature of the problem . B ecause a large of

com binations of param eters

selection

@

IS possible and because dam ping of m ode 1 is of prim ary

C o n c ern ,

presenting

the of

the results aS

optim um

show n in F '

governor paranleters Can be better achieved by

oflgure
*

111

16.3.The results are show n in the form

loci of constant dam ping ratio ( an R - TpT paranAeter
of oscillation

plane w hen *IS held

constant.Thevariations@)nthenaturalfrequency arealsoshown@1lAtheû
gure.

The results suggest tlzltt,

than

for a unit Nhritll Fv =6.2

unstable

S and F =1.0 S,values of S r

A sless than 0.225,and TR les7 1.5 s result in frequency
@ @

oscillations. Ty

is increased from 1.5 s to about 5.0 S,the dam ping increases slgnlû cantly. lncreasing

of slow ingTR beyond

dow n

5.0 s results in a sm all im provem ent in dam ping at the CXPCnSC

the speed

value of R v can be chosen to

of reSPOnSe. This suggests that

5.0 S.The give

be

an appropriate value for Fs is about

any desired dam ping ratio. A  good value

for the dam ping ratio
)

is 0.25.T his Can achieved

S.A  higher

reach

value of R T

H ow ever,

w ould result in higher

by

dam ping

setting

and

R T=0.3 S Ahritll Fs=5.0

in tim ea slight reduction

tll

w ould

steady

be higher

The

state. the peak overshoot or m axim um frequency deviation

Asritll higher values of R T.
*

effect of the Servo system galn K s is show n @111 Figure 16.4.T hese results

are an extension of those of Figure 16.3 and show loci of (=0 (absolute stability lirylit)
and of (=0.25 forthree values of Ks.

the

W e SeC that higher values of K s increase the

regions ranges of R v and TR considered.

Sim ilar analyses perform ed on units having different com binations of w ater

and m achine starting tim es indicate that the optim um  choices of the tem porary droop

R

of stability throughout

F and the resettim e TR are represented by the following expressions (231:

F
Rv (2.3-(F<- 1.0)0.151T

u

( 1 6 . 1 )

Fs (5.0-(F<- 1.0)0.51F< (16.2)
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ln addition,

The

the servosystem gain K s should be set aS high aS *IS practically

PO
load
ssible. above settings CDS&rC good stableperformance when f/ct?unit/?kat full

supp lying JN isolated load; this rep resents //7 c m ost SeMere requirem ent and

CDSNFCS stable

For

operation for all situations involving system islanding.
loading during norm al operation, the above settings result @11I tOO slow a

CCSPOnSC (231. Forsatisfactory
to

loading rates,the reset tim e TR should be less than l.0

S,preferably close 0.5 S.

A s discussed *111 C hapter
*

9, these coni icting requirem ents Can be m et by a

dashpot bypass arrangem ent ln w hich, w ith

satisfy the requirem ents for system  islanding

the

dashpot not bypassed, the settings

conditions or isolated operation; and w ith

the

dashpot
@

bypassed, the reset tim e TR has a reduced value that results @1lI acceptable

eventloadlng

disturbance

rates. The dashpot *IS norm ally not bypassed SO tllftt, @11l the of a

dashpot

to operation, the speed control w ould

is bypassed for brief periods during loading and unloading.

leading an islanding be stable.T he

16 .4 SIM U LA YIO N O F LO N G -TERM DY NA M IC RESPO N SE

16 .4 .1 Purpose of Long-T erm D ynam ic S im ulations

The objçctives of anklysis of long-term dynam ics include the following'.

(a) Post-m ortem analyyis of Severe upsets (321. This will help identify the
underlying Causes of such incidents and develop corrective rneasures.

(b) Evaluation of the
help

control

identify

ability of pow er plants to ride through

def ciencies in equipm ent responses and

disturbances.T his w ill
@

111 the coordination of

and protectiye system s.

(c) Exam ination,
to extrem e contingencies,

norm al design contingencies.

theat system  planning and design stage,of the system rCSPOIISC

that is, contingencies

A s discussed in

that exceed the severity of

C hapter
*

IS

1 (Section 1.4),the
purpose
reducing the frequency

of extrem e contingency

of occurrence

assessnAent to develop nAeasures

of such contingencies and to m itigate

for

the

COnSCQUCnCCS.

(d) Exam ination ofem ergency procedures and provision ofOperatortraining.

(e) Evaluation of load-shedding practices and policies.

16 .4 .2 M odellin9 Requirem ents

T he long-term
@

stability sim ulation Program
@ @

should include, @111 addition to the

m odels used 1l1 conventional transient stabillty slm ulations, adequate representation
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of the prim e m over and energy supply
@

system s.

and

lt should also include appropriate

m odels for the w ide range of protectlon control system s that are invoked w hen

the

A n
em ergency

exam ination of m ajor power
protection

System disturbances (1-4,26,27jshow s that the
follow ing

dynam ic

and control devices have a signif cant ini uence On the system

perform ance during Severe system upsets:

system is *111 the and ill extrem is states.

(a) Generator and excitation system protection and controls'.

@ L oss-of-excitation relays

@ Underexcitation lim iters (UEL)

@ Overexcitation lim iters (OXL)

@ V /H z lim iter and protection

C hapter 8 provides descriptions of these devices.

(b) Electricalnetwork protection and controls:

* Transm ission system relays

@ D istribution system relays

@ Transform er underload tap-changer (ULTC)controls

@ D istribution system voltage regulators

@ U nderfrequency and undervoltage load-shedding relays

C hapters 6 and 11 include descriptions of these devices.

(c) Prim e m over/energy supply system protection and controls:

@ Turbine overspeed controls and protections

@ Turbine underfrequency protection

@ B oiler/reactor controls and protections

@ Autom atic generation control(AGC)

C hapters 9 and 11 provide descriptions of the above. T he representation
@

of

prim e

the

m OVCC and energy supply system s should include appropriate representatlon

auxiliaries. Induction m otors driving som e of these auxiliaries are

of

PoW er plant
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affected by off-nom inal voltage and/or frequençy of the POW Cr supply.

For situations involving
* *

IS

high netw ork voltage
@

conditions,

transform er saturation

loads aS ini uenced by

lm portant.

off-nom inal

W here approprlate, the

representation of

characteristics of m otor

frequency and voltage variations should be

represented.

O ff-nom inal frequçncy effects On the representation

and

of the transm ission

netw ork,

devices

synchronous m achine stator circuits, reactive POW CF com pensation

should be accounted for.

The VPRI long-term stability
above

program (LTSP) developed under project
3144-1 includes m ost of the m odelling capabilities.

16 .4 .3 N um ericalIntegration T echniques

'The early long-term dynam ic sim ulation ProgranAs, such aS LOTDYS g281,
assum ed uniform

com putational

techniques,

approach is

dynam ic

The present trend is to m odel fast as w ell as slow  phenom ena in long-term

dynam ic sim ulations. T his is facilitated by the use of im plicit integration m ethods. A s

discussed in Chapter 13, the il plicit integration m ethods are num erically very stable;
stiffness of the differential equations affects accuracy but not num erical stability. W ith

large tim e-steps, high-frequency m odes are f ltered out and solutions of slow er m odes

m odelledfrequency and

efs ciency. T his allow ed

only slow phenonaena ttl achieve

the uSC of l()A,, order

but DACanS of initialization. A

explicit integration

disadvantage of this

that

required special

it neglects m any im portant fast transients that influence long-term

reSPOnSe; consequently, raany potential system problenAs are naasked.

are accurate.

In rçference 29, a unis ed approach to short- and loqg-term dynam ic

sim ulation is im plem ented

sim ulation

artif cial

m ode

dam ping

trapezoidal integration

(short- or long-term ) is determ inçd by integration
is added to suppress synchronizing pow er oscillations

by using the m ethod. T he

step-size. A n

and to allow

larger integration tim e-steps

provided for sw itching from

artif cial

w hen sim ulating the long-term m ode. Facilities arC

One m ode to the other by adding Or rem oving the

dam ping and changing

* @A nother attractlve

the G ear-type backw ard

step.

lntegration teclm ique for long-term  d

differentiation form ula g30,3l1. The

the tim e-

ynam ic sim ulation *IS

second-order G ear

m ethod is an 'lm plicit self-starting

T he E U R O STA G Program

integration algorithm  of the

described in reference 17 applies

predictor-corrector

this m ethod. T he

type.

key

feature of this

based On the

application is

truncation error.

the autom atic

W hen fast
adjustm ent of the integration tim e-step

m odes are excited, the tim e-step is reduced

to a value below that

decay

m odes

during the

corresponding to the sm allest eigenvalue. A s the

solution process, the tim e-step is gradually increased.

fast m odes

If the fast

are excited due to a subsequent sw itching

dynam icautom atically reduced. D uring

l00

a long-term

operation,

sim ulation, the

the tim e-step *IS

tim e-step m ay

Vary betw een 1 m S and S.



10 88 M id-T erm and Lon -T erm Stability C hap
. 16

16 .5 C A S E S T U D IES O F S EV ER E S Y S T EM U PS ET S

ln this section W C consider tAA?tl CaSC studies: One involving an overgenerated

island and the other an undergenerated island.

16 .5 .1 C ase S tudy Involving an O vergenerated Island

This CaSC study *IS intended to dem onstrate

overspeed

experiences

controls On the perform ance of a

im pact

eneration-rich 'g

the turbine-generator

lsland. lt is based on

Section

of

shritll

Sorne of the
auxiliary governors (described

generating units in Ontario g4q.

@

111Chapter 9, 9.2.2)used On

A n island form ed aS a result of separation from the rest of the interconnected

4,750system  an area consisting 9,650 M W  generation M W  of

consum ption (load plus losses) is considered (see Figure 16.5). Prior to separation, the
area is exporting 4,900 M W ; M V A r generation and consum ption w ithin the area are

nearly

of of of and

equal.

Island ed area

R est ofG
eneration = 9,650 M W

interconnected systemLoad +losses 
=  4,750 M W  >.

Flow  prior

to separation

4,900 M W , 52 M V A r

F igure 16.5

The Jrdl generation

The generation Asritllill the area consists of the follow ing'.

@ 4,000 M W of nuclear generation at a plant AA?itll eight 500 M W units

@ 3,850

units

M W of fossil-fuelled generation at tw o plants,each w ith four 500 M W

@ 1,800 M W of hydraulic generation at six plants
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Turbine-governing system s

The nuclear units are equipped AAritll m echanical-hydraulic

Figure
control (M HC)

singulargOVCFIIOCS

feature

w hose block diagranA @IS show n *111 9.31 of C hapter 9. A

of this governing system @IS the uSC of an auxiliary #OVPrNOr,

auxiliary

gain

operative

parallel

loop

valves

by

w hich beconaes

w hen the speed
@

exceeds its setting F = 1 0/0 .1
@

The governor acts *1l1

Ahritll the m aln governor to effectively

lim its

lncrease the of the speed control

a factor of about 8. This overspeed by rapidly closing the control

(CV s)
The

aS w ell aS the

fossil-fuelled
intercept valves (1Vs).

units have M H C governors w hose block diagrana @IS show n
@

11I Figure 9.32.

T he m odel for the

9.10, w ith settings

control

governing system s of the

given by Equations 16.1 and 16.2

hydraulic is show n in Figure

result in heavily dam ped

units

SO aS to

under islanding conditions.

Figures 9.7 and 9.24 show the representation of hydraulic turbines and steam

turbines, respectively.

S im ulation

The disturbance sim ulated *IS the sim ultaneous

the area to the rest of the system , the result being

opening

an island w ith

of al1 ties connecting

generation nearly

tw ice the load. The generat/ s and excitation system  are represented in detail. Loads

are represented as nonlinear functions of voltage and frequency.

The perform ance of the islanded system  is exam ined w ith the auxiliary

governors of the nuclear units in service and out of service.

(a) W ith auxiliary gOVdrNOr service..

Figure
@

y'

16.6 show s plots of speed
@

deviation, C V and 1AJ positions,
*

SW lng

and

m echanlcal PoW er of one of the nuclear unlts. A 1l units @111 the area together;

therefore, the

A s

speed show n is representative

a consequence of islanding, the speed

plot

about 6.4% above the norm al speed of 1,800

area frequency.

increases rapidly to a m axim um

r/m in and then oscillates w ith li

of the

of

ttle

dam ping betw een 3.5%  above and

oscillation is due to the action of the

0.7% below the norm al speed. The sustained

auxiliary governors.W hen the overspeed exceeds

setting F1 of 1% , the

m echanical pow er of the

reduces

the auxiliary

nuclear
governors

units to zero.

close the steam valves and reduce the

The des cit *111 the generated POW Cr

the speed
*

rapidly, and the valves

m echanicalPOW er ls such that the speed

open again. The resultant increase in

exceeds the auxiliary governor setting of 1% ,

and the valves close @agaln. The cycle repeats w ith a period of about 7 seconds.
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(b) W ith auxiliary gOVCrDOr out of service:

Figure
*

16.7 show s the results w ith the auxiliary
*

governors of nuclear units Out

of SCrVICC. The speed deviation reaches a m axlm um of about 7.7% and dam ps to a

steady state value of nearly 291 above the nom inal. The rem oval of the auxiliary

changesgovernor

and

results *111 stable frequency control.O nly

m ain

the C V s respond to speed

the 1V s rem ain fully Open because the governor alone *IS not enough to

overcom e valve-opening bias.

From  the above results, it is clear that

of the

the intercept

speed control during system -islanding

the auxiliary governors cause instability

conditions. The other units in the island

respond to oscillations of the units AAritll auxiliary
@

governors; the overall effect *IS to

CaUSC oscillations of all *unlts. The resultlng m ovem ents of Steam valves Or w icket

gates

unit

continue tllltil the hydraulic system s of the governors run Out of oil and CaUSC

tripping

rise

and possibly a blackout of the island. T he POW er oscillations m ay also

give

from the

to ût rim ing'' of theP

boilers to com e in

boilers of the fossil-fuel-f red units that Causes w ater

contact Ahritll the high tem perature superheat and H P

stages.

A  possible
@

solution to this PrO

(41.

blenA is to replace the auxiliary gOVCrnOr A'/itll

an electronlc acceleration detector

This Case study has assum ed that the steam generation

R eference

system s

33

perform

satisfactorily

types

by follow ing the denaands of the turbine. illustrates the

of problem s thatm ay be caused by unsatisfactory reSPOnSe of steam generation

system protections and controls of a nuclear unit.

16 .5 .2 C ase Study Involving an U ndergenerated Island

to perform ance of an undergenerated

island as iniuenced by underfrequency load shedding and pow er plant control. ln

addition, it dem onstrates the requirem ent for adequate voltage and reactive control.

This case study @IS intended illustrate the

P ow er generation and conditions

A n island form ed aS a result of separation of an

generation

1,103

and 3,283

exporting
@

M W load is considered.Prior to

area consisting of 2,218 M W

islanding, the area is im porting

FigureM W and 1,590 M V A r, aS show n @11l 1 6.8 .

T he generatlon m ix sA?itllilz the area *IS aS follow s'.

@ 1,200 M W nuclear generation supplied by tAh/tl units *111 OnC plant

@ 1,018 M W of hydraulic generation supplied by six plants

The tw o nuclear units are operating at their load @ *llnnlts.T he hydraulic generation has

a spinning reserve of about 170 M W .
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A rea separated

A rea generation : 2,2 18 M W , 1,434 M V A r

A rea load : 3,283 M W , 1,720 M V A r

L ine charging and

shunt capacitors : 2,680 M V A r v--------------
1,103 M W

.
. 

- - - >

1,590 M V A r

R est of

interconnected

system

F igure 16.8 A ctive and reactive POW CC conditions prior to separation

Undefrequency load shedding

Frequency

load in four blocks

trend relays

depending on the

Figure 1 1.31. The

(see Chapter 1 1 ,
frequency

Section 1 1.1.7) are used to shed UP
to 50% drop and the rate of frequency

decline RS depicted by load shedding *IS delayed by about 0 . 5

second after the relay has operated.

Sim ulation of islanding condition

The islanding condition is sim ulated

consideration and the rest of the

by opening the ties betw een the area under

intercolm ected system . The detail of representation

of the POW er

described

plants
*

and other elem ents of

study

exciters

111 Section 16.5.1. T he

system

nuclear units

@

ISthe sim ilar to that of the Case

are equipped AAritll thyristor

w ith POW er

@hydraulic unlts arC

system

equipped

stabilizers and

Ahritll

electrohydraulic

dc exciters and

governors. cases are
w ith capacitors having a nom inal rating of

islanding. L oads are represented as nonlinear

T w o considered.

rotating

' one w ith no

governing system s.

m echanical hydraulic

capacitor sw itching and the other

The

700 M V A r sw itched Out follow ing

functions of voltage and frequency.

(a) W ith NO capacitor switching..

The sw itching SCQUCnCC, including that resulting from  load-shedding relays, *IS

aS follow s'.

Tim e (sçconds) Event

0.5 lsland @IS form ed by sim ultaneous tripping of ties.

0.9 System

frequency
@ @

frequency drops
@

IS

to 59.5 H z and rate of

decline 1.25 H z/s; the conditions for

trlpplng the lrst tw o blocks of load are satisi ed.
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1.4 25% of area load @IS 'ected.rCJ

1.6 System

tripping

frequency

the

drops

block

to 58.8 H z;
*

IS

the condition for

fourth of load satisû ed.

2.2 Additional 15% of load is rejected.

50.0 Sim ulation *IS term inated.

(N ote:The rate of frequency doesnot exceed 2 Hz/s;hence,the third block of load
*

ISnotshed.)

Figures 16.9 to 16.11 show plots of frequency, ternAinal voltage and reactive

pow er output

and electrical

of one of the nuclear uni

POW er of a11 the

ts, voltage of a load bus, total m echanical pow er

generators, and the total active pow er supplied to the

area From  w e see system  frequency drops below  58.5 H z

in about 2 seconds and rem ains below  this level in spite of shedding about 40%  of the

area load. The reason for this is evident from  Figures 16.10 and 16.1 1. B ecause of

surplus reactive pow er in the area, the system  voltages increase signis cantly after

islanding, and this keeps the load pow er high even after shedding load.

The total reactive pow er absorbed by the nuclear units exceeds the continuous

end-region

loads. Figure 16.9, that the

heating lim it of the generators
@

(see Chapter 5,Section 5.4. l).
- excitationFigure 16.12 show s the apparent lnapedance seen by a loss-of

@

un lts.

(LOE)
relay

locus

located at the ternAinals of one of the nuclear W e SCe that the im pedance

does not enter the trip characteristic of the relay.

K

I

@ e

Q

>
=

d
m

60.0

59.5

59.0

58.5

58.0
0 10 20 30 40 50

60.5

T im e *111 seconds

F igure 16.9 System

shedding

frequency Arritlz underfrequency load

and nO capacitor sw itching
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F igure 16.10 N uclear unit ternAinal voltage

shedding

and reactive POW er and load

bus voltage w ith load and no capacitor sw itching
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(b) W ith 720 M VAr of shuntcapacitors switched Out..

The sw itching Sequence *111 this Case @IS aS follow s:

Tim e (s#çonds) Event
0.5 lsland is form ed.

0.9 T he conditions for tripping frst tw o blocks of load

are satisf ed.

1.4 25% of load *IS shed; 485 M V A r capacitors are

sw itched out.

l.8 Frequency
@ @

drops below 58.8 H z; the condition for

trlpplng the fourth block of load *IS satisf ed.

2'.3 A dditional 15% of load @IS shed; 235 M V A r

capacitors are sw itched Out.

50.0 Sim ulation *IS term inated.

Figures 16.13

voltages

active

do not rise

to corresponding results.

as high as in the previous case. Follow ing

16.15 show  the ln this Case,the system

load shedding,the total

PoW er supplied to the loads falls below the available generation. T he system

frequency
@

m ax lm u m

reCOVerS to the nom inalvalue (60 Hz)illabout20 seconds and reaches a
value of about 60.1 H z. The steady-state frequency settles at a value

sliéjlztl)?

speed

above the nom inal value aS determ ined by the droop characteristics of the

governorsof al1thegenerating unitsin tiearea.

N

Q
* -

o
Q
O
>
=

m

60.0

59.5

59.0

58.5

58.0
0 10 20 30 40 50

60.5

Tim e in seconds

F igure 16.13 System

load

frequency w ith underfrequency

shedding and capacitor sw itching
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load



R eferences 10 9 9
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z
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z
,/
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22.0 -,
z
'

T otal load pow er

2 1.0
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T im e ill setonds

F igure 16.15 T otal generated m echanical and electrical POW Cr
@ *

and

load PoWerAAritllload shedding andl apacltor swltching

Figure 16.14 show s that the term inal voltage of the nuclear unit increases

rapidly during the period betw een 5 and 10 seconds and then gradually drops to about

1.05 pu. This response of the generator voltage is due to the action of the pow er

system  stabilizer and can be m odifed to som e extent by changing the param eters of

the PSS (see Chapter
@

17,

sw itching, the reactive pow er

capability of the generator.

Section 17.2.1).
sàTitll

AAritllill the

capacltor

contiùuous

absorbed by the nuclear unit *IS
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M ethods of Im Prtl h/irl9 S tability

The preceding 5 ve chapters have described the physical

categories of pow er system  stability, and m ethods of their

factors

aspects

analysis.

of the various

A s w ell, key

uencing stability problem s of m itigation have been covered.

This chapter discusses special m ethods used for enhancing transient and sm all-signal

stability. These tw o categories of system  stability have received considerable attention

since the 1960s, and m ethods for their im provem ent are further evolved than those for

other categories.

irlfl and m ethods

For @ given system ,

approach

any One m ethod of im proving stability m ay

com bination of several

not be

adequate.

J'udiciously

The best @IS likely to be a m ethods

so assist in m aintaining stàbility for different

contingencies and system  conditions. ln applying these
-
z
m ethods to the solution of

specis c stability problem s, it is im portant to keep in m ind the overall perform ance of

the

chosen as to m ost effectively

POW CC system .

the

Solutions to the stability PrOblena of one category should nOt be

effected at expense of another category.

chapter are

options norm ally available for econom lc design of the system . W ith proper design and

application they should greatly contribute to the i exibility of system  operation w ithout

com prom ising

of thes4any m ethods for stability
*

enhancem ent describèd @1l1 this

other aspects of system perform ance.

are, how ever,Som e of the m ethods described som ew hat (theroic''in nature and

Can be justifed
duty

only

im pose

on a careful

O n  So m e

special situations. n ile im proving system  stability,

of the equipm ent. Their application, therefore, has to be

@

111 they

based

assessnlent of the benefts and costs.

1 1O 3
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1 7 . 1 T RA N S IEN T S TA B ILIT Y EN H A N C EM EN T

M ethods of im proving transient stability try to achieve One Or nAore of the

follow ing effects'.

(a) Reduction @111the disturbing iniuence by m inim izing the fault severity and
duration.

(b) lncrease of the restoring synchronizing forces.

(c) Reduction of the accelerating torque through control of prim e-m over
m echanical POW er.

(d) Reduction of the accelerating torque by applying artifcialload.

The following are various m ethods of achieving these objectives.

1 7 . 1 . 1 H igh-s peed Fault C learin9

The am ount of kinetic energy gained by

quicker

the generators

the

during a fault @IS

directly proportional to

disturbance it causes.

the fault duration; the fault @IS cleared, the less

Tw o-cycle breakers,
@

111

together w ith high-speed

rapid

relays and com m unication, arC

nOW w idely used locations w here fault clearing
*

*

IS im portant.

be desirable.ln special

the

circum stances, Cven faster clearlng m ay R eference 1

describes

B olm eville

developm ent and application of a one-cycle circuit

Power Adm inistration (BPA). Com bined with a rapid response

breaker by

Overcurrent

type sensor, pates m agnitude, nearly one-cycle total fault duration

is attained. O ne-cycle breakers are not yet in w idespread use. R eference 2 describes

an ultra-high-speed relaying system  for E H V  lines based on travelling w ave detection.

w hich antici fault

17 .1.2 R eduction of T ransm ission S ystem Reactance

The series inductive reactances of transm ission netw orks are prim ary

determ inants of stability lim its.The reduction of reactances of various elem ents of the

transm ission netw ork im proves transient stability by 'lncreasing postfault synchronizing

PoW er transfers. O bviously, the m ost direct

reactances of transm ission circuits, w hich

w ay of achieving this is by

are determ ined by the voltage

reducing the

and conductor conf gurations, and num ber of parallel circuits. The

rating,

follow ing

line

arC

additional m ethods of reducing the netw ork reactances:

(a) Use of transform ers Ahritlllosver leakage reactances.

(b) Series capacitor com pensation of transm ission lines*
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T ypically,

n eW er

per unit transform er leakage reactance ranges betw een 0.1 and 0.15. For

transform ers, the m inim um  acceptable leakage reactance that can be achieved

the

the

Asritllill norm al transform er

sAritll the m anufacturer

advantage @111 opting for
@

design practices has to be established in consultation

g3j. ln m any situations, there m ay be a signifcant econom ic
a transform er w ith the low est possible reactance.

Series capacltors
*

directly offset the line series reactance. W e discussed the

application

A s

of serles capacitors

1 1.2.8, the m axim um  pow er transfer

for reactive PoW er and voltage control

show n in Section capability

C hapter 1 1.

of a transm ission

*

111

line m ay be signis cantly increased

translates into enhancem ent

by the use

of transient stability,

during

of series capacitor
@

for capacitor faults and

dependlng

for reinsertion

directly

on the facilities provided

after fault clearing (see
@

1f1

banks.T his

bypassing the

Section 11.2.5).
stabili

Speed of reinsertion *IS an im portant factor

t)r(41.Early designsof protective gaps and bypass

m aintaining transient

sw itches lim ited the benetits

achievable by series capacitor com pensation. H ow ever, present

nonlinear resistors of zinc oxide, the reinsertion is practically instantaneous.

A s discussed in Chapter 15 (Section 15.3), one problem  w ith series
com pensation

alternators.

w ith the trend of using

capacitor
*

IS the possibility of subsynchronous

analyzed

resonance w ith the nearby

preventative

turbo

T his aspect

taken.

m ust be carefully and appropriate

nAeasures m ust be

Traditionally, series capacitors have been used to com pensate for Very long

overhead lines* R ecently, there has been an increasing recognition of the advantages

using series capacitors.of com pensating but heavily loaded, lines by

For transient stability applications, the use of sw itched series cap acitors offers

som e advantages. U pon detection of a fault or pow er sw ing, a series capacitor balzk

can be sw itched in and then rem oved abqut 0.5 second later. Such a sw itched bank

can be located in a substation w here it can serve several lines.

shorter,

ln reference 5 it *IS show n that, for a given

is less if som e

transient stabilit)r @ @llm lt,

than

the

aggregate rating of series

are unsw itched. The

capacitors required

schem e w ith a portion of the

are sw itched if all

capacitors sw itched reduces the

angular

particularly

sw ings of the m achines, and this *111 turn reduces Puctuation of loads,

those near the electrical centre.

Protective relaying
@

Se rle s

is m ade

particularly if the capacitors

m ore com plex

are sw itched.

w hen series com pensation *IS used,

17 .1.3 Regulated S hunt C om Pensation

Shunt com pensation capable
@

1m PrOVe

of m aintaining
*

transm ission system Can system

voltages at selected points of the

stabllity by increasing the tlow  of

synchronizing pow er am ong interconnected

static var com pensators described in C hapter

used

generators.

1 1 (Sections

SynchTonous condensers Or

1 1.2.6 to 1 1.2.8) Can be
for this PurPOSe.

A s illustrated *111 Section 1 1.2.8, regulated shunt

m axim um POW er transfer capability of a long transm ission

com pensation increases the

line. T his clearly enhances

transient stability.
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17.1 .4 Dynam ic Braking 16-101

during

thereby

D ynam ic braking uses concept of applying an

a transient disturbance to increase the electrical pow er

the artiû cial electrical load

Outputofgenerators and

reduce rotor acceleration.

O ne form of dynam ic braking inyolves the sw itching @111of shunt resistors for

about 0.5

generators

a schem e

follow ing a

and rem ove the kinetic

second fault to reduce the accelerating POW er of nearby

for enhancing transient
energy

stability

gained during
@

the fault.B PA has used such

forfaults111the Pacifc northwestg81;the
brake consists of a 1400 M W , 240 kv resistor naade UP

9 provides

A ustralia.

of 45,000 ft of 1/2 inch

stainless steel w ire strung On three tow ers. R eference brief reports of

braking resistor applications

braking

*

11I Japan, C hina, R ussia,

applied
* @

and

T o date, resistors have been only to hydraulic generating
*

stations rem ote from  load centres.

quite rugged; therefore,

of resistors w ithout any

they

adverse

C an

unlts, ln com parison to therm al unlts, are

w ithstand the sudden shock from  the sw itching in

effect on the units.

H ydraulic

lf braking resistors arC applied to therm alunits,the effectOn shaftfatigue
@

life

m ust be carefully exam ined

found
three

unacceptable, the
(see Chapter 15, Section

sw itching in of the resistors
15.4).If the switchlng

be

duty @IS

m ay have to perform ed *111

Or four

The

steps

braking

spread

resistors

OVer One fullcycle of the lowesttorsionalm ode E101.
used ttl date are all shunt devices. A lternatively,

the

series

resistors
@

IS

m ay

proportional

bç used to provide the braking

to

effect.ln this CaSC,

the

Cnergy dissipated

the generator
@

111

current rather than to voltage. O ne W ay

resistor

of

inserting

arrangem ent a bypass sw itch in the neutral of the

to reduce resistor insulation and sw itch requirem ents

the resistors series @IS to install a star-colm ected three-phase

w ith generator

(101.

step-up

T he resistor

transform er
@

IS inserted

during a transient

A nother

opening the bypass sw itch.

form  of braking resistor application that enhances

disturbance by

system stability for

unbalanced ground

and

faults only,consists of a resistor connected perm anently betw een

the ground the neutral of the Y -connected high-voltage w inding of the generator

step-up

neutral
transform er (301.

@

U nder balanced conditions nO current tlow s through the

resistor. W hen

i ow s through the

llne-to-ground or double line-to-ground

neutral connection and the resistive losses act

faults OCCUF, current

RS a dynam ic
@

brake.

sàTitll the sw itched form

based On detailed sim ulations.

of braking resistors, the sw itching tlm es should

lf the resistors rem ain connected too long, there is

ttbacksw ing.''

be

a

possibility of instability On the

1 7 . 1 .5 Reactor S w itching

Shunt reactors near generators provide a sim ple and convenient DReans of

im proving transient stability. T he reactor norm ally rem ains connected to the netw ork.

T he resulting reactive load increases the generator internal voltage, and this is
. . 

r '

benefcial to stability. Follow ing a fault, sw itching out the reactof further im proves

stability.
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17 .1.6 Independent-pole O peration of C ircuit Breakers

phase

independently of each other. A s a result, the failure of one pole w ill not restrict the

operation of the other tw o poles. A lthough the breaker poles operate independently

of each other, the relaying system  is norm ally arranged to trip all three poles for any

Indep endent-p ole op eration refers to the use

of the circuit-beaker so that the three

of separate m echanism s for each

phases are closed and opened

type

lndependent-pole

system  design criteria '

of fault.

operation can be used advantageously at locations w here the

lnclude a three-phase fault com pounded by breaker failure.

M aintaining system  stability for the contingency of a tk ee-phase fault w ith all tlzree

poles of a prim ary circuit-breaker failing to open is extrem ely diffcult. W ith breakers

designed for independent-pole operation, a failure of al1 three poles is highly

im probable. T he use of duplicate relay system s, circuit-breaker trip coils, and

operating m echanism s practically guarantees that at least tw o poles w ill open.

Therefore, independent operation of the

fault to a single line-to-ground fault w hen tw o of the poles

of a three-phase fault w ith a stuck breaker is signiûcantly

the failed breaker w ill reduce

OPen.

a three-phase

Thus, the severity

reduced.

17 .1.7 S ingle-pole S w itching

Single-pole sw itching USWS separate

single line-to-ground faults, the

followed by Q jt reclosure within
phases

relaying *IS

0.5 to 1.5

are tripped.

D uring the period w hen OnC phase

rem aining

operating m echanism s on each phase; for

designed to trip only the faulted phase,

seconds. For m ultiphase faults, al1 three

*

IS Open, POW er @IS transferred OVCC the

tAs?tl phases.

A s m ost faults On transm ission lines are of the single line-to-ground type,
*

opening

stability

and reclosing of only the
@ @

Over tk ee-phase

faulted phase results in an im provem ent

trlpplng and reclosing.

in translent

Single-pole sw itching

tAArtl

is particularly attractive for situations w here a single

m aj or line
station to

connects system s

system .

Or w here a single

be

@

m aJ Or line connects

the rest of the ltm ay also used On system s

disturbances

w ith

a generating

m ultiple lines

g 1 1) .to im prove system security
There are three

against m ultiple contingency

potential problem s that need to be considered @1I1 applying

single-pole sw itching'.

@ Secondary-arc extinction.

@ Fatigue duty On turbine-generator shafts and turbine blades.

@ Therm al duty on nearby generators due to negative-sequence currents.
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S econdaw arc extinction

W hen
@

IS capacitively

one phase of a three-phase line is open at both

and inductively coupled to the tw o unfaulted

ends,

phases,

the faulted phase

w hich are still

energized

of the
(see

* @

Figure 17.1).
coupling,

A  voltage w illbe induced in the isolated phase
@

because

T he

capacltlve

m agnitude of the

and to a lesser extent because of the inductlve coupling
.

induced voltage

The

@

IS a direct function of the phase-to-phase

the
and

phase-to-ground

extended period

conductor

CaPaC1
follow ing

*

tances. induced voltage m ay sustain fault arC for an

the opening of the phase. T he arC On the faulted phase

after it has been sw itched off is called the secondary Jrc.The

arC current @IS prim arily determ ined by

also

the circuit voltage

by the fault

line transposition.

and the length

secondary-

of the line

section that *IS sw itched out. lt *IS iniuenced location, any shunt

reactors connected directly to the Open phase, and

C losed O pen

a

A  N  x
A l wA 

N  w

z y j x.x
x

z  A Q  + x xM  b , r abv  1
a h I I I

U
- - - - - -  I I I

I N x  1

l I --> lM  

' . jt kkf,c ac trac) . tr,c-n-, ) ,,C
> <

. .
.  

I I

I lC  l C b I C ag lCg 
I ? I 1Secondary 
i , ,

I 1 la rC I I I

F igure 17.1 Secondary-arc current

The capacitive com ponent of the secondary-arc current @IS essentially

independent of the fault location and the load current. The inductive com ponent of the

current is very dependent on the load currents on the tw o energized phases and on the

location of the fault; it is nearly zero for a fault at the m iddle of the line and is

m axim um  for a fault at either end. R eference 12 gives typical values of the secondary-

arc current for 765 kv  and 345 kv  lines: the capacitive com ponent of the current per

100 m i (160 km ) of line length is on the order of 50 A for 765 kv lines and 30 A for
345 kv  lines; the m axim um  inductive com ponent of the current is in the range of 10

to 15 A  for 765 kv  lines w hen the pow er transfer on the tw o energized phases

corresponds to the surge im pedance loading.

In reference 13, the results of arc extinction tests carried out on the A m erican

E lectric Pow er system are com pared Asritll the published results of tests On other



S ec. 1 7 . 1 T ransient Stability Enhancem ent 1 10 9

system s

self

apd laboratory tests.T he general conclusion @IS that the secondary arC should
- extinguish

lines w ith shunt

AAritllill 500 m S if the arC current @IS On the order of 40 A Or less On

reactor com pensation

w here

and 20 A or less On uncom pensated
*

IS

lines.

For applications the secondary-arc

the

current higher

O ne

than the above

values,

shunt
necessary

inductive reactors.

it *IS to neutralize capacitive reactance. m ethod *IS to uSC

The four-legged reactor schem e described *11l references 14

and 15 has been used in a num ber of single-pole

this

sw itching

phase
@

applications
*

for reduction

ofsecondary-arc current g 1 1 j .
*

ln schem e, a reactor IS connected betw een

each phase and a neutral polnt, and a neutral reactor ls connected betw een ground and

the neutral point. This m ethod is particularly attractive if shunt reactors are required

to com pensate the norm al line-charging current for voltage control (see Chapter 1 1,
Section 1 1.2.3). By appropriate connection, these reactors can be m ade to serve the
additional PurPOSe of reducing secondary-arc current.

A nother m ethod of secondary-arc suppression is to uSC high-speed

for lines w ithout

grounding

sw itches as described in reference 1 6.This m ethod is attractive shunt

reactors.

Fatigue #v/y 0n turbine-generator turbine blades and shafts

Asdiscussed *11lChapter9 (Section
*

IS

9.2.3),One of the design considerations of
long

m odes

losv-pressure turbine blades that the frequencies

of

of the fundam ental vibratory

sw itching

H z

coincidem ust nOt Arritll m ultiples

w hen

running speed. Single-pole

during

oscillations.

the reclosing dead tim e

T hese oscillations m ay

one phase is open can excite

resovate w ith the blade natural-
120 torque

m odesvibration

and thus dam age the blades.

A single-pole sw itching sequence im poses

T he initial disturbance

successive disturbances On the

turbine-generator shaft system . is due to the fault itself, w hich

for a line-to-ground fault is not very severe. W hen the fault is cleared by opening the

faulted phase, a second disturbance is im posed. R eclosing of the opened phase, either

successful or unsuccessful, im poses an additional disturbance. A s discussed in C hapter

15 (Section 15.4), the shaft torsional oscillations resulting from successive impacts
m ay am plify the transient shaft torques. E ach such incident of single-pole sw itching

operation

generator

m ây
*

contribute

ls subjected to

to a system  fatigue life. lf the turbine-

a large num ber of such incidents, their cum ulative effect m ay

sm all loss of shaft

CaUSC shaft failure.

The effects of

have been investigated

loss of life to

single-pole sw itching on the fatigue life of shafts

for specil c units in reference 17. T he results

and blades

show ed no

signif cant

to date has not '

either the blades or the shaft sections.ln addition,experience

lndicated any turbine-generator blade or shaft problenAs resulting from

single-pole

individually

sw itching

before
( 1 11 .However,itwould be prudentto study each application

im plem entation.
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Therm al #v@ nearby generators

System unbalance during
@

the period w hen One phase @IS OPCn results *1l1

negative-sequence

condensers.

currents 111 the stators of nearby generators and synchronous

The negative-sequence stator currents induce 120 H z rotor currents that

Cause heating.
*

Standards have been established

short-tlm e

lt the integrated product of m achinein term s of h ,
2 depends on theand tim e (f). The perm issible h t

defning generator

T he short-tim e capability

continuous and

unbalanced currentcapability g18j. *ISexpressed
negative-sequence

type of m achine
phase current (fz)

as show n in Table

17.1.

T able 17.1 Short-tim e unbalanced current capability

2tT ype of M achine Perm issible 12

Salient pole generator 40

Synchronous condenser 30

R ound rotor generators
-  Indirectly cooled 30
-  D irectly cooled: up to 800 M V A  10
-  Directly cooled: 800-1600 M VA IO-gIM VA -800)x0.00625)

f2

t expressed

expressed illPer unit of rated arnAature current;
@

111 seconds.

Studies sw itching applied to lines near

have shown the therm al duty to be not lim iting (for example, see
H ow ever, each application should be exam ined individually to be sure

of specif c applications of single-pole

therm al units

reference 12).
that the negative-sequence heating duty @IS nOt excessive.

17 .1.8 Steam T urbine Fast-v alving

Fast-valving (orearly valving,aS it *IS som etim es referred to)
transient

@

IS a technique

applicable

lt

to therm al units to assist @111 m aintaining

of
POW er

@

system stability.

involves rapid

generator

closing and opening Steam valves 111 a prescribed m anner to

reduce the accelerating PoW er follow ing the recognition of a SCVCrC

transm ission system fault.

A lthough the principle of fast-valving

early

A m ong
1930s g19j,the procedure

the

as a stability aid w as

has not been very w idely applied for

for

recognized in the

several reasons.

them arC Concerns any possible adverse effects On the turbine and

energy supply

Since

system .

the m id-1960s, utilities have realized that fast-valving could be an

effective

technical

im proving system  stability in som e situations. A  num ber of

papers have been published describing the basic concepts and effects of fast-

m ethod of
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valving

of their
(29-231. Several
units (24-271.

utilities have tested and im plem ented fast-valving On SOCnC

F ast-valving p rocedures

C hapter 9 discussed steam  turbine consgurations for

generating units. For illustration of fast-valving applications,

fuel

fossil-fuel and nuclear-

1et us consider a fossil-

generating unit w ith a tandem -com pound single reheat turbine and a nuclear unit.

T he turbine conf gurations are show n in Figure 17.2. For thesç units, the m ain inlçt

control valves (CVs) and the reheat intercept valves (lVs) provide a convenient m eans
of controlling the turbine

to

m echanical pow er. D epending on how  these valves are used

of possibilities exists for the im plem entation ofcontrol the steam iow , a variety

fast-valving schem es.

From
boiler C rossover

M SV

C V

J4P ----- JP jp ------ ).P I.P ------ ).P J.P ----- (;

R S

IV  c ondenserR H

(a)Tandem -com pound single reheatsteam turbine of a fossil-fuelunit

From  steam  M SR  M SR  M SR
generator

A4SV  R SV  R SV  R SV

C V  lV  lV  1V

C ondenser

(b)Tgrbine of a nuclearunit

HP high-pressure (turbine)
(turbine)

IP

L P loxv-pressure

=  interm ediate-pressure (turbine)
M SV = m ain (inlet) safety valve
lAJR SV reheat safety valve intercept

çontrol

valve

M SR m oisture separator reheater C V valve = reheater

F igure 17 2@ Typical steam turbine conf gurations
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In one com m only used schem e,only the intercept valves

delay.

are rapidly closed and

valvesthen fully

70%

reopened after a short tim e Since the intercept

fairly

control nearly
*

of the total unit POW CC, this m ethod results @111 a signis cant reduction 111

turbine POW eC. A DAOCC pronounced tem porary reduction @111 turbine POW er Can be

achieved

rapid

valving.

through

closing and

actuation of both control and intercept valves. The procedure of

subsequent fullopening of the valves @IS called m omentary /J1'/-

111 Son;e situations w here the postfault transm ission system *IS m uch w eaker

than prefault one, it is desirable to have the prim e m over pow er, after being

reduced rapidly, return to a level low er than the initial pow er. O ne approach is to

provide for rapid closure of control and intercept valves, follow ed by partial opening

of control valves and full opening of intercept valves. A n alternative approach is to

provide for rapid closure and full opening of intercept valves, coupled w ith partial

closure of control valves. This procedure w hereby, in addition to a rapid tem porary

reduction, a sustained reduction in turbine pow er is achieved is referred to as

sustained fast-valving.

the

Improvem ent of system stability

Fast-valving assists in m aintaining system stability follow ing a Severe fault by

reducing the turbine m echanical pow er. R esults of studies on the effectiveness of fast-

valving in enhancing the stability of individual system s have been reported in

references 27 to 32.slany of these studies also consider other DRCanS of enhancing

system

independent-pole

stability such aS

sw itching,

high-response

braking resi

exciters, series

stors, and generator

be

capacitor

tripping.

com pensation,

m ethod

G enerally, fast-valving has

of m eeting the perform ance

been found to an effective and econom ical

rCquirem ents ofPOW CC system s w hose

operating

delayed
@

C a SC S

criteria require stability to be m aintained for a three-phase

design and

fault w ith

clearing

generally

because of a stuck breaker. The transient stability PrO
*

blenA ilz such

IS associated w ith a sw ing m ode local to a generatlng station and

having a period of about 0.5 to 1.2 seconds.

A lthough

situations w here
Very

instability

seconds.

nOt w idely recognized,

through

blena

O C CU CS

fast-valving could be

a slow interarea sw ing
very

having

effective *111

a period of

about 2.0 to 4.0 The PrO *IS usually caused by generators

the

@

111 O n C area,

otherbecause of a fault @11l the area, advancing w ith respect to generators *1lI

interconnected areas.T his causes

are a s,

shritllill

w hich in turn leads

the area w here the

heavy pow er i ow s through w eak ties connecting

to separation of the areas. Fast-valving of one or m ore units

fault occurs m inim izes the accelerating pow er and hence

the

reduces the transient POW CC
@

sw ings through the

the

w eak ties.Fast-valving
@

is partl'cularly

effective *1ê1 such situatlons, since

therefore, allow s nAore tim e for the

periods

reduction in

of the POW er

to

SW 1ngS

achieved.

are long; tlziS,

POW er

usually

be

The cost of im plem enting fast-valving *IS sm all. H ow ever, @111 vie:v of

the concerns about possible

should

adverse effects on the turbine and boiler/steam generator,

fast-valving be used only in situations w here other less tGheroic''DACaSUFCS arC
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not able to m aintain system stability.ln such situations, often the

DACanS of m aintaining

tripping,

system stability

has

*

IS to uSC generator

only other effective

tripping. C om pared to

generator advantage that the unit rem ains colm ected to

the system . A s a result, the total system  inertia is not reduced and full or partial pow er

output is restpred w ithin a few  seconds. ln addition, the resulting stress on the prim e

fast-valving the

m over *IS believed to be signil cantly less Severe. H ow ever, fast-valving *IS nOt aS

effective @111 aiding

fast-valving

stability aS generator tripping.

The logic Can take several form s, depending

AArill

on the supplier
@ *

and

the intended use of fast-valving. G enerally,

control

such logic contain tw o m aln clrcuits:

One for generating the valve Sequence

follow ed

and the other for generating an

unloading

valve

signal if fast-valving is to be by a reduced generator Output.The

them closed
Sequence

for an adjustable

generate

17.3 show s

period

closing-

actuation

a typical valve

tim es are iniuenced

and

by equipm ent

control Asrill a signal to

of tim e and

close the valves at a preset rate,hold

reOPCn
@

them at a preset rate.Figure

OPCnIng-SCQUCnCC. The allow able valve

aS w ell aS system considerations.

V alve
position

Fully open

j i.
f

- - - - - -  - - - - -  I?artially open

I
l p

I Fully or

! t partially closedI
T im e

FI Tz F? L

F1 delay

w hen

betw een the tim e * iof initiat on and the tim e

the valve begins to close

Fz

F3

F4

valve-closing

tim e

tim e

during w hich the

valve-opening tim e

valve rem ains closed

F igure 17.3 Typical valve closing- and opening- SCQUCnCC

The allilit)r of steam valves to rapidly close and rCOPCn depends On the type

of governor system used. The electrohydraulic turbine governor system
@

that USCS

solid-state electronics and a high-pressure hydraulic actuator system IS capable of

rapid

to use fast-acting

actuating cylinders

control.A Com m on practice, particularly of N orth A m erican m anufacturers,

the

IS

hydraulic valves arranged

of the intercept and control

to dum p oi1 from spring-loaded

valves to facilitate rapid valve closure.
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T his perm its com plete valve closure @111 0.08 to 0.4 second. R eopening after a fast

closure @IS inherently

of oil

delayed for approxim ately 0.3 to 1.0 second to ftll()A&? for

restoration to the

size of the hydraulic

hydraulic cylinder. The val

operating cylinder but is usually

ve-opening tim e

in the range of 3

depends On the

to 10 seconds.

For SonAe applications, faster valve-reopening
*

m ay
#

be needed for fast-valving than is

used in norm al electrohydraulic governlng Operatlons. This can be achieved AAritlz the

aid of accum ulators on the hydraulic system (22,331.
ln contrast,

facilities for fast

som e E uropean

operation; this achieves

m anufacturers tend to use large SCFVO valves w ith

reopening tim es of less than 1 second.

Fast-valving can also be applied to units w ith m echanical-hydraulic turbine

governors, but it is less i exible and som ew hat m ore diff cult to im plem ent.

For fossil-fuçl-fred units, reheater m etal protection considerations dictate the

intercept

steam

valve-opening

flow  is shut off

tim e.The PrOblenA @IS OnC of reheater tube

and subsequently restored. The tim e

heating

w ithin w hich

w hen the

reheater

steam ; ow should be reestablished

From a system

m om entary

stability

typically on the order of 10 to 12

view point, the valves should be closed as

@

IS seconds.

rapidly aS

possible.

reopening
@

ln cre a se s

shritll fast-valving, it m ay also be desirable to initiate valve

sliéjlltl)r before $he f rst peak of rotor angle @IS reached. Slosv reopening

delay *11I
the backswing, and this could lead to second-swing instability (22,291. If the
valve opening is signif cant, it could also accentuate the sw inging of

one area against the rest of the system , and this could lead to instability

any specif c system , acceptable valve actuation tim es should therefore be

detailed

@

111generators

(221.
based

For

on stability

Fast-valving action

acceleration detectors, or

R eferences

studies.

Can be initiated by POW er load unbalance relays,

relays recognize severe transm ission faults

typical fast-valving initiating logics used in
that E6).

the23 and 33 describe

standard circuitry provided by N orth A m erican

a sim ple extension of the schem e

on the com parlson of m echanical input pow er and electrical output pow er. The form er

is m easured by m oniforing the reheat steam  bow l pressure. ln order to avoid

unnecessary initiation of fast-valving action, it is usually necess/ry to introduce

additional logic to discrim inate against faults that do not require fast-valving. ln m ost

cases, since rapid closing of the valves is critical, it is im portant to ensure that the

delay introduced by the selectivity of the logic is m inim al.

The Sim e delay introduced by the feedback control logic, such as detection

based on pow er-load im balances, is on the order of 0.1 second and this m ay be

unacceptable

logic is usually
@

turbine-generator m anufacturers. T he

used to lim it overspeed and depends

@

111 SonAe CaSeS. A feedforw ard control logic derived directly from

protective relay

The

system s

effectiveness
could reduce the initiating tim e to OnC OrtAh?tlcycles g22j.

of fast-valving @11I im proving transient stabilit)r @IS

dem onstrated in Figure 17.4.

of a fossil-fuel-fred

The f gure show s the rCSPOnSCS

of tw o

Asritlz and w ithout fast-

valving

valving

Fj =0.1

system

POW er plant

and

consisting 500 M W *unlts.The fast-

Sequence

s, F2 =0.25 s,

w ith pow er

assum ed closing full reopening of intercept valves only, w ith

F3 =0.1 S, and F4 =0.85 S. T he units have a thyristor excitation

system stabilizel-s. The disturbance considered is a three-phase
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fault on station,cleared by prim ary relaying @1l1

60 nIS.W ithout fast-valving, the generating units exhibit a dom inant interarea @SW lng

*having a period of about 4.5 seconds. C onsequently, the fast-valving sequence ls very

effective in lim iting the peak of the srst sw ing in rotor angle. H ere, very fast valve

closing and opening tim es have been assum ed. W ith slow er valve-opening tim es, the

fast-valving sequence, as show n in reference 29, results in second-sw ing instability.

@

a m aJ Of transm ission line close to the

l30

/ N -w W ithout fast-valving1 10 
I y

* I eO 
: lO

w' ; l=  
lo 90 /

=  , l
; l v wQ  
' j # x* - y z x

z I ; xx2  70 ' 
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N .Z

10
0 1 2 3 4 5 6 7 8 9 10
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12

%
m

V>

c
c

Q

>
=

* -

t
/

m

1

hanical pow er1 1 ! ec
l . .w lth fast-valvlng! n
l l l /
! l ! l4 g j j j 

u  

s .  o o

a  

. . o  
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x l l # l . # s...,... .
.........I ! J l * z x ;

l %# V Nl ; **V9 
I # N.
: J ''x

l # E jegtyj*gaj gow grl
l . .

8 l w lthout fast-valvlng
%

1 #
: # . .

1 l E lectrlcal pow er7 
l , . j, s st-valving. , w 1t

6

5
0 1 2 3 4 5 6 7 8 9 10

Tim e *111 seconds

F igure 17.4 E ffect of fast-valving on the stability of a fossil-fuel-

fred station exhibiting a slow interarea sw ing
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P lant considerations

Fast-valving im poses a relatively SCVCrC transient On the turbine and steam

system . are

in the application of fast-valving. The follow ing

considerations that m ust be addressed.

generator There several potential problem areas that m ust be considered

is a brief discussion of the equipm ent

Fossil-fuel-/rc# unitsteam generator considerations:

C losing the intercept valves results in a tem porary increase in reheater Pressure

The safety valves m ay not reseat

properly follow ing this operatlon. A lso, any noise im pact on the environm ent resulting

from  the escaping steam  m ust be addressed. C losing both the control and intercept

valves reduces the possibility of a lifting of the reheat relief valves but this m erely

transfers the problem  to the m ain relief valves.

that could cause the reheat safety
@

relief valves to lift.

A s noted earlier, reheater tube protection @IS a lilzAitilléj

reheater.

factor that determ ines

how SOOn the steam flow should be çestored to the For a typical reheater

design,tlle lillzitill!j tilzze is on the order of 1 1 seconds.If pow er-operated relief valves

arC utilized On the reheater outlet and autom atically
@

reopened, the problem *IS

m inim ized *111 any Occurance w here only the lntercept valves are closed.

Sustained fast-valving appears to the boileras a partialload rejection.
of

W ithout

a turbine Or superheater bypass system ,

venting Of the throttled steam  to

the sudden closure turbine inlet valves

requires

spring-loaded

the atm osphere. If this @IS done by D3eans of

valves, m ay Outage required to repair these

valves. pow er-assisted pressure relief valves and/or a turbine bypass should

be used. U nder optim um  conditions, how ever, a once-through boiler can be run back

quickly enough to w ithstand sustained fast-valving w ithout lifting the safety valves;

this

Therefore,

WaS dem onstrated by TVA tests On the Cum berland units (261.

safety it be follow ed by an

C au se s

W ith a drum -type boiler, if a bypass system  is not used, sustained fast-valving

a reduction of drum  level. This could result in tripping of the unit by low

drum -level protection that is provided to prevent overheating of the furnace frew alls.

lm provem ents *11I control of feedw ater, druna level and rate of reduction of fuel input

to the furnace and the

of drum -type boilers

use of pow er-operated relief valves

to cope w ith sustained fast-valving.

should enhance the ability

N uclear unit steam generator considerations.'

C om pared to fossil-fuel-fred units, nuclear units have sm aller reheater tim e

con stants,

reheater

and hence closing of only the intercept valves results @111 a faster rise @111

PreSSurC.
In addition, the

safety valve lifting is therefore m ore likely in a nuclear unit.

probability of a dam aged safety valve seat is higher because less

steam

R eheat

superheat

The reheater

*

111 the Can lead to w ater-cutting during lifting of the safety valves.

safety

pressure rise can be of greater concern if large bursting disks, rather

relief valves, have been used in the reheat system . T he bursting of a

than

disk
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essentially takes the unit out of service and adds to the system upset.

T he closing of both the control and intercept valves has the SanAC effect aS for

the fossil-fuel @unlts;that @1S,itPaSSCS the PrO
@

blenA On to the m ain safety-relief valves.

The c1osing of the control valves results 111 a rise @111 steam generator

atm osphere.

Pressure, and

steam m ust be bypassed

system

either to the condenser Or to the The boiler

pressure-control USCS the turbine Or the bypass system to control the boiler

PFCSSUrC.

Turbine considerations..

The integrity of control-valve (CV)
@

111

Seat and stem *IS of som e Concern. The

dum ping

lead to valve-bouncing

of the actuator tluid results an accelerated closing of the

units, it m ay be

valve that m ay

nAore solenold dum p

or stem -bending. O n existing

valves to achieve the fast-closing

action

necessary

C V s.

to add

tim e for the

of the

start-up

cycle

bypass
m ay

The intercept valves necessitates a review

extraction steam  system  to determ ine if there is a likelihood of actuating any

bypass valve from  the H P turbine to the condenser. The sustained fast-valving

com bined of the control and

therefore require the addition of a tim e delay *111 the control logic for this

valve.

The decay of pressure dow nstream

actuators m ust be capable of reopening

A s in the case of the control valves,

solenoids

of the intercept valves m eans that the valve

the valves against a high-differential pressure.

the control system  m ust have fast-acting dum p

fluidand

illitilttilléj

The intercept valves are larger than the control valves; thus the

impactloading on the devices used for stopping the valves at the end
m ust be evaluated. A voiding a full closure w oùld be preferable.

an adequate-control

low -control oil pressure

supply for resetting the valves w ithout

a trip.

effect of higher

of their stroke

ln the Case of a nuclear unit Arritll

norm al steam velocities arC created in part

a separator

of the tubing; the result

m oisture reheater,higher-than-
*

IS higher stres7 On

the tubes.

S ashing

result

tubing response to this excitation m ust be evaluated.

The rapid decay of the pressure in the L P turbine raises the possibility of steam

in the feed-w ater heaters and hence a w ater induction incident that w ould

The

*

111 the feed train xbeing closed by

m u st n Ot

the protection system .

significantThe turbine-generator rotors suffer a loss of life from the

torsional stresses im posed on them  by

show nspecis c applications have

a fast-valving event. R esults of sim ulations of

that the resulting shaft stresses are acceptable (241.
R eference 34 describes fast-valving tests On tw O units at the Pickering-B

nuclear station @111 O ntario. The tests revealed nO obvious adverse effects On

equipm ent.

the

Frona the plant viesvpoint, fast-valving appeared to be a nonevent. Frona

a

system  view point, the fast-valving sequence w as

rapid and substantial reduction of turbine pow er.

found to be effective in causing
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17 .1.9 G enerator T ripping

The selective tripping of generating

m ethod

units for Severe transm ission system

contingencies has been used RS a of im proving
*

system
*

stability for nAany

years. The 'ectionreJ of generation at an approprlate location 1l1 the system reduces

POW CC
can be

to be transferred over the critical transm ission interfaces.Since

tripped rapidly, this is a very effective m eans

13, Section 13.6 for illustration.)

of im proving

generating units

transient stability
.

(See Chapter
H istorically, the practice of generator tripping aS a stability aid W aS conined

to hydro plants. Such plants

unit from

are usually

sudden

renlote from load Centres and there @IS little

risk of dam age

gradually

stability

to the a trip.Since the 1970s,this practice has been

extended to fossil-fuel-fred and nuclear units aS a m eans of solving Severe

problenAs.

The schem e used for detection of system
@

conditions

often an extension of trip circuits from Varlous renAote

the faulted lineis restored Asritllilzm inutes,therejected

requiring unit tripping is

and local line protections. lf

units are brought back on-line

quickly.

U nless special facilities are provided,

consequently,
therejected unitgoes through a standard

shut-dow n and start-up
*

cycle; full PoW er

to design

auxiliaries.

m ay not be available for

several hours. practlce

they continue

A used by DRany

supplying

tltilitie s is therm al units SO that,

unitsafter tripping,

to

ttlrun, unit This perm its the

be resynchronized to the system and restored to fullload in about 15 to 30 m inutes

(351.
The Sequence of events that follow generator

(the

tripping @IS aS follow s:the boiler
@

IS tripped; turbine controls lim it

is returned to near-rated speed;

boiler is

overspeed

the unit then
turbine @ISnot tripped)

Operates

refred

either at no

unit auxiliary
@

IS

load;the purged and *111 preparation

speed

load or supplies the

for reloading; the

and the

unit resynchronized

E vidently,

to the POW Cr system

unit

and reloaded at

the tripping

AAritlz
of a subjects itto sudden

a predeterm ined rate.

changes in m echanical

and electrical loading, the associated im pact on the

units and their

generator,prim e m over, and

energy
w ithstand

supply system .

shocks,

W hile therm al controls arC

such there *IS controls w ill

designed to

not function

units

som e possibility that

are not designed forcorrectly. A lso, therm al

signil cantly increasing

m aintenance requirem ents
@ *

lm provlng

frequent full-load @ @relectlon;
*

the num ber of full-load 'ectionsreJ m ay increase unlt

and reduce unit availability. T herefore,

usednAeasure for system stability should nOt be

this type of control

indiscrim inately.

The follow ing arC the *m aJ Of turbine-generator COnCCrnS:

(a) The overspeed resulting from tripping the generator

(b) Therm alstresses caused by the rapid load changes

(c) High levels of shafttorques aSthe resultof successive disturbances
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O versp eed considerations

The turbine controls should

trip.

generally

A s discussed *111 C hapter

lilznit

9
be capable of full-load rejection without a tur

(Section 9.2.2), the controls of steam  turbines

bine

a re

designed to the overspeed

of

follow ing

115%

a full-load

below the level 110 to of rated
rejection to about
Prevention of tur

1%$

trip

the

@

IS

overspeed trip

essential if the unit h@s to Carry its auxiliary

speed.

load until it

bine

is resynck onized to

pow er system .

Follow ing the illitiftl overspeed, the unit Alrill reach a steady-state speed

determ ined governor droop characteristic. The standard 5%  regulation w ill

steady-state speed slightly below 195%  of rated speed (corresponding to
of 63 Hz). Continuous operation at this frequency is forbidden as it m ay

by the

result @111 a

a frequency

C a u se

w ith

dam agç to the low -pressure

m echanical-hydraulic control

changer

control

to return the unit to

9.2.3).
(M HC), the operator has to adjust

rated speed. O n m odern units w ith

turbine blades (see Section On olderunits
speed-load

electrohydraulic

the

(EHC),
lf frequent

this speed reduction to rated speed is autom atic.

generator tripping @IS required to m aintain system stability, there *IS

a greater of turbine-generator runaw ay because of equipm ent m alfunction. T o

ensure safe and reliable operation of speed controls, greater em phasis should be placed

on preventive m aintenance and on periodic testing of the turbine valves and protecfive

risk

system .

Therm al stress considerations

G enerator tripping im poses a high therm al stress on the turbine

variation of unit outpuf over a w ide range. Prior to the disturbance, the

relatively high and the turbine m etal tem peratures in the critical parts

rated

because of the

unit Output @IS

w ould be near

conditions. svhen the unit *IS tripped,
*

the unit Operates for about 20 m inutes at

very light load

by

Or nO load;this results ln rapid cooling of the turbine m etals,follow ed

resynchronization and reloading of the unit. T he turbine

during the initial reloading until the steam  tem peratures

tem peratures in the critical areas. A n increase in load beyond

the

m etals continue to cool

m atch turbine m etal

this point begins to heat

m etals, the

cooling

critical

that

rate of heating being a

occurred during lijht-load
therm al

function of the loading rate and the degree of

operation. The parts of the turbine that are

from stress considerations are high-tem perature regions of the H P

turbine section.

T he therm al stresses resulting
@

from generator tripping C/n be lim ited to

acceptable levels by appropriate operatlng

the turbine-generator m anufacturer.

procedures developed in consultation Nsritll

Shaft fatigue-lfe considerations

W hen a generating
*

unit 111 a llltlltillllit PoW er

plant experience SUCCCSSIVC disturbances that can resul

plant is tripped,

t in high lçvels

al1 units *111 the

of shaft torques.
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A s discussed *111 Chapter 15 (Section 15.4), the torsional oscillations caused by
successive im pacts m ay reinforce the initial oscillations. D etailed sim ulations should

be carried Out to

the com pounding

the

ensure that there are no adverse effects on the shaft fatigue-life from

effects of a netw ork fault, clearing of the fault, and unit tripping.

For unit that #IS tripped, the electric torque @IS suddenly reduced to a Very low

value.The rem aining units

electric torque. lf tw o

initially

or m ore units

tripped

im pose

at precisely the San;e

experience a sudden proportionate increase in the

are tripped, it is very unlikely that they w ill be

instant. Therefore, a m ultiunit tripping schem e m ay

a nAore SCVCrC duty.

andR eferences 36 37 describe a generation and load 'ectionreJ schem e

im plem ented

having

by O ntario H ydro

capacity

at the B ruce N uclear Pow er D evelopm ent C om plex

a total generation of about 6000 M W . T he schem e, im plem ented aS

a stopgapfor rejectionnAeasure because of delays *1l1acquiring transm ission right-of-way provided

on total

up to

generation at the

of four 750 M W  units and 1500 M W of custom er load,

of transm ission circuits

depending

in service, and

the type of fault. The

com plex, the num ber

decision to im plem ent

the

the 'ectionreJ

T he

schem e W aS based On a

detailed evaluation of benel ts and im pacts. follow ing factors Nvere given

consideration in the selection of the schem e'.

(a) The costof displacing locked-in nuclearenergy with fossil-fuelled generation

(b) The expected
num ber of units

frequency
@

of transm ission system faults and the estim ated

trlps

(c) The im pact
*

On generating units w ith regard to risk of turbine-generator

runaW ay,

because

lncreased forced and m aintenance outage rates, increased cost

of additional W ear and tear, and cum ulative loss of com ponent life,

including shaft fatigue-life

1 7 . 1 . 1 0 C ontrolled S ystem S eparation and Load S hedding

C ontrolled separation m ay

from

be used to

f an 'O lnterconnected system

prevent

into the

@

a m aJ 0f disturbance @11I One Part
@

a Severe system breakup.

(ac

The

propagating

initiating disturbance

rest of the System and Catlslng

m ay be the loss of a @m aJ Of

transm ission line

am ount of generation.
or dc) carrying a large am ount of power or
The incipient instability in such cases is

loss of a

usually

signif cant

characterized

by

is

sudden changes

initiate

@

111 tie line POW er.
@

If this @IS detected @1l1 tim e and the inform ation

used to corrective

The im pending system

actlon s, severe

instability is

system upsets

by m onitoring

beCan averted.

detected OnC Or m OrC of the

follow ing

transm ission

system quantities'. sudden change *111 POW CC ; ow through specif c
* @

clrcult-circuits, change of bus vo1tage angle,rate of POW CC change, and

breaker auxiliary contacts.

U pon detection of

initiated by opening the

im peding instability,

appropriate tie lines before

the controlled system separation is

cascading Outages Can OCCLIr. In
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Son;e instances it m ay be necessary to shed selected loads to balance generation and

load i1l the separated System s.

only load shedding can be initiated

resorting to system  separation.

ln other instances, so that transient stability
*

IS m aintained w ithout

A n exam ple

the tie lines

of relaying

betw een O ntario H

used for controlled separation is the A# /A 0 relay On

ydro and M anitoba H ydro.The relay

in phase

m onitors sudden

changes

bus

@

1T1POWCCtlow (2:37)OVerthetie linesand changes angle (A0)of the
voltage at the O ntario end of the tie lines@ The A 0 elem ent supervises the A#

elem ent. The settings of the relay are chosen SO that the ties are tripped for

disturbances *111 M anitoba that

conditions,

post-separation

tie line tripping @IS

cause instability in O ntario.

accom panied by load shedding to

F or SOEnC system

ensure satisfactory

system conditions.

R eference 38 describes a local independent detection schem e developed to

isolate the U .S.southw est PoW er system from  the U .S.northw est system for Outages

of the Pacif c ac intertie.The schem e USCS the POW CF rate of change
*

at tw O locations

for detection of conditions requiring northw est/southw est

separation
*

Openlng

north

of the U tah and C olorado PoW er System s

separatlon.

from  the A rizona

T his involves

system by

5ve

of San

separation

Frarlcisco by opening

ties, and of the N evada system from the C alifornia system

three ties.

R eference 39 describes a load-shedding schem e used by the U .S. N orthw est

Pow er Pool to m aintain transient stability of the W estern System C oordinating

Council(W SCC) system s.

1 7 . 1 . 1 1 H igh-s peed Excitation S ystem s

Signis cant im provem ents in t/ànsient stability Can be achieved through

f eld

rapid

tem porary

during a

m achine;

increase of generator excitation. The increase of

transient disturbance has the effect of increasing
@ *

generator

the internal

voltage

voltage of the

this in turn increases the synchronlzlng POW er.

D uring a transient disturbance follow ing a transm ission

clearing
@

IS

of the fault by isolating the faulted elem ent, the generator

system

term inal

fault and

voltage

low . The autom atic vo1tage regulator

generator

effectiveness

f eld voltage, and t.-;thls has
responds

a benef cial

to this condition

effect On the

by increasing the

transient stability. The

of this type

field

of control

quickly
* *

increase the voltage

depends on the ability of the

to the highest possible value.

excitation system to

H igh-initial-response

excltatlon system s w ith high-ceiling voltages are m ost effective in this regard. C eiling

voltages are, how ever, lim ited by generator rotor insulation considerations. For

therm al units, the ceiling voltages are lim ited to about 2.5 to 3.0 tim es the rated-load

f eld voltage.

Fast excitation reSPOnSe

stability

to term inal voltage variations required for

im provem ent of

m ode oscillations

transient often leads to degrading

and

the dam ping

(see Chapter 12,Sections 12.4 12.5).

of local plant

Supplem entary excitation

control,com m only referred to as power system stabilizer (PSS), provides a convenient
m eans of dam ping system  oscillations that enables the high-response excitation system
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to be used. The use of high-initial-response excitation system s supplem ented w ith PSS

is by far the m ost effective and econom ical m ethod of enhancing the overall system

stabllity g40j. As an exam ple of such a system , Figure 17.5 show s a general block
diagram  representation of a thyristor exciter w ith an autom atic voltage regulator

(AVR), a PSS, and a term inal voltage lim iter. The function of the lim iter is to prevent
the term inal voltage from  exceeding a set level of typically 1.15 pu. The effectiveness

of the excitation system  in im proving the overall system  stability depends on proper

control design and tuning procedures. This is covered in Section l 7.2.

Vref

V oltage regulator Exciter T G R  Ey'm.

.

. josw1 z
E t Z K A fyd1 

+ s%  1 + XFs+

Efmin

Q s

1 - 1+xF+ C
y  v v  xt 1

+sF = - = 1+xrRL 
o  +

Vs

0

T erm inal voltage lim iter

V .Sm

sF. 1+sF1 1+sFa
A O r K svAa l

+xw l+swa 1+svv 4

W ashout Phase lead l)' i,,

Pow er system stabilizer

F igure 17 5* B lock diagrana of thyristor excitation system Nsritlz PSS

The iniuence of excitation system response on transient stability
fossil-fuel-fred

@

IS illustrated
@

111 Figure 17.6. The f gure

17.1.8considered ilz Section
com pares responses
w ith tw O alternative form s

the of the plant

(a)of excitation system :
(b)

an

aC exciter w ith diode rectif ers, having

disturbance

a FCSPOnSC ratio of 2.0,

three-phase

and a bus-fed

thyristor

m ajor transm ission

exciter w ith a PSS.The considered @IS a fault On a

line near the pow er plant,

stable

cleared in 60 m s.The system is unstable

w ith the rotating exciter and @IS Ahritll the

The critical fault-clearing
*

tim e Arritlz the aC

high-initial-response thyristor

exciter is 47.5 m s, and 62.5 m s w ith

exciter.

the

thyristor exclter.
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F igure 17 6@ C om parison of transient stability Ahpitlz

an ac exciter and a bus-fed thyristor exciter
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1 7 . 1 . 1 2 D iscontinuous Excitation C ontrol1401

A  properly applied pow er system  stabilizer provides

of oscillations. U nder large-signal orinterarea m odes

dam ping

transient

to both local and

conditions,

the

the

stabilizer

both

generally

local and interarea

contributes positively

m odes,

to srst-sw ing stability. ln Presence of

sw ing how ever, the norm al stabilizer CCSPOnSC
*

Can

allow the excitation to be reduced after the peak of the tirst local-m ode SW lng and

before the
*

11I transient

highest com posite peak of

stability can be realized

sw ing is reached. A dditional im provem ents

by keeping the excitation at ceiling, w ithin

highest point of the sw ing is reached.

the

term inal voltage constraints, tlzltil the

A discontinuous excitation control schem e referred to aS transient stabilip

excitation control (TSEC)
control

has been developed by O ntario H ydro to achieve the above

g40).This im proves transient
SO that the term inal voltage @IS

stability by controlling the generator

m aintained near the m axim um  perm issible

entire

CXCI'tation

value of

about 1 . 12 to

USCS a signal
pu over

proportional to the

1 . 1 5 the positive
@

sw ing of the rotor angle. The schem e

change ln angle of the generator rotor,ilz addition to

voltage and rotor speed signals. H ow ever, the angle signal is used only

during the transient period of about 2 seconds follow ing a severe disturbance, since

it results in oscillatory instability if used continuously. The angle signal prevents

prem ature reversal of s eld voltage and hence m aintains the term inal voltage at a high

level during the positive sw ing of the rotor angle. E xcessive term inal voltage is

prevented by the term inal voltage lim iter.

the term inal

Figure 17.7 show s a block diagrana of the discontinuous excitation control

schem e. The T SE C circuitry @IS integrated w ith the P SS circuitry. T he speed signal

(A(oJ provides
operation. The

block

continuous control to m aintain

angle signal *IS derived by

sm all-signal stability under norm al

integrating the speed signal. The T SE C

show n in the f gure is an integrator w ith a w ashout. The value of FANG *IS such

T SE C circuit

A œ ,

(pu)

Vngna

V- g,a

K ANG

1 + s L xg

0S

H lim vxpzx

.

STw 1 + sT3 1 + sTs .
K STAB 1 

+ s w  1 œ ow  1 . ow  
Y V

2 <  * u' o 2 2 A =' o 2 4

Pow er system stabilizer f1im VSmn

F igure 17.7 B lock diagrana of T SE C schem e



S ec. 1 7 . 1 T ransient Stability Enhancem ent 1 12 5

that,

deviation.

theat frequency range of interest, the output is proportional

The T SE C is in effect a closed-loop control based on local

to the angular

m easurem ents.

The relay contact (S)
@

PO

*

IS closed if the term inal voltage

increase

drop
@

exceeds a preset value,

f eld voltage

relay
@

*

IS at sltive

contact #IS opened

Out

ceiling,

w hen either

and the speed ls above a preset value.The

the speed drops below a threshold value Or the

exclter COCnCS of saturation; the Output of the T SE C block then decays

exponentially shritll a tim e constant FANG.

The discontinuous excitation control @IS m ost effective @11l im proving
*

the

transient stability

svhen

of generating units exhibiting low -frequency '

T SE C is applied to several generating stations in

in the

lnterarea SW 1ngS.

thean area,

consunaed

System

byvoltage

voltage-dependent

level entire area @IS raised. This increases the POW CF

further

the

loads @111 the area, thereby contributing to im provem ent @1l1

transient stability.

T o illustrate the perform ance of T SE C ,W e Once again consider the fossil-fuel-

f red pow er plant used in Sections 17.1.8 and 17.1.1 l to dem onstrate the effectiveness

of fast-valving and high-initial-response excitation system . A s seen from  the rotor

angle plots of Figure 17.6, the generators at this plant exhibit a dom inant low -

frequency interarea sw ing. Figure 17.8 show s the responses of the generators w ith and

w ithout T SE C . C learly, the system
* *

transient stability is

is 62.5 m sby

P SS,

T SE C . The critical clearlng tlm e, w hich
very
w ith

signif cantly im proved

a thyristor exciter and

control.is increased to 117.5 m S by the

extended

discontinuous excitation

Figure

For

17.9 show s an sim ulation of the system
@ @

w ith and w ithout

T SE C . PUrPOSCS of com parison, the response o

'bed in Section 1 1.1.8 is also

btalned :4,1t11 fast-valving of

intercept valves as descrl

discontinuous excitation

show n

control *IS Seen to be aS effective aS

in Figure 17.9.

fast-valving for

T he

this

particular application.

C om pared to other m ethods of 'lm proving system stability,such as fast-valving

and generator-tripping,

steam

T SE C im poses Very little duty on the turbine-generator shaft

and supply

of

System . H ow ever, parts

on the

of the PoW er
@

11lvoltage UP to 15% (depending
excitation

setting

schem e

of the

system

term inal

Asrill experience a rise

voltage lim iter) for
1 to 2 seconds. This coftrol m ust be coordinated w ith other

overvoltage

transform er

prôtection

differential

and control functions. It m ust also be coordinated A'/itlz

protection to ensure that the increased

resulting from the elevated voltage level does not Cause this

The discontinuous control described above for transient

m agnetizing current

protection to operate.

boosting of excitation

USCS local

applications,

intelligence to detect a severe system  disturbance condition.

it m ay be necessary to initiate the transient excitation boosting

ln Son;e

by using

renAote telenzetered signals. R eference 4 1 describes such an application.

1 7 . 1 . 1 3
e

C ontrolof H V D C T ransm ission Links

As discussed @11l Chapter 10 (Section
advantage of this unique

stability of yhe ac system .

10.4),an HVDC transm ission link @IS
highly

H V D C

controllable.lt is possible to take characteristic of the

lilllc to augm ent the transient
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F igure 17.9 E ffects of T SE C and fast-valving On extended system CCSPOnSC

D uring

generatioi load

transienta disturbance, the dc PoW er Can be ram ped

'desS1 .

dow n rapidly

situations,

to

reduce unbalance of the aC system on both ln sonAe

it m ay be necessary

of

to ran;p UP

overload

the dc POW CC to assist system stability

system .

by

Frona

taking

advantage
@ *

the short-term

vlesvpolnt

benef cial

of the aC system erform ance,P
@ @

capability of the H V D C

the rapid control of dc

the

pow er sam e
42 and 43 provide descriptions

has the

of special
@

effect as generator/load trlpplng. R eferences

controls used in a num ber of H V D C installations for transient stability

augm entatlon.

Transient stability augm entation can also be achieved by

to provide reactive pow er and voltage support

controlling the H V D C

converters SO aS g44j.

17 .2 S M A LL-S IG N A L STA BILITY EN H A N C EM EN T

The

OnC of

probleminsuffclent of gm all-signal stability,
dam ping of system  o

aS described *111 C hapter 12, @IS usually

system

m ethod

scillations. T he uSe of POW Cr

stabilizers to control

of :nhancing

stabilizing

com pensator

signals

generator

sm all-signal

excitation system s *IS the m ost cost-effective

the stability of PoW er system s. A dditionally, supplem ental

andm ay be used to m odulate H V D C converter controls static Var

controls to enhance

The controls used

satisfactoril

designed

sm all-

y
*

under Severe

of system  oscillations.

for sm all-signal stability enhancem ent

transient disturbances. Therefore, w hile

dam ping

should perform

the controls are

tlslng
w ell

linear techniques,their overallperform ante is assessed by considering

aS aS larce-siznal CCSDOnSCS.
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17 .2 .1 Pow er S ystem S tabilizers

Section 12.5 of C hapter

function of a P SS @IS to add

developed the theoretical

dam ping to the generator rotor

12 basis for a P S S . T he

oscillations. T his *IS

achieved m odulating the generator excitation so as to

electrical torque in phase w ith rotor speed deviations. Shaft

and term inal frequency are am ong the com m only used input

by develop

speed, integral

signals to the

com ponenta of

of POW er

P SS .

A lternative @#dN of PSS

(a) Stabilizer based on shaf speed signal(delta-omega) ..

on hydraulic units

since the m id-1960s. R eference 45 describes a technique developed to derive a

stabilizing signal from  m easurem ent of shaft speed of a hydraulic unit. A m ong the

im portant considerations in the design of equipm ent for the m easurem ent of speed

deviation is the m inim ization of noise caused by shaft run-out and other causes

(45,46j. The allowable level of noise is dependent on its frequency. For noise
frequencies below  5 H z, the level m ust be less than 0.02% , since signif cant changes

in term inal voltage can be produced by low -frequency changes in the field voltage.

A  corresponding to shaft rotational speed and resulting from  shaft run-out

is generally the m ost im portant noise com ponent in this range. L ateral m ovem ents of

the shaft of 0.075 cm  are typical at points close to the generator guide bearing. Such

low -frequency noise calm ot be rem oved by conventional electric f lters; its elim ination

m ust be inherent to the m ethod of m easuring the speed signal. This is achieved by

sum m ing the outputs from  several pick-ups around the shaft. A t gate positions below

70% , the stabilizing signal is disconnected autom atically by an auxiliary (pallet)
sw itch to prevent excessive m odulation of the field voltage by vibrations generated

PSS based on shaft speed signalhas been used successfully

frequency

in the turbine

The

at partial

application

gate

of

openings.

shaft speed-based stabilizers to therm al

careful consideration of the effects On torsional oscillations. The

requires a

stabilizer, w hile

units

dam ping

pro in 15 (Section 15.2.1). One approach successfully used
to circum vent the problem  ls to sense the speed at a location on the shaft near the

nodes of the critical torsional m odes (47,481. ln addition, an electronic tilter is used

the rotor oscillations, Can Cause instability of the torsional m odes. This

blenA *IS discussed C hapter
*

in the stabilizing path to attenuate the torsional com ponents.

W hile stabilizers based on direct m easurem ent of shaft speed have been used

On DRany therm al units, this type of stabilizer has several lim itations. The prim ary

torsionaldisadvantage

com ponents

frequencies.

effect

*

IS the need to uSe a torsional f lter. ln attenuating the

of the stabilizing signal, the

in E xam ple

im posing a m axim um  lim it on

this is too restrictive and lim its the overall

s lter also introduces a phase lag at losver

A s dem onstrated 15.2 of Chapter 15, this has a destabilizing

theOn the Ciexciter de''m o , thus allow able

stabilizer

of the

gain. ln m any cases,

stabilizer in dam ping

effectiveness

system oscillations. ln addition, the stabilizer has to be
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custom -designed

characteristics.

for each type of generating

stabilizer

unit depending On its torsional

The delta-' -om ega described next W aS developed to

OVCCCOm C these lim itations.

(b) D elta-p-omqga stabilizer (40, 49, Jp7.'

The principle of this stabilizer *IS illustrated by the follow ing equation that

show s how a signal proportional to rotor speed deviation Can be derived from the

accelerating POW CC :

A Y eq -
u  
J( hPm - A#e ) dt1 ( 1 7 . l )

w here

M inertia constant,
*

11l

2//

change m echanical POW Cr input

h P e

A œ eq

= change in electric pow er output
=  derived or equivalent speed deviation

The objective isto derive the equivalent
*

speed signal

contain torsional m odes. 15

h o eq so that it does not

(Exam ple l 5.2), torsional
com ponents are inherently

A s shpw n ln C hapter

attenuated in the integral of hPe signal.The PrOblenA is to

nAeasure the integral f A#O free of torsional m odes.

I11 Diany applications, the

except

m echanical

w hen changing load On the

com ponent

unit and other

*

IS neglected. This *IS satisfactory,

system

spurious

conditions w hen the

POW Cr changes. U nder such conditions, a stabilizer Output *IS

produced if h Pe alone is used as the stabilizing signal.

oscillations in voltage and reactive pow er.

The integral of m echanical pow er is related to

This in turn results in transient

shaft speed and electricalPoW er

aS follow s'.

jhpmdt Mar +jhpedt (17.2)

The delta-# -om ega stabilizer

proportional to the integral

proportional

w ill contain

naakes use of the above relationship to sim ulate

m echanical pow er change by addingof

a signal

signals

to shaft-speed change and integral of electrical pow er change. This

torsional oscillations unless a f lter is used. B ecause m echanical

signal

POW er

changes are relatively slow  even for fast-valve m ovem ents, the derived integral of the

m echanical pow er signal can be conditioned w ith a sim ple low -pass f lter to rem ove

torsional frequencies.

The overalltransfer function for deriving the equivalent rotor speed

by

deviation

signal from shaft speed and electrical PoW er nAeasurenAents is given
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2ï Qö
eq
ls)

7 LP (s)A#
:@) e

-  

us + G(s) j us + AY@) (17.3)
where (;(s)

@

111

*

IS the transfer function of the torsional f lter. A realization of this @IS

show n the block diagranA of Figure 17.10.

h e eq+ +

Attl î G(s) E PSS
+  -

1
S e M

s

VS

O 0

M

=  frequency, rad/s
=  inertia coefi cient = IH

base

S dldt

F igure 17.10 B lock diagrarn realization of delta-' -om ega stabilizer

The delta-' -om ega stabilizer has tw o @m aJ Or advantages OVer the delta-om ega

stabilizer:

1. The hP e signal has a high degree

torsional

of torsional attenuation, and hence there @IS

generally

elim inates

nO need for a flter @1l1 the m ain stabilizing

perm itting

oscillations.

path. This

the exciter m ode stability

betterstabilizer gain that results @111

problem , thereby

dam ping of system

a higher

2. A n end-of-shaft speed-sensing arrangem ent shritll a sim ple torsional s lter Can

be used Ahritll electrical PoW er to derive the m echanical PoW er signal. T his

allow s the use of a standard design for al1 units irrespective of their torsional

characteristics.

(c) Frequency-based stabilizerà:

Term inal frequency has been used aS the stabilizing signal for

directly as the

several PSS

applications.

input

frequency

nAachine

signal.

N orm ally,

ln

the terrninal frequency signal is used stabilizer

SonAe CaSCS, term inal voltage and current are used to derive the

of a voltage behind a sim ulated m achine reactance so as to approxim ate the

rotor speed.
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ln these system s, aS in the CaSC of speed-based stabilizers,

turbine

Care m ust be taken

to f lter torsional m odes w hen they are used On steam @unlts.

T he

external

sensitivity of the frequency signal to rotor oscillations increases as

transm ission system  becom es w eaker, tending to offset the reduction in

the

gain

from stabilizer Output to electrical torque that results from a w eaker transm ission

system

the
g51j.Hence,thegain of a frequency-based stabilizer

best possible perform ance under w eak aC transm ission
m ay be adjusted to obtain
system  conditions w here

the contribution of the stabilizer @IS rCquired m ost.

T he frequency signal *IS nAore sensitive to m odes of oscillation betw een large

unitsareas to involving

w ithin a pow er plant. T hus it seem s possible to

to interarea m odes of oscillation than w ould be

than m odes only individual units,

obtain

including those betw een

greater

obtainable w ith the speed input signal.

dam ping contributions

T he
/
frequency-based stabilizer, how ever, suffers from several shortcom ings'.

1. D uring a rapid transient, the term inal frequency

phase shift. This results in a spike in the f eld

generator output quantities.

signal Arrill undergo
*

IS

a sudden

voltage that retlected ill the

2. T he frequency

industrial loads

signal

such as arc

often contains PoW er system noise caused by large

furnaces.ln rnany CaSCS this has prevented the uSC

of frequency aS an input signal.

3. T orsional

Sanle basic

f ltering is

lim itation

req 'redul . H ence,

RS the delta-om ega

a frequency-based

stabilizer.

stabilizer has the

(d) D igitalstabilizer..

D igital versions of som e of the above stabilizers have been developed and are

nOW conAnlercially available (521.

ln this

another

M anufacturers are producing excitation system s w ith com plete digital circuitry.

environm ept, if the appropriate inputs are provided, the stabilizer becom es just
program  in the excitation control processor.

Excitation controldesign (40,531

T he paranleters of the P SS and other elenlents of the excitation System arC

chosen to enhance the overall system

design'.

stability. Specif cally, the follow ing arC the

objectives of excitation control

@ M axim ization of the dam ping of the local

m ode oscillations w ithout com prom ising

plant m ode as w ell as

the stability of other m odes.

interarea

@ E nhancem ent of system transient stability.
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@ Prevention of adverse affects On System

excursions.

perform ance during @m aJ Or system

upsets that Cause large frequency

@ M inim ization of the Consequences of excitation system m alfunction because

of com ponent failures.

The procedure used for m eeting the above objectives *IS illustrated by
considering a thyristor excitation system  w hose block diagram  is show n in Figure

17.5. The input to the PSS m ay be either the shaft speed deviation (Aû)r) or the
equivalent rotor speed deviation (hœeq) . The term inal voltage transducer circuitry is
represented by tim e constants necessary for fltering the rectif ed term inal voltage

w aveform . These can usually be reduced to a single tim e constant (Ty ) in the range
of 0.01 to 0.02 seconds. O ther tim e constants tk ough to the exciter output, including

any associated w ith the exciter itself, are negligible, and the m ain path can be

represented

The

sim ply by the gain K A.

follow ing is a description of the considerations and procedures used for

selection of the various paranAeters.

Exciter *Idln.'

A high value of KA @IS desirable from the viesvpoint of transient stability. A

suitable value of K A is
*

about 200 AAritll nO transient gain

the
reduction (TGR) (40,531.

A Com m on lndustry practice *IS to reduce gain of the exciter at high

frequencies by use

ten

of T G R

are One and seconds,
(51,521. Typical values of L  and

respectively. O n excitation system s

T G R  is required for satisfactory

TR on the

(see

operation of the generating

T G R

Fs used purpose

w ith large values of TR,

unit on open-circuit. W ith

for this

order of 0.02 seconds, *IS unnecessary for stable Open @ @-clrcult operation

closure of reference 53).
The need to uSC T G R should be based On a careful assessnAent of the overall

system

of the

dynam ic perform ance and On how T G R affects selection of other param eters

theexcitation system .

applications.

R eferences 40 and 53 discuss @1C1 dètail im pact of using

T G R for specif c

P hase-lead comp ensation..

a com ponent

torque in phase w ith rotor speed deviation. This requires phase-lead circuits to be used

to com pensate for the 1ag between the exciter input (i.e., PSS output) and the resulting
electrical torque (see Section 12.5). Two tirst-order phase-com pensation blocks are
show n in Figure 17.5. lf the degree of phase com pensation required is sm all, a single

srst-order block m ay be used. For hydraulic generators w ith low  values of J-axis

open-circuit time constant (TLo), the phase compensation required is small and phase-
lead circuitry m ay in fact not be utilized.

T o dam p rotor oscillations, the PSS m ust produce of electrical

The PSS is often required to enhance dam ping of either a local plant m ode Or
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an interarea m ode of oscillation.W hile this m ode receives special attention,the phase

com pensation

range

designed so that the P SS contributes to dam ping over a

of frequency covering both interarea and local m odes of oscillation.

The frst step in determ ining the phase com pensation is to com pute

should be w ide

the

input and the generator electrical torque, using

a tool such as the M A SS program  w hich w as described in C hapter 12. In com puting

this response, how ever, the generator speed and rotor angle should rem ain constant.

T his

frequency response betw een the exciter

is because w hen the excitation of a generator

rotor

is m odulated, the resulting change

in turn affect the*111 electrical torque Causes variations *111 speed and angle that

electrical torque.

and electrical

yts Nve are interested only in the phase characteristic betw een exciter

input

be elim inated

torque,

by holding the

the feedback effect through

speed constant.(See the

rotor angle variation

block diagram  of Figure

should

1 2 . 1 3

Chapter 12.) Therefore, the phase as a
obtained w ith a large inertia assum ed for the m achine under

tim es the actual inertia). This ensures that the speed and angle do not

of*111 characteristic function frequency is

consideration (say 100
change over the

frequency

T he

range of im portance

required frequency
forstabilizer design (0.1to 3 Hz).
CCSPOnSC of any m achine *IS sensitive to the Thevenin

equivalent system  im pedance at its term inals but relatively independent of the

dynam ics of other m achines. It is, therefore, appropriate to assum e that al1 other

m achines act as infnite buses. This has the effect of elim inating their dynam ics from

the response

term inals of

calculation w hile retaining the correct T hevenin

the m achine under study.

effects

T he resulting phase

frequencies

im pedance

characteristic

at the

has a

relatively

m achines.

sim ple form free from the of natural of the external

The phase characteristic to be com pensated varies to SODAC extent w ith system

conditions. Therefore, a characteristic acceptable for different system  conditions is

selected. G enerally, slight undercom pensation is preferable to overcom pensation so

that the PSS does not contribute to the negative synchronizing torque com ponent (see
Section undercom pensation by

of interest provides the required degree

m achine and system  m odelling.

12.5).An about 10O OVerthe entire
of tolerance to allow

frequency range

for uncertainties in

Stabilizing signal w ashout:

from

signal w ashout is a high-pass s lter that prevents steady changes in

m odifying the feld voltage. The value of the w ashout tim e constant Fv

The speed

should

be high enough to allow signals associated Asritll oscillations @111 rotor speed to PaSS

unchanged.

Fronn the viexvpoint
@

of the Gtw ashout function,''

20

the value of F @IS nOt critical

and m ay

it should

be anyw here 111 the Cange of 1 to seconds. T he m ain considerations arC

that belong els ugh
but

to PaSS

relatively

excursions

unchanged, not SO long
@

actlon

stabilizing signals

that it leads to

at the frequencies of interest

undesirable

aS a result of stabilizer during system -islanding

generator

conditions.

voltage

ldeally,

the stabilizer should nOt respond to system -w ide frequency variations.
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For local m ode oscillations *111 the range of 0.8 to 2.0 H z, a w ashout L?O l
. 5

seconds is satisfactory. From  the view point

of 10 seconds

of low -frequency interarea oscillations
,

*

w ashout tim e constant

result *111 signif cant phase lead at

or higher is desirable, since low er-tlm e constants

low  frequencies. U nless this is com pensated for

elsesvhere,

T his

it w ill reduce the synchronizing torque com ponent at interarea

desynchronizing

the

effect @IS detrim ental to interarea transient

frequencies
.

stability as it w ill

Cause arcas to sw ing farther apart follow ing a disturbance.

Stabilizer @gdln.'

The stabilizer gain,

of the gain

K svaa,

oscillations. The value

an im portant effect

is chosen by exam ining the

has On dam ping of rotor

effect for a w ide range

of values. The

point

the

beyond

dam ping increases w ith

w hich further increase in

an increase @11l stabilizer gain
*

11l

UP to a certain

gain results

value

in a decrease dam ping.
@

ldeally,

stabilizer gain
@

should be set at a corresponding to m axlm um dam ping.

H ow ever,

stabilizer,

de'5m o

the galn is often lim ited by other considerations. hsTitll a delta-om ega

aS a result of the effect of the torsional s lter,

a delta-'

the stability of the iGexciter

beconaes an overriding consideration. Sà/itll -om ega stabilizer, exciter

m ode stability is not a problem ,

the phase-lead
@

and a considerably higher value

provided

phase

such

that com pensation has been chosen

characteristlcs OVCC includes

gain is acceptable

to provide satisfactory

all dom inant m odes. ln

of

CaSCS, the m axim um

a range of frequencies that

value of the stabilizer gain
@

n O ISC .

@

IS likelY to be lim ited by

practical considerations such aS the effect On signal

Stabilizer gain *IS norm ally set to a value that results *11I aS high

the criticalsystem m odets)
*

aS practical
*

w ithout

a dam ping of

stability of other

system m odes Or Causlng CXCCSSIVC am plis cation

com prom ising the

of signal noise.

Stabilizer Il.m l-ts..

The positive Output

0.2

lim it of the stabilizer is set at a relatively

level of contribution

large

from

value *1f1

the range
@

of 0.1 to Pu. This allow s a high the PSS

durlng large

a m eans of lim iting the generator term inal voltage

typically in the 1.12 to 1.15 pu range. Therefore, a

sw ings. slTitll such a high value of stabilizer Output * *llllzlt, it @IS essential

to have to its m axim um allow able

value, ternainal voltage lim iter %IS

used aS show n in Figure

voltage

17.5.T o be effectiVe,

contains

the lim iter gain K g m ust be very high.

torsionalThe terrninal signal, how ever,

signal

instability.

sm all com ponents of

com ponents.
@

galn m ay cause
provide high attenuation

feedbackH ence, of this to the excitation system

T

through

chosen

a high

torsional m ode Therefore, F andC
@

D

ensuring

are SO aS to

at torsional frequencies, *111 addltion to an adequate

degree of lim iter loop stability.

O n the negative side,

w hile providing

lillxita of -0.05 to -0.1

sufl cient controlrange

Output

satisfactory

the

Pu
transient

is appropriate. This allow s

reSPOnSe.ln the unlikely

event of the PSS being held at negative lim it because of a failure of the

stabilizer, this Ahrill not result O111 a unit triP.
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C heck ON selected settings:

T he l nal Stage *111 stabilizer design

the

involves the evaluation of its effect on the

overall system

oscillations

perform ance. First, effect of the stabilizer On various m odes t%O

system

sm all-signal

local plant

over range of system  conditions by using a

stability program . This includes analysis of the effects of the PSS on

m odes, interarea m odes, and control m odes. ln particular, it is im portant

that

*

IS determ ined a w ide

ttl ensure there are no adverse interactions As/itll the controls of other nearby

generating units and devices such aS H V D C converters and SV C s.

A fter checking the PSS perform ance under sm all perturbations, it is im portant

to exam ine its effect On transient stability and

For system s w ith voltage problem s,

long-term  stability.

the acceptability of the chosen PSS Output

lim its should be carefully assessed. ln sonae situations,

reference

it *IS possible for the

w hile the speed

m achine

term inal voltage

T his can

to fall below the exciter level *IS also

falling.

causing

prevent

lead to the stabilizer overriding

is

the voltage

lim it

signal to the exciter,

reduced transient CCCOVCCY. lt im portant to the stabilizer Output to

this.

lt @IS also im portant to coordinate the perform ance of the PSS w ith other

protections
@

and controls such aS V /H z lim iters and OVereXC1'tation/underexcitation

protectlon.

R eference

procedure for the

provides a detailed account of the application

design of the PSS of a large nuclear pow er plant.

53 of the above

G eneral com m ents ON excitation control design:

The excitation controlsystem s, designed as described above, provide effective

the dam ping of electrom echanical oscillations in pow erdecentralized controllers for

system s.

through

G enerally, the resulting design @IS mauch DAore robust than Can be achieved

use as placem ent techniques and m ultivariable

state space teclm iques. The overall approach is based on a know ledge of the physical

aspects of the pow er system  stabilization problem . The m ethod used for establishing

the phase characteristics of the PSS is sim ple and requires only the dynam ic

characteristics of the concerned m achines to be m odelled in detail. D etailed analysis

of the perform ance of the pow er system  is used to establish other param eters and to

of other m ethods such pole

ensure adequacy

that

of the overall perform ance of the excitation control. T he result *IS a

control enhances the overall

conditions. Since the PSS

w ide range of frequencies,

*the respectlve generator

dam ping torque com ponent for a

it contributes to the dam ping of a11 system  m odes in w hich

has a high participation. T his includes any new  m ode that

under
*

IS

stability of the

tuned to increase the

system different operating

m ay

requirem ents

em erge aS a result of changing system conditions. lt @IS POssible to satisfy the

for

there has been

a w id> range

little incentive to

of system conditions Ahritll fixed paranleters; hence,

date to consider an adaptive control system .
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Example of excitation control design

application of pow er system  stabilizers to a tw o-unit

therm al generatlng station. E ach unit has a rating of 488 M V A  and is equipped w ith a

thyristor excitation system . The pow er system  characteristics are such that these units exhibit

tw o

This exam ple
*

illustrates the

dom inant rotor oscillation m odes: an interarea m ode of about 0.5 H z and a local

intermachine m ode of about 2.0 llz.The objective of excitation control
stability of the pow er system .

design is to enhance

the transient as w ell aS sm all-signal

For the purpose of com parison,

therm al units w hen equipped w ith slow

W e w ill also exam ine the erform anceP of the tw o
- rotating exciters.

The p ow er system :

The PoW er system consists of tw o areas,as show n in Figure 17. 1 l . A rea 1 has a peak

*load M W  and is supplied by the tw o-unit therm al

designing the excitation control. A rea 2 has a peak load

sm aller

of 805 plant (G 1 and G2) for whlch WC are
of 360 M W  and is supplied by seven

pow er plants.

The param eters of each of the tw o 488 M V A  units of area 1 *111Per unit on its rating

are aS follow s'.

X d

# //#

T ''#0

1 .8 1

0.217

0.022 S

Xs
,

,X
$'T 
o

1.76 &
R

H

0.217
0 . 1 6 X;

FJo
K o

0.002

0.3

7.80 S

X '

T oq

0.61

0.90 S

0.074 S 3.53 0

kq#!80O 0 97z1o' 
- - - > j .OZ OO

- 0.6Z 172.30 3 >-
G 9G  1

Therm al plant 0
.951 20

6 2 0.82Z 1
>  8

> --- 0.6Z 172.30 4

1.0Z 0O 0 gz lo
*

>

G 5
Tie line p 7?g  

- 2oA  
r e a 1 0 3 l Z  9 O - -'*

Peak load : 805 M W  G 7G 6

: 370 M V A r

slode shape

lnterarea m ode

Local interm achine m ode

F igure 17.11 Txvo-area system
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Thyristor excitation system :

T he block diagrann

exciter

of the thyristor excitation System is show n @l n F igure 1 7 . 5 . T he

param eters of the and A V R  are aS follow s:

K A = 2 l 2 Ta 0.0 1 Efmax 7.77 :5 in - 6 .86

A  high exciter

stability perform ance.

gain of 2 12 (w ith no transientgain reduction) *ISused to ensure good transient

Slow  rotating excitation system ..

The alternative excitation System considered is a self-excited dc exciter w ith the

following param eters (see block diagram of Figure 8.40,Chapter8) :

K A

W
19.2 L

B

0.1 Fs

K F

R c

0.46

0.65 Fc

Fs

X c

0.19

0 Fs

TR

0

0.05 0.7 0.02BX BX

Va m x 1 . 1 5 Vaulx - 1 . 1 5 0 0

Small-signal stability performance:

ratios (() of the rotor angle m odes associated with units
G 1 and 6 2 are sum m arized in Table 17.2. These results w ere com puted by using the M A SS

program  w ith a detailed representation of all generating units. Peak system  load conditions

were considered and a m ajor transm ission circuit in area 1 near the generating station was
assum ed to be out of service. The netw ork w as represented by 83 buses, w ith the active

com ponent of loads
*

The frequencies and dam ping

m odelled aS 50% constant current and 50% constant im pedance, and tll e

reactlve com ponent

W ith

of loads m odelled as constant im pedance.

thyristor exciters

is juststable with a dam ping
H z and a dam ping ratio

(no PSS), the
ratio of 0.006; the

interarea m ode has a frequency of 0.55 H z and

local interm achine m ode has a frequency of

1.823 of 0.049.The m ode shapes are show n in Figure l 7 . l 1 .

W ith the rotating
@

lncreasedam ping

thyristor

ratios

exciters, the frequencies of

slightly. The m ode shapes

the tw o m odes decrease slightly and the

are essentially sim ilar to those w ith

exciters.

T able 17.2 R otor angle m odes of units G 1 and G 2

Local lnterm achine M ode lnterarea M ode
Type of Exciter

Frequency ( Frequency (

(a) Thyristor (no PSS) 1.823 Hz 0.049 0.550 Hz 0.006

(b) Rotating exciter 1.793 Hz 0.075 0.498 Hz 0.046
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Selection of PSS parameters for the thyristor exciter:

T he basis for the selection of the phase-lead com pensation *IS illustrated in F igure

of the Ggure show s the phase l1t!4betw een the exciter input and the generator

electrical

Program
@ *

ln ed la,

G gure

torq

w ith G 1

ue as a function

and G 2

and the generators

of frequency. This characteristic w as com puted using the M A SS

represented in detail as a single equivalent generator having a large

at al1 other generating stations as infinite buses. C urve 2 of the

show s the phase-lead com pensation provided by choosing the follow ing P SS param eters

(see Figure

17.12.C urve 1

1 7 .5) :

F1 0.06 F2=0.02 F3 1.5 L = 4.0 F 7.5W

the

of supplem enting the thyristor excitation system  of units G 1 and G 2 w itla

P SS on the sm all-signal stability is show n in Table 17.3 for different values of stabilizer

The effect

gain K su a. T he

A  gain of about

O ther

dam ping of both m odes of rotor oscillation increases as K su a is increased
.

30 is considered satisfactory.

param eters of the PSS (including the term inal voltage Iim iter) that affect the
large-signal perform ance are chosen aS follow s'.

F

Fc

0.2 l7- i,,

T

- 0.05 Vls

T

1 . 1 5 K L 17

0.025 l .212 = 0.01D

œ
O

O
=

* -

2
X
Q

%
d
=
m

N'

30

1

20 --***- *
e

e e

. *
e e

e e

-  #
-  *

##
##

#10 ee
##

e# 2##
#

##

##

#/
z#

d0
0 0.4 0.8 1.2 l.6 2.0

40

Frequency in H z

Phase lag to be com pensated

Phase com pensation provided

F igure 17.12 D eterm ination of phase-lead com pensation
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T able 17.3 Effect of PSS gain on rotor angle m odes

L ocal Interm achine M ode lnterarea M ode
K STAB

Frequency ( Frequency (

0 l .823 H z 0.049 0.550 H z 0.006

20 2.079 H z 0.156 0.547 H z 0.087

30 2.2 18 H z 0.197 0.548 H z 0.124

40 2.366 H z 0.227 0.533 H z 0.156

Transient stability performance..

The results of transient stability sim ulations for a contingency

1

involving a three-phase

fault On a circuit close to the therm al station in area are show n in Figures 17.13 and 1 7. l 4 .

The fault @IS applied w hen tim e

both ends of the faulted

equal to 50 cycles and cleared 5 cycles later

circuit sim ultaneously. Three types of excitation

G 2 :

@

IS by

control

opening

a re

considered forunits G 1 and the thyristor exciter w ithoutand w ith PSS (?t7 =30),STAB and
the slow dc exciter.

The results show n in Figure 17.13 are for the peak system  load conditions. T he system

is transiently unstable w ith the rotating exciter. lt is stable w ith the thyristor exciter (110 PSS),
but poorly dam ped. The PSS, in addition to significantly increasing the dam ping of system

oscillations, im proves transient stability perform ance by reducing the frst rotor sw ing.

T he results show n

and output proportionately reduced. W ith the rotating

exciters, units G 1 and G 2 are in this case G rst-sw ing stable but becom e unstable in the second

sw ing. W ith thyristor exciters, the stability perform ance is sim ilar to that for the peak load

are for

the of the

in F igure 17.14

therm al station in area

system conditions w ith 94.5% of peak Ioad

l

case. C learly,thyristor exciters w ith the PSS result @111very good overallstability perform ance.

Selection of PSS location

ln large

oscillatlons

system s,
@

the selection of units On w hich to install the P SS to dam p

interarea m ay

of

nOt be readily apparent.

design

w hich

for dam ping local and interarea m odes

A lthough the principles of PSS

are sim ilar, the m echanism s by

a PSS contributes to the dam ping of the tAArtl types of oscillation are different.

A PSS adds dam ping to an interarea m ode largely by m odulating system loads,

w hereas the perform ance

the

of the PSS Nhritll regard to a local m ode @IS only slightly
@ *

affected by

to

load characteristics (54,551. Understanding these m echanlsm s IS
essential

Participation factors corresponding to speed deviations of generating units are

very useful for initial screening of generating units on w hich to add stabilizers.

H ow ever, a high participation factor is a necessary, but not a suff cient, condition for

the effective application of the PSS.

a at to Follow ing the initial

screening based on participation factors, a m ore rigoroup evaluation using residues and

frequency responses should be carried out to determ ine appropriate locations for the

stabilizers (541.

P SS the unit effectively dam p interarea oscillations.
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17 .2 .2 S upplem entary C ontrolof Static V ar C om pensators

ln C hapter 1 1 ,

'bed5

the characteristics and m odelling of static Var com pensators

(SV Cs) were
controlling

of the pow er system  dynam ic N orm ally, voltage regulation is the

prim ary m ode of control, and thls lm proves voltage stability and transient stability
.

H ow ever, the contribution of an SV C to the dam ping of system  oscillations resulting

from  voltage regulation alone is usually sm all; supplem entary control is necessary to

achieve signiticant dam ping. The effectiveness of an SV C in enhancing sm all-signal

stability depends on the location of the SV C , input signals used, and controller design.

descrl along w ith the basic principles of their application.B y rapidly

the voltage and reactive POW CC,an SV C can contrl'bute to the enhancem ent

erform ance.P
@ @

Example of SVC application

The sim ple tw o-area

for theof an SV C

system  show n in Figure 17.15

enhancem ent of system  stability. This

is used to illustrate the application

system  is identical to the one used

in pow er-tlow  conditions becausein Exam ple 12.6 of C hapter 12 except for slight differences

of additional shunt capacitor com pensation at bus 8. A l1 four generators

self-excited dc exciters.

are assum ed to have

System performance without an SVC..

Figure 1 7 . 1 6 show s the system

The

reSPOnSe to a three-phase fault near bus. 9 On one of

the lines betw een buses 8 and 9. fault is assum ed to be cleared @11174 m s by isolating the

@faulted line. W e See from the results that the system beconnes unstable through groW lng

oscillations of about 0.4 H z.

Stability enhancem ent w ith JD S VC :

The f rst step is to determ ine a suitable location for the SV C .For this sim ple systeln ,

an obvious choice w ould be the m iddle of the interconnection betw een the tw O arcas, w here

voltage sw ings are the greatestw ithout the SVC (56,57j.

400 M W

1 5 6 1 10 km  110 km  10 1 1 3
25 km  10 km  10 km  25 km  rx

.N  F

I -
f , - f 9

2 - 4

G 2 vr  vr  G 4

G 1 7 8 9 G 3

Yx ,2

k x'<
<

'

w z'

A rea 1 A rea 2

F izure 17.15 A sim ple txvo-area svstem
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For large

(described ln Chapter l2) or the V STAB program (described in Chapter
identify the SV C locations. The bus participations com puted by the

the best SV Ccom plex
@

system s, location is not obvious.ln such situations
-

the PEALS l4) m ay
V ST A Bbe used to

Program
indices for identifying SV C

system  conditions. The V ST

and the voltage pad icipation factors com puted by PEA L S

17.4 and

SCrVC aS useful sensitivity

locations.Tables

A B results show

indicate that bus 9 has the highest

8,

voltage

11

give these indices for the prefault

bus 8 to be the best location. PEA L S results

palicipation factor (sensitivity to susceptance
have

17.5

change),
transfer m ight be in either direction

choice.

w hile buses 10, 4, and also large factors.

behveen the tw o areas,bus 8

C onsidering that the pow er

w ould obviously be the best

A n SV C com prising a Gxed capacitor

stability.

show s

considered
and a thyristor-controlled reactor (TCR)

to

*

IS

for enhancem ent of system The rating of the SV C is assum ed be 0 to

200 Ar (capacitive).Figure 17 . 1 7 the block diagrana of the SVC,including the

T able 17.4 B us pad icipation T able 17.5 B us voltage eigenvector lm agllitude

com puted by V STA B for interarea m ode com puted by PEA L S

B us Pad icipation

8 0.5100

9 0. 1 7 1 1

7 0.1613

10 0.0668

6 0.0617

l 1 0.0153

5 0.0138

V oltage V ectorB
us M agnitude Factor

9 1.0000

10 0.8852

4 0.7294

8 0.6547

1 1 0.6147

3 0.3645

R egulator TC R

Zref l
.0

FSVC

1.0

+  1 +0.65, 1E 10
.0

Verr 1 + 0.2, 1 + 0.02x

0.0
0.0 .

Z Bsvc (pu)Fi
xed capacitor

l.0 Q
c

Qs
>

/ Qc = 200 M VAr
Qc = 200 M VAr

F igure 17.17 B lock diagrana of SV C and voltaae regulator
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voltage regulator.The voltage regulator gain is set at 10 to provide a l0% slope in the control

range.
enhances

The param eters

system  transient

of the lead-lag block

stability (i.e., high

have been selected SO that the voltage regulator

initialresponse).

Small-signal stabilip performance..

T able 17.6 sunnnaarizes the frequencies and dam ping ratios of the interarea m ode w ith

and w ithout the SV C , for prefault and

stabilized the interarea m ode,the dam ping

postfault

is still

system conditions. W hile tlztl SV C has

Very 1()N5/.

Table 17.6 Effectof SVC On interarea m ode (frequency and dam ping ratio)

N o SV C W ith SV C
System  C ondition

Frequency ( Frequency (
Prefault 0.540 H z 0.0064 0.547 H z 0.0096

Postfault 0.417 H z -0.0228 0.476 H z 0.0154

Supp lem entary control to imp rove damp ing..

input signal used for supplem entary control of the SV C should be responsive to

the m odes of oscillation to be dam ped. This can be determ ined by residues and observability

using the M A SS program  described in C hapter 12. Table 17.7 gives the residues and

observability

The

factors for various input
@

signals
@

for both prefault

C learly,

buses

a good choice for the input

show s

slgnal

the

IS the m agnitude

postfault conditions.

of current in the line betw een

and

9 and

betw een

10. Figure 1 7 . 1 8 frequency I'CSPOIASC

lt

characteristics of the trallsfer

function the SV C input and this current. has a high gain at the frequency of

interarea m ode - an indication of good selectivity of this signal.

T able 17.7 R esidues and observability factors

Prefault Postfault
Signal

R esidue O bservability R esidue O bservability

A œ of G 1 -0.2680 -
./0.J 156 0.8738 -0.9522 -70.3651 0.5471

A to of 6 2 -0.2 12 1 -
.

j0.lô04 0.7025 -0.7733 -
./0.3347 0.4510

Aœ of G3 0.4588 +70.1 121 1.4140 2.6200 +
./0.2945 1.4140

A ttl of 6 4 0.4064 +
./0.0947 1.2510 2.4380 +70.2469 1.3140

AP, line 6-7 -0.2286 +70.4914 1.6230 -0.6551 S 1 .5160 0.8861

A#, line 10-9 0.2122 -70.8560 2.6400 0.5305 -
./4.3570 2.3550

A:, line 6-7 -0.0310 +70.2107 0.6375 0.1289 +./1.2020 0.6847

A:, line 10-9 -0.0400 +70.2346 0.7126 -0.0924 +./1.6290 0.8752
. 

'

Af, line 6-7 -0.3157 +70.8618 2.7980 -0.8919 +./3,4640 1.9120

M , line 10-9 0.2615 -
./0.8732 2.7290 0.6484 -./3.88 1 0 ' 2. 1 1 1 0
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F igure 17.18 Frequency response

ihput and the current

of the transfer function betw een the SV C
*

ln line betw een buses 9 and 10
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C ontrol design:

Severalalternative control design techniques

SV C S

m ay be used for determ ining the control

param eters for g55j:

@ Pole placenaent technique

* Phase and gain m argin technique

@ H -inGnity technique

H ere,

description

T he

w e w illillustrate the use of the pole placennent technique.First,W e Avillprovide a brief

of the m ethod.

to a nexvly

robustness

pole placem ent technique uses root rules to a pair of dom inant poles

assigned location in the J-plane. A fter the initial design the controller is tested for

and, if necessary, appropriate m odiscations are m ade. A t this stage, the

locus shift

nonlinearities m ay be included and the com pensator lim its m ay be Set.

Let the transfer function of the open-loop plantand the controller (com pensator) be
G(s) and H (s),respectively,aSshown in Figure 1 7 . 1 9 .

+ G )u E (y y

H(s4

F igure 17.19 Transfer function of a plant w ith feedback

The closed-loop transfer function of the com pensated plant @IS

(;(s)
1 + (;(s)1I(s)(7c(x)

The zeros of 1 +G(s)H (s)arC the polesof the closed-loop system .
ytssunle

denoted

that the system  eigenvalue l is to beby 1. Since V  must satisfy the characteristicshihed toa neW location in the J-plane
equation of the closed-loop system ,

1H (k
o) G(l

c)
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This Can be expressed @111 term s of m agnitude and phase, aS follow s'.

1lS (l
o)I IG(l

o)I

arglH lkol) 1800 -arg(G(ko))

Thus, the m agnitude and phase of the compensator at V  can be calculated
and phase

from  the m agnitude

of the plant at V ; that is, from the complex frequency
new  pole location. T he new  pole location is chosen to satisfy the

im aginary part is usually chosen slightly larger than that of 1.

The com pensator generally consists of a w ashout and a

functions to satisfy the argum ent equation, as show n below .

response
specified

of the plant at the

dam ping ratio
. 1ts

series of lead and/or lag

K
1 + s T  1 + s TF  1 2

n-1
# * *

1 + s T

ST

1 + s Fa 1 + s T2
4

The w ashout is intended

of the naeasured signal

to elim inate the dc com ponent

and has a large tim e constant.

or reduce the close-to-dc

E ach lead Or l1t!j block
com ponent

com pensation

is lim ited to a m axim um of 60O for practical reasons. The m axim um angle, 0N.11
that the thi

block can provide, *IS given by

1-ai
sino

1+ ai

w here Jj=F2i/?-2/
- 1*

The frequency at w hich this m axim um OCCUI'S @IS

1
O

a Ti 2ï
-  1

w hich is usually chosen to be near the frequency

the m agnitude

of 1o. Finally, the gain K  is chosen to satisfy

equation.

For the system
*

of Figure l 7. l 5, the m agnitude

line

and phase

10

of the transfer function

betw een the SV C lnput and the current @111the from bus to bus 9 are com puted for a

num ber of values

conditions.The

lo. This

objective is to

of IS done for the

ûnd satisfactory

Sam e m agnitude

17.8.

and phase for both operating

as as postfault system

values of 10 that result in approxim ately the

conditions. These values of k) are given in

prefault w ell the

T able
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T able 17.8 The desired location

the value of the

of the eigenvalues and

system  transfer function

Prefault System  Postfault System

N ew  E igenvalue V alue of Transfer N ew  E igenvalue V alue of T ransfer

L ocation Function L ocation Function

- 0.127+
./3.544 4.262Z 137.80 -0.576+./3.498 4.177Z 132.30

Figure 17.20 show s the block diagram of the supplem entary

large-signal

control.T he output lim its

of the cpntroller are set to provide the desired reSPOnSe.

0.1 Fref

210N 1 + 0
.49N ..I 0

. 1 y y
1 + 10N 1 + 0.24 N err

+

- 0 . 1 VSVC

1 = m agnitude of current *111 line betw een buses 9 and 10

F igure 17.20 Supplem entary control block diagrann

The frequency

are

and dam ping ratios of the interarea m ode w ith supplem entary control

of the SV C aS follow s'.

Prefault: /=0.564
.8 0.557

Hz (=0.036
(=0.163Postfault: Hz

The transient

control of the SV C

stability

is depicted

perform ance of the system  w ith

in F igure 17.2 1. The disturbance

of the

and w ithout supplem entary

considered is, as before,a 74

m S three-phase fault On OnC lines betw een buses 8 and 9. The SV C w ith voltage

dam pedregulation

w ith the

stabilizes tll () system ,

control

but the dam ping @IS PO0r. The oscillations are w ell

supplem entary of the SV C .
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17 .2 .3 S upplem entary C ontrolof H V D C Trahsm ission Links

A s described

transm ission

C hapter 10, the basic

link is the direct current. N orm ally,

@

111 controlled quantity
@

*

11I an H V D C

the direct current ls controlled by the

rectis er,

D am ping

m odulating

and the dc line voltage is m aintained near the ratèd value

of the RC system electrom echanical oscillations

by inverter control.

can be increased by

the current order at the rectif er. A lternatively, both the current order at

the rectif er and the

The H V D C

voltage order at

link m ay either

the inverter Can be m odulated.

be enabedded @111

asynchronous

types

and

link betw een tw o ac

an ac system  or an

control w ith either of these

form

of H V D C

43 describe

system s. Supplem entary

links is effective in dam ping ac system  oscillations. R eferences 42

dc m odulation schem es used in several H V D C transm ission links.

T he follow ing exam ple illustrates the use of supplem entary control of H V D C

links for the eA ancem ent of system stability.

Example of N FD C tink supplem entary control

The system  used to illustrate the application of IW D C supplem entary control is show n

in Figure 17.22. lt is based on the sim ple tw o-area system  considered in the previous section

(Figure 17.15) and in Exam ple 12.6. A 200 M W  bipolar dc link has been added between
buses 7 and 9 in parallel w ith tw o ac ties. The dc llnk is represented as a m onopolar link w ith

a voltage rating of 56 kv  and a current rating of 3,600 A . The dc line resistance is 1.5 f1, and

inductance is 100 m H . The com m utating reactance (#c) associated w ith each converter is
0.57 D . A  sm oothing reactor of 50 m H  is used at each end of the line.

The ac portion of the system  is very sim ilar to that of Exam ple 12.6. T he principal

difference is the reactive support of 125 M V A r provided at the rectiG er and inverter buses.

M odelling of converter controls:

Figures

show n

17.23 to 17.28 show  m odels used to represent the dc link controls.The m aster

control, in Figure 17.23, determ ines the current order for the rectiG er and inverter. lf

7 9

t
l 2 s 1 3G 1 l 5 e  10 l l 3 G 3

M  F M

T -L 
7 - f 9

2 4

G 2 vr  vr  6 4

.m
w M

A rea 1 A rea 2

Figure 17.22 A  tw o-area System w ith parallel dc and aC ties
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the rectifer end dc voltage

hysteresis

falls below 90% of rated value,the control sw itches to colnstalnt

huntincurrent m ode. The characteristic represented

control

by block M C 1 prevents

behveen constant PoW er and constant current m odes.The current order @IS lim ited by

the voltage-dependent currentorderlim it (VDCOL) shown in Figure 17.24.

56.0

Vdclr)
(1(V)

M C l

M C 2 P ordvr
K  a

1.0 --
K  H V  +

gate M C 5

Vdclrj M c4g 
>  a

50.4 53.2 (kV) M C3

f derOr

1 der v o c o LOr
I

V (r) at rectiGerdc (r)order I rder vocoLO ;
orJe,(ï)r (ï) at inveder

dc

(kV) (kV)

(r) rectifer (i) inverter

F igure 17.23 M aster control

A

B

F EG

H
l I
I I

I
l I

l l
l l
I I

110
.08 kv  --- --- o

l
E  'l

F 1.08 kA - I y- Id

G

I = 0.36 kA

The dow ntim e constant @IS 5 m S.

T he uptim e constant IS l00 m s.

F igure 17.24 V oltage-dependent current order lim its
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1800

Iorderl

PC R I PC R 3PC R 2

-  55.7 1
r) z 17.78 1 + 1 .0 urectyor

s 1 + 0.00 1N
+

(2t i;:

F igure 17.25 R ectiû er pole control

l.0

Vaclr)

PC R 5 PC R 6 PC R 7

Zcctr) at /=0- o i
n-l a+ sin5 s 

m in

1

1+ 0.005x sin5O

PC R 4

F igure 17.26 G min calculation

PC II PC l3

-  j 6Xc(i)Q
l + 0.02N l pc jy

+PC I2

1V
dolis 1

+ 0.02,

X  J= 0-Y 
o j joo20 70 cos

PC 115 + PC l9 + PC 17

A y -h - 
-  11

. 1 l Z 1.0 cos Z 1 .0 cos a p,.

PC 1l6 pc lg PC 15 pc I6
. )

00 y in cosl80O

â m ax

PC I12 PC 1l 1
PC l14 PC 113

.. -  55.7 1I
orderli) E : 17.78 1 + 1.0 ainverte

s 1+ 0.001x
- + PC 110

f# Im 1100

F igure 17.27 lnved er pole control
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cosl7O1
.0PC 12 l

PC 122 -> PC 124 PC l25
Vacli) at f =0- - j

+ l -cosl7o X 1.0 cos-

PC 1231

Vacli) yoo1
+ 0.02N COS

Yn,in

PC l20

F igure 17.28 Ymin calculation

T he rectif er pole control representation is show n @111 F igure

integral

17.25.T he norm al m ode

of rectif er pperation ls cuq ent control.

is used to control the direct line current.

and 1800. The loxver lilllit ömin ensures

A  propod ional plus

The ignition delay angle

fhat there is suff cient

controller(block
behveen

PCR I)
is lim ited Q

m in

theforw ard voltage aCrOSS

thyristor for a successful turn-on. This lim it, as

voltage at the rectiGer (blocks PCR4 to PCR7)
forw ard

show n in Figure

so that there is

17.26, varies w ith the ac line

alw ays a m inim um am ount of

voltage

Figure
@

17.27 show s the inverter pole control representation.

on cpnstant extinction angle (CEA) control represented

theaCrOSS thyristor.

U nder norm alconditions,

the inverter IS by

6X
-  

cosy
J Fd0

IdC
CO S ?

The controlensures thqt COSG corresponds to a condition Ahritll constant (see Chapter 10,
Section 10.9.3).

The inverter @IS also equipped w ith a currçnt

sm aller

controller that @IS active only w hen the

firing

C EA  controller.

angle derived from current control *IS than the fring angle derived from the

The inverter sw itches to the current controlm ode w hen the rectifer hits Q 'nml

and is unable to m aintain the desired direct current.

The lowerlim it of the extinction angle (y
com m utationso that a m inim um m argin

) is varied w ith the inverter ac bus voltagemin
area is m aintained. F igure l 7.28 show s the logic for

the calculation ofYmin.
If the inverter aC bus voltage drops below 0.5 Ptl, it *IS assum ed that com m utation

failure OCCUrS.The rectifier and inverter are blocked

com m utation failures.The inverter recovers

experiences m ore than tw o

follow ing a com m utation fAilure w hen the ac bus

if the inverter

voltage subsequently gOeS above 0.7 Pu.

System performance withoutsupplementary control..

Figures

of the

17.29 and 17.30 show the

On One circuits betw een buses 8

system  response to a three-phase fault near bus 9

and 9. T he fault is cleared by isolating the faulted

circuit m s. see system  transiently stable. H ow ever,

oscillations betw een area 1 and area 2 generators have zero or slightly negative dam ping.

Table 17.9 sum m arizes the results of sm all-signal stability analysis. T he frequency and

dam ping ratio of the interarea m ode are listed for different system  conditions. The interarea

m ode is poorly or negatively dam ped in al1 the cases considered.

ill 83 W e from the results that the is
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T able 17.9 Frequency

m ode w ithout

and dam ping ratio of interarea

supplem entary control

M W  Flow  from  A rea 1
C ircuits out of lnterarea M ode

C ase N o. to A rea 2
Service

DC Tie AC Tie Freq. (Hz) (

1(a) 200 200 N one 0.575 0.0076

1(b) 200 200 8 to 9 (1 cct) 0.495 -0.0054

7 to 8 (1 cct)l(c) 200 200 0
.440 -0.01678 t

o 9 (1 cct)

2(a) 50 352 N one 0.560 0.0052

2(b) 50 352 8 to 9 (1 cct) 0.466 -0.0 l l 0

7 to 8 (1 cct)2(c) 50 352 0
.397 -0.02548 t

o 9 (1 cct)

Supp lem entary control /t? imp rove damp ing:

an

The general procedure for designing the supplem entary control is the sam e as that for

SV C using the pole placem ent technique as described in Section l 7.2.2.

B ased on observability considerations, active pow er through the line betw een buses

and7 8 IS selected aS the feedback signal. The initial target

be

for the P

This

lacem ent of the

eigenvalue

to a frequency

associated w ith the interarea m ode @IS chosen to -0.64+
.
/3 . t . corresponds

of theof 0.5 H z and a dam ping ratio of 0.2.The m agnitude and phase

loop transfer function behveen the PoW er

buses

order signal of H V D C

8

m aster contrpl

frequency

OPCn-

and the active

pow er
different

flow in- the line betw een 7 and at a com plex s = -0.64+
.
/3. l for

operating conditions are listed in T able 17.10. T he results show

com pensation required is betw een 85O and l 500. A s a com prom ise, the phase

IS

that the phase
@

colTlpensatloll

chosen to be 1000.Figure 17.3 1 show s the block diagrarn of the supplem entary control.

T able 17 .10 M agnitude

transfer

and phase of the open-loop

function at s = -0.64+
./3 . l

*

.e-

C ase N o. O pen-L oop Transfer F unction

1(a) 0.815Z -146.920

1(c) 0.773Z -86.840

2(a) 0.716Z -142.200

2(c) 0.237Z -112.900
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25 #

Xlctline 7-8)

order

+

310
.0N 1 + 0.55N +0

.25 E T o1+ 10.0N 1 + 0.20N m aster control

- 25

F igure 17.31 Supplem entary control block diagrann

tll provide 1000

ensure adequate

used to allow a

param eters of the phase-lead block are chosen

at the com plex frequency -0.64+73.1. The gain is lim ited to 0.25 so as to

dam ping of al1 system m odes. Relatively large output lim its (+25 M W ) are
high level of contribution from  the supplem entary controller during large

sw ings.

The w ashout tim e constant is 10 s. The

The frequency and dam ping ratio of the '

are sum m arized in Table 1 7 . 1 1

lnterarea m ode w ith the supplem entary control

for the different operating conditions considered in Table l 7.9.

The interarea m ode is w ell dam ped ill 1tl1 CaSCS w ith the supplem entary control.

T able 17.11 Frequency and dam ping ratio of interarea

m ode w ith supplem entary control

lnterarea M ode
C ase N o.

Freq. (Hz) (

1(a) 0.607 0.1730

1(b) 0.506 0.1572

1(c) 0.467 0.2512

2(a) 0.588 0.1474

2(b) 0.475 0.1007

2(c) 0.422 0. 103 1

F igures

for

17.32 and 17.33 show  the transient

control a three-phase fault

response of the system  w ith supplem entary

near bus 9 on a circuit betw een buses 8 and 9. The oscillations

are nOW w ell dam ped.
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