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Preliminaries 4 o
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High currents due to a fault must be detected by protective circuitry =T

and?the circuit breakers on the affected transmission line should
automatically open for a brief period (about 1/3 second). This will
allow ionized air to deionize. If the fault was transient, normal _ =
operation should be restored after reclosing the breaker. Therefore, A =
many transient faults are cleared automatically. Otherwise, the i
circuit breaker should open again isolating the fransmission line.

Selecting an
appropriate . 23

CirCUit/breake L, Single line-to-ground 8LG Unsy/mmetrical i :
(type/size, ;% Line-toline LL Undymmetrical - : : 55'-;,
etc,)is { % Double line-fo-ground. LLG Unsymmetrical £

important... ij;S?nT metcal thige-phase ) Symmelrical : b
/ [t = . e

x

Fault current transients in machines

SR SRy Ay i @’“ Q\;\k\%t o'\
When a symmetrical 3-phase fault TR TR —
oceurs at the terminals®of a

synchronous generator, the resulting
current flow in the phases of the
generator can appear as shown.

grNsie
The current can be represented as a

transient DC component added on top
of a symmetrical AC component.

s Therefore, whilebefore the fallit, only
AC voltages and currents were present |

4@ T s e At \ s Zom
within the generator, immediatelyafied . e @ WY REe S
the fault, both AC and DC currents are & [[[W5-" , & \

3y
g RC cumpneay Phasee

present. i T W= I

Curent

i
T @’ e)) Vo SE '\\!:}
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Fault current transients in machines A< 4 e e

2 ~
o, ot PREE STLAMA

e lyarsies

£ When the fault occurs, thewr_@ﬂ?'m of current jumps to a : laraye
lar aiue, but the tofal current, cannot change instantly:

series inductance of the machine will prevent this. The transient e f i
» o DC component of current is just large enough that the sum of the
D JumP (/ AC and DC components just after the fault equals theﬁg‘:gﬂ'ent
e O just before the fault/ Since the instantaneous ;?i:€s of current at
= P AaDe the moment of the fault are different in each phése, the magnitude
helore  “ather. of mz_goggggggls will be dlfferent in different phases.
. These RC components.decay félﬂ! quickly, but theyé_ééhal!; )
average abou _609% of the flow the instant after the

fault occurs. The total initial curreuﬁtherefore typically 1.5 or 1.6
times the AC component alone. 2
P 0.6 Ac = R s.‘;&:{\“&

O-E‘ACJk ?'y

(0.5 + A A o ’\‘g AC

Fault current transients in machlnes

ek \t~<§i3

Symmetrical AC @ g Transent, ( Slcad}'-sm% e

component of P"“"dw e period

qurrent: A,"W‘ ;

7 S5
Roughly 3 periods seen: Subtransient : \
S DO 1. envelop S'\_‘\Jm-/“ \\.(

@Subtransnent: first ove x L3Es A B

orsoa — curten = 1 Sleady-state i \\ —

cUFen'ﬁé very large and jﬁ* e "ﬂve > enwlope \'%
Talls rapidly; £ _ﬂ::ﬁ\ﬂ_.ﬁ ﬁ ;

G gTPansient: current falls at E ﬂ n ﬂ n ﬂ e S

a slower rats;

Short-circuit current
o

§t/eady—sﬂalcurrent' ] R Ketaal
/ge'fS—F ck to normal. \’ Exrrapolahon of envelope
v steady value
o /' Extrapolation of

transient anlope
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Fault current transients in machines

i (N Ne, T
NvA W E«’:gvd\ pr £ = 5 X

It is possible to observe the  7t&) O AN \
three periods of fault ““iﬂi‘)“"" g\,‘ﬂ _gsl -_i N 3-1
current if the rms . = i
magnitude of the AC 3
component current is
< plotted as a function of 5
% time orya semilogarithmic
Sopit scale.

]pfj Transient period
It is possible to determine )

the time constants for the sue
threepeniods... . | 7 seeizs

— —3" | Q\
}ju.\‘\,;, ‘\thgdu. QQ\J}Y\ S ( % X
i N
N 4 X
S L;\%U\ = \ AL i PRI Aanipres R
(= gy Yyorr S sy ¥ : i \ ;
% - S i . o end o R J',"“!?Q
éf\:m&% 5\\_5\\‘{ =;;_“: = Y R A L =

Cor A 0T s

;:""l o i

Fault current transients in machines

The AC current:flowing in the generator during the subtransient period is
called the subtransient current and is denoted by 1" This current is caused
by the damper windings of synchronous machines. The time_constant of the X
subtransient current is denoted by T" and it can be determined from the Q&wy
slope. This current may be 10 times the steady-state fault n:urrent.[l(n = 153) ] = s/

The AC current flowing in the generator during the transient period is called i T = /17..\ i
the transient current and is denoted by /. Itis caused by a transient DC . = K\(; ==
component of current induced in the field circuit of a synchronous generg,t_or

af the time of fault. This transient field current increases E_uulemﬂ —= nl ronse EA 7\9 i r),)

% ated voltage of a machire-and, therefore, an increased fault current.

The time constant of a field circuit T”is much larger than the time constant

- of the damper winding, therefore, the transient period lasts longer than the
R subtransient. This current is often as much as 5 times the steady-state fault

current [1te)- 5 1,9
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Fault current transients in machines

LY T RIS

After the transient period, the fault current reaches a steady-state condition.
tnutaad;hsiaie_ms_cgz@j is denoted by(T, and is approximated by the
“Ffundamental frequency component of the In tnal generated voltage
normalized by the synchronous reactance:

; E /}
J =—4 (12.11.1)
55/ X —-’/_/7
Caai i S
Thﬁrg_m_agnmdg of the AC fault current in a synchronous generator

varies over time as
velles Beai v e,

b T < -
J=(I"=D)e ™ +(I=L,)e " +1,
T B0

12

Fault current_transients in machines

Usually, subtransient and transient reactances are defined for convenience.

The subtransient reactancié is the ratio of the fundamental component of
generated voltage o the subtransient component of current at

g nrer m:_J had Exe bo j

A o Wﬂﬁ\“\ X E, Uol{@j?@» (12.12.1)
o e e x=He- s
Q,\ @J{ o\cc : S i
o w)\\r Similarly, the transient reactance is the ratio of the fundamental component
% of the internal generated voltage to the transient component of current at

the beginning of the fault. This value of current is found by extrapolating the
transient region back fo time zero
EA

(12.12.2)

é\‘ / ﬁ ¥

e
’k

i
—
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Fault current transients in machines

et NRGIY LA S e

For the purposes of sizing protective equipment, the subtransient current is
T e

E
5 1 nw__ A
\’:L_ &(ﬁ}\ i == o (12.13.1)
et w?g ;
A Ll raus
and the transient current is o 5'\5_
(/L‘ = }”— (12.13.2)
et J
/
which are the maximum values of the respective currents. s

Note: we assume that all {aree hases are §horted simultaneously. If the
fault does not affect all three phases equally, the analysis below is not

applicable. e CQJ
Unsﬁﬁ‘e}{\

Wi . - ; i
¥*“ EFault transients in synchronous

motors

When a short circuit develops in a system containing a synchronc;us motor,
the motor starts acting as a generator converting its mechanical energy %
(stored in the inertia of its rotor) into electrical power, which is supplied 1o ‘

the power system. i
Sinceas is physically the same.machine asa

synchronous generator, it also has a subtransient reactance and transient
réactance that must be considered in determining the total fault current in

the power system. h
5 e Ve o a&me,wéo;'; £

segneN —> acts b
W&Qr /’ — (S H{?vﬂg’ent—'f +r’¢;ns;cr\“” ) veor ¢

-

L T i I T s T
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Fault transients in induction
motors

P ST T AvE

An induction motor is an AC machine that has only damper windings on its
rotor. Since damper windings are major source of current during the
subtransient period, the induction motors in a power system should be
considered during calculations of subtransient currents flowing in faults.

Since currents in a damper winding are of little importance during the S L k
4 transient and steady-state periods of faults, induction. motorg'may be —= ¢ Foimp %
ignored in fault current analysis after the subfransient period. ( Lronsien b m \_ec,Aj

Fast b bement,

e

-4 Example 12-1: A 100 MVA, 13.8 kV, Y-connected, 3 phasz 60 Hz synchronous;
_generator is operating at théTated voliage and no load when a 3 phase fault occurs
at its terminals. Its reactances per unit umt to the machine's own base are

X, =1.00 X' 025 X T=012
and the fime constant; are
F=1.10s 7"=0.04s

The initial DC component in this machine averages 50 percent of the initial AC Toe

. component. : s i \\

ol
.05 T

+ a) Whatis the AC component of current in this generator the instant after the fault? I =71
. b) What is the total current (AC + DC) in the generator right after the fault oc:curs;? :
2 = e S —oE —

c) What will the AC component of the current be af_t_er 2 cycles? After 5 s?

‘ol e

m M M o mMm M o N

',




4/29/2010

17

Fault current transients

The base current of the generator can be computed as |
S 100,000,000
hee o 2 =4184 4

L..‘)ﬂ.ﬂ. \/_VL " \/g 13,800

The subtransient, transient, and steady-state currents are (per-unit and Amps)
=8.333 pu=34,900 4 /

I,,z_gi 10 _
X+ 012

OC}L{Qf P.Ll' e E 1.0
}'_—--—'1 e 5-—4pu—16,700A

Do 10 =1pu=4,184 4

18

Fault cur}ent transients

a) The initial AC component of current is /" = 34,900 A /

b) The total current (AC and DC} at the beginning of the fault is
Im\—l 5IM=52,20004

2.5 (s

¢) The AC component of current as a function of time is

I() (I" ])e T“' (]u I)eT+I —182005’0[)4+12,51661'+4184A

.»‘"

After 2 cycles t = 1/30 s and the total current is

4 4 ———] 7,910+12,142+4,184 = 24236A
’—/ <_“ ——_—'—'—

N
which has the largest contribution from the transien{ current component — transient

N

[+ 7 o
‘ period. At 5 s, the current reduces to
ik ‘-;;',.7 1(5)=0+133+4,184=4,317 4
Sareron which is in a steady-state period.
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Fault current transients s K

Example 12-2: Two generators are - G b o
connected in parallel to the low- ife
voltage side of a transformer.

GereTators G, and G, are each rated. Gz ¥ () -
at 50 MVA, 13.8 kV, with a : A A

i

subtransient resistance of 0.2 pu. T

T
Transformer T, is rated at 100 MVA, (g, mng;"\r_ \ gm e T
13.8/115 kV with a series reactance of 30 100 MYA \

0.08 pu and negligble resistance. B3 DA - w

Assume that initially the voltage on the high side of the transformer is §20 kVE'that
the transformer is unloaded, and that there are no cirgylating currents between the

generators. L
Calculate the subtransient fault.currept that will flow ifa 3 phase fault occurs at the /

il L Rl

praataded
N~

= by
>(g\’\

Let choose the per-unit base values for this pdwer system to be 100 MVS:and 115
kV at the high-voltage side and 13.8 kV at the jow-voltage side of the Transformer.

The sublransient reactance of the two generators to the system base is o %

ol

2 wam [_VELT (&.] \__’/.,,—9; . !
new given V S.,‘ 5
new an-en é_c“‘z/ : !
Therefore: 3 2
100,000 " 0.-2% (1382 /us
=V. X {r e —_—
50,000 )] —— 4B 1 Thime
< : X" ta‘b . bSe ’ Lﬁ‘——,
The reactance of the transformer is already given on the system base, it will not 5
change_ 25 Cid’maj refen; ,\d

_,‘..-r_-————-—/\\ L
ok Ak \}\g\\f\k ‘:\N\ A———*—’T = e 0 0

10
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_Fault current transients
v/ »
The per-unit voltage on the high-voltage side of the transformer is
-7 " actual value 120,000~
= == =1.044 pu
base value 115,000
e A L L

Since there is no load on the system, ; _ VI LR e
the valtage at the terminals of each : T TR ek
generator, and the internal generated LR ;'J_‘_D'a? -
voltage of each generator must alsc £ 0.40- 20.40 - e
be 1.044 pu. The per-phase per-unit g ’-J"", ‘ Bl ey
equivalent circuit of the systemis —_ - ; At /
We observe that the phases of O 4 wma \bdaze | -
internal generated voltages are ! AR ki
arbitrarily chosen as 0°. The phase Enay A S R
angles of both voltages must be the =

same since the generators were
working in parallel.

22

Fault current transients

To find the subtransient fault current, we need to sc!ve! for the voliage at the bus 1 of
the system. To find this voltage, we must convert first the per-unit impedances {0
admittances, and the voltage sources to equivalent current sources. The Thevenin
impedance of each generator is Zy, = j0.4, so the short-circuit current of each

generator is 20 v 1 .044.20°
S J == —=261£-90°

@ = Z,-,, J 04 l:"'L

The
equivalent
circuit

2.61£-90°

11
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Fault current transients

o

C:/Fl“' hen the node equation for volfgg,-;;l? %
V(= 2.5) 4V, (~72.5)+ ¥, (~/12.5) =2.61£—90°+2.61£ = 90°

. o

phoREdl gonaie
—j17.5

Therefore, the subtransient current in the fault is

I, =V,(~j12.5)=3.729£-90° pu

Since the base current at the high-voltage side of the transformer is

© _Ssgse 100,000,000 _ o) /
B T W B BL5.000

the subtransient fault current will be

=3.729-502=1,872 4

IF = JF.prr[ba:rz

okt £A TR e
y Internal generated voltages of loaded
Ll machines under transient conditicns

Pt s v

A The per-phase equivalent circuit of a + - Iy
' synchronous generator is shown, ——1— | —MJ\N‘——O +
S e e N

The internal generated votfage is found from s

Ry
the Kirchhoff's voltage law as .
E, =V, + X1, +R,]I, (12.24.9) C—) E, Ve
- S D

If the series resistance can be ignored, the
. internal generated voltage is ‘a;.) e

Rbpe” - Eym X1 © (12

qeé with load on the machine. —

The* ore, the internal generated voltage within a synchronous generator will

A similar equation exists relating the internal generated voltage and terminal
voltage of a synchronous generator under subtransient conditions.
—— == e

M M m mn o M

n

12
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l_r;u‘ 1l B h?
&ihce this voltage varies 85 @ function of the load on the generator before the fault - :
5w in @ faul fauftioad ko
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Internal generated voltages of loaded
machines under transient conditions o

- .5

5 A AR IR —

The per-phase equivalent circuit of a . —te
synchronous generator under subiransient
cejfi_itlons is shown. iy

The internal generated voltage found from the
Kirchhoff's voltage law is

t\E:‘ =Vy+ X0y (1225.1)

Therefore, the internal voltage Ee: under

subiransient conditions can be calculated if the | and the terminal \Job

voltage are know!
voltage drivin the sublransient iad T current flow from the generator and is called
sometimeg the voltage behind subtransient reactance.. .

Since this voltage varies as a function of the load on the tor before the fault

ocours, the subtransient current ow in a fault wi epend on the Qrefautt load

@QMMm. This variation is typically less than 10 % for different

{oad conditions. The voltage behind subtransient reactance can be approximated as
1 1

26

internal generated voltages of loaded
machines under transient conditions

The per-phase equivalent circuit of @ I
synchroncus generator under jransient
conditions is shown.

The internal generated voltage found from the
Kirchhoff's voltage law is

E,=V, X (12.26.1)
S s

Therefore, the internal voltage E,’under

transient conditions ¢an be calculated if the load current and the terminal voltage

A are known just before the fault. The voltage determined by (12.26.1) is the voltage
driving the transient fault current flow from the generator and is called sometimes
he voltage behind transient reactance. '

occurs, the transient current Tow in a tault will depend on the prefa

conditions of the power system. This variation is also typically less than 10 % for
different load conditions. The voltage behind transient reactance can be
approximated as the ohase valiage O

1" 5 SA}O'\ (’(a\"in

Va
o

/ > Ppd Loy e
fore the fault. The voltage determined by (12:25.1) is the E_:/% i }D{“

b\t,»fgwmj [~

-

13
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Internal generated voltages of
synchronous motors

Since synchronous motors are the same machines as synchronous generators,

they have the same types of subtransient and transient reactances. When the motor

is short-circuited, it does not receive power from the line but its field circuit is still

energized and still spinning (due to inertia in the machine and in its load).
(vic.Therefore, the motor acis as a generaior, supplying power to fault. The

irout Gs motor 1S jhe same as the one of the

synchronous generator except that eth},»eii Zction of the current flow is reversed.
Therefore, the equations for the jnternal generated voltage, voltage behind the
subtransient reactance, ¢ and-voltage behind transient reactance become

E = I/Q T jX.rIzI
'“' _———-—fy'"h-ﬁ—._'_
E, 2V, X,

_olf\ 5 (12.27.1)

Naoh
£3 (12.27.2)
iR

a

= 2
@X% (1221.3)

These voltages can be used in subtransient and transient fault current analyses
similarly to the analysis of synchronous generators.

28

Internal generated voitages of ioaded
machines under transient conditions

i LR ) TR, T

o A o860 o 7 p
Example 12-3: A 100 MVA, 13.8kV, 0.9 PF lagging, Y-connected, 3 phase, 60 Hz
(§ynchranous generelor s operating at rated voltage ancjfull load]when a
symmetrical 3 phase fault occurs at its terminals. The reactances in per-unit to the
machine's own base are

X, =100 X'=0.25 X"=0.12

a) If the generator operates at | when the fault develops, what is the
subtransient faul_l current produced by this generator?

b) If the generator operates at go lo and rated voltage when the fault develops,
what is the subtransient faulf current produced by this generator? Observe that
this calculation is equivalent to ignoring the effects of prefault load on fault
currents.

c) How much difference does calculating the voltage behind subtransient
reactance meke in the faull current calculation

14
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The base current of the generator can be computéd as - .
- T4, ! S ACE e . ]
T T N S : - Sy
o \\:'?;}-’—I gl 1.[ base __SM&— = 100, 000’ = - 4’1 84 4 __-:DJY ffrit:_i_-!_ﬂ
g BF,. 00— —
a) Before the fault. the generator was working at rated conditions ar_amPe_r-ﬂit__
current was:
i () 7 7 :
_\7:;! /- Feu e I o 1.0£-25.84° pu J ~
L The voltage behind subtransient reactance is i

e

29

Internal generated voltages of loaded
machines under transient conditions

P el

P o e

considered

E, =V, + jX@L, =1/0°+(j0.12)-1£—-25.84°=1.058.£5.86°
Therefore, the- per-unit fault current wh-e:n terminals are shorted is

[ =10%8L588 g ar5 41" pu=36,8804,

e

3 30

internal generated voltages of loade
machines under transient conditions

b) Before the fault, the generator was assumed to be at no-load conditions and the
—

per-unit current was:
I,=0.0£0°pu

i ’ e ﬁz"—‘
~* The voltage behind subtransient reactance is -

SN

o E, =V, + X", =1£0°+(j0.12)-0£0°=1.0£0°
Therefore, the per-unit fault current when the terminals are shoited is
1.0£0° 4
_ e maael 00Ppu=—34.870 4
70.12

¢) The difference in fault current between these two cases is

&

Difference = o El -100% =5.76%
————— 34,870

The difference in the fault current when the voltage behind subtransient reactance is
and when it is ignored is small and usually systems are assumed unloaded.

wg;gﬁ%mm‘dwm ot

ci

15
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Fault current calculations using the
impedance matrix |
So far, we were considering simple circuits. To determine the fault current in a .
system: ‘.
1) Create a per-phase per-unit equivalent circuit of the power system using either .
# subtransient reactances (if subtransient currents are needed) or transient .
reactances (if transient currents are needed). i
2) Add a short circuit between_gne node of the equivalent circuit and the neutral E"
e and calculate the current flow through that short by standard analysis.
This approach aiways works but can get compiex while dealing with complex E:
systems. Therefore, a nodal analysis technique will be used. E
We introduce a new voltage source in the system to represent the effects of a fault
ditional voltage source, E,,__

at a bus. By solving for the currents introduced by this ad
we will find fault currents automatically...

32

Fault current calculations using the ‘
impedance matrix |

Let us consider a power system shown.—

Assuming that we need to find the
N, subtransient fault current at some node in
the system, we need to create a per-
phase, per-unit equivalent circuit using
o suE!ransient reactances X". Additionally,
we assume that the system is initially
nioaded, making the voltages behind
subfransient reactances -

- {)6 {Iﬁ:lé() pu
3 E42 =1£0° pu
——

Y —

mm

-

mm

m

m m

16
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Fault current calculations using the
impedance matrix
. A By, g ®
The resulting equivalent circuit is shown. e
Suppose that we need to determine the g -
subtransient faull current af when a -
symmetrical 3 phase fault ogéurs on that bus. i S
_ ® ® ®
l‘nl-nlﬂ/“f MlOuoI!cl /\ gl‘” o
Lao P~ \
i —t— Subtransicar rsictances
Vo =i = s
juiz i_ﬂ,z;‘

34

Fault current calculations using the
impedance matrix

®

Before the fault, the vaoltage on bus 2 was V,. If
we introduce a voltage source of value V;

between bus 2 and the neutral, nothing will
change in the system.

Since the system operates nomally before the
fault, therg will be no current I, through that
source. ) =

Vy
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Fault current calculations using the

impedance matrix \
S s i

Assume that we create a short circuit on bus 2;/-)
which forces the voltage on bus 210 0. This is
equivalent to inserting an additional voltage
source of value -V; in series with the existing
voltage source. The later will make the total
voltage al bus 2 become 0. o

With this additi ltage source, there will be
a fault current I[", which is entirely due to the

insertion of the new voltage source to the
system. Therefore, we can use superposition to
anal flects of the new voltage source on 0
the system. .;_/
i 4

The resulting current If* will be the current forthe.

entire power sysiem, since the other sources i o : o 0 -
the system produced a net zero current. T
e et

36

F_—--lﬂ. - m B RN H
=siult cuirent calculations u

impedance matrix

e R £ e B e

If all voltage sources except -V, are set to
zero and the impedances are converied to
admittances, the power system appears as
shown.

For this system, we can construct the bus
admittance matrix as discussed previously:

-jl6212 50 0 j6.667
o T =125 g5l j2.5
po 0 js0  -j13.333 )50
£ | jes67 25 j50  -jl4lel ®

The nodal equation describing this power system.i

{12.36.1)

18

o |
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Fault current calculations using the
impedance matrix

With all other voltage sources set fo zero, the voltage at bus 2 is -V, and the
current entering the bus 2 is —I;". Therefore, the nodal equation becomes
Y, Y L L 4R 0
Y B Ko Ly el -1
2! 7 o o S = ! (12.37.1)
Y, L, T, K A% 0
Y, Yo Yo Tu]lAVS B o

where AV,, AV,, and AV, are the changes in the Voltaqes at those busses due to the
current =" injected at bus 2 by the fault.

The solution to (12.37.1) is found as

V= Ygl 1=z, I (12.37.2)
us us 7

) 38
Fault current calculations using the
impedance matrix
Which, in the case considered, is wlem oFbys (&A{;J
v
AT 2, Z
—Iir‘ o Ly @ Zy Zy TI}
AV; ZSl @ Zs ZM 0 (12.38.1)
BE | |2y @ o
where Zy,, = Yyus ' Since onty bus 2 has current injecteﬁ/at it, the system (12.38.1)
reduces fo
sV = —Zuf;—
—V} ==Z, 1} (12.38.2)
sV = _Zzzf}
AV, ==Z,I; ,;/

o
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Fault current calculations using the
impedance matrix

Therefore, the fault current at bus 2 is just the prefault voltage V; at bus 2 divided by
Z,», the driving point jimpedance at bus 2.

=L (12.39.1)

N
N
8

The voltage differences at each of the nodes due fo the fault current can be
calculated by substituting (12.39.1) into (12.38.2):

: . Z
aVy==2Z,1, = —-iVj
sV, ==V, =-F;

¢ 7z (12.38.2)
A =—ZBZI}' =——=
Zy

i

] //
oV, ==Z1, hgﬁrf,

a

40

Fault current calculations using the
impedance matrix |

Assuming that the pbwer system was running at no load conditions before the fault,

it is easy to calculate the voltages at every bus
voltage will be the same on eve bus in the

during the fault. At no load, the
, so the voltage on every

bus in the system is V,. The change in voltage on every bus caused by the fault

| voltage during the faultis

current —;" is specified by (12.39.2), so the tota
e AR

¥

: [ Z By b
<z L] 2] | e
A TS gy [an] 4% et 4 |7
g V’+AV2—VI+ Z‘r =| 2. W (12.40.4
A LANE A AN = e Re
: Z, 2
vl (V) l8EL 1 s =
__/"— _-EEV 1-—-%"1'-
il Pe- 7 7, Va
bulege 3

Therefore, we can calculate the voltage at every bus in the power system
during the fault from a knowledge of the pre-fault voltage at the faulted bus

and the bus impedance matrix|

20
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Fault current calculations using the
impedance matrix

Once these bus voltages are known, we can calculate the fault current flowing in the
transmission line using bus voltages and the bus admittance matrix.

The general procedure for finding the bus voltages and line currenis during a
symme{rical 3 phase fault is as follows:

‘I/ . Create a per-unit equivalent circuit of the power system,_Includg subtransient y, 7
7 reactances of each synchronous and induction machine when looking for —_—
subtransient fault currents; include transient reactances of each synchronous

machine when looking for transient fault currents.

Calculate the bus admittance matrix Yy, Include the admittances of all

rafsmission lines, transformers, efc. befween busses including the admittances

of the loads or generators themselves at each bus.

Calculate the bus impedance matrix Z, as inverse of the bus admittance matrix. &adn e Aeel el ;

3.

= . —

4, Assume that the power system is at no load and determine the voliage at every becuuze 79{% e
“ bus, which will be the same for every bus and the same as the internal voltage of in laws

R

the generaiors in the system.l‘l’m-fault voltage V.

o Tt e e

42

Fault current calculations using the
impedance matrix

5. Calculate the current at the faulted bus / as

Iff :% /"/ (12.42.1) —

7,

g Calculate the voltages at each bus during the fault. The voltage at bus j during a
symmetrical 3 phase fault at the bus i is found as

(7 1—§i v (12.42.2)
o8 Z; | //
L) b
7. Calculate the currents in any desired transmizsion line during the fault. The
current through a line between bus f and bus j is found as

| (12.42.3)

] :—Y, V. =
N

21
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Fault current calculations using the
impedance matrix

43

Example 12-4: The power system depicted in slide 32 is working

symmetrical 3 phase is developed on bus 2.

a) Calculate the per-unit subtransient fault current || at bus 2.
b) Calculate the per-unit voltage at every bus in the system during the subtransient
period. L, AW=-Z; xlp %
¢) Calculate the per-unit current I, flowing in line 1 during the subtransient period of

VP _ ] 4O pu
el SOU

the fault.

P +

Following the 7 steps discussed before, we write:

av

1. The per-phase per-unit equivalent circuit is shown.in slide 33.

2. The bus admittance matrix was previously calculated as

—jl16212  j5.0
o G
}lmx 5 .
0 j5.0
j6.667  j2.5

2

Fault current calculations using the
impedance matrix '

0 76.667
75.0 j25
—7133380 58

j50  —jl4.167

at no load when a

e —

rebon o Jps o€

44

3. The bus impedance mairix calculated using Matlab as the inverse of Y, is

0+ j0.1515
0+ 70.1232
me =1 0+ j0.0934
0+ j0.1260

0+ /0.1232

0+ 702104

0+ ,0.1321
0+ j0.1417

0+ j0.0934
0+ 70.1321
0+0.1726
0+ 0.1282

0+/0.1260
0+j0.1417
0+,0.1282
0+ 0.2001

4. For the given power system, the no-load voltage at every bus is equal fo the pre-

fault voltage at the bus that is

v, =1.00£0° pu

5. The current at the faulted bus is computed as

. 14
T =

l

1.00£0°
48 g Jo2ipne

=4.753£-90° pu
-Jd i ‘_}

<353

22

mmmm .-

m

(]

b &

mommmmmmm




: e Tl 7\ .
— 4{05(\?) > i;jnth(a_ﬁ ! W

_Subject 120 Date No.
AT _Punsymio CLL[\
= . : : : . \/@(OY"\!;) g ‘) ) phay
Ve ccm-\p Hmp]\t—uae o
— C BRyo 0‘( é)(yl‘h
T Ch: gumebvical Componeafs: - :
== v :
Oe Ve _ Can be reSd!\lgc-) into ?3—Lp1!nr
& e g t 5 Na 0
ghopay 0 s
~ 1 r \bo *
5 b ) ﬁpm ‘q% Ence. //ﬁﬁ” Nag
\ 4 e : :
o ;‘\’2{‘% \xs—\!":: -+ :
i + "‘U'ﬂ
ﬁum;:{n_,j Sustem Q\ \-\\jc’" :\IcmévZ‘}O(l ‘“" sed,.)
— = = ava,l : VK
> sk
PVt j
VT =Vay Q"ZO = Ciiz\/aq

qz«'imcln

Voo - Vaz<—~’}20 ;a’LUa

= = 4+ Va3
g Vp= Moo \h” 2 Uy —\lan...a\)an_..a\faof
\Leiz Veo 4 \)r4+\]£7 -Vao ¢a\]ah.aUn7l?§r|&J 1 ( gm 'I(O a
_ _>> g+—-— T o=
:' L, 4 $ [ Ay £ L R &
el Y &% \Jg 1 S L e,

e



Subject Dhite No.

@+@+§;

= B\lgo |
\}av, /L { \a 4+ ﬂ?‘\/\n4 Q \/c/\ ¥ =
;////’ff-““\\\ .l é %
= | \dao {19 1 4\7\ ~ \},.1.7 :
R R g A Tyl
l \V}C{"’ ! /] 07_ a l/ \jo J
. W (i I
i 1 : A APJ\? AT . 4 T
] QZ Q- .4? ) S 1- ‘q g?
_— otk d a® a .
- ,A'4~i AL hj
&




fu,

——

—Subject Date No.
= \v)n!-)g,—- A \/0942
Wasam = U A \a ke
3
L)Lere; A = 1 1 1]
1 a’ a
T iy
A G )
IR NN
: 1 & a’
4 s |
Same er cuvrenis:
[In (_jj“ YAT ( Tm/gﬂ
LT oo T o e (s L ys
Lo Qioen Vgl s B <\I;3 Ue= 7(\“ 164 \le = F ( 1(‘)
V :
7908 A v
. A dog> ~
Voot &L ol A - P
o ; - “Re
=4 H 1 4] EZ\E,? /~4g4.§
3 ; N :
B L K e ] f
g :
% 3IXA Az
= rﬁ.B/'\\z,‘. m Ryt 4%\*
| 5l \\ 5 T\ Rt 1w
{1.q2qz Ref ﬁfg\iuﬂ / Y,
- \__ Nl vl Vb —‘UE«
N. 0 .T E. B O O K

Y kil et



Subject Date No.

2 Nps. 3.8 L4p9® s \Jena 3 B L AT
My £.4- 435 Na g0, 4 440
5 =N
\ ~
Node that

3,54 9907 Bledpiy 1.0/87 '~ 38 553 o i,
N Ny : < ;

A A q ah¢ & r‘i'-PIcJ\ rl Le o DA
- . S S/U -
- gl M loS e 049

= ga.» QL-\4' gc
5 N TRedie Ay ciiies ls AR .

<1
A
r. T _ L_."“_J
= ] \jq r jh‘ 7X
/ L7 e
/ Ve ‘\‘C
- o
; i
= Nabte T:fbr 5 FA © ,\Jk
. A \/mv 4 :rw%; \//—- 5
il T\;m\ ATy A e Y W

‘IXB




—

~Subject Date No.

—

) LY N

R o P e .
% g\% = E \/o4 ?:] r o 1 i 7{ /1 1 4 iy T.E;E 2
‘ 2 5" 1 & a|
B 1 O‘ﬁ i 4 ot Q
E L - 5
— I3 , = =
o = F \/""’!’.‘,‘( A T-y ~ '- Icwlqit
. o) b L T X =
i = 3 ZL[UrMO]i E Iax)g}
— = 3 r \}he ¥ i r In ! =
X &
r' % FIL\"_J
p = . T
3 = = F s el | B
& =
F Iﬂi"g,
¢ P L_ ?*' " -
F gg..* = ? ( \fan Iarj sl \jn_a_ I&i = \/’a sk TC‘.‘E, / ._N\? I JJ?g'a ;}q & 117_{
|—~ :
r

. S = |
I.!::- = I};c, = Tn,,.__,
-3> T(‘)‘_%t 'Ia_TQ}JLt\S{‘:_L
[ 5 047\75 g A 7 J 4 2
[ 3 s =0 :
'l?an.;_—O [ IC.‘\O = T!«;n:‘ Hi:zm:f(} (JUO WA 7 Sp’?jfj

i:""wb“@“’ e cky,

N O T &) R 0 n K




Subject Date No.

:—ﬁ —rd e —T‘AJ} i Tt-.n
r = a8 B L7 T4
IC iz FE-C/l—!» TQ'.'{




—Subject Date

Elcebe b, gTou!
) , 4 4 A G )
" E 4 o g-t O Te- 40(1&0 /fj ‘}h\
i 4 él_wa‘—] 4'1\,!2% Cbo ;
§ 52??44\:_ . bfv— Jri
| Q& \/j dkca b thnfncecl = T_L\_O OPEJ\
| 320 /-40 | Tp - 19@_ et
i B I SMBPO: L I
i d /}}/ ;/ d/‘ﬁ&/zf Z _ J‘_ sy (;gﬂan@Mf
R o , .
AT = Br 3,322 £¢
: =104 6O

R . dired|s Qr@m n\naqe
A AR D. 40142() ' :
et + T

. _ 40240 R |
Y 2 * i S : .
- = g e () T . +EnJd C —
n = Tnen==2 (2420 Thy Enle —
i = : = 8 e (24 EnJte -

Lr.( e et s Gt U el SUE b £



Date

—Subject

- LR 4 A1 [10d0 7] % L
S ey g Ic—’lO(’lQO/f h\
- 1 Jat.m 4@!\120; o> é
] & ‘ég??/\é{)‘“ ;{\?‘ b-w ‘ -
ol e i unblanced e 110" OP%“
: 52840 I W—)}/%K/
; g sl AT [
a a/,}/\?/ /&&% Z \.4/\”4 Ay anpmmmn
3T Y « .
: - B Y 333(40
: A 250466
E ﬁR  dired|y Ef@m n\naQe.
- Tne 40050 40420 :
- 404 40 -
S 2 - Tp=Ta L
~ Nag e Tz, Tp Ty = (2420
& \}Lej— T2 -In“ s - Guk




Subject Date No.

Apabl . EabE TR ;q."* 1
Vag | Tz, Zin £n. | s P W
\fbj = Z 25 Zin vi Byl j:b '
\ea, “n € s Cn Le
Y 3 REERL .

[oas] (A N(EascliAY o]

KGN
:uef\r\m\f@, ‘.
[Bone ] = BAT. frBalie] T4 :
P L . I N el
SRR NI 4o
B i o (12 wenbes il 5
L L o N
L. TR Z.32, azz;ﬂ o o No s
p e aw 2o ML a)0
K ?\ e a€ 1 0
D - o -
s h L3z g 92, .@ o\
. = (10 S Ei o |
0 0 3¢y
I 4




: | /= o

_Subject Date No. e

§ Zodg = H‘Pf—.t 3Zina O @ ]

0 2 o

A o Q 2

- E Gl el g gl g,

3 \/4 Q Zo o / Ta f
. Sl o

= VG: (‘%+%Zn\’_]:m ;
Vs g, %5 A

g V')_ — e 5 05 2
= ‘2 ,))":j(‘)%] == S
- T -j:" — ‘:f;n o) L i
— 7 T =7 - )""'.
. DS \héa_j_] 1_\&9’_) ih

N w =~ “ b o

AR 4

Tg D= conneckion i ——
; = ek Bl 2e im0 s T :
) AS 468 o B m\ The| VA 5 z
e \J('n.\ = =) 0 S/.« I(‘gj \\“_ jT?
N YRZJn® —~ A




'S‘lll.bjectﬂ fa i Date No.

fat ICI
£3-0 7% g 5:: ;

T abe & -5
29 e Vaa / [H'
ﬂQ /ﬂ Vedy Ygigs
| - J ( Vbt

%
=
{E@
\ ’ \
N

2
-

"\
\

N

v

oJ N

U
&
N

M

L

A, - Bedp A T2 ¥ Y
\I’O A7 = IVA‘," .;En—‘lz IA\‘-:I_QJ@?_ . ]

= ?nf’l‘?_ % =

-anf') et

—
—~
S
o

i

._ .
E _— _/l____ Y ( Zaa - zbb-i; Zrc_‘_g.. . (‘a]l:u- Ebcy Z/q] i
T AEE i R ¢ i




No.

Date

Subject

Ia

A

e ELhe O —?-’,-,»\ ;

q

r (%Cxct-{.
=

o

—_>

14

j ;

B

e S
N

T
VA
>
P

=
=

;C = close

'?:grn sed,

I

-t
£

ais, Io

)

[




Subject Date No.

X Sumiricel H’aﬁ‘ifmissfoh Li'n Lol




% ; (/ Z P
_Late

% ,\
N—
Q
2
.“.w.
S.

DIY_%T}

Ear }\I E
- No.

..... i el
du
N
o
4
3J
g
™
i
¢
N
L#
di e
R
(

Ua |
|
0

S Y99 = faa —~ o O

e

=

L=

U = UPQ“ (Eae
b e

Ld\ — e

\s

—_




. Subject | : Date Mo

[,U\nere; Zuolr= M Q R '
O Q 0, \ o f’/,
FARITER A e,
==, zL \Jag i = *\)PC{O - Pl e ol 28 i
\a1 \JPhd Z46. € 44 q XTa1
\}a-;_) \Jarug? 2% tap €s Too .
L J # J 2 = J

4




—Subject : Date No.

e ;
) : _ <s.de A e ; ; - : _ <ide B s
- - - A4vyA 0B ' §
A ;%‘i gdd' Va = Va Zao B ﬁ
) IE}‘A—'} A P : A R ?bb ‘ LM & ) '+"r
; = €
l——k ?c / R / ac B 7 ! i

A A . - .
= \}(‘34') - VD(_‘_VI:) i Zr\‘ﬂ In‘in s 2‘!.—-‘:"} I—G"Z
ll 1 o1 UL Q172 1
B 3
oy taltlman b o 8 e B o g B s ks
P A A B
$ \}AAA?_ Lo (Enﬁu :?““ g H & At ;z,l.lalﬂ \ Loido
Poi N STGc— 7 i 38 a B S e T B S o <—7 1=
o A B o B
@ Znn — %Od-&. g?ﬁ 4 fod =L %Zu
P o — A_H e ..éM = — ] o
'Z'Tn = "?"1_:) -+ ?dlg
&~ ?f/g + €A
A -
1 I? we_have —ve %edvum(e = \)(1!;(; z r\vig\ s B Z_@a j
¥ b 1/-12@/ wWh et
A——'\ : w} . <\ : };\)‘:
- \fmd}l - F Vs ; L{\("J 5'1 ‘:170_J VL /@;C.L
~ . g 1 Al 3¢ 0 Qe ey b«&aL
2 :
& : A- o> Q. “1<j?ﬁ _ -?UP%%
- 1 o ot 1¢<1Am :
e — \ T




Date

No.

vathd' [ o Wik e Sef,
\ 4 Q
Va A
) ) - J
ir \IQ}_}C—' F 1& a FI L 5P ‘_SE’.QU = \Jo 1%(\0 y o
4d-176 / "%1
1 (\Q?O L 0 ‘ |
J_igggue,pc ec % D V_nnnhe,ckpnj ijnr{lnrnnnu% Cerertor (+\ffsg§ )
ey J%ﬁﬁj%“i'@f 2 Wy :
T - FP ¥ 7 i :
P BZM\ g \UO Iéa E’Qr‘\ \V/\ \U'l
. S T W /
\ : ) — = —
Of :!’JJL_’_.- /“2}—:’:“ 3Ly \ o’ _)t-:)_; ”-3)')’
: LUl 284
s 1/
R<eq Uulhce GD B QS Egncraumduﬁ maloy 3 [ +\/Ee %Q.A) :
chﬁto—“ o010y o :Ej = Sa ”-fzf ad
A .
5 i s
Vg ,{ ;) £ / VA @J;E al Ve
Zero —<ef e e —~V e ¢/




~Subject Date No.

2180 e wotar induction > There. ¢s Mo Tauq “ashord

% 'II 7] - Conneécke S——’Ljhtk.r G \/wic);mwnrq.l)_:}iﬁ_mﬁw
: ‘n_all Setfb%nﬂ.i

h

Ch; uns%-mi'nk‘al E‘aleﬁQ: Sing
=, J

3 )‘nﬂ e liae Ecul“', ( L ?(MIE
l 3 DLl e kn omumd Enu’b LQLG- L olk

Ny

% _OSSWm D‘rno ns:

-~ The Dower quhwn 'S Hammcl ‘k@ﬂnre ﬂq@/ @ru:[a‘:

=i Dauﬂr\; 4 \Je %Mupncp Vct\\;ua&% 194 Hhe Saume. ok ah l’uQ@S
g& ab the Dm;“: \oca!-mn :

= BB R Cetm s b ﬁnaud:!l)

. oy N
1) 1L Baulk: at phise q - Juck (
P = buslyl )
x wi loaded l'_)@,‘:nra Sk ‘ % u 1 Y
'/'- Iy g Lapis el
ATPL"F‘:’PL:Q . 4 < ?
= __E?a l/ 2 L
[ .A?,\:_rf‘ R b, 5 I P—: l;ﬂﬂfl\ﬂﬁ_‘kfd&ﬂ'_i
?\342 TUDG 3 _‘ ¥Cu
% 5 B SN 1 Tla :
s 2 :
1 a G 0
. J 2
I 1 a ajl O
- = | Tlag 1 = A4 b i | = 1“ e = 1{g4 ST_ID_G =1 Ty
= g 3 , 3
Tl s T,
2 +a&
R i \ R0
i k= N E T EE R R T DR




Subject Date No.

at Lus k: 5 Zih -:zw

—\_____‘\\
e—/'Q:A Mp & ?kt( Llao \\ A“Ji
bus P Se ' N e O
\i ko4 \IQ = Et"\" 4 o/ } " AL

Vk'o.‘l Sl ?}?‘P-ﬁu"/:r"p

A N6 i (vp-n. L Cle ey EKK?J\ I
We hae . ¥ea- 21 e o P
= 2 (= +T.,j:’a",-i' IEO;?,)

% o + Seent Ehre + 30

%KU "T&‘l
L J' o ‘/.? -
. 5

e, wivedent

Qc)\' tve \J

] 320
+

<
s
(23
~n
r—\'_:\ -\




—Subject Date No.
) 2) L L ?aul’r bl € PmJJ‘;. at Lg;g K
: T fa-0 ok -
Lo\ == S j -~ : ‘
~ ) = . T §
- l\. <
= =) ’ID@""IET A—ﬂ i SO iCLLﬁ &ZD
el faoi< % v_‘
A 4 U O cﬁcf—?“;,
B 1 2 i
i a i +1hh
i =1 ot al| |-Tp B
. T-f&G"uZ =y V Q —1 L?
3 i
e
( (rx o) Q.']“_}:J
=) I—‘r‘qﬁ -~ O e Mc@ Zofo ¥4 uence.
- v 5
“T’(\ma — = Tf‘,‘
o '.-'*Vl T —_— ,'_ :
We. hane \/kt o \LN -1, Tg
" c;t_e«n)‘\(yw%______j T %
= :.'C‘\Jklls = \IRQ‘{ \ + (\ J 1_31 Vtr‘z)
6 = ( ot - Cl\ \Jt‘aﬂ_._ {on = 0\7‘) Vt‘ag
3 » 1~a} ( Veaa — Utoa\
N’ 0 lT E‘ B lD O. KE




Subject Date

o Tl e AT T
// = 7 S}Q"’! el = IT - V 0 i \
%4 + Eif ot €] )

‘ \ --—-———-Irad Y b = —-’E
Zeer 0 Spena zF Kkt
t L
\/-V__ N : \/k'a1 I e
l - - e L 1 i

gault% occured ab node K.

4P_]m:..s_e,§ b bo - ’r\wmuq}\ {napedence Eg o (GJ\m(ma'.

MDMJM ! ;5
o BT ¢ O n[&_/.‘n(j ﬂa,{!{_ &hr%qu‘jei[:"re = 5o \;y,é.
oy > A Tabo Ao A —D—gin
M'Biw —_— él_ 1 1 1] /r o /7 @‘ - féf}f;mc’
1 a alf oy Guecer—\ [ ©
L1 at d__ L/_IT / ' ‘// \ @ e




~Subject Date No.

T o] T - 2 I Lo i—rh ~f TP ~
3 oo 7 = =
z (,__\I!c‘ b= V—F‘C_ => (C " - g SLmH- ('('*;)
= :‘Z%( Tiis_% I-IQC) . Z "U]t‘p T
_ .‘ = B Ea TR j:,\)'c”
| A
j "'-> Vtﬁc‘:‘?, = A-’ \'}K%C =
f ol § o A e ] I el —(I
2 ‘
-~ V ) 7, nL/ VKL
\ 1 . @ l Vic ..
\ L-__ - -
4 =1 | Vka-'r ‘2\]\:51{\1;\0.‘ \“:Q
ROETC N (21at)\
J Vi -\-(Q.Lg' Ku,

i i A Tf\,..n = [
+o +az

)
A
)
Iz
-
Y
J—'J

Ty = o g+ [ Erxg [ Zrror 3200 ])
P,

.T‘p = s Tpl\ A A g]‘.‘t‘ ? :
£ *_QO TAaA Tl
( 2 Ka gy Zrro+3) VKK'\ ”ka!! 8“2\\ H ko
L Vehe]
) i & % A 5 e
e ket e iee 3%
~ AL AN LR RN ~ 4 Llan = : g
g ] > Cuvyent diswder wile :
~ E Wi N @& T E B @ B E



Subject Date No.

J!iw.t u A rks;
wods @ 7}4@ i 1re & —
///E@“Lg Er \L i § -.é‘_@ T‘?}“\

ﬁ o nr;x?,f.‘gﬁz,nﬁ r} 7~ \}i};

J H Xo 205N [ 1 Z
EQMUA BOMVA,goku UM omiA 40 uya /
20K v _X=10% T tokvy [otupn 201y
el UL x'.'qqf’( L XXy = J09

Xo= F.5% ‘ Xo=10%  XncLOY

)

s il

416 Eau./“:

X-‘-"!" Xags =0.2
X___.n—:. 0,0¥g
XT,’"" X-'T'V'z -OL/]
X,UA" X-;‘v{‘?- L2854, =015
Xyo=0.1%50 o 0,125
o

K= 505 % T8 0. 028
40

N © T E B 0 O K:




~Subject Date No.

¥rte = KO.5 - 095

G. 'G- . 0.
bl | |2 2

RN e T e

A

L1J(r’ 7bus4 (,)M
L |
3

+Ve s€4,.
@ @ @ = =
00.07% dmd g JELS , go-4 | R cAN
—YV LY T —_Ann. i v R
e 7 [
=
,O%/l; y\pw (6] > . h!
N T W
g 50\\J‘ 2 &ro S?{,' ‘ W e
; . =
joz ded > get  y JET W L e
)”buf? I :
"‘VQ Squl J




Subject Date No.

Viern P e i Lag 10 Q Gl _
10 -20 10 o /_b?,b,_,,; Z},uw_f
0 10 -20 10 - st
/ o O 10" 4 i
L \
vy -\ -13 332 o Q &) }
[ bus @ U 5 :
€ -14 4 Q
A
I Lo - B TR e R
i s, &) o -39 / 5
Y
J‘busﬂ:_fgbqu e r e — e i, O 5 0
J
.‘ e g 800 — ~—~/
S——
—1 - N
— i T — b =
- Chaso = [huse J
— Q.0FH3 — —
N -
:lZJZC.,,/,I = JO;'fg [
Foq bl iR Lassigty
zzg_/(?—— J(.)l @?qg
i




% : . R d(c?-

(7
<" _eg N
~Subject Date ;\ﬁ i &’ No.
P

A Thexenin _—_—_};
R Zez,4= 0.3/ yG.45 - {0.1300
Z12. 22 ;0.18
C12yg . 0.1 /lyo0.25 :J‘O,OZ?S’

| wn ldee] belore Loulk = Bus Ud\ka&]es 4 3 P!

. 4
(018 + 318 4+ 0.0778)

®.0

)

\

v €o 12;4__! =l

18]

—JAQ.ZCR‘-'H .U,

Voao = -J' (3.0773"‘\’

Py Ta —~ 3, 4771 i’

a A R »' ;
ol bus 9 ;
= \v]'}‘_.'—"'} = GIES%[’I : : o o S ’
\]?.-G-?,‘; ’0_4-'14'] i : ,.. ' 7 K

— kg,ﬁ\v )Ol)\\fgibf(f’))
A\ <~
/’)Q-W'*Lk W4

Alﬂl’]f“' A \}91

)




Subject Date

No.

2) L:‘ho ko "l'hg, D(Ju“: L—L ?—au“— @_1' LHSO

Ep o fin, 0 o 4 T3
10.184,0.12 i
ekl
= *‘U{Z. '7:778 =
L O < R . 8N
= DT '1\)'6 _
. Ol m Q s e,
1 ot dt} — 2, ZFF8 ! - 4, 2143
} / ni o:a[ py 2 FF 78 4. 2148

: L ‘v‘v“v :

{2 erA o

V':’_,-."-..'ﬂ’ = O

V?'ﬁ!‘1 - /l " (}l/}S! 'II\AA b= (.l -g
U =
\jqaag = .i O l-’1 8 [ [\0 = Olg
b [ d -rau




~Subject . Date *  Ne.

g \/owr - A \/__ 19 120

oo e T 1 ‘I .—_—f—'_‘

= _Lg ’ = f}.q } 4 L=
—_—— L

R L,O-’:'JI | -G.5 I

291 Bk ae bus () é

. s g . o . 1

- 2 [224 (B0 +32()] J018+ (0184l yo.0748)

=3 . - -J4' ?_.(?A ;

i L = — vl = J?.qjqj

eBERRE. NG U W LT

. el Q ;
\ £, 657 (13F.11
— \
!_6.553(3.%‘1’ .
it Moo =S 0L 0 E T O 8 IRR
7 J ™
Wogogin iAo n . 6, 2808
el J i 50 |
s \'?_C\r?_ =l e \’G 48 :]__-Qaq' = ) 234 g
h = \Jza o442 ; WO oo
™SO b o] OF b Tegdfeol) Y
-~ . b , : e, c.f-—’g"‘L'ﬁ

3 2 £y 3
- 8 - =
—— . r
s n o
" i M M i h L A " i




Subject A Date No.

N
‘L_. i -
e e

/NOTEBO@Kl.



| #) 12/ 40t @

CHAPTER 8

UNSYMMETRICAL FAULTS - éfdg Ch camats

wlsie

The sequence circuits and the sequence networks developed in the previous chapter
~will now be used for finding out fault current during unsymmetrical faults. Specifically we
are going to discuss the following three types of faults:

e Single-line-to-ground (1LG) fault
e Line-to-line (LL) fault
e Double-line-to-ground (2LG) fault

For the calculation of fault currents, we shall make the following assumptions:

@ o The power system is balanced before the fault occurs, such that of the three sequence
networks only the positive sequence network is active. Also as the fault occurs, the
sequence networks are connected only through the fault location.

@ o The fault current is negligible such that the pre-fault positive sequence voltages are same

__ atall nodes and at the fault location.

*C?) o All the network resistances and line charging capacitances are negligible.
e All loads are passive except the rotating loads which are represented by synchronous
machines.

Based on the assumptions stated above, the faulted network will be as shown in Fig. 8.1
where theVoltage at the faulted pomeill be denoted by ¥y and current in the three faulted
phases are g, I and Ir. We shall now discuss how the three sequence networks are

connected when the three types of faults discussed above occur.

r@z/,féejh;a ;’ lar-}_ G T F}
g yff
b Vs
|2
e P} y
Ve

Fig. 8.1 Representation of a faulted segment.

8.1 SINGLE-LINE-TO-GROUND FAULT
Let a 1LG fault has occurred at node‘;!a)f a network. The faulted segment is then as

shown in Fig. 8.2 where it is assumed that phase-a has touched the ground through an
impedance Z. Since the system is unloaded before the occurrence of the fault we have

I=1,=0 (8.1)
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Fig. 8.2 Representation of 1LG fault.
Also the phase-a voltage at the fault point is given by
Va=2,1, (8.2)

From (8.1) we can write

1 1 11,
Lion ——-% 1 a 4*|o0 (8.3)
D
I g a0
Solving (8.3) we get
I a
Ifa(J:Ijal :Ifazz g (8.4)

This implies that the three sequence currents are in seties for the 1LG fault. Let us denote the
zero, positive and negative sequence Thevenin impedance at the faulted point as Zio, Zwa and
Zua respectively. Also since the Thevenin voltage at the faulted phase is Vy we get three
sequence circuits that are similar to the ones shown in Fig. 7.7. We can then write

Viar = —ZkkOIqu
Vil =Fp— Zid 1 (8.5)
Viez = _Zkkzjfaz

Then from (8.4) and (8.5) we can write

Vo=Vt Vi + o

(8.6)
=V, - (Zkko + Ly + Zk.{'l)‘[fan

Again since
Vo =Z D= Z M L+ A ) =32 T
we get from (8.6)

!
1
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V
T = .

) (8‘7)
Ziwo+ Lo+ Zgn T3Z;

The Thevenin equivalent of the sequence network is shown in Fig. 8.3

(L

Zis
57 7T
& ¥  Wa
3% - Lw=1
g_"‘%\\ _" lfa@” ™= Lja2
& R ffazT
v ' Vfca?
[
@
s P
I Ino
N Vit

E 3Z t“
Fig. 8.3 Thevenin equiyalent of a 1LG fault.

Example 8.1: A three-phase_Y-connected synchronous generator is running unloaded
with rated voltage when a 1LG fault occurs at its terminals. The generator is rated 20 kV, 220
MVA, with subsynchronous reactance of 0.2 per unit. Assume that the subtransient mutual
reactance between the windings is 0.025 per unit. The neutral of the generator is grounded

through a 0.05 per unit reactance. The equivalent circuit of the generator is shown in Fig. 8.4.
We have to find out the negative and zero sequence reactances.

Ve

Fig. 8.4 Unloaded generator of Example 8.1

Since the generator is unloaded the internal emfs are

E, =10 E,=10£-120° E, =102120° jic Seqhence

1

Since no current flows in phases b and ¢, once the fault occurs, we have from Fig. 8.4




W
L
~J

J | SRR
# = j02+005) ¢

Then we also have

" 0

V,=-X1,=-02

From Fig. 8.4 and (7.34) we get

7,=0
V, =E, +V,+ j0.0251,, =-0.6— j0.866 =1.0536£ —124.72°
V.=E, +V,+j0.0251, =—0.6+ j0.866 =1.0536.£124.72°

Therefore
=
A 0 -0.4
V.o =C|1.0536£—-124.72° | = 0.7
1.0536.£124.72° -0.3

From (7.38) we can write Z; = jo(Ls + M) = j0.225. Then from Fig. 7.7 we have

B B 1=
Im=— ===y
Z j0.225

<
i

Also note from (8.4) that i

=-;1.3333

Ifal):Iﬁzl =I_fa2

Therefore from Fig. 7.7 we get

v, , :
Zy=-723Z,=] 0.3-0.15)=(0.15)
— a0

Comparing the above two values with (7.37) and (7.39) we find that Z; indeed is equal to
joLs - 2M,) and Z, is equal to ja(Ls + M;). Note that we can also calculate the fault current

from (8.7) as

1
P — 12
0= (0225402254 0.15+3x005) 2"

2, 3 3%p= 2% AAA

=
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8.2 LINE-TO-LINE FAULT
The faulted segment for an L-L fault is shown in Fig. 8.5 where it is assumed that the

fault has occurred at node k of the network. In this the phases b and ¢ got shorted through the
impedance Z: Since the system is unloaded before the occurrence of the fault we have

1, =0 (8.8)
k

a &

k

Inf| % :
LE' T
k

Fig. 8.3 Representation of L-L fault.

Also since phases b and c are shorted we have
foenh ' (3.9

Therefore from (8.8) and (8.9) we have

o] [ o
Lwa=C| I |=3 (a-a)1, (8.10)
-1, a—a)l,

We can then summarize from (8.10)

IfaU =0

I_fal = _Ijal

(8.11)

Therefore no zero sequence current is injected into the network at bus k and hence the zero
sequence remains a dead network for an L-L fault. The positive and negative sequence
currents are negative of each other.

Now from Fig. 8.5 we get the following expression for the voltage at the faulted point
Vo =Vie =215 (8.12)
Again

Vo= = Vo + Vi + Vasar— Vo= Ve — Viea
= (ka'l iy Vr.-c:)+ (kaz e chz)
= (a2 - a)V,m] + (a = az)lV,m2
= (a2 = a)(Vﬁul w V.&az)

(8.13)
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v
Moreover since Juo = Jpo = 0 and Jz1 = = Jgp, we can write
I =10+ Ipy =0T +algg =l ~al, 8.14)
e o 7
Therefore combining (8.12)-(8.14) we geftm d
Vi =Vier =241 (8.15)

Equations (8.12) and (8.15) indicate that the positive and negative sequence networks are in
parallel. The sequence network is then as shown in Fig. 8.6. From this network we get

Y

-1, =t (8.16)
B Tt Lyt 2,

Iy
i

I
|"_—‘I‘ it
) ik 4

Vk{rl V;{'rﬁ

Fig. 8.6 Thevenin equivalent of an LL fault.

Example 8.2: Let us consider the same generator as given in Example 8.1. Assume
that the generator is unloaded when a bolted (Z = 0) short circuit occurs between phases b
and c. Then we get from (8.9) I = — I Also since the generator is unloaded, we have I, = 0.
Therefore from (7.34) we get
v, =E,=10

V. =E, —j0.2251,=14-120°— j0.2251,
v,=E,—j0225I, =1/120°+ j0.2251,

Also since Vin = Fan, we can combine the above two equations to get

L ) o
e 1/ 12(-) 12120 —_3.849
j0.45

Then

0 0
Lio2 =C| —3.849 |=| - j2.2222
3.849 j2.2222

We can also obtain the above equation from (8.16) as

It 1

Sl ol e
A TR 0295+ j0225 .
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Also since the neutral current I, is zero, we can write V, = 1.0 and
V=V, =V, =05

Hence the sequence components of the line voltages are

107 [o
Vs =C|—0.5]|=|05
~05] |05

Also note that

¥, =1.0-j0.225I, =0.5

V,=-j02251,,=05

which are the same as obtained before.

8.3 DOUBLE-LINE-TO-GROUND FAUL

AAA

The faulted segment for a 2LG fault is shown in Fig. 8.7 where it is assumed that the
fault has occurred at node k of the network. In this the phases b and ¢ got shorted through the
impedance Z; to the ground. Since the system is unloaded before the occurrence of the fault

we have the same condition as (8.8) for the phase-a current. Therefore

Lo =%(Ifa +1p +Ifc)= %(Iﬂ: +Ifc)

=3l,=1,+1;

k
: k
k
b
Iy
" k
L——-y
—e
I .[J]jgf

-

Fig. 8.7 Representation of 2LG fault.
Also the voltages of phases b and ¢ are given by

Vo=V = Zf(Ib +Ic)=3ZijaO

(8.17)

(8.18)
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Therefore

ka
| :
Vo =C| Ve | =3 Vo tla+ )V, (8.19)
Vs Vi (a + al)ka

We thus get the following two equations from (8.19)

Ver = Via (3.20)
WV, =V, +2V, =Voo Vi + Vo + 205 (8.21)

kaQ
Substituting (8.18) and (8.20) in (8.21) and rearranging we get

v

kel

= Vkal = K{aﬂ _3ZfIfaU (822)
Also since I = 0 we have
Ly tdy +14,=0 ' (8.23)

The Thevenin equivalent circuit for 2LG fault is shown in Fig. 8.8. From this figure
we get
T Vf = Vf
Jal !
Zua + Zy| (Zmn +3Z ) L, Z (Zuo +3Z )
B 2 + 2+ 32,

(8.24)

The zero and negative sequence currents can be obtained using the current divider principle
as

l_lf‘uj I

e =
Lo =T S . (8.25)
Zyn T Lo +3Z; 13050 :

2 w82, ¢
Ly =T e (8.26)
’ Zoa H 2 H30
4 3 /
Y Mazwo| ¥
Ziaa Tna) [oke ] Vo
V.’ml Zkk2 me” .............

) ;

Fig. 8.8 Thevenin equivalent of a 2LG fault.
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Example 8.3: Let us consider the same generator as given in Examples 8.1 and 8.2.
Let us assume that the generator is operating without any load when a bolted 2LG fault

oceurs in phases b and c. The equivalent circuit for this fault is shown in Fig. 8.9. From this
figure we can write

E, +V,=1£=120°+V, = j0.2I,, - j0.025I,
E,+V,=1£120°+V, = j0.2I, - j0.025,
v, =-j0.05(1, +1,)

1.0 j0.2
_;®+ {550 1

1.94-120° b2
- +

_@ AN/
j0.05 T

1.0£120° 0.2
- +

[ o

I

Fig. 8.9 Equivaleni circuit of the generator in Fig. 8.4 for a 2LG fault in phases b and c.

Combining the above three equations we can write the following vector-matrix form
[025 0025]1,] [1£-120°
Noo2s 025 | 1.|7| 140200
Solving the above equation we get

I, =-3.849 + j1.8182
I =3.849+ j1.8182

Hence

0 jl.2121
i qors = C| = 3.849+ j1.8182 | =| ~ j2.8283
-3.849+j1.8182| | jl.6162

We can also obtain the above values using (8.24)-(8.26). Note from Example 8.1 that
Zi=2Z, = 0225, Z, = j(0.15+3x0.05]= Jj03 and Z,=0

Then



Iy = 1.(']0225 < =-/2.8283
70.225+ B
70,525
70.3 ;
1., =-]———=7j1.6162
T

70225 .
7h =g Al g
= s

Now the sequence components of the voltages are

7, =1.0-j0.225x I, =0.3636

V,=-j0225x1,,=03636
Vo =—J03% I, =0.3636
Also note from Fig. 8.9 that

V,=E, +V,+j0.0225(1 ; +1,)=1.0909

and ¥, = V.= 0. Therefore

1.0909] [0.3636
v..=Cl 0 |=|03636
0 0.3636

which are the same as obtained before.
AAA

8.4 FAULT CURRENT COMPUTATION USING SEQUENCE NETWORKS

In this section we shall demonstrate the use of sequence networks in the calculation of
fault currents using sequence network through some examples.

Example 8.4: Consider the network shown in Fig. 8.10. The system parameters are
given below:

P
Generator G: 50 MVA, 20 kV, X" =X1 =X, =20%, Xo = 7.5%
Motor M: 40 MVA, 20 kV, X' = X1 = X> = 20%, Xo = 10%, X, = 5%
Transformer Ty: 50 MVA, 20 kVA/110 kVY, X = 10% St %
Transformer T5: 50 MVA, 20 kVA/110kVY, X = 10% = b
Transmission line: X, =X>=24.2 2, X=60.502 e
;i Pk o,
We shall find the fault current for when a (a) &Cj (b)_I;I:_ and (c) _%E(;j fault occurs at /l.lfs\-g\ ?pef o

@ﬁiﬂl pu alee ﬂa@ﬂﬂﬂj
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F ig. 8.10 Radial power system of Example

Let us choose a base in the circuit of the generator. Then the per unit impedances of
the generator are:

e

X. =X _.=02 X —0075 ‘
R S

The per unit impedances of the two transformersare % love He Sawu S
2V

Xn=Xp, fg:l of )%g, a%/ﬂ&)/\

The MVA base of the motor is 40, while the base MVA of the total circuit is 50. Therefore
the per unit impedances of:the motor are

XM]=XM2-O2><—5-9—-025 XMF01><2_0125 X, =0.05%22 =0.0625
TR

" R (w)

= =
For the transmission line o .
1107 + Vo
Zyge =5 = 24202 =S
Therefore
(/’M
24.2 60.5
Xy =Xy =520, Xy =—2=025
Jvise -

Let us neglect the phase shift associated with the Y/A transformers. Then the positive,
negative and zero sequence networks are as shown in Figs. 8.11-8.13.

gyghem { TisEs G gaies i) o1 @ jO.1 ® Jo.1 ®©
| an | ao | am | '
Y 025 in 5.5?#“”“‘%5

omfdﬁi,s .

Fig. 8.11 Positive sequence network of the power system of Fig. 8.10.
s

“%E n e MW'?W “pe rrachints aW
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2 / [ v
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n



Fig. 8.12 Negative sequence network of the power system of Fig. 8.10.

e e
Hotor
j.125 e S
JE— 3¢

Faking Iete £
ﬁ — ® ol @ 70.25 ® 3 @
0RTS

cons,bpzboon. .
e 2erO - foprs. o075
d@er 3 3 A
32, %‘ ﬁ)"
Fig 8.13 Zero sequence network of the power system of Fig. 8.10. ___s,
Yrans.  arecton.
From Figs. 8.11 and 8.12 we get the following Y, matrix for both positive and
negative sequences )

-15 10 Qi 0
10 -20 10 0

Ybusl =Kbus2 =j
generation 0 10 -20 10
5 Sorted 0 S STl
N —fle -

Inverting the above matrix we get the following Zp,s matrix

0.1467 0.1200 0.0933 0.0667

10.1200 (0.1800 ]0.1400 0.1000

Z =7 =
mol = Zos2 = J| g 0933 07400 0.1867 0.1333
0.0667 0.1000 0.1333 0.1667

Again from Fig. 8.13 we get the following ¥3,s matrix for the zero sequence

—133333 0 0 0
0 -14 4 0
¥ i
bus0 J 0 4 _14 0
0 0 0 —52
Inverting the above matrix we get
0.075 0 0 0

0 0.0778 0.0222 0
0 0.0222 0.0778 0
L& 0 0 0 0.3125

o dsidy i il

Zbu.si) = .]
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Hence for a fault in bus-2, we have the following Thevenin impedances

222
=Z,=j0.18, Z,=jO0. ;
B AL e Gom matzy .
“Eis n e se

0 __& Alternatively we find from Figs. 8.11 and 8.12 that

"%:—-JJ\ o | Z, =2, = jo3| jo.45=jo.18
| Z= jo.1| 0.35 = j0.0778

(a) Single-Line-to-Ground Fault: Let a bolted 1LG fault occurs at bus-2 when the <

system is unloaded with bus voltages being 1.0 per unit. Then from (8.7) we get %
P oy e ) 1 %
I = = = =—;2.2841 per unit
Jfa0 Jal faz j(2>< (.)_.}_8‘“%' 00778) J p ; ? -
+Z25 QTL_"'__f
Also from (8.4) we get R Zey,

1,=31,,=-j6.8524 perunit .

Also I = I = 0. From (8.5) we get the sequence components of the voltages as

Vyso == 7007781 4y = —=0.1777

Vyu =1- jO.18I,, = 0.5889
Vyy = —J0.181,, =—0.4111

2a2
Therefore the voltages at the faulted bus are gt»é? abe gd/% ol2

K " 0
¥, |=C"| Vo |=| 0.9061£~107.11°
v, V,,| | 0.9061£107.11°

(b) Line-to-Line Fauit: For a bolted LL fault, we can write from (8.16)

o [, =l =l =2 7778 perunit
A TR :
Ky “nt “:{L bf'((tﬂéfi "Lb = ._._Lﬂ..
Then the fault currents are
Ao
7 0 ol B
I,{=C I, |=|-48113
4, I | | 48113

Finally the sequence components of bus-2 voltages are

6

_t\



=0
=1- ;0. 181'), =0.5
V”aQ:_.]O ISIfaz_OS

Hence faulted bus voltages are

Va Vaso 1.0
v, |=C"|\ ¥ |=| =05
Vc- SQ Vier -0.5

(c)Double-Line-to-Ground Faulr: Let us assumes that a bolted 2LG fault occurs at
bus-2. Then

Z,, = jo.18] j0.0778 = j0.0543

e —

Hence from (8.24) we get the positive sequence current as

wE
1 -
= I, =—————=—j4.2676 per unit ,
- 1a=ToTe 7, 2, +12 7(2,+325) ]

b ot

The zero and hegative seque‘nce currents are then computed from (8.25) and (8.26) as

Covy,, I —Jfalmm&—— = j2.9797 per unit _[ e
L, j(0.18+0.0778) U g
“n 70.0778 5 ,f 2
1, ==L ————————=j1.2879 perunit
f j(0.18+0.0778) 2
=
Therefore the fault currents flowing in the line are QJ& (5‘9)&4"!’ 4 = \
7 2 0 . {,&
I, =C| I, | =|6.657437.11° ] 2 (‘:35‘
- I, | | 6.657£42.89° ot oo
9w
Furthermore the sequence components of bus-2 voltages are =
V00 =—J0.0778L,, =02318
V,=1-j0.181, =0.2318
Vypo =—jO.181,, =0.2318
Therefore voltages at the faulted bus are 823i%
va Vo ao 0 4954
-] o '22[5

Vb ,:,c l/zm - ® @)

02343 ?’_‘
V¢ Vaay O





