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Ch 2 Fundamental

2.1 Phasors

A sinusoidal voltage or current at constant frequency is characterized by two
parameters: a maximum value and a phase angle

Vity = Vmax cos(wt + By) — instantaneous value

V =V, ,s4£0y = polar form

V = V. ,s¢/®V = exponential form

V = Vs€0s(0y) + j Vepssin(By) — rectangular form

- The relationships between the voltage and current phasors for the three
passive elements: resistor, inductor, and capacitor.

...................................................................................................................

""Jrq -...;_C
+ 1:."'_ . +
RQSV ¥ X =0 TV
X Q = jul 0 jv 5 s -

v : : - : : v
= 2 : : : e = —
TR L= T I%

InPhase | Lag V by 90° | lead V by 90°

(Resistor) (Inductor) (Capacitor)
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2.2 Instantaneous Power in Single-Phase AC Circuits

- The instantaneous power absorbed by the load is then:

P )= Vimslrms c0s(2wt + By + 6;) + V 1pslimscos(By — 6;)

- The instantaneous power absorbed by the resistor is.

QUKL Blnd) Y aleall
BV Gallan 2 o
alall (K1 Al pallag Jad
Ade & ALY Gy e L

P(t) = Vimslrms[1 + cos2(wt + 6y)]

- The instantaneous power absorbed by the inductor is:

P(t) = Vimslimssin [2 (wt + Gv)]

ol ol sl

- The instantaneous power absorbed by the 6 = Oy
capacitor is: B =6

Gl g (38 A L el

P(t) = VimsIrmsSin [2 (ot + eV)]

- Power Average (W):

P=VIR=VICOS(9V—91)

e = (S Gl gall 5 il Ll 4 slaall Lasé ) S5 Power average

w9laaill poc:alacl



- Reactive power (VAR):

Q = VIX = VI sin (ev - 91)

A sl sall 5 alall 55 Reactive power JI

- Power Factor:

Pr = cos(0y — 0;)
- For inductive, current lag voltage which means:

0; less than By — lagging power factor (4 s« 435 3)
- For capacitive, current lead voltage which means:

0; greater than 8y — leading power factor (4t 45 )l)

- For resistance, current in phase voltage which means:

0; = By — unity power factor (L= 4 )

- Reactive power is the amplitude of double frequency power of reactive load.

- P:is total energy absorbed by a load during time.

- Q: is max value of instantaneous power absorbed by reactive component.

w9laaill joc:alacl
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Example 2.1
: . /
The voltage V() = 141.4 cos (wt) is applied to a load e
consisting of a 10Q) resistor in parallel with an N |
inductive reactance X; = wL = 3.77Q. calculate the _ o
real and reactive power absorbed by the load, and 10_9 J X
the power factor. - UF‘ 1 I

Sol: e

_ Vmax _ 1414

Vrms_ \/E - \/i

=100£0°V —> | rms g= Jabaisy salally 43 lalil o

vV 10020°
g = =75 =10£0°A

V V. 10020°
b= == 3772907 26.532 — 90° A

[=1Ig + 1, =10£0° + 26.532 — 90° = 28.352 — 69.34° A

a) The instantaneous power absorbed by the resistor is:

PR(t) = Vimslrms[1 + cos(Z(wt + 6y))] —* Oy = zero
Pr(t) = (100)(10)[1 + cos(2wt)]
Pr(t) = 1000[1 + cos(Rwt)] W

() B Glanil os:alac]
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b) The instantaneous power absorbed by the inductor is:

PL(t) = Vemslims [sin(Z(wt + GV))] — Oy = zero
P.(t) = (100)(26.53)[sin(2wt)]
P.(t) = 2653[sin(2wt)| W

c) The real power absorbed by the load:

P =VIcos(6y — 6;)
P = (100)(28.35) cos(0° + 69.34°) = 1000 W

d) The reactive power absorbed by the load:

Q =VI Sin(ev — 91)
Q = (100)(28.35) sin(0° + 69.34°) = 2653 VAR

e) The power factor is:

Pz = cos(6y — 6;)
Pr = cos(0° + 69.34°) = 0.3528 lagging ——» | Lagging .¢® 4 50 41530 43 Lay

1 9la2ill poc:alac]




duSUpan ¢9b dabil

2.3 COMPLEX POWER

the complex power (S) is the product of the voltage and the conjugate
of the current:

P= Real power

S=VI"=(V£6,)(1£0))" = Vrmslrms 20y — 64 Q= Reactive power
S = Vims Irms COS(GV - 91) +J Vims Irms Sin (GV - 91)
S=P+jQ

(Ao 1 3 L) eSe) 4l 3N e hdd iy g daaill 4Dy Conjugate JV oy

Apparent power J' s complex power JI o (3,8 B -

IS| = Vims Irms — Apparent power ——» Jlie ) a1 3L Y
S= VrmsIrmSLBV - eI - Complex power——m» e Y G 3,3}\)'3\ aaly

S =|S|£6y — 0, — Complex power J! Amplitude J' oS Apparent power J!

Other rules of complex power:

V|?
S =

7 *
S =1%Z
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Source J! 1) aass (as

Generator OR Motor?

(UL olat) rayaasll 3 oY) A%y jhall

1- Current enters positive terminal of circuit element.
G gall e dala lall -1

—_—

If P is positive then positive real power is absorbed.

If Q is positive then positive reactive power is absorbed.

If P is negative then negative real power is delivered.

If Q is negative then negative reactive power is delivered.

2- Current leaves positive terminal of circuit element

G sall e ol kil -2

_—
If P is positive then positive real power is delivered.
+ If Q is positive then positive reactive power is delivered.
V 7 | IfPis negative then negative real power is absorbed.
| — If Q is negative then negative reactive power is absorbed.
- Delivered: Generator (JKJ:’) - absorbed: Motor (llgiuw)

v9laaill poc:alacl
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(02 AY) sl £ Ay

1 source 3,k S 1) -

Al sl se sl @ LS aady s Delivered 43 Source JI o= i
Delivered Wlxd ¢4 4 50 P J) il 1)

Absorbed (¢4 4l P J) s 1)

Delivered ¢4 Q J <uils 1y

Absorbed 8 4l Q J) ils 1|

2 source 51l oS 13) -

b sl anga sl &l LS| asdy s Delivered 43 JsY) Source J) b=k
Delivered Lilxd g8 4ua 50 P J) S 1)

Absorbed (42 4w P JI cils 1)

Delivered (¢ 450 Q Jl il 1)

Absorbed (¢ 4l Q J) cilS 1)
Gl 5l asa ) LS asdss Absorbed 43 S Source J) o=k
Absorbed Wlxd g8 da g P J) <l 1Y)

Delivered (548 s P J) cilS 13|

Absorbed (¢4 4 5« Q J) uilS 13|

Delivered ¢ e Q J) <uls 1)

P J ' GENERATOR OR MOTOR S 13 SOURCE J) a3 (e adies :Adiadle

gql:g.ill Joc:alac]




dSupan qs dobil

Example 2.2

A single-phase voltage source with V. = 100£130° volts delivers a current
[ =104£10° A which leaves the positive terminal of the source. Calculate the
source real and reactive power, and state whether the source delivers or

absorbs each of these.

Complex power b 5 Ll 5 agall J) 5udly Uiac
Sol:
S = VI* = (1002130°)(102 — 10°) = 10002120° VA

S=-500+j866VA

oa Al dgy Hha e dal S

Delivered 43| cuza

b) Generator or Motor?

S=P+jQ

S=—500+j866VA Absorbed s Delivered Jie 13 4l P J) 3L

Delivered 13 a5 Q J) 3L

l

Wil P Jl e adiziy Ll

[ The machine is motor ]

P= Absorbed= Motor

@ gqlng.ill lacsalac]



Power Triangle:

Q = VIX = VI sin (ev - 91)

P =VIg =VIcos (6y — 0y

Cw e s o dag) jebang ) gn Lidaay i il Aald Jilaadl (amy Jad aaliagy ji€ 1 Chlial) -
Sl JEall Ld ol 1) o 3ac Ui callay g ) 51l

single-phase source delivers 100 kW to a load operating at a power
factor of 0.8 lagging. Calculate the reactive power to be delivered by a
capacitor connected in parallel with the load in order to raise the
source power factor to 0.95 lagging. Also draw the power triangle for
the source and load. Assume that the source voltage is constant, and
neglect the line impedance between the source and load.

Sol:

(I sl 32 s gall Sldazal) aple daay g GBI A

PF = 0.8
0 = cos™1(0.8) =36.87° «—— Caliall s )i 8 liie 450 311 sy Ul (&1 PR Jlac]

%9laaill joc:alacl
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— Elial) jualie b aa gl 538 45l M5 P ) aa
36.87°
100 kW
tan(0) = % — tan(36.87°) = 1§8k
- Q. = 75 kVAR
Sy = P = 100k = 125 kVA
L™ cos (6,) cos (36.87°)
el sl Q Jl a3 sl e ad go Libiza 43) 8 L Load B (o5 S Liaa
s A 3 s Cilile aw y Jix e (35 (P) U 5 Source Jb dalall PR J) Aldae i
PF = 0.95
0 = cos™1(0.95) = 18.19°
tan(0) = — tan(18.19°) =
an(6) = = — tan( )= T00k
Qg = 32.87 kVAR 100 kW
P 100k
Sq = 105.3 kVA

- cos (01) - cos (18.19)

Qs=Qc+Q — | oy

Qc=QL —Qs > Qc=75—-32.87 =42.13 kVA

$9122ill joc:alacl
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Qi) Ao cillaadla

dad ally (Saa g 33 Ayl ) LY il Lgaa iy 4l 1) i Ll -
Aall ll)

Al Aad 5t aay il sall Impedance J) e ey (Ses -

(SIS dall 06§ saially @il sa gl ldaa Ml calla 8 e

If V=200 V and f=60HZ, Find the current and capacitor. ——» | (sdie (e (piasll Cua

Sol: ) U Adla) 2y )l s
S3 >
a)[:V—E > Baaall 2 31 e Walia aial IS JI aasiy

Sg =100 +j32.87 = 105.3218.19° kVA

(105.3218.19°k)*
[ = = 526.52 — 18.19° A

200
b)C=—L | ) sl A an s s Lged allaiy 7¢ e Lo ) S Lins
T L
< V| 7 V|?
= - =
C ZE C SE

SS=SC+SL_)SC=SL_SS
Sc = (100 +75) — (100 +j32.87) - Sc = —j42.13 kVA
7. V|
Cc — SE
1200/2
ZC = (_ "
i42.13K)
C= )
2160 X —j0.949

= —j0.949 Q

- C = 2.795 mF

15 Glanill pec:alac]
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2.5 BALANCED THREE-PHASE CIRCUITS

Al el 8l a5 ks (S ¢ ) shall galal alas W) Ala) 4aa Lilalad ) S
skl (0 Al DA (e s Le LWlle Ll

S & sanall (35S O g @ all pUaill 85 ¢ el allail) s Jalaciiy salall
e (5 by Al 5dll 5 Ll

Vﬂﬂ(r) V H{r} Vfﬂ{f}
Lot
/ P

120° \240°

Vyn = Vi, £0° — pahse 1
Von = Vin2120° - pahse 2
Ven = Vi, 2240° — pahse 3
a5 g Al il IS & ganall O Cang 0 el pUaill 4 Ll
Vin =1 0= e

Viot = Van + Von + Ven
Viot = 1420° + 12£120° + 1£240° = Zero

5 Qlanill poc:alac]
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Type of sequence:

e ¢ AR g (pra LLALJS&rh&h.Chijﬂ\(J%uﬁJﬁ é% g;:tﬂ\etﬁdh gg

1) Positive sequence: [abc]

Van = Vip20°
Von = V2 — 120°
v Ven = Vin2120°

V, lead V, by 120°
V, lag V. by 120°

vbu

2) Negative sequence:[achb]

Vi ) V,, = V,,20°
\ Vy, = V,,2120°
120°

. < W Ve = Vipz — 120°
N

<V

an

V, lag V}, by 120°
V, lead V. by 120°

cn

Positive sequence J) ge Jalxiiy salally :4k3a50

w9laaill joc:alacl
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i Al (il clia

rim (oY) s adl) () 5Ss Ul g Apa gill 38 8 -
(aand n), (b and n), (c and n)

L O (O 058 aall g -
(aandb), (b and ¢), (c and a)

pon Ol adll aga o (3 Al

VLine = V3 Vphase £30°

Iphase = ILine &= 4 sludie O Hlall Ay gl oo -

2) Delta connected source:

I,
a S
VPhase = VLine (;'*:’ a:’}l-“‘l" J}GAM M,-Ja-é)ﬂ\ 534 L;i -
Yo 08 R G shaia s ol il ol Ul g 56 Ala il aa g WY 1Y) -
lb
€3 :
L —
7 IPhase
\% 4 | 8 ILine = \/5_) IPhase £ —30°-> Ipahse = — 230°
be fs \/.?—)

Qlanill pec:alac]
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- Type of connection between the source and the load:

1) Balanced Wye-Wye connection:

Laal Jlaa¥) e gukai jabeadll e gk il ac) g3l
3l sl aisdany Y J) dlua i (358 ) sSae ) S iy

(Vab,VbC, Vca) 4—(b) 9 (a) O JJ.AAA.“ Lall AVEN
(Van'vbn' Vcn) «—(n) 5 (a) o Oualll jlall aga
(Vag, Ve, Vea) «——— (A) 5(B) 0 Jeall aall aga

'

Jaall (Van, Ve, Ven) ———— (A) 5 (N) o daall Sl 2es

Lans Ipn, oy bl i) Qe s (N) Al ) (A) Al (pe Joall ) s
Lo, Tpp Log bl 4l Jedi s (n) 4l ) (@) il (pe aeaall S s
Iaps Igc, Ica deall Bl s

Iab» IbC' Ica _).A.»..a.qﬂ L;J\ JLJ3

Y dlsasill ¢ g5 asY 5lall o3a 8 hadll i (5 sbuy Sl L sABadla

v9laaill joc:alacl
e
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Single phase L al; LIS Laal ~1 5 Le 2S5 lall s2a Jal

|
Q>

VLH'! Z]{"

O

= 15

n

daale 5 la LS Lela g lall Lgdnny 7,0 (8 OIS 1)

Delta JS& Ao Jasa Y jaadll @il

)l g eV LS jaad) aga
Ll s g b Y 40 el s Ll

Delta dua sill 45y Jaall 3l aga (5 sy Jaall ladll aga

Vab - VAB - VZDelta < — .dd Jw‘ J@A. Léjl-ue ‘-Aun_j M

(oL Sl 130 s Jandl (5 s ¥ Lkl s L ity A R Jom gy W T, s

Ia == \/§ IABA - 300

$9laaill joc:alacl
e
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IR = Ve — 1 Ge daall Ul s clea (S
ZDelta .
Vab — VAB = VZDelta M;‘ uﬁj

ZLine = 30M (5513 ¥ Ladic Jadd aadius 46y k) 038 1ddiadle

Y-Y Dol JSE Jsma Zps o o S 1

Lpelta = 3Zy ol sl

3) Balanced Delta-Delta connection:

Delta JS& e Jaso Delta Laadll ¢l

(OB ) sl (Ao (S sl aglS agd] Lay s Jadldl aga (5 5bun DAl 2 Delta J) Aua 5t

Vab(source) = VAB(load)

JA..A.AS\ ji Jaall J\SS\ J@ Lﬁj\.ﬂ,} Y Jeall ji JJAAAH LAl JL..)S
I,:line current | «——— I, = V3l g2 — 30°
_ Vas
Iap = A e Jeall Sl s Gl (S

ZDelta

1 Glasull ec:alac]
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VoY O30l smill a5 s T A ke Rl 5 51l s (S

dasaill 48,k
Ty = ZD;lta Laall s gl
1Y) O sl axiien 5 Vo line to Vy, of e saad) Jysadl

V,p = V3V,,230° > V,, = 22, — 30°

V3

4) Balanced Delta-Wye connection:
I,

a i A

A 3 Y 08 e Jaas Delta aad) dlils
PN iC
' ,-*".'-{.I I-)'i-“j Y |

o, = ’}1

I/ x_"‘- ] ..E,Z//-? "-LHIF quﬂ 1l AVEN L.SJL“‘:’ JJ..AA.“ JM\ RPEN

c €9 A = / Ne SIS e v‘e"y Jaall bdl sgn Lia G sbasts

i B
\lll'h.
i‘_ Vab = VAB

Vag # Van

V
VAB = \/EVANLBOO - VAN = %L — 30°

Y ddpa il Y Jaall 5l 5l 5 sy Jaall Jasldl s
IR e Sl s aay ML Delta ddsa sill 45Y Jadll s s s ¥ Jaaddl il s (<)

I,
I, =32 —30° > I, = —=2£30°
V3

B Qlanill pec:alac]
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Y-Y Jaolall Jagad y dslaall 3 lall Jad -

V., = V3V,,230° > V,, = V—jg‘u —30° A Al sk sl Jisadl

50l Jal o Al 46 )k -

V,p Jismdl Shel Ja
Vab = VAB LJlﬁ

vV
Vag = V3Van230° - Vay = —2 2 — 30°

V3

Van

I =
AN Zoy
IAN = Ia = Ll PEY LﬁjL‘-“:’ Jw‘ oY Uua iy
I A Ao jaaall s Clualy bdll s s s Y W s Delta dlea siss

I
I, =V3l,2 —30° > [, = —=2£30°
V3

Ziine e 3,120 (5 5ind Y Latie Jadh 433 43, Hhall o2 radiadle

Y-Y Jajlall J8& J s Zpine 2 0SB

w9laaill joc:alacl
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Example 2.4

A balanced, positive-sequence, Y-connected voltage source with E,;, = 48040°V
is applied to a balanced-D load with Zpejr; = 30£40°€.The line impedance
between the source and load is Zj ;e = 14£85°() for each phase. Calculate the line
currents, the D-load currents, and the voltages at the load terminals.

Sol:
Z.=1/85°Q
Y-Y el S5 Jend 7, 0o aein (S Delta JSS e das Y jaaall @il 43) Jaadl 4y
7 30240°
Zy = D;‘ta o Ty = = 10240°Q

Ul 2ga Aalay Bl Y-Y @ jla y dlia sl W ga 43) Ly
(U Ol YA e Ll gaiy Jadl) aga Lidara 54 5 Jadll aga (5 sl ¥ LAl aga Y-Y Alua i

v
Vab=\/§Van430°—>Van=Ta;4—30°V E =V = sal

480 ) .
V,, = e 30° = 277.1282 — 30°V

v9laaill joc:alacl



a ZL = 1@9 A
+ ] :

= 80 500 (~ Z, = 10 /40° O
Ean - ﬁ _30 C) Y Z_
: - neutral wire

n N
: : daale 3 S Leday 5 cullaal) gy

a) Line current —» [5 4 a3l Line b e A k) sl gl
Van 277.1282 — 30°

Ia = 25.832—-73.78°A

= - IA =

71 + Zy 1£85° + 10240°
Ig = 25.834 —73.78° — 120° + 360° = 25.832166.22° A
Ic =25.832—73.78° + 120° = 25.832£46.22° A

Delta J! dlua g

Gasball L oae Ulg Sl L s sl ¥ addl s
DU 2 A eVl b Sh ) A D

b) The Delta load currents ———»

[, +30° 25.834 —73.78° 4+ 30° .

Igc = 14.912 — 43.78° — 120° = 14912 — 163.78° A
Ica = 149124 —43.78°+ 120° = 14.912 + 76.22° A

15 Qlanill pecsalac]



c) The voltages at the load terminals are:

Csia aall 5 5lall aga s Delta Aia 5l 43 Loy Jesdl g e s

Vap = Zpelta Iag = Vap = (30 240°) x (14.912 — 43.78°)
Vpp = 447.32 —3.78°V

Vpe = 447.32 — 3.78° — 120° = 447.32 — 123.78°V

Vge = 447.32 — 3.78° + 120° = 447.32 + 116.22°V

2.6 POWER IN BALANCED THREE-PHASE CIRCUITS

caliaty oyl @l shall D0 alasy (8] agie dal g JS 58 L je 5 skl galal ol 8 48Ul Lis 5o

P Sl
1) Wye connected load: 2) Delta connected load:
Iﬂ
I, P
— A

Zy Zy
Ib
—_— Ib
G —
B
3 I,
—_— —_—

lline = Iphase

Viine = V3Vphase£30° line = V3Iphase2 — 30°
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- Real power [W]:
P = 3 Vphase Iphase c0s (By — 6p)

P = V3 Vyine ILine cos (By — 6;)

P =VIcos (By — 0) osldll gae g skl galal aUay,

P1,P2,P3 iic iy &l J83 iay skl SO allasy Ul oY) Ll
sl )il mes e Gadas 55 3

- Reactive power [VAR]:

Q=3 Vphase Iphase sin(By — 6;)

Q= \/§ Véine ILine SIN (BV - 91)

- Apparent power [VA]:
S| =3 Vphase Iphase

IS| = \/§ VLine ILine

- Complex power [VA]:

S=3 Vphase I;hase

S = \/§ VLine Iiﬁ.ine

Sl O E V) Galldas e S0 o) 8l UL aa gy AN

B Glanill pac:alac]
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Example 2.5

Two balanced three-phase motors in parallel, an induction motor drawing 400 kW at
0.8 power factor lagging and a synchronous motor drawing 150 kVA at 0.9 power
factor leading, are supplied by a balanced, three-phase 4160-volt source. Cable
impedances between the source and load are neglected, (a) Draw the power triangle
for each motor and for the combined-motor load. (b) Determine the power factor of
the combined-motor load. (c) Determine the magnitude of the line current delivered
by the source. (d) A delta-connected capacitor bank is now installed in parallel with
the combined-motor load. What value of capacitive reactance is required in each leg
of the capacitor bank to make the source power factor unity? (e) Determine the
magnitude of the line current delivered by the source with the capacitor bank

installed.
8D ae iy o 3iag ) shall S0 aal 5 IS 55158l e cdliaie (4 e gaie 43) Sy
u:xlU:m TS k_\n.k} QE\L\M .JA\)
Sol:

a) Draw the power triangle for each motor and for the combined-motor load.

Caliall e A e 2 Aoy s Cllasal) Cogdy (58 4ie LiSa A sall Eiliie i e il

Induction motor:

P=400kW PF=0.8 lagging R
PF = 0.8
0 = cos™1(0.8) = 36.87° +—— | O Gedasl Ol Ak
S|
Q
Oy — 6

1 Qlanill pec:alac]
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_Q o Q
tan(0) = 5 tan(36.87°) = 200K

Lagging LY 4 5e 4y ) 3l

Q = 300 kVAR
S=P+jQ
S = 400 + j300 - 5002 + 36.87°kVA ﬂ

4l 3L 5 Polar J Wl s> Complex power ! Amplitude J) 8% |S| J) 43) BSa i

500 kVA
300 kVAR

400kW

synchronous motor:

|S|=150 kVA PF=0.9 leading «—— | Sl 0e a3 7 Aty

PF=10.9
0 = cos~1(0.9) = 25.84°

S =150z — 25.84°kVA <«— Leading 1.@.")! aalla 4 ) 30
S=135-j65.4 kVA 135 kW

150 kVA 65.4 kVAR

Al Ay gl 5N Y G glia Caliall Liaws

5912211 pac:alac]
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Combined-motor load:

Q5P J gty Jadh oamy ae Gl peni 1) (5

P.otal = P1 + P2 - 400 + 135 = 535 kW
Quotal = Q1 + (—Q2) = 300 — 65.4 = 234.6 kVAR
S =535 +j234.6 - 584.2 £23.67° kVA

584.2 kVA 234.6 kVAR

535 kW

b) Determine the power factor of the combined-motor load.

PF = cos(6y — 6;) = PF = cos(23.67°) = 0.9158 Lagging

C) Determine the magnitude of the line current delivered by the source.

S = \/?_’ VLine ILine

[ ine = °842 0.0811 kA
line = 3% 4160
Line oz Phase ¢l 43 Jlsudly S5 Le 1) saliadla
-
g lanull pacsalac]
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d) A delta-connected capacitor bank is now installed in parallel with the
combined-motor load. What value of capacitive reactance is required in each
leg of the capacitor bank to make the source power factor unity?

3v? 3V? Power factor unity
Qc = Xpelta = Xpelta = Q_c Q e L ins
Delta = 32(%6601){2 = 221.3(Q) Qnew = Qadd + Qcom =0
| oo b Sal Q gaie Lo lisa
Qadd = Qcom

e) Determine the magnitude of the line current delivered by the source

with the capacitor bank installed.

omi dmy Ul Aad aa g8 ) iy Ll ) i Ay g) 3 Lal LS
i g il S LS 2030

s Calil Q gdie L

S P 535k
74.3 A S=p

I = = = =
V3V V3V V3 x4160

2.7 ADVANTAGES OF BALANCED THREE-PHASE VERSUS SINGLE-PHASE
SYSTEMS

- reduced capital and operating costs of transmission and
distribution.

- the total instantaneous electric power delivered by a three-phase
generator under balanced steady-state conditions is (nearly)
constant.

G Qlaaill pecsalac]
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Difference between ground and natural?

Ground
- Actual physical

- For safety and protection under
normal operation

- Conductor that carries current under
fault condition

Natural
- In 3phase Y connected

- Conductor that carries current is
normal operation

- Represent a reference point
which an electrical distribution
system

15 qlanill pecsalac]
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Problems Ch 2

2.19) Consider a single-phase load with an applied voltage v = 150 cos( wt + 10°) V
and load currenti = 5 cos(wt — 50°) A. (a) Determine the power triangle. (b) Find the
power factor and specify whether it is lagging or leading. (c) Calculate the reactive
power supplied by capacitors in parallel with the load that correct the power factor to
0.9 lagging

culllae 3ae (alla 5 408 Haldd) Ll g agall @ch‘ sl L“gqlai alai 3 )l

Sol:
S = VrmsI;ms

150 5 Rms ae Jalaiiy salally 45y Ll 5 agad) Wl
S=——210° x — £50° —»> . )

V2 V2 Conjugate (& 43Y dua 50 43 5) 3l
S = 375,60° VA
S=P+jQ
S = 187.5 +j324.8
P=1875W
Q= 3248 VAR IS| = 375 VA Q = 324.8 VAR
IS| = 375 VA

60°

b) P = cos(60°) = 0.5 lagging
P=1875W

c) Reactive power by capacitor:

Qs = P x tan(Qg) = 187.5 x tan(cos~1(0.9)) = 90.81 VAR
Qc =Qp — Qg =324.8 — 90.81 = 234 VAR

G l2nil pocealas]
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2.23) A single-phase source has a terminal voltage V = 120 £0°V and a current
[ =10 £30° A, which leaves the positive terminal of the source. Determine the
real and reactive power, and state whether the source is delivering or absorbing
each.

g ¥ g 48 o gy jaaall 13 20a] (s y Complex power wlta s il 5 agal) J) gully lac|

Sol:
S=VI"=(1204£0°)(10£ — 30°) = 12002 — 30° VA

S =1039.2 —j600 VA

o2l 4yl e Jal $x
Delivered 43 Cua

[ The machine is generator] —» ool e s
Cal LAY (i

Delivered 13 4aa 5o P JI 5L

Absorbed s¢& Delivered Ui 13 4l Q J) 3 L)

l

22l P ) e daiedy L

P= Delivered = Generator

15 Qlanill poc:alas]




2.27) An industrial load consisting of a bank of induction motors consumes 50 kW at
a power factor of 0.8 lagging from a 220-V, 60-Hz, single-phase source. By placing a

bank of capacitors in parallel with the load, the resultant power factor is to be raised
to 0.95 lagging. Find the net capacitance of the capacitor bank in mF that is required.

Arsl sall laie aal Callda 5 ad sy Jaad) 138 Jasial (a5 die Silaslaa Jlac ] 3 )0 Jes

Pold = 50 kW PF =08 - Gold = COS_1(0.8) = 36.87°

_ Qoma o Qomd
tan(0) = . — tan(36.87°) = EOK

Qo]d = 37.5 kVAR

36.87°

Soid = 50000 + j37500 VA 50 kW

ol gall il glaa o A5 & 3 Lt aol gan Jaadl Jladial Ji8 A il glaall JS Ui ja%00 Le a2y
Jlsadl A Gildanall Cova 30304

Prew = 50 kW — | Jhad) JS1 450 L) s

PF = 0.95
Bpew = cos~1(0.95) = 18.19°
tan(0) = QUnew — tan(18.19°) = Qnew
Prew 50k
Qnew = 16.430 kKVAR 18.19°
Snew = 50000 +j16430 VA 50 kW

Al gall A0 Leia g Axilaal) z HAdly Gla gleal) JS Ui jatiil be aay

$9Ia2ill jac:alac]
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A

g VI* ; K
= RN =
C ZE C SE

Snew = So1d T S¢c = S¢ = Spew — Sold
Sc = (50k + j16430) — (50k + j37500) — S¢ = —j21070 VA

_2201° o g0
¢~ i21070 ° )~
C=—L >(C= ] = 1155uF
2nf Zc 2TX60X—j2.2971

2.41) three-phase 25-kVA, 480-V, 60-Hz alternator, operating under balanced
steady state conditions, supplies a line current of 20 A per phase at a 0.8 lagging
power factor and at rated voltage. Determine the power triangle for this
operating condition.

sl Ciia Gl g Ll 5 agall Ulae  glall 50 HUs
Sol:
S39 = V3 VLine ILine£0
S3p = V3 x 480 x 204cos~1(0.8)
Ssp = 16.627 X 103236.87° VA
S3p = 13.3 x 103 +j9.976 x 103

P=13.3kW IS = 16.627 kVA Q = 9.976 KVAR
Q = 9.976 kVAR i a7
IS| = 16.627 kVA

P=133kW

BQlanil pocealac]




wHrIcoM 45105 0B doki

N

2.46) Three identical impedances Zpejta = 30 230 (L are connected in Delta to a
balanced three phase 208-V source by three identical line conductors with
impedance Z;, = 0.8 + j0.6 Qper line. (a) Calculate the line-to-line voltage at the
load terminals. (b) Repeat part (a) when a Delta-connected capacitor bank with
reactance (— j60)Q per phase is connected in parallel with the load.

Sol:

a) Calculate the line-to-line voltage at the load terminals.

dall Jguad Ll drilae Jsal o 3¥ o hadll e dailes saie (K1 daall e agal) o (il
Ol agad badll aea Jgady b

an \/’§
30230° .
y = = 10230°Q _ ;
3 A fgﬁ =050
Vin = Vo x — 2
AN T Tan ZY + Zline
Ve = 208 L0° x 102430°
AN 3 10£30° + (0.8 + j0.6)
(102£30°) x (120.09) O g sl ¥ adll aga Y Ala gy
AN — .
Van = 109.32 - 0.62°V PEEQ{RVEN R P

Vag = V3 Vay = Vag = V3 x 109.3 = 189.3V

g lanill pecealac]




EJC,DM d15pan $os dobil

b) Repeat part (a) when a D-connected capacitor bank with reactance
(—j60)Q per phase is connected in parallel with the load.

o) 3 i) e SV Y1 gl ) S5 il
e 315t e Alianall 320 o5l Ll pd e s Aailas (i (S il ghadl) i

JelS Jaall Lo sgall Jlaal
eq — Zc + Zy +W + E
—j20 x 10430° 5 208 v (- Vo L10230°Q —— _ing
fea = —;20 +10230° V o VC) T _
o = 1154720°0 J) S— N .
Ze
VAN - Van X Zeq +qume
Vay = @LOO o 11.547 .
\3 11.547 + (0.8 + j0.6)
_ (11.547) x (120.09) 5 I IEVENEP N (B PEN VN T g

AN — ]
11.547 + 0.8 + j0.6 | il Sem cim il U (lanll i) sga L
Van = 112.22 — 2.78°V Laal) seal Jsa

Vag = V3 Vay = Vap = V3 x 112.2 = 194.3V

G122l pocealac]




#HrIcoM 450105 0 okl

A

Ch 3 POWER TRANSFORMERS

3.1 The ideal transformer

Transformers is device that change Ac electric power at one voltage level to
another voltage level, through the action of magnetic field.

Cany Ll o g (50 A8 Jany ) ) Jsaall (50 Lie 5 48Ul a3y Slea 2 J sl
Al ) 3lally 4800 Caa 23) 138 Ll g o LS ila gy

For ideal transformer:

- The power:

P, = P,,t (No real power losses) SUie dans) (e SN J gaally
Aaall ) Lﬁ‘ gaie Lo =

Qin = Qout (No reactive power losses)
in ou - OBl 4 Jatall ()

Sin = Sout (No apparent power losses)

P
n= 1;’_‘“ X 100% — Py, = Poy
1n

v

- the efficiency is 100% p
n=—x100% = 100%
- The windings have zero resistance. Pin

- The core permeability mc is infinite, which corresponds to zero core
reluctance.

- There is no leakage flux.

- There are no core losses.

15 G1anill jocaalac]




..............................................................................................

Nlll — NZIZ — RC(I)C N Ohms lOW Core permeability 4,

Core cross-sectional area, A,

. ww‘ X\ | ;\Xb (_AM alal “ el Mean length of the magnetic circuit, 2,

B . 1-SS "1 we b, )
Gislhe e OS] QUSIL EEE) 3 o 5a ©oh P -
: qte n . . F— 1 +
ﬂhww&aybmwu : ; ] ] _&
: ! ] i
P i winding 2
: windingl | “____T___/ (N, turns)
IC E (N tums) He

RC ==
HcAc

For ideal transformer Uc = o0 oo ee e ee et enee e
Then R = Zero

Becomes N;I; = N,I, = For ideal transformer

For ideal transformer: £ :
N, Si— —=5; :

TN h—2 —
E; N & &

E; N; M Ny

I
2 81=SZ

le—z—zazzz I;

L L S, =Ejlj =aB, x Z=LE; =5,

B Qlaaill pec:alac]
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For ideal phase-shifting:
- Impedance is unchanged when it is referred from one side.
-no real or reactive power losses since S; = S,.

e e Jsae e 138 jdeal phase-shifting 4eu) le 23] A
11—-»3”C——:2 ] gl e e B Al ) L s gile o8] Le gl 3S o)
s eVl ) i gleal)

el 1

5 = oié i sl 4 L magnitude &

E1 = atEZ = eMEZ

Example 3.1

A single-phase two-winding transformer is rated 20 kVA, 480/120V, 60 Hz. A
source connected to the 480-V winding supplies an impedance load connected to
the 120-V winding. The load absorbs 15 kVA at 0.8 p.f. lagging when the load
voltage is 118 V. Assume that the transformer is ideal and calculate the following:

a. The voltage across the 480-V winding.
b. The load impedance.
c. The load impedance referred to the 480-V winding.

d. The real and reactive power supplied to the 480-V
winding

v9laaill joc:alacl



Sol:
e sae callha g ila slea el s Jea 8 Secondary e (MSa ol (e (35S J e
PF = 0.8 Lagging e ,

S— -5, = 15,000 /3687 VA |
0 = cos™1(0.8) = 36.87° h oty '
S, = 15 £36.87° kVA . 28 & - ey
9= Nl _ Elrated _ 480 — 4 _ -

N2 Eratea 120 NN -

a) The voltage across the 480-V winding.

oA e Jxis Primary e el Gl
E, = aE, — E; = 4 x 11820° = 472,0°V

b) The load impedance.
2 sils 3 I ol il e Jxidy s oSl sl 5 gl ilae s Jasl) e dailaal s

|E|* |E|”
= - Z = >
A S,

7 = 116” = 0.9283236.87° Q)
" 152.-36.87°k '

S

c) The load impedance referred to the 480-V winding.

7, = a’Z, » 7, = 16 X 0.9283436.87° = 14.85236.87° ()

d) The real and reactive power supplied to the 480-V winding.
S1 =95,

S, = 15000 £36.87° = 12000 + j9000
P=12kW Q = 9 kVAR

G 122101 pocaaiac]
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3.2 EQUIVALENT CIRCUITS FOR PRACTICALTRANSFORMERS

Lg.u.mzda\.ﬂ\ﬁtﬁ\&;)ﬂ&uu\}ﬁh@jdﬁwﬁ\j&u\d);.d\dﬁgﬂ\ RSl L o
il Jomall s i BAN 05 o a5 a0 O 5o

practical transformers differs from the ideal transformer as follows:
1. The windings have resistance.

2. The core permeability mc is finite.

3. The magnetic flux is not entirely confined to the core.

4. There are real and reactive power losses in the core.

2\.,;5\35\EJ\JUQUAHd.gﬁmhg&}é&uhmy&&ﬂu\m%dﬁ\sslud\djxdh

N
h— Ry JX (Nf)’z — X2 R, — 1
- AAA YTy L] -
+ A + + vvy '°+
fe L l ‘rrrl
Y G. -is,  E3llc & .
o b || -

- Losses:

1) Copper losses: (R4, R5)
Resistive heating losses in the primary and secondry windings.

2) Leakage flux: (¢pr1, dr2)

leave core and pass-through air (Inductance of primary and secondry coils).

5 Qlaoull pecsalac]
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- Core losses

1) Hysteresis loss

Hysteresis loss occurs because a cyclic variation of flux within the core requires
energy dissipated as heat.

hysteresis loss can be reduced by the use of special high grades of alloy steel as
core material.

2) Eddy current

Eddy current loss occurs because induced currents called eddy currents flow within
the magnetic core perpendicular to the flux.

eddy current loss can be reduced by constructing the core with laminated sheets of
alloy steel

G UL

- the core loss current (I.) —

- the magnetizing current (I,,) —» | B\

- exciting current I, = (I. + 1)) —» Io + I ool diasse
c m SRS

- For large power transformers rated more than 500 kVA, the winding resistances,
which are small compared with the leakage reactance’s, can often be neglected.

- Since the exciting current is usually less than 5% of rated current, neglecting it in
power system studies is often valid unless transformer efficiency or exciting current
phenomena are of particular concern.

15 Glanill joc:alac]
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ol Jaily (el (o mi By oY 5 50all ¢ e JS e sidig ol 521 W el Le any
@}SJ\JX\J;H_A&\?U\J\Q; ;‘*@—“L""U:’Ju;\cf“! U:\JLA&‘L)AQJ‘)MJ
1) Open circuit test

Performed on LVS

HVS — Open
L= A e
300V/3000V
LVS  HvVS
M ———— i
Ig = Zero = Open Jba JLidy) Uil 45 Lay - i ' E
SY ) La Secondary J) (e Ay ghaw - T > i Vi G ~fBm |
R;and x; Jeg - i - E

Y — G B _ 1 ] ———————————————————————
— JC Jbm = RC Xm
Poc = Vocloc cos(8)

0= cos"l( Foc )
Vocloc

2) Short circuit test

Performed on HVS
LVS—» Shorted

U= e
3000V/300V
HVS  LVS
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A

................................................................................................

V1=0 Jas:- AW MWW
Jbiay) Galay -
Chamtially W 53l e - V.
secondary J ¢~ JS Ja - |

Req = Reqs + leqs

Psc = Vsclsc cos(6)

0= cos‘l( e )
Vsclsc

V
ZSC == ﬁ AG
Isc

Example 3.2

A single-phase two-winding transformer is rated 20 kVA, 480/120 volts, 60 Hz.
During a short-circuit test, where rated current at rated frequency is applied to
the 480-volt winding (denoted winding 1), with the 120-volt winding (winding 2)
shorted, the following readings are obtained:V; = 35 Volts, P, = 300 W.
During an open-circuit test, where rated voltage is applied to winding 2, with
winding 1 open, the following readings are obtained: [, = 12 A,P, = 200 W,

a) From the short-circuit test, determine the equivalent series
impedance Zgq; = Req1 +jXeq1 referred to winding 1.

b) From the open-circuit test, determine the shunt admittance
Y = G¢ — jByreferred to winding 1.

v9laaill joc:alacl
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- N

Gl 5 lall Jad agiadal 5oy M o )iaY) e e glan Sl s Jsaall o il glaa I gudly Jldac
ey 4 (ald Hlial aal g JSI oK) G g all dailaal) (gl s 5V il daslaall

Sol:

a) From the short-circuit test, determine the equivalent series
impedance Z¢gq1 = Req1 1 jXeq1 referred to winding 1.

S 20 k —
Lirated = =24 =2~ = 41.667A — Rated J) )i iad Lia 3t
Vrated 480
Py
1>1=12R—>R=I—2
R= 99 _ 0.1728 Q
~ (41.667)2

(e A adal el L gleae (ol saie Lo Calall oS3 drilaall o) 3ol (e o e Jsf L yaia
Axilaall Ao agDA (e 7 satien il s agal) Jlac (s LA

Vi

= = 0.8400 Q
Lirateq  41.667

|Zeq1| =

Z1eq = R1eq + leeq

2 2 -
|Z1eq| = \/Rleq +Xieqw —— | Al i i

Xieq = \/zleqz — Ryeq? = X1eq = /0.84002 — 0.17282 = 0.8220 Q)

Zieq = 0.1728 +j0.8220 Q

%9laaill joc:alacl
C a—
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b) From the open-circuit test, determine the shunt admittance

Y, = Gc — jByreferred to winding 1.

N4 480
Vi = N_2 (Varateq) = V1 = m

(120) = 480 V——>

Gl e Sl glaa illac]
yall el L oS
Primary Jb 4} L

480 (s b 3¢l

(Axileall < 5la0) Shunt admittance J) 4ad z )a%u Open test Jb

A gl sl A Ak deall el aas ) sall A ilhac

Vi
Q_KeP=WQ
G P2 Ge = 0 — 0.000868 S
CTvz TTC 480 T
1
Y e »
N, 120
L = —2(] I, =—(12) =3 A
1 Nl(z)—’1 480() 3

3
IY..,| = — = 0.00625 S

Primary J Jtill 4af 2 Lo
Secondary J) UL o oae

Refer to primary Jax

The units of admittance, conductance,
and susceptance are|siemens.

480
Ym = G¢ = jBm
By = \/sz — G¢*
By =

Y = 0.000868 —j0.00619 S

\/sz — G¢? - By, = 1/0.006252 — 0.0008682 = 0.00619 S

B glanull pecsalac]
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3.3 THE PER-UNIT SYSTEM

S Jsmall e (o8 g g Aaleall Lilay daodingy I Jgnall e Galull (g ally Ud jas
o) e o yuti 1y gl L e g AL gl il (Ja iy € (K0 5 5lal) Jad oS U el Lo s
Per unit 4«

- One advantage of the per-unit system is that by properly specifying
base quantities, the transformer equivalent circuit can be simplified
Base J) dad 1aa’ JA (e Jeusl IS8 Jgnall 310 Jasgl 5a8 i gyl ) Jaen (528 (10
- The per-unit quantity is always dimensionless.
Lol g5 el Jia chlan g agd (IS it 5 g s Al (g Ll Lalida] 1) culiaSl) S
a5 L) L iny Bas g 6l ae Jalaity e Per unit Jb oS

actual value ___ Hwnit
base value ——» HagUnit

per unit quantity = —» per-unit dimensionless

skl salal JUai L Jall agadiiiiy (yl 8 Per unit pladiuls lesal o oludl
Current
Pbaselcl) = Qbaselcb = Sbaselq) Voltage
_ Sbaselq)
Ibase = —— Power
VbaseLN
Impedance

2
VbaseLN _ VbaseLN

Z = R =X = i
base base base Real and reactive power

Ibase B Sbaselcl)
1

Zbase

Ybase = Gpase = Bpase =

B g1anill poc:alac]
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- The value of Spase1¢ is the same for the entire power system of concern.

- The ratio of the voltage bases on either side of a transformer is selected to
be the same as the ratio of the transformer voltage ratings.

- per-unit impedance remains unchanged when referred from one side of
a transformer to the other.

Example 3.3

A single-phase two-winding transformer is rated 20 kVA, 480/120 volts, 60 Hz. The
equivalent leakage impedance of the transformer referred to the 120-volt winding,
denoted winding 2, is Z¢q, = 0.0525 £78.13°Q) . Using the transformer ratings as
base values, determine the per-unit leakage impedance referred to winding 2 and
referred to winding 1.
gy Hulls Primary J e daileall 40 s 5 ate Cila slaa LfaUar_\ skl Lgd\;\ J 9na
rated J) lewdi o8 base JI a4l SI3

Secondary (e dailaall Cui gy yudl dad Liayl allda
Sol:

J sl clhedl Base J) add dasy 4l

Spase = 20 KVA , Vi sseq = 480V, Viypgey = 120V

Actual value » s Secondary J! 4xilaall dad e

gyl dmilaal) dagd Jiaal Jﬁi Olie Base J) 4w S
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Zactua] Zeqz 00525 L78130
Z = = Z = = 0.0729 78.13° Per unit
cqzp-u Zbase Zbase cazpu 0.72
Secondary Jcuisy sl dailaall dad L jain) Lo aey
Primary J! &g all dailaal) dad > jadid Uy oY)
Secondary J dxileall dad JI sually Ulac|
referred to primary Jex
N, _480
a == —— = —
N, 120

Zeqr = a°Zeq, — 4% X 0.0525 £78.13° = 0.84 £78.13°Q

Actual value & A5 Primary Jl dxilaall 408 o2s

gyl Aadladl A Jaad a8l Lic Base J) 4 S

Vpaser” 4802
Zpase1 = Szi = Zpase1 = m =11.52Q
ase
v/ 7 0.84 278.13°
Zeqipn = — = 2 7 anu = = 0.0729 £78.13° Per unit

Zbase - Zbase 11.52

-ciUaaSa
Jal yaam Y il aread Leuds & S0

ol Le Layl Zeq2p.u = Zeq1p.u

$9laaill joc:alacl
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Per unit J alasiuly skl galal Jsae Jaiy CaS U o) La 2ay

Alal Per unit 3 sl One line diagram 4awl o) Le
- One line diagram

3¢ | |
N \
1 5 : . s

1- Generator (s3).
2- Transformer step up: Chang the voltage level.
3- Transmission line (J&ll Jad),

4- Bus: Interconnection two different element (similar to node in circuit).

5- Load. Bus

31U Node ) 1ase 5 gupaie (m Jeasy

Cpd st Linl elghyai o 3Y Alad & JUall Ji (K1 Qe adde Jad gl la oe) jal Uit el Lo day
allay g gy yually 5 als dailas Wdany (8 (ST 4l 45, Hlally i gyl Lgalla 13) dailaall 2 jai
‘aalagy Jull o glall aaatiid #1 ) (UL Ll saaad) cui gy )

2

Sbase new) ( Vbase old )

Zp.u.new = Zp.u.old (S
base old

Vbase new

B lanill ocealac]
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Example 3.4

Three zones of a single-phase circuit are identified in Figure. The zones are
connected by transformers T1 and T2, whose ratings are also shown. Using base
values of 30 kVA and 240 volts in zone 1, draw the per-unit circuit and determine
the per-unit impedances and the per-unit source voltage. Then calculate the load
current both in per-unit and in amperes. Transformer winding resistances and
shunt admittance branches are neglected.

..................................................................................................................................

Zone 1 Zone 2 Zone 3
| |
| 1
|
V, = 220/0° volts | |
- +
HO—3¢ —3 '
¢ Xupe = 2 02 ° -
T, e = 2 T, Zload =09 +,0210Q
30 kVA 20 kVA
240/480 volts 480/115 volts
Xeqa = 0.10 p.u. Xea = 0.10 p.u.

One line diagram J<& e (<1 ES yus jlue sla ) el o Y Ll

daa (P Jlsad) Lala N Cullaall as 53 9 d8haie JS a8 330 5 3halial &S juall (sl andsy Jally
Lellal dalia JS
Lyl allda g cdlaie dihaie o Jaidl 215 cing 4alaSh alaill cuigy juall 3 )1 4wyl J) sl

Aakaially g ) Jeal e gy gadl s edl) Ll ey deall ap Caigy pully i) o8
PR ||

Sol:
alail) (S ARG sty Le L) LS s Sy IV saally Ul
Al shaliall lgandiing e iny Jadd V) ddlaiall Vi o Lial Uillac
Generator
V. 220
Vpu = =8 = 22— = 0.9167 Per unit
Vpase 240

B glanill jacealac]
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Zone 1| —— Viager = 240V Spase = 30 kVA
Per unit dxilaal 5 agall z jadius Lay V) dalaially

gyl Bl ety Lo dagal dad o Qﬂxeqw@wihm)&
SleL el <3 A (56l e saaall dadl) aa f o 5

- Vbase” _ 240
base Sbase 30 k

2 - . . .
Spase new) (Vbase old ) - 5 Ayl e a@—*.ﬁ,)w\ il slzall S

Sbase old

= 1.92 Q

Z =7 (
p.u.new p.u.old V.
base new

30 kVA) (240

2
XT1punew = 0.1 (30 VA 24()) = 0.10 Per unit

Zone 2 | — Sp.ce = 30kVA

o e Sy oo = 30 kVA LsSs
Leaadud a5 5 AY) hliall dallia ()5S e J) gl sUaxal)

Vi _ Vhase1

V2 Vbase2

2
basez = o X Vbase1
Vi

480
VbaseZ = % X 240 =480V
gyl Aailaall A = A0 Ly Vo cop Aaad Lin A% Le 2ay

dan I Laly) e Actual J) das

Zactual
33 ga gall Cibdazall MR e Lea y300 Base J Lol

v

Zp.u2 -

Zbase
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G

Vyases” 4802
Zpasez = ﬁ = Zpasez = m = 7.68 (1
X
X, = —actual _ — 0.2604 Per unit

PUT Xi.se  7.68

Zone 3 | — Sy e = 30 kVA

Actual J s I deall s allla ¢y 1 e WL @l shall ) S5 058 Liad
Jaall Ciigy ) L

Vl Vbase2 2
— = V =—XV
VZ Vbases — Vbpase3 V1 base2
Vi —115><480—120V
base3 — 460 -
Vbases” 4802
Z = Z = ——=0.480Q
base3 base — Lpase3 30 k
Zactuar 0.9 +j0.2
Zioad o = = = 1.875 + j0.4167 Per unit
0adpu 7 e 0.48
7 —7 (Sbase new) ( Vbase old )2
. - .u.old
p-AREW p-oo Sbase old Vbase new
30 kVA\ /115\° _
Xr1punew = 0.1 (20 kVA) (120) = (0.1378 Per unit

"sp jx'l'lu.u J'thcnu
+ VY,
j0.10 pu. j0.2604 p.u.
Vipu =
» ("‘-’) Zloa:lp w =
0.9167/¢° p.u.

1.875 + j0.4167 p.u.
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Jgﬂ\wcmhm@ﬁﬂ\BJ\dw‘)}&bmw\(s.\gl_t;‘);l.n\\.A.A:.\

I _ Iactual
load p.u — Ibase3
Spase 20Kk
| = = =250A
base3 Vbase3 120

i gn ol LSz HATwd 3 g Base d) LS dad Ui A%l

NGITPY ).J._A‘ ,)1-,'3 C\me KVLL;JN-I:\JAIS BJ\JS‘ (e

Vp.u . Vp.u
Zeq.p.u Zload + j(XTlp.u + XT2p.u + Xline)
0.9167

I —
loadpu ™ 9 875 +j0.4167 +j(0.10 + 0.2604 + 0.1378)
l1oadp.u = 043952 — 26.01° Per unit

Iloadp.u = Ip.u

Iactual

Iload pu — - Iactual = Iload p-u X Ibase3

Ibase3
Lictual = 0.43952 — 26.01° x 250 = 109.92 — 26.01° A

My‘)gujsu)ﬂ:}‘)}u\émeu:ﬂdﬂumey\J}H\Qg&\;ie\i‘us&c u&@ﬁﬂbbb&;igﬂ\ds

gy by
V _ VbaseLL
baseLN —
V3 LN — Line to neutral
Sbase3

Ihase = _Dase3P LL — Line toline

\/§VbaseLL

2
_ VbaseLN _ VbaseLL

Zbase -

Ibase Sbase3q)

G122l pac:alac]



Example 3.5

A balanced Y-connected voltage source with E,;, = 4802£0° V is applied to a
balanced-D load with Zpejr; = 30£40°€.The line impedance between the source
and load is Zj,e = 1485°() for each phase Calculate the per-unit and actual
current in phase a of the line using Spase3, = 10 KVA and Vi ;6¢11, = 480 volts.

Sol:
Sbasezp = 10 KVA |, Vpaserr, = 480 volts

Y-Y oAl JSG Jmd 750 e OS1 Delta JS5 Ao Jasay Y sl elild a3) Jaa D 4l

7 30.£40°
Ty = D;‘ta = ———=10240°0

o s el ) 1 il s e il 5 S Wl m L an
L g1l Cilailedl) J;ji e_}‘)! (_Jﬂh Single circuit 1.@.&5 3yl Lﬁu Jao S Us) cuha

Vhase” _ 4807

base Sbase 10 k
Zactual ZL 1485°
Z = = = = 0.04340485°P it
load pu Zbase Zbase 23.04 crH
Z Z 102£40°
Zypu = it = X - = 0.4340240° Per unit

Zbase - Zbase B 23.04

Jbﬂ\dia;i‘)ﬁij@ﬁ)gﬂ\ﬁ‘)\d&ﬁuuc @\b&@aﬁﬁmw‘ﬁghp\um
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Ll aalaal ) oyl 8l aladiinly 4l say Jadll aga Jlael (a5 Sl aga ol (s agal)

Vapz —30° 4802 — 30°
V3 V3

Vap = \/gvan £30° = Vy, =

V,, =277 £ —30°V

VbaseLL
VbaseLN = il/sg = VpaseLN = W =277V
Victuar 277 £ —30° . _
Vanpu = Ve o = 277 = 14 — 30° Per unit
fop Z.pu = 0.04340/85°
Earpu. = 1.0/30° “D Zipu. = 0.4340/40°

Jgﬂ\wcmhm@ﬁﬂ\BJ\dw‘)}&bmw\(s.\gl_t;‘);l.n\\.A.A:.\

Sbase3c|) 10k
I = = = 12.03 A
pase \/§VbaseLL \/§ (480)
I Vanp.u . Vp.u
b Zeq.p.u ZYp.u + ZLp.u
1 = Lo = 50 = 2.147£ — 73.78° Per unit
loadpu ™' 4340,40° + 0.04340285° fomrerunt
_ lactual . [ — 1.
Ip.u - Ib Iactual - Il p.u X Ibase actual — line
ase .
sl e aesl
Lictual = 2.1472 — 73.78° x 12.03 = 25.832 — 73.78° A j e

$9laaill joc:alacl




3.4 THREE-PHASE TRANSFORMER CONNECTIONS AND PHASE SHIFT

Sl Aaalad) 31 el gus Ala 3k L ey shall (salal e oumlall (Sl L o

=4 glaa
H Al agall al ) Qs
X paddiall agall g

1- Wye 2- Delta

U:u120oJ\JSAJ}HLIéﬁuﬂhﬁhhugjjﬁh}dsuaﬁmmﬁbz\%mﬂdsucth;
Ol e g
rad g Adlida g Dl 8 A ) shall A5G J el Gl Jra 68 (Saa

1- Wye-Wye 2- Wye-Delta
f—————— -
| - 3k

j E 13 ] b
g | T
C ¢ > ¢ C ¢ 1} c
Nk 1 Nk

Neutral b ae ddiaia () 55 Wye a5l

v9laaill pjoc:alacl
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4- Delta-Wye

W
L+ ]

ragdyai a3 o) 8 de gana 8 agllSAT 5 Bl il Ul je ) Lo 2xy

- With the American Standard notation, in either Y=Delta OR Delta-Y transformer,
positive sequence quantities on the high-voltage side shall lead their corresponding
guantities on the low-voltage side by 30°.

H1 X1
i N SSlep 4)

5 (Step 315

30° olaia Cidad 8 Lie ()6 Uil gl 5 ol g5 s A g5
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- In either Y-Delta OR Delta—Y transformer, as per the American Standard
notation, the negative-sequence phase shift is the reverse of the positive-
sequence phase shift.

- The Y=Y transformer is seldom used because of difficulties with third harmonic
exciting current.

IR 3 Al LAST Jgladl 5 g g e g Lead JSLER Bae 3 g 6l aladiuY) 300 Y- dla g

- The Delta—Delta transformer has the advantage that one phase can be
removed for repair or maintenance while the remaining phases continue to
operate as a three-phase bank. This open-Delta connection permits balanced
three-phase operation with the kVA rating reduced to 58% of the original bank.

Ala el sla s Al Jael sars dal e (00 da e 8 dhae gaie a5 Ul dlua g
Jo dagly (il aie yuay OS] ) shall O AU Lelee JaShy gl il L 800 sl )
b lsall e %58 laiar sl

3.5 PER-UNIT EQUIVALENT CIRCUITS OF BALANCED
THREE-PHASE TWO-WINDING TRANSFORMERS

(A8 3a pa S8 s SNl (KT e g8l iany (e
- balanced three-phase circuits can be solved in per unit on a per-phase basis after

converting Delta-load impedances to equivalent Y impedances

Ala e IS dal (Saa gl 5 J Ul (e ilailaall ) o any

- Base values can be selected either on a per-phase basis or on a three-phase basis.

Spasesd = 3 Spaserd <« JUis

15 Glanill pecsalac]
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G

=]

- Acommon S base is selected for both the H and X terminals.

- The ratio of the voltage bases Vj.sen/Vbasex iS selected to be equal to the
ratio of the rated line-to-line voltages Vi.ateduLr = VratedXLL-

- The per-unit equivalent circuit of the Y-Delta transformer, includes a phase
shift.

- The per-unit equivalent circuit of the Delta—Delta transformer is the same as

that of the Y=Y transformer. It is assumed that the windings are labeled so there
is no phase shift.

Example 3.7

Three single-phase two-winding transformers, each rated 400 MVA, 13.8/199.2 kV,
with leakage reactance X¢q = 0.10 per unit, are connected to form a three-phase
bank. Winding resistances and exciting current are neglected. The high-voltage
windings are connected in Y. A three-phase load operating under balanced
positive-sequence conditions on the high-voltage side absorbs 1000 MVA at 0.90
p.f. lagging, with Vo = 199.2£0°KkV . Determine the voltage V,, at the low-
voltage bus if the low-voltage windings are connected (a) in Y, (b) in D.

oadaiall Gl aga (s 5 Sl slaa lac i 5 o) S5 e dliaie sgall ddle aslal skl 6 J saa
Ly gl ddua gl
Sol:
Sbase =400 MVA - Sbase3d) = 1200 MVA Vbaseload = 199.2 kV

Y 4ilia 55 Ml seal) 48] Jipadls I3

VasenLL = V3 X 199.2 = 345kV Line to neutral Wb Sl

Line to line s~

v9laaill joc:alacl
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 Vactum  199.220°

Vanoy = = — 1£0° Per unit
ANpu =y T 71992 erun

Iactual

ase O gualls Jaall sUanall e glaall (e 4ajain Jeall s o8 Actual J) L
loetuat = o = 2000K2 = oS00 _ 4 7347, 95 840k
actual \/§VbaseLL \/-3—) X 345 . .

Sbasesd 1200
I = = = 2.008 kA
pasel \/§VbaseLL \/§ X 345

1.673 £ — 25.84° . _

Ihu = 5008 = 0.83334 — 25.84° Per unit

a) For the Y=Y transformer

Single circuit 328 Leday (8 BSa

Van = Van + (leq)IA
Von = 14 (j0.1) x (0.83332 — 25.84°) s

la ln = 08333 /—-25.84°
V,, = 1.03924.139° s
V"”‘C‘}") o j] Vay = 1.0 40°
laliaa of Linl g (abdiall agall die Ledta 58 | © _
_‘;JL,J\ gl die (a) Y-connected low-voltage windings

Vactual = Vbase X Vp.u
Victual = 13.8 k X 1.0392£4.139° = 14.3424.139° kV

G l2null jocealac]
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b) For the Delta — Y transformer

Phase shift e (5% Delta-Y Alva sill gaic ;<8 Ll Ll

fA = 0.8333 /-25.84°

1 e
{b) A-connected low-voltage windings

da )3 -30 L3 Phase shift @dic (SIY-Y ddia ¢ o udi 2

E,, = e 3% x Vyy = 7730 x 120° = 12 — 30°1 Per unit

[, =30 x [, = e713%° x 0.83332 — 25.84° = 0.83332 — 55.84° Per unit
Van = Ean + (Xeg)la

Van = 12 —30° + (j0.1)0.83332 — 55.84° = 1.0392 — 25.861° Per unit

Vactual = Vbase X Vp.u
13.8k

V,erual = 5 1.0392 — 25.861° = 8.2784 — 25.861° kV

w9laaill pjoc:alacl
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3.7 AUTOTRANSFORMERS
s e b Y Gedlal) 3ale 8 e3al 3 L sale] ESA 1aa

(a} Two-winding transformer {b) Autotransformer

- the autotransformer (with not too large turns ratio) is smaller in size than
a two-winding transformer and has high efficiency as well as superior
voltage regulation. (advantage)

- The direct electrical connection of the windings allows transient over
voltages to pass through the autotransformer more easily. (disadvantage)

Example 3.11

The single-phase two-winding 20-kVA, 480/120-volt transformer of Example (3.3)
is connected as an autotransformer, where winding 1 is the 120-volt winding. For
this autotransformer, determine (a) the voltage ratings Ex and Ey of the low- and
high-voltage terminals, (b) the kVA rating, and (c) the per-unit leakage
impedance.

oG 1aaill poc:alac]



Sol:

a) the voltage ratings Ex and Ey of the low- and high-voltage
terminals.  greeeee————

Ex =E, =120V
Ey =E, +E, = 120 + 480 = 600V

b) the kVA rating.
S 20000

2 =1 =y =50
Sy = Eyly = 41.667 x 600 = 25 kVA

= 41.667 A

c) the per-unit leakage impedance.

0.0729 278.13°

JUiallis 3.3 Jha () g sa ol Jisadly S5
) dailaall allal 523 b dailaal) ilac

v

|V|2 4807 A | )
ZpaseHold = S = 50000 = 11520 — | Asnormal transformer
|V|2 _ 6002

= 14.4(Q ——» | As auto transformer

ZbaseHneW = S - 25000

11.52
Zpunew = 0.0729 £78.13° X = 0.05832 £78.13° Per unit

14.4

B Glanill pec:alac]
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Problems Ch3

3.4) A single-phase 100-kVA, 2400/240-volt, 60-Hz distribution transformer is
used as a step-down transformer. The load, which is connected to the 240-volt
secondary winding, absorbs 80 kVA at 0.8 power factor lagging and is at 230
volts. Assuming an ideal transformer, calculate the following: (a) primary
voltage, (b) load impedance, (c) load impedance referred to the primary, and
(d) the real and reactive power supplied to the primary winding.

A Claglaa lhaels Jas a3 S35 clall) sae lae ] Mia J e

Sol:
a) primary voltage
N, 2400
= =10
N, 240
E; =aE, =10 x 230 =2300V

a =

b) load impedance
L Ol e dailaall  adun 435 315 ) sall 5 el o2

< i 7 V|?
= s =
Z" S*
2302

7 = = 0.529 +{0.3970)
80 x 1032 — cos-1(0.8) )

c) load impedance referred to the primary.

Z, = a®Z, = 100 x (0.529 +j0.397) = 66.13236.87° Q

G122l poc:alac]




d) the real and reactive power supplied to the primary winding.

Jeall dga e sl lina s A Al Leads A2 o) UL ) sall )i Lie Le Nl J gaally
S =80 x 1032cos™1(0.8) = 80 x 103236.87° VA
S =64000 + j48000 VA

Pprimary — Fsecondary — 64 kW

Qprimary = Qsecondary = 48 kVAR

3.10) A single-phase step-down transformer is rated 15 MVA, 66 kV/11.5 kV.
With the 11.5 kV winding short-circuited, rated current flows when the voltage
applied to the primary is 5.5 kV. The power input is read as 100 kW. Determine
Req1 and X¢q1 in ohms referred to the high-voltage winding.

calall 5 4a glaall 48 C);A.u.d Short test a2t L s

Primary 4 1958 71 G Al agallgla ) A

Sol:
(I gy Blanall e laall (0 Rated J) LS 4ad A% Shor test 8
S 15 M
lirated = Vrated - 66 k =227.3A
rated .LQ}LQA]\ CM ‘)}.\]\ @LL;:B J\,)ﬂ\ (™A
Py
P, =1’R->R= 2
R = 100k _ 1.94 Q
- (227.3)2 7

Oe A il Jae b da glea sf gaie Lo Cild) oS3 dniladll o) 3al (e 6 3 Jsf LAl
Aniledll dag aglNA (g HAGn Sl e dgall gitkel o DA

v9laaill joc:alacl
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v, k
=2420

7 | = =
1241 irated  227.3

Z1eq = R1eq + leeq

|Z1eq| = \/Rleqz + X1eq2

X1ieq = \/zleqz — Ryeq? = Xieq = V2422 — 1.942 = 24.12 Q

Zieq = 1.94 +j24.12 0

3.49) Consider the single-line diagram of a power system shown in Figure 3.42
with equipment

ratings given below:

Generator G1: 50 MVA, 13.2kV,x = 0.15 pu

Generator G2: 20 MVA, 13.8kV,x = 0.15 pu

three-phase Delta—Y transformer T1: 80 MVA, 13.2 D/165YkV,x = 0.1 pu
three-phase Y-Delta transformer T2: 40 MVA, 165 Y/13.8 Delta kV, x = 0.1 pu
Load: 40 MVA, 0.8 p.f. lagging, operating at 150 kV

Choose a base of 100 MVA for the system and 132-kV base in the transmission-
line circuit. Let the load be modeled as a parallel combination of resistance and
inductance. Neglect transformer phase shifts. Draw a per-phase equivalent
circuit of the system showing all impedances in per unit.

.....................................................................................................................................

(50 + j200) Q
(25 +100) Q|(25+/100) Q

®
AAAJ
nym -
o
I
AAAS
Yy »

®

H Load




Sol:
bl 4audy One line diagram J) s 4l

dshie AY IV dihiall e da fan s el il glae Jlacl ol Casiliy
Askhie JS Ol glas 7 A0

Viasez = 132KV Space = 100 MVA

sl JSTA35 A il L Shase LiSa
_GSJS[\ dshaiall Gie laall taly) Llac | 94 5 L Vbase (N
¥ dikidll Vbase gz i a )M

Vi _ Vbasel 1
V_ - V basel — V_ X Vbasez
2 base2 2

13.2k
Vbasel = m X 132k =10.56 kV

oY) dihaid) e shaa A0 V) L ooq el o2 Jba

Generator 1

2
Sbase new) ( Vbase old )

YA =7 (
p.u.new p-u.old
Sbase old

Vbase new

X =j0.15 (100 )( 132 )2 = j0.4688 Per unit
T1ip.unew — JY- 50 1065/ — JU. er uni
Zone 1 (T1)

. Sbase new [ Vbase old 2
Zp.u.new - Zp.u.old S Vi
base old base new
7100\ [ 132\ _
Xr1punew = jO.1 ( 30 )(10.65) = j0.1953 Per unit

‘._f.qh.g.ill Jocealze]
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Zone 2 (transmission-line)

Zbase ek g sl LAl dxilaa C);l.u\ Olie

Vbasez” 1322
Zpaseline = ste = Zpasez = W =174.24 Q
ase

Zactual 50 + j200 . .
Zpulinel = 7, = 17428 - 0.287 + j1.1478 Per unit

- _ Zactal _ 25 +j100
pulinez = 7 174.24

= 0.1435 +j0.5739 Per unit

Zone 2 (T2)

2
Sbase new) ( Vbase old )

Zp.u.new = Zp.u.old ( S
base old

Vbase new

100 ) (165

2
20 132) = j0.3906 Per unit

XT2p.u.new =j0.1 (

Zone 3

ign ll agdpal s Calall da sliall e 3l g Jaall e e slae ilkac]

Load: 40 MVA, 0.8 p.f. lagging, operating at 150 kV

S =40 Mzcos™1(0.8) = 32 +j24 MVA

v9laaill joc:alacl
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P:V—2—>R=V—2
R P
=V—2= 1507 = 703.1Q
P 32
oV W
X Q
=V—2= 1507 = 937.50Q
P 24

_ Zactual _ 703.1
PU T e 17424

_ Zactual _ 9375
PU T 7 e 17424

Zi1oaa = R//jx

Z = 4.035 Per unit

Z

= 5.381 Per unit

Generator 2

2
_ Sbase new [ Vbase old
Zp.u.new - Zp.u.old
Sbase old Vbase new
_ 100\ /165\* _
Xripunew =J0-15 ( 20 )(132) SOLIAS Perunit

0.287 j1.1478
00

03906

0.1435 j0.5739  j0.5739 0.1435

j0.4688 J1.1719

(4.035]|j5.381)

Impedance diagram of the system with pu values

v9laaill joc:alacl
.
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Ch4 TRANSMISSION LINE

e LK Ola glza g cpuiilall 3ala 5 2 S ya alal dzal ya Lo y8 1 63lS 5 3 9 2 yuld Galadls Uis 3d
B (e Led 48 jae

el 305 Cina 5 4 gliay Transmission line J) Jiid 48 (e Gt 4 il
M&BJ\JMT@LQ&SM\ \JAL;*&JLA}JA;}J@AJML@&BJ\JQQMU\S}J&LAL

i S Ll 1 el s aede oyt By Casi o de gana 8 Ay

4.1 TRANSMISSION LINE DESIGN CONSIDERATIONS

An overhead transmission line consists of conductors, insulators, support structures,
and, in most cases, shield wires.

- One of the most common conductor types is
aluminum conductor steel-reinforced (ACSR). 5 | Lladiul &la gl g1 53 gl

Steel Reinforced

Aluminum Conductor

- The use of steel strands gives ACSR conductors a high strength-to-weight ratio.

For purposes of heat dissipation, overhead transmission-line conductors are bare
(no insulating cover).

v9laaill joc:alacl
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- Other conductor types:

. all-aluminum conductor (AAC).

. all aluminum-alloy conductor (AAAC).

. aluminum conductor alloy-reinforced (ACAR).
. aluminum-clad steel conductor (Alumoweld).
. aluminum conductor steel supported (ACSS).

. gap-type ZT-aluminum conductor (GTZACSR).

N o0 LA WN P

. aluminum conductor carbon reinforced (ACFR)

- EHV lines often have more than one conductor per phase; these conductors
are called a bundle.

Eung day )l 5 A 5l Cpanidl aganid] (San DY) panii e Jans 230 (e Sel oS I 2 seal)
Bundling (e dalaall (sla 5 (amy aa ) sdian g (oSl JBa e jua sl g ella 585 W Jy

LL\\)M\ XY Cra 9 & Hiaa :\T}M\ c.JgJ ‘f

Bundle conductors have:
1. lower electric field strength at the conductor surfaces, thereby controlling corona.
2. reduce the effect of corona.

3. reduces the series reactance of the line by increasing the GMR of the bundle.

15 Qlasill pecsalac]
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- Shield wires located above the phase conductors protect the phase conductors
against lightning and grounded to the tower.

- Tower footing resistance can be reduced by using driven ground rods or a buried
conductor called (counterpoise) running parallel to the line.

- Conductor spacings, types, and sizes also determine the series impedance and shunt
admittance.

- Difference Between Aluminum and Copper Wire:

Copper

1. has better conductivity.
2. more expensive.
3. less flexible.

4. has more tensile strength.

Aluminum

1. less conductivity.

2. cheaper.

3. more flexible.

4. has less tensile strength.

5. light weight.

w9laaill joc:alacl
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4.2 RESISTANCE

The dc resistance of a conductor at a specified temperature (T) is:

pr L
Rde =74

pr = conductor resistivity at temperature T ~————» | -J'sdle hany Q0

L = conductor length

A = conductor cross — sectional area

T ., _
A =- d* sqmil
4
A = d? cmil
Conductor resistance depends on the following factors:
A slial) Lede aciaty o il L) Jal gl

1. Spiraling ——» | Ldshll o s aDlyidla

2. Temperature —» pr e i

ol gl Gyt ) s daludl e i
Al 5 jeal & s

3. Frequency (skin effect) >

4. Current magnitude—magnetic conductors.

- As frequency increases, the current in a solid cylindrical conductor tends to crowd
toward the conductor surface, with smaller current density at the conductor
center. This phenomenon is called (skin effect).

P
Rac = IOZSS

G lanill poc:alac]
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A

- For dc, the current distribution is uniform.
- For ac, the current distribution is nonuniform.

- The ac resistance is at most a few percent higher than the dc resistance.

Example 4.1

Table A.3 lists a 4/0 copper conductor with 12 strands. Strand diameter is
0.3373 cm (0.1328 in.). For this conductor:

Verify the total copper cross-sectional area of 107.2 mm?(211,600 cmil in the
table).

b. Verify the dc resistance at 50 °C of 0.1876 Q/km or 0.302 Q/mi. Assume a 2%
increase in resistance due to spiraling.

c. From Table A.3, determine the percent increase in resistance at

60 Hz versus dc.

Sol:

dall b ol gas alaaiay Wy 4 il

Table A3 #33% Copper conductor Jisdb JS3 Jas &
Table A4 p23%u ACSR sl S3 d 4

A g2l Al 3 geall 5 Cl sand) ) ) gl

a. Verify the total copper cross-sectional area of 107.2 mm? (211,600 cmil
in the table).

107.2 mm?cs st dalusall 4l 33as] J)padly e allla

w922l joc:alacl



lhara el gl Cogd g Jlgd) 18
Aalial) 410 7 adus Diameter J) sl e

A_ndz
4

12 Strand c» 05Sh Jea gall 43Y 12 @ Cy yua
AT x (3.3730)? x 12

4
A = 107.2mm?

— a ¥ @12 e Ul cuda saa 5 JS ae el
ALIS dalid) cal 12 @ @l

b. Verify the dc resistance at 50 °C of 0.1876 Q/km or 0.302 Q/mi. Assume a 2%
increase in resistance due to spiraling.

50 5,1 da 3 vie Al dad (e a1 e il

R P L - pr ¥} (o5 IS o
dc — I
A e it QS (1 dana (50 GlaieVly
X LT 1.77 x 1078 x >0 + 2415 1.973 x 10780
= - = 1. = 1. —
Pr = Pr1 X 7 Pso 20 + 2415 m

0/ 9 33l ) ducsd  gdie 43N .
(1.973 x 1078) x 1000 x 1.02 Y02 B3l ) Apwi (saie 44Y 1.02 @ Sy puia
N - prL prL

R
de 107.2 X 10-6 Rge = —— +—— X 0.02
Ry = 0.1877 Q/km

L
Ry = p% (1+ 0.02)

L
Ryc = p% x 1.02




c. From Table A.3, determine the percent increase in resistance at 60 Hz versus dc.

Jsanll e g atien s dasliall pactia AT 23 il ity g a jill s

Reomzsocc  0.1883 Ohm/mile 32l Jsaally
’ = =1.003 —

Racsorc  0.1877 Ohm/km Ll s

Reomzosrc _ 01727 _
RdC,SOOC 0.1715

1.007

Thus, the 60-Hz resistance of this conductor is about 0.3—0.7% higher than the dc

resistance.

4.3 CONDUCTANCE

- Corona occurs when a high value of electric field strength at a conductor
surface causes the air to become electrically ionized and to conduct. The real
power loss due to corona, called corona loss, depends on meteorological

conditions, particularly rain.

- Transmission line conductance is usually neglected in power system studies.

4.5 INDUCTANCE: SINGLE-PHASE TWO-WIRE LINE AND
THREE-PHASE THREE-WIRE LINE WITH EQUAL PHASE

SPACING

85 e Jad Hasl o gl G le (5585 a Y G 4380 Gualllas (e o 8 LS| ATY Chgdae 4.4 S
Sl 13 e S3 dw g adde LAY (4

B Qlanill poc:alac]



- single-phase two-wire line:
L, =2X 10‘71n( ) (H/m)

L —2><10‘71n< >(H/m)

y
Liotal = Lx + Ly

Ltotal = 2 X 1077 <

D D
— ] +2%x1077In(—
I ry
D
y
D
rﬂ

Ltotal - 2 X 10_7 ln

Ltotal == 4‘ X 10_7 ln

i)
()

D: :\:1.;)&\ G\ | INA |
v )Jaﬂ\ —aal

ryandr

1
r, =0.7788ry = e 41y

1

ry = 0.7788ry, = e 4 ry

ifry =1, =r

xTy
D
Ltotal - 4‘ X 10_7 (ln;)
e ) e 08 pedl
dS 7 oad jainy s sl
(;@.’.A;.Ij JL;S JA\}

Liotal = Lx + Ly ———




G

- three-phase three-wire line

three-phase three-wire line with equilateral spacing: c

L=2x10"1In (FE) (H/m) @

D= ¥DxDxD =3D*=D d 5 @r
N > 4

O 3as 5 D LAAT elied 4 glucie clilisal) Ealiall 8 shall A0 sl A sla o

- For a balanced three-phase, positive-sequence currentsl, , I , [ does the equation
L+ +1.=0

4.6 INDUCTANCE: COMPOSITE CONDUCTORS, UNEQUAL PHASE
SPACING, BUNDLED CONDUCTORS

- A stranded conductor is one example of a composite conductor.

- single-phase two-conductor line:

Strand (e O3S« agie a5 IS (555 2 Conductor e &5So a8 sl
Conductor X JiaS 4aul ;& a5 J
Conductor Y JUaS aaul (5 5S aal g A6
Conductor X consists (N) identical strand r

Conductor Y consists (M) identical strand ry,

1 glaaill posealac]



M
N @ r @ fy
Ov
k , /
”© (-
Da:
i @ Dy
G 1
1
N . _
Conductor x Conductor y

(VG a8 5 W s seally
A Galdae e A8L0) 5 Alall sl (a peady e Jxils ) A 0 5l o et 0 Y

D
— -7 Xy
Ly =2x107"1In (Dyy> (H/m)

D
L, =2x1071In (ﬂ) (H/m)

DXX
Dyx and Dy, is called the geometric mean radius (GMR) of conductor
X and y —> adalall clélual)

Dyy is called the geometric mean distance (GMD) between
conductors x and y—> & Jill il

MxN | ]
ny = \/4\:\;)\;]\ Clalouall

Dy, = NXN\/@sm\ il

e PR ERE
.eﬁm‘ JUiall g;ﬁ Aariall Jualaill 5 o plall e gadail) 488 C,)-:" P

DYY

w9laaill pjoc:alacl
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Example 4.2

Expand (4.6.6), (4.6.7), and (4.6.9) for N = 3and M = 2. Then evaluate Lx,
Ly, and L in H/m for the single-phase two-conductor line shown in Figure

0.om 1.6m 2m 0.3
| ,._I: —.:-i-: .-=i=- :-—i
10 Oz 30 QO
I F r. = 003m r, r,=004m
A — A ——
Conductor x Conductor y

Ly and Ly and Lygga <45 2 Conductor isel

Sol:
-7 ny
a)Ly, =2X10""In D (H/m)
Yy L Al sl D
(Y Y Lol agd ey 5 X (e Adai Adadi 3Ly iy
M=2, N=3

__ 2X3 , , , , , ,

Dyy = /D1y X Dyp X Dy X Dyyr X Dgyr X Dy
D, = 0.5+4154+2=4m D, =43m D, = 3.5m

D,, = 3.8 m D31' =2m D32' = 2.3 m

Dy = Y4 x43x35%x3.8%2x%23=3189m

JJAM :\_13)3 :\ﬁjl.um JJAJ\ Jala BJJ.;)AM um‘)“ e e‘)\]

e 6 (s D3 Jaly U Gun) 5 dwdlall 0 e J3a) ey

w9laaill joc:alacl
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__ 2X2 L, L, L, L,
D1,1' — DZ,Z, = r"y—> 4o L_AL 8lia

rj, =r, x 0.7788 = 0.04 x 0.7788 = 0.03115 m
D,y =Dy, =03m

Dyy = V0.3 x 0.3 x 0.03115 x 0.03115 = 0.09667 m

3.189

— X =7 (—
Ly =2x107"In (555667

) = 6.992 x 10~7 H/m

b)L, =2 x 10~ In (?) (H/m)

XX

Dyy = 3.189m | e YL sl ) s

Dyx = “YD11 X D1z X Dy3 X Daq X Dy X Dp3 X D3q X D3p X D33
Dy1 = Dyp = D33 = ryp——> 4ndli (o 4l

ry =1y X 0.7788 = 0.03 X 0.7788 = 0.02336 m

D, =0.5m Di3=2m D,; =05m

D,; =1.5m D;; =2m D;, =1.5m

Dyy = 1/(0.02336)3 X2 x2x0.5x 1.5%0.5% 1.5 =0.3128 m

9
Ly =2X 10_71n( ) = 4.644 x 1077 H/m

0.3128

¢) Liotal = Lx + Ly
Liota] = 4.644 X 1077 + 6.992 X 1077 = 1.164 X 10"® H/m

v9laaill joc:alacl
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if the distances between conductors are large compared to the distances
between subconductors of each conductor, then the GMD between
conductors is approximately equal to the distance between conductor
centers.
Slaleaall 1538 13) Aald 5 caal 3 50 JS Jas 3 W Llee oKV GMR and GMID Gaibadl JEdl L
IS e O A8l Ly 585 (5 gbony 3la sall (0 GMID atias Al (slen 1S Bmy 0L sl
La gall L Bae Aasbiall CulS Hal & ji g GMR J Al Wl cla gall

A JEa) A s i) S g A3 and A4 J s Leal JA5uY ol gaa aadiudy salddly

Example 4.3

A single-phase line operating at 60 Hz consists of two 4/0 12-strand copper
conductors with 1.5 m spacing between conductor centers. The line length is 32
km. Determine the total inductance in H and the total inductive reactance in Q.

Sol:
a- total inductance in H

Ly = Ly
)(H/m)—» By 0y sSh Clalosal) 43) Lay U <3
Gl sbadia agdl piaiy 3 lamy (e

70 (G
Ly =Ly =2x10 1n<

GMD =15m
GMR = 0.01750 feetor 0.005334m —» | Jaws¥l &zl ALy 48 )k

Ly =Ly =2 X 10-71n( ) x 32 x 103(m) = 0.03609 H

0.005334

Jshalls iy o cligl H 53 53 0585 a Jl e

Liota = Lx + Ly
Liotal = 2 X 0.03609 = 0.07218 H

1 Glanill pocealac]




B

b) total inductive reactance in Q.
Xp=2nXfXL=2nXx 60X 0.07218 = 27.21 Q

Jsiall e GMR g/odiu) 48 5 -

iyl (o se 48] Lays aadind Json ol Ciel gliic 2 sall Jiasall ¢ 65 Cagly -1
A3 Js

ael Jsaall Lgie Ein g Jlaall (g0 Jama gl il slas 330 -2

4/0 and number of strands=12 <l slxa

GMR & e 75 3 J sl Slagleal) sl e San -3

Feet J saas 3 o8l 13 (15 485 5D -4

Zil) s 5 (3 GMR J) 13 il 53a 5 3 GMD J) bl s i -
il 3aa d GMR J) Jsa il 3as 5 8 GMD J) (bel Ja é -
b o i ] by 3y Le 0¥ Glas s il

- three-phase three-wire line
three-phase three-wire line with unsymmetrical spacing:

VT TTTTTTTTm T mm——— i

: ! ! D1z
i Position 1 & ;' © i D31

1 b 1

I fi - O !

: Position 2 G A % % : D

i Position 3 o > - i 23
1 1

1 1

1 1

ad iy N Blally Jlae (e o) 138 5 4 Galal) o gl U e g Ay shuie coliloall cilS Lal Wil Ldal
Jaiill (3 5k (e il glasi agalad o 5Y A gl (e il 43 Lag s & glasia e Clilise e 155,
gl Jlelle (A JSAL Co gl Lo (5 (AUl s 38 JS (G Jan Amae A8l (50 38 JS (imy g
Transposition (s daleall
- balance can be restored by exchanging the conductor positions along the line,
a technique called transposition.

w9laaill joc:alacl
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- To calculate inductance of this line, assume balanced positive-sequence
currents I, Iy, I forwich I, + Iy + [, =0

- To calculate inductance:

D
L=2x10""In (ﬂ) (H/m)
Dg

3
Deq = \/Dlz X D33 X D3y
Dgq is the geometric mean distance between phases.

Dg is the conductor GMR for stranded conductors, or r’ for solid cylindrical
conductors.

Example 4.4

A completely transposed 60-Hz three-phase line has flat horizontal phase
spacing with 10 m between adjacent conductors. The conductors are 806 mm?
(1,590,000 cmil) ACSR with 54/3 stranding. Line length is 200 km. Determine the
inductance in H and the inductive reactance in Q.

Sol: i S P — — — — — — i

: O 10 Q 10 O i

D : |

Lo =2x10"In (D—q) T — S T
S

Deq = /D12 X Dy3 X D3y = V10x 10 X 20 = 12.6 m ) Ly J ol

Dg = 0.0520 ft x = 0.0159m > ACSR

3.28 ft
12.6

A4 Jsan aaiig

) x 200000 (m) = 0.267 H
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Xy=2nxXfxL=2nx60Xx0267=101Q0 — Q 32a 5 Ll
Jshll Cu i il
Sl

- Bundled Conductor
4 513 sl 2 aludl 2ad anie 4 ALl 4 S 43) Bundling ceess dee il Jof < S5 -

Adlisall o 32N Lol DA s )5Sy bl JU) Jaaw o i 4 gl (5585 agin ddlusal) Cuny
Ao sludie Clilusall Taa My olial 3 saaall Lgple JUaS 4 lusia clludl Jala sl EDEN s () 55

Bundle conductors have:
1. lower electric field strength at the conductor surfaces, thereby controlling corona.
2. reduce the effect of corona.

3. reduces the series reactance of the line by increasing the GMR of the bundle.

- It is common practice for EHV lines to use more than one conductor per phase, a
practice called bundling.

Bundled) <bluay ¢ Gl 138 andin,y

D e o
L=2x10""1In (ﬁ) (H/m)— Ds Lie alidt, (S
° Ala U< Laalag) 46y yha Ca ey Gl dadially

v9laaill poc:alacl
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- bundles consisting of two, three, or four conductors.

For a two-strand bundle: .

DP = 3/(Dg x d)? = /(D x d)

For a three-strand bundle: e —
Db = /D, xdx d)® =3 (D, xd?) "?" i
Iarno

For a four-strand bundle:

DP = 16\/(135 xdxdxV2d)* =1.09Y(Ds x &) !

- If the phase spacings are large compared to the bundle spacing, then sufficient
accuracy for Deq is obtained by using the distances between bundle centers.

15 Gla2ill pec:alas]
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Example 4.5

Each of the 806 mm2 conductors in Example 4.4 is replaced by two 403 mm?
ACSR 26/2 conductors, as shown in Figure. Bundle spacing is 0.40 m.

2 1
i | | 403mm* 26/2 ACSR i
I 1
I 1
QS B B XX XD |
L oa a’ b b c ¢ i
i | 10 m - om—— i
I 1

Ds 4af Lie alial &1 ) (S5 dadl (i ry (sl 2ad 1) 5l) s (8 (81 4.4 JUie 4y JUial) 128
sl e Baaall dagll 7 At Glie duasall g 51 e ) 410 Ly (S Bundle 43 L
Sol:

D
L, =2x10""In (ﬁ) (H/m)
S

Deq = /D12 X Dy3 X D3y = V10X 10 X 20 = 12.6 m
) Ly g Jsaadl (e

Dg = 0.0375 ft X =0.0114m ——»

3.28 ft ACSR
D? = V(D5 x d)? =,/(Ds x d) Ad Jsia pidins

D? =,/0.0114 X 0.40) = 0.0676 m

QSJ;_HGSL'J\;.\SU:
3
)(H/m)x200x10 (M) L, e pm ]

0.0676

La=2><10"71n(

L, = 0.209 H
X, =2m X fXL=2mx60Xx0.209 = 78.8 Q

15 Glasill pec:alac]
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4.7 SERIES IMPEDANCES: THREE-PHASE LINE WITH NEUTRAL
CONDUCTORS AND EARTH RETURN

All the neutral conductors are connected in parallel and are grounded to the earth
at regular intervals along the line. Any isolated neutral conductors that carry no
current are omitted. The phase conductors are insulated from each other and
from earth If the phase currents are not balanced, there may be a return current
in the grounded neutral wires and in the earth. The earth return current will
spread out under the line, seeking the lowest impedance return path. it can be
replaced by a set of “earth return” conductors located directly under the
overhead conductors. then each earth return conductor carries the negative of its
overhead conductor current.

- Parallel-Circuit three phase lines

It is a three-phase double circuit of two identical three phase circuit.

Sl agall dsale i o Gl s lgd (ald 3 3 el aa g IS Sl saie ()5S Al gl
Dkl ol e@DaYL pledld) i Lpaibad saa) (e )5l e cdlaia 3 ) geally Jaadliy L s )
Al g Alpall o g Juadl (Sae 4800 JIA snic Jua 313 j0e aal g Al giiall 35080 &y 3 o] stall
Al Jeay
X=0
r‘-’—){zﬁ‘r:{—){a%
: a1 : g2
| 1
|

Ground
resistivity

v9laaill joc:alacl
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- To calculate line inductance:

; GMD - A @ 1 3 @ C
L=2x10""1 ( ) H/1
0~/ In CMR (H/m)
- To find GMD: B @ 2 2 @ B
Dag = 1/Dag X Dap' X Dpg X Dprpr
Dpc = y/Dgc X Dpcr X Dprc X Dy C @ 3 1 @ A

4
Dca = 3/Dca X Dear X Dera X Deray

GMD = 3/Dap X Dpc X Dca

- To find GMR:

Daa = V(Ds X Dap)2 =/Dg X Dpp’
Dgg = y/(Ds X Dgp)? = J/Ds X Dgp’
Dcc = V(Ds X Dee)? = /Ds X Dec

GMR == i/DAA X DBB X DCC

B glanill pec:alac]
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4.9 CAPACITANCE: SINGLE-PHASE TWO-WIRE LINE AND
THREE-PHASE THREE-WIRE LINE WITH
A4y yla g o shadll (il gall Gl A e Capais 1)) Sl 13¢5 Calall 5 da slaall Clny SN Ludly
sl (8 T CadEAL (ST Calall Ayl uds sl

- single-phase two-wire line

Cyy = m F/m (line to line) f / /

[ <y

ctrdl) plal) (s ey Lo AL ¢ (ST Gl (s

Cw=2C,  Cn=2C, r: adl) yladl Coca

- When calculating line capacitance, it is normal practice to replace a stranded
conductor by a perfectly conducting solid cylindrical conductor whose radius equals
the outside radius of the stranded conductor.

v9laaill pjoc:alacl
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- in three-phase line with equal phase spacing, we shall neglect the effect of earth
and neutral conductors here. To determine the positive-sequence capacitance,
assume positive-sequence charges, q, + qp + q. = 0

- The sum of the two line-to-line voltagesV,;,, + V,, is equal to three-times the
line to- neutral voltage V,,

4.10 CAPACITANCE: STRANDED CONDUCTORS, UNEQUAL PHASE
SPACING, BUNDLED

- three-phase lines with unequal phase spacing:
2TE

Gy = (Deq/1)

F/m (the capacitance per phase to neutral)

Deq = 3;/])12 X Dy3 X D3y

ctrdl) laall Coad Al ) i La ) S0 el LdAT e it

- Bundled Conductor

O Al e AT (o 8 e Wil da b 21 L e

c = 2TE .
* " In (Deq/Dsc)

/m

b Q1anill pocaaiac]
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- for two-conductor bundle:

Dsc = /(T X &) o0lo |

- for three-conductor bundle: pmm==mmmmmmmmm—mmes
Dgc = /(r x d2) | A} §
I

- for four-conductor bundle:

Dsc = 1.09%/(r x d3) |

- shunt admittance is:

Yy = joCyy

- the reactive power delivered by phase a is:

Qcip =Y X Viy

- The total reactive power supplied by the three-phase line is:

Qczp = 3w X Cypy X Vi = o X Cypy X VAL

HQlanull pacsalac]



Example 4.6

For the single-phase line in Example 4.3, determine the line-to-line capacitance
in F and the line-to-line admittance in S. If the line voltage is 20 kV, determine
the reactive power in kVAR supplied by this capacitance.

Sol: gl SKI3 A8Y ) $lE) s Caaadia)

Tte

-—— F —> Single phase line
¥ =@/ /M

Line to line o5& lda g

C

slaxa C'_u\jﬂ\

D: Walia jainl 5 Gl JUiall ¢ sa )l Jigudly 3

rg)oaiul 43 )k
Srasall & g0 ol Il (ol -1
cliall Jgaall e 79 -2
2 Sle dandy g a8 ) Leie 330 outside diameter LA e 7551 -3

diameter 0.552
D=150cm,r = > = > in = 0.276 inch

2.54 cm
1 inch

linch = 2.54 cm - 0.276 inch X =0.7cm—->D=0.7cm

c T X (8.854 x 10712)
¥ In(150/0.7)

F/m X 32X 10°m = 1.66 X 10~7F

B Glanill poc:alac]



b) shunt admittance is:
Yy = ju)CXy

Yoy =j X2 X1 x60x1.66x1077 =j6.258 x 107> S

c) the reactive power in kVAR supplied by this capacitance:

Qc =Y x V2, = (6.258 X 1075) x (20 x 10%)? = 25.032 kVAR

4.11 SHUNT ADMITTANCES: LINES WITH NEUTRAL CONDUCTORS
AND EARTH RETURN

The effect of the earth plane is accounted for by the method of image, When the
conductor has a positive charge, an equal quantity of negative charge is induced on
the earth. The electric field lines will originate from the positive charges on the
conductor and terminate at the negative charges on the earth. Also, the electric
field lines are perpendicular to the surfaces of the conductor and earth. replace the
earth by the image conductor, which has the same radius as the original conductor,
lies directly below the original conductor with conductor separation, and has an
equal guantity of negative charge. The electric field above the dashed line
representing the location of the removed earth plane is identical to the electric

field above the earth plane. Therefore, the voltage between any two points above
the earth is the same in both figures. :

Earth plane

{a) Single conductor and earth plane
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4.12 ELECTRIC FIELD STRENGTH AT CONDUCTOR SURFACES AND
AT GROUND LEVEL

When the electric field strength at a conductor surface exceeds the breakdown
strength of air, current discharges occur. This phenomenon, called corona, causes
additional line losses (corona loss), communications interference, and audible
noise. Although breakdown strength depends on many factors, a rough value is 30
kV/cm in a uniform electric field for dry air at atmospheric pressure. The presence
of water droplets or rain can lower this value significantly. To control corona,
transmission lines are usually designed to maintain calculated values of conductor
surface electric field strength below 20 kVrms/cm.

B Qlasill pos:alac]
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Problems Ch4

4.10) A 60-Hz three-phase, three-wire overhead line has solid cylindrical
conductors arranged in the form of an equilateral triangle with 4 ft conductor
spacing. Conductor diameter is 0.5 in. Calculate the positive-sequence inductance
in H/m and the positive sequence inductive reactance in Q/km.

Sol:
D § sbudia Caliall as) S5 4d) Lay
L=2x10"1In (r—) (H/m) ALl ing £ m)
D = 4ft g Saadl aals aslill g 4 gl
4 oy 2SS 4 J 2SS
d 0.5inch _
r=0.7788 Xr » r= > = > = (0.25 inch
= 0.7788 x 0.020833 a6l a6l Feet J inch ¢ Jsai
rr = 0.016225 feet t
r = 0.25 inch X _ = 0.020833 feet
L=2x10"1In (—) 12inch
0.016225

L=1.101x 10"% (H/m)
Xp=2XnmXf{XL
X, =2Xmx60x1.101Xx 107 =4.153 x 107°Q/m = 0.4153 Q/km

v9laaill joc:alacl
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4.22) The conductor configuration of a bundled single-phase overhead
transmission line is shown in Figure 4.31. Line X has its three conductors situated
at the corners of an equilateral triangle with 10-cm spacing. Line Y has its three
conductors arranged in a horizontal configuration with 10-cm spacing. All
conductors are identical, solid cylindrical conductors, each with a radius of 2 cm.
(a) Find the equivalent representation in terms of the geometric mean radius of
each bundle and a separation that is the geometric mean distance.

.............................................................................................................................

Line X Line Y

10cm ‘100m‘

O O

__O_

Sol:

Dyy = /(6.1)2 X (6.2)2 x (6) X (6.3) X (6.05) X (6.15) X (6.25)
DAB = 6.15m
Ry = 3/Dg x (d)2

Ry = 1/0.02 x 0.7788 x (0.10)2 = 0.0538 m

D, = 0.7788 x 0.02
D, = 0.015576 m

Ry = 3/(0.1)* x (0.2)2 x (0.015576)3 >
Ry = 0.0628 m

w9laaill poc:alacl
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4.41) Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral
in S/km of a bundled 500-kV, 60-Hz, three-phase completely transposed
overhead line having three ACSR 1113-kcmil (556.50 mm2) conductors per
bundle, with 0.5 m between conductors in the bundle. The horizontal phase
spacings between bundle centers are 10, 10, and 20 m. Also calculate the total
reactive power in Mvar/km supplied by the line capacitance when it is operated
at 500 kV. Neglect the effect of the earth plane

Sol:

2T€e J el lda Y Ol 1 Craadti

Cq

= F/m
In (Dgq/Dsc) / Line to neutral ¢S

Deq = V10 X 10 X 20 = 12.6 m

DSC = 3\/1' X dZ

v

Bundle J sl SI3

v

sl e 7 500 Jisadl slare 2 rdad
ACSR 43 _S3 4y A4 Jsan adiiny
Out side diameter W& e 7 5 35 Jaa gall Sla gl 8 0l

3 N
DSC= erZ

Dsc = 1/0.01642 X 0.52

DSC = 016 m .
~d_1.293inch _ 0.6465 inch
o _2nxB8854x 10712 |TT 2T T 5 T UbEowIne
1 1n(12.6/0.16) 3l am sl meter Jinch ¢ dsai
C; = 1.2741 x 10~ 1'F/m 0.0254 m
r = 0.6465 inch X m = (0.01642 m

v9laaill poc:alacl
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b) Shunt admittance

Y, =jwC; =j2 XXX (4

Y, =jX2XmX60x1.2741 x 10711 =4.8032%x 107°S
Y, = 4.8032 x 107% S/km

-c) Reactive power:
Q1 - Y X VfL
Q; = 4.8032 x 107® x 5002 = 1.2 MVAR/km

16 9lanill pocealac]
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Ch5 TRANSMISSION LINES:
STEADY-STATE OPERATIONPARAMETERS

S5 e Jend (i olisuen 138 JS 5 gl 5all 5 Cinall 5 Za sliall e i 4 L 8 Lial Al
5 bl o sie s 1da g Jaill Ja gladl das g S i
a8 5 Ja shaall ) skl 3 lie 5 anadas (o€ (o yei Ly ¢ il o ghadll 6 45) (o jes Uiy Y

1- Short-length transmission-line approximations
2- Medium-length transmission-line approximations

3- Long-length transmission-line approximations

5.1 MEDIUM AND SHORT LINE APPROXIMATIONS

- Short-length transmission-line approximations:

The length of the transmission line is less than (80 km).

The series resistance and reactance are included. The shunt admittance is

neglected.
o) gall Ld Jagn s 80 km (e JB 0 5Sa 5 ) ) Lie Ayl
Jas a5 Current leakage 45Y g Jlaa ) s g
r 7 =z2f = (R + jwL)¢ |
: 5 =
oA YT —
Pt +
Vs V.
o o
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Vs: sending-end voltage

VR: receiving-end voltage )
o SHS S Jie i aa gl S g 5l

Z=zL=R+jwl) XL —
o gl KN Aaibaal Loy i) L3 g
Jshlb
Vs =7ZIg +V
S R R > 3_)\33\ ‘:J:; ;U-) 951.% <Y aleall Cua
IS=IR hM?GJSMC\JJLA‘;yL’
Adme el Jaa 5l
Vs _[A B]Vr /
Is C DlIr
Sol:
Vs = AV + Blg O] Ay ety e VL cplalaa) (s A jlie Janiy
IS=CVR+DIR ABCD
A = 1(per unit), B=7(Q), C=0(S), D = 1 (per unit)
&AN—A

ABCD
bi g ¢ JS A0 aiValaa g laie¥l ladlay) Ggllas palic

A=D Laila

As applied to linear, passive, bilateral two-port networks, the ABCD
parameters satisfy AD - BC = 1.

1 (s sb Waila 48 siaall Determine J) o sz
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5 e Ly (Ken calllae

V. — |V Vs| — |V
| R(nl)l | R(ﬂ)l X 100% = M X 100%

|Vr(m)| |VRrI

Voltage regulation =

P
Efficiency = l;)ut X 100%

1n

SS - 3VSI§
- Phasor diagrams for a short transmission line:
1- Lagging pf

Ve = Vane

Vi
\\ " R,

feeL

j Xlrry

2- Leading pf

v f R lrey
IrFL
R /e

VH.FI_
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A

2- Medium-length transmission-line approximations

The length of the transmission line typically ranging from 80 to 250 km.

The shunt admittance must be considered.
Wbl Ledaan il gall Jegts e Medium Jb

..........................................................................................

I g =2z2f i

5 Y TY Y A
P o =AM =]
. . . . . . +

- The circuit called a nominal 1 circuit. : J_

P o =rov , v
5 -_— 2 2 2 -|- A
o o

Lo ghall e g il 133 Lgma Jalaiiy I Syl o ola Ay
L) jal o ymig Led jat Loadl (o glhag

Vs: sending-end voltage
Vg: receiving-end voltage Shunt admittance i WS G 4 5ildy
Z=zL=R+jol) xL Lo ) e sl sia sl o aualy 3aa ) cuilS

O Loadl daileaall (o geady e YU i

Y = (jwc) X L Jshll @ty o JAN i

v

kvl and kel aaaia 43 o Jall 48 )l sl 5 lall Jai Gy oY)

VY
VS =VR+Z(IR+T>

YZ
VS == (1 +_>VR + ZIR

2
o = Iy + RY BT +VRY+K1+YZ>V + 71 ‘Y
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S 1 R 2 R

ABCD <Slladl DAL

Vs _ A B1Vr
Is LC DlIr
Sol:
VS == AVR + BIR - -
Sy Ja¥l 5 oYL bl (s A e Jants
IS == CVR + DIR —»
ABCD

YZ ]
A=D= 1+7 (Per unit)
B=Z(Q)

YZ i
C=Y (1 + T) (Siemens)
ol e leally (Sae ulllas

|Vs|

Vran| — [V -~ |VRl

Voltage regulation = Vean! = [Vea | x 100% = & ——— x 100%
VRl |VR|
P,
Efficiency = ot % 100%
in

SS = 3VSI§
104 .
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The loadability of short transmission lines (less than 80 km, represented by
including only series resistance and reactance) is determined by thermal limit;
that of medium lines (less than 250 km, represented by nominal _ circuit) is
determined by voltage-drop limit; and that of long lines (more than 250 km,
represented by equivalent_ circuit) is determined by steady-state stability limit.
Fill in the Blanks.

Example 5.1

A three-phase, 60-Hz, completely transposed 345-kV, 200-km line has two

795,000-cmil (403-mm2) 26/2 ACSR conductors per bundle and the following
positive-sequence line constants:

z = 0.032 +j0.35 Q/km

y =j4.2 X 107® S/km

Full load at the receiving end of the line is 700 MW at 0.99 p.f. leading and at
95% of rated voltage. Assuming a medium-length line, determine the following:

a. ABCD parameters of the nominal 1t circuit

b. Sending-end voltage Vs, current Is, -

and real power Ps

c. Percent voltage regulation

d. Transmission-line efficiency at full load

a3 Lay g i o )Y O¥alas sl (Ao G ppil adll) Jsha gl o yed o 3Y 4l
el C¥aee o Jaidiy i yie 1S 200
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A

Sol:

a. ABCD parameters of the nominal Tt circuit

IVl Ullae | 45) i Ly el J G o sodall CValae e s 215 43) @ S5

pel i a2 Jia SIS Hnagilasszandy

Z =zl = (0.032 +j0.35) Q/km X 200 km = 6.4 + j70 = 70.29,84.78° Q
Y =yl =j4.2x 1076 S/km X 200 km = 8.4 X 10™% 290° S

A=D=1+ vz
- 2
(8.4 x 10~* £90°) x (70.29,84.78°)
A=D=1+

2
A =D =0.9706£0.159° perunit

B=7Z =70.29484.78°0)

C—Y(1+YZ)
B 4

_4 (8.4 x 107 £90°) x (70.29484.78°)
C=84x10""290°%x |1+

4
C=8.277 x 107 £90.08°S

b. Sending-end voltage Vs, current Is, and real power Ps

327.8k - Receiving voltage 95% of rated voltage
R — = 189.2 kVLN
V3 Jlellsns 0.95 o o el

Line to neutral
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-

P =3 Vraylrary cos(®)

_ 700 x 10°£cos™*(0.99)
V3 x (327.8 x 103) x (0.99)

Ir = 1.2464£8.11° kA

VS == AVR + BIR
Vs = (0.9706£0.159°) x 189.2 k + (70.29484.78°) x (1.24648.11° k)
Vs = 199.6226.14° KV, &

Vs = 199.6 x V3 = 345.8kVy,

IS == CVR + DIR
Ig = (8.277 x 10™* £90.08°) X 189.2 k + (0.9706.0.159°) X (1.24628.11° k)
I = 1.2414£15.5° kA

Ps = V3 VrpyIreLLy €0s(0)

P, = /3 (345.8 k)(1.241 k) cos(26.14° — 15.5°) = 730.5 MW

c. Percent voltage regulation

|VS| — |V
. A | R
Voltage regulation = ———— X 100%
[VR|
345.8
0.970¢ — 3278
Voltage regulation = = 3778 X 100% = 8.7%

Note: Voltage regulation can be negative.
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A

d. Transmission-line efficiency at full load

Efficiency = Pout X 100% = Pr X 100% = _700 MW X 100% = 95.8%
Y=, * T h °~ 7305 MW 0T IOE0

5.2 TRANSMISSION-LINE DIFFERENTIAL EQUATIONS

The length of the transmission line longer than 250 km.
AL 2303 e Jans 20 & il 13g0s Al J) sl (e ST Al 5k Long JI
AV e Sl Y axe )

..................................................................................................................

ix + Ax 2Ax fix)

Cl: o | Wi f vyl o 0
+ +
Vix + Ax) == VAx Wix)
o— o
(x + Ax) -—

L

(L)M}L‘;ﬂ\&ﬁkﬂ\:\jj;ﬁ&&dcb Longd\d_\s‘):wggu

el SLal) o5l ) jAiaY ol il 3531 Tl =)y s o) 3aY) e e Y 2ae )
Lo gill Lsh (gAY 5alilly 0 jaal £ 9 aY ¢y oSl L Liags LI g

KVL equation for the circuit:
V(x + Ax) = V(x) + (zAx)I(x)
Rearranging:

V(x + Ax) — V(x)

e 4d) 8 1 Gl aa 5 ]

zI(x) = Ax — Ariial) Cay pad sy JE
dV(x) [ don 1
= -
T zI(x) — equation
108
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KCL equation for the circuit:
[(x + Ax) = [(x) + (yAx) V(X + Ax)
Rearranging:

[(x + Ax) — [(x)
Ax

yV(x) =

dI(x)
dx

(2) Wl Lpuzmase i 5 (1) Aolaa 3180 1) Jatd liil) g sgall dals Aalae 20 Ul (pilalee Con jainl L 22y

= yV(x) = equation 2

(S =)

d2V(x)  dI(x)

| a2 a8 Al s o S

axz  Cdx dx
d?V(x)
— = V()
et Jaza Caal Alialds ddalas
d?V(x) , , .
——zyV(x) =0 > O5So Ledad Gan g Adlall aa g2l
dx VNI REENGE

V(x) = Aje¥* + Aye™*

A4 and A,: integration constants

Yz =7y — propagation constant
Y =4zy (m™)
y=a+jp=zy

a — attenuation constant

B — phase constatn

109
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AL ) bl (i (s s il Lde (Jum agall s 200 Lo ey

KVL equation for the circuit:

I(x) = d\cll(x) x l | lecas sl A YL 52 sa gl gal) Aalaa gl
X Z

AjeY* + Aye VX

z/y

z_z _Nwz_z_,
Y Jzy Vz)ly vy

AjeY* — A,e7YX
Zc

I(x) =

I(x) =

Z
Z.= ﬁ(ﬂ) — characteristic impedance
Ay s Ajded z yain haid lide Jaa Ll 5 agad) Aalaa Ua A% L axg
(VS Gl 2l

x =zero,V(x) = Vg, I(x) = Ix

VR + ZcIp
1=
VR — ZI
A, R 2cR

Ll 5 aeall Aalaay Ay 5 Aj i 2




ev¥ +e7 VX ev¥ —e™ VX
V60 = () Ve + Ze (5 e

1 je¥*—e7¥¥ ev¥ + e VX
“@=7@—7—9W+G—7—ﬁ%
C

Recognizing the hyperbolic functions cosh and sinh,

V(x) = cosh(yx)Vg + Z.sinh(yx)Ir

1
I(x) = Z—sinh(yx)VR + cosh(yx)Ir

C
Wherex =1,V(l) = Vg, I(1) =g
Vs = cosh(yl) Vg + Z_ sinh(yDIy

1
Ig = Z—sinhVR + cosh(yDIy

C

eVl e\ 1
cosh(yl) = (T) =3 (e™zBl + e ™2 —Bl)

el —e "\ 1
sinh(yl) = <T> =5 (e™zBl — e ™z — BI)

'ABCD af z saial oy (V) OV alaal) can jaiul La asy

Vg _ A B1Vr
Is LC DlIg
Sol:
[s = CVg + DIg ABCD
111
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A

A =D = cosh(yl) (dimensionless)
B = Z.sinh(yl) (Q)

1
C= 7 sinh(yl) (Siemens)

C

the following identities can be used:
cosh(al + jpBl) = cosh(al)cos(Bl) + jsinh(al)sin(Bl)
sinh(al + jBl) = sinh(al)cos(Bl) + jcosh(al)sin(pl)

Example 5.2

A three-phase 765-kV, 60-Hz, 300-km, completely transposed line has the
following positive-sequence impedance and admittance:

z = 0.0165 +j0.3306 (1/km

y = j4.674 x 107 S/km

Assuming positive-sequence operation, calculate the exact ABCD parameters

of the line. Compare the exact B parameter with that of the nominal 1 circuit.

il Ll W g ) (i Long J) @¥ales Ja 48] s e 0 3 Aol

Jaoi 71 Sligd agany Lo auda AV 5 H3al) Cnd Slia S (gic 43y
B (A e e Al AR

. JelS Jlpuad) I ke ot a4 y] 5 Z A g pdiy )
ol

Z =zl = (0.0165 +j0.3306) Q/km X 300 km = 99.303,87.14° Q
Y =yl = j4.674 x 1076 S/km X 300 km = 1.4022 x 10~3 290° S

112
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Z v/ 6,—06 . .
Z =\/}:,= \[Absolute (;) A( é > y) > | Ze sy skl gla adiai )

. _ |7 99.303 4(87.14° - 90°) 661, — 14300
|y /14022 x 1073 2 T '

0,+06 - .
vl = \/Z_y = /Absolute(zy) A( & > y> |yl gy Akl gla aaiai A

87.14° + 90°)

| = Jzy =+/99.303 x 1.4022 X 10-3 4(
yl=Jzy =+ z

yl = 0.3731488.57° = 0.00931 +j0.3730

Ol ghadll 8L gl (o gty g 3an g JS (5538 oty ABCD e Al

A =D = cosh(yl)

X | fa oy orlall s Laadsi)
oVl 4 -Vl l-'Mc%a.cJu»fuy “ » B
cosh(yl) = > > a2 ) il A AN e
_@m\dﬁm\

=1 al —al ,
cosh(yl) Z(e LBl +e 2 Bl)

yl = al +jpl = 0.00931 + j0.3730
al = 0.00931

180
Bl =j0.3730 radian — 0.3730 X = 21.371° degree

Degree d) as Al AL Lilalad JS 40y 450 30 <l

113

15 Qlasill pec:alac]



duSupan qb dobil

1
cosh(yl) = 5 (e0:00931£21.371° + 7000931, — 21.371°)

cosh(yl) = 0.931320.209°
A =D =0.93132£0.209° per unit

B = Z.sinh(yl) (Q)

: =1 al _a-al ,
sinh(yl) 2(e 2Bl —e %z —BI)

1
sinh(yl) = 5 (e0-00931,21,371° — 7000931, — 21.371°)

sinh(yl) = 0.3645288.63°
B =266.12—1.43° X 0.3645488.63° = 97.87.2° )

1
C = = sinh(yl)
Z

1

— o -3 o
C= 6617 — 143° X 0.3645488.63° = 1.37 X 107°£90.06° S

b) B parameter with that of the nominal T circuit nominal T circuit
Brominal mcircuit = Z = 99.303287.14°Q — 5 | eoiedb Aalll S i o
‘)..a.':’.l\j
B=Z
114 -
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5.3 EQUIVALENT m CIRCUIT
Lgd Al 3510 328 5 ISV 3 iMedium JI s Shortdl Laal

EQUIVALENT Tt CIRCUIT 5 Leans) 5 L ol 5 )l Ladd Long Jb Lie

s zZ' I
A I L al
5 +
Y’ ¥
lh'r:j 'E‘ ? Vq
o o

e jal 48 yra s LdSE Jaia Lie aslhae 3500 6l (5 ) b

In equivalent Tt circuit:

Z converted to Z-
_ sinh(yl)
Z = Z.sinh(yl) =Z.F; = ZT Q)

sinh(yl
= & (Per unit)

1 Vi
y oy y tanh (%l) tanh (yil)
22273 ) =Tz

yl
F, = tanl;l( ) (Per unit)
(%)

> %912aill joc:alac]
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A

F1and F2 s Lo dllay Gl sall (gla aasiiad 5 (e YL A ool il padial Lo (S

Z' = B = Z_ sinh(yl) ()
cosh(y)-1 A-1 s
Z.sinh(yl) B (5

y _
2

A =D = cosh(yl) (dimensionless)
B = Z.sinh(yl) ()

. ot agale Le agudi a8

1
C= 7 sinh(yl) (Siemens)

C

- The equivalent 1 circuit is identical in structure to the nominal circuit.

Example 5.3

Compare the equivalent and nominal m circuits for the line in Example 5.2.

e osl8 sl e da g GaSl) 3¢ saaall paliell aa 65 Ly G Gl JUid) Calldae puis

Sol:

7 =zl = (0.0165 + j0.3306) Q/km X 300 km = 99.303.287.14° Q
: -6

~= y;‘ = BT $/km x 300 km = 7.011 X 107* £90° S

. sinh(yl)  0.3645,88.63°
™yl 7 0.3731488.57°

= 0.976920.06° Per unit

I
tanh (%) _cosh(y) —1 0.931320.209° — 1

@) (W)sinnen  (L3BLLEEITY 03645.88.63°

F, = 1.012£ — 0.03° Per unit

2:
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F; =99.303487.14° X 0.976940.06° = 97487.2°Q

F, =7.011 x 107* £90° x 1.012£ — 0.03° = 7.095 x 10~* £89.97°S

5.4 LOSSLESS LINES
Lle e (s Cayai o )P S die Cula Lo ST e daniy A gy Sl 138 U el galad) i) 4yl
(R, C, L, G) — ity JuaVl 4¥ L Lo o) ellull g 3 e il Lale
(B) Yins (ar) Wl (e (S50 L) Ly
Phase J e ili b s Amplitude J) e il alf
Amplitude J) (e Lty Hall Gy La (535

o Lo (5 2balaa¥) Jumy 1) Il i (5 bt Wl il 5 (ma 3 giialials (e g il jd e
138 5 Jaiesall 5 Jus yall G 3 jlsds (sl saie 3 Lo as) Sa s ol gAY Gl Jua 8 sl
LOSSLESS LINES 4wy

(R,G) & cllginsi dagall gl 43) o jaiy Ual Z. Ao (gahaby audi ¢ s gall g
(R,G) bc Lo ) jixy 13gd Jiiasall 5 Jus pall (G A8 (i o Lie 8 Le 43 Li&s

(R,G) Le ¢sSh Lo Wl a1 ) o gl Ly g

- SURGE IMPEDANCE:

v

characteristicimpedance ¢ sla
For a lossless line, R =G =0, SURGE IMPEDANCE o) jla (S
z=(0) +jwL (2/m)
y = (0) +jwC (S/m)

7 = z [joL LQ
<= 3= [joC c W

- For a lossless line, the surge impedance is purely resistive and the propagation
constant is pure imaginary.
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Yy =4zy =/joL xjoC = jovLC

Yy =jB (m™ ")
y=oc+j[3=0+jcm/ﬁ
B = wVLC

- ABCD PARAMETERS:

A(x) = D(x) = cosh(yx)

buta=0 -y =ijp

A = D = cosh(jBx)

A(x) = D(X) = cos(Bx) (Per unit)

B(x) = Z.sinh(yx)
buta=0 -y =jp
B(x) = Zcsinh(jBx) = jZcsin(Bx) ()

L
B(x) =] \E sin(Bx)(2)

C(x) = Zl sinh(yx)

C

buta=0 -y =ijp

C(x) = Zl sinh(jfx)

C

sin(Bx)

\F
C
B glanull pecsalac]

Cx) =j (S)
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- EQUIVALENT 1 CIRCUIT
g zZ I
i {13 = al
+ +
° o

S el sler Lyl pai Uie jamy = 8Ll jualially juad Jla Lo (5
B(X) = Z = jZcsin(Bl)

- ix @
y. _ytanh (%l)
¢

buta=0 - y=jp

tanh(lB) y smh(]B)
"2

y _y
R

- In equivalent Tt circuits of lossless lines, Z' is pure inductive, and y’ is pure capacitive.
Fill in the Blanks.
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A

- WAVELENGTH

wavelength is the distance required to change the phase of the voltage or
current by 2m radians or 360°.

AMf=V
A: WAVELENGTH
f: Frequency

V: velocity

Lt s g o sl o W st 50 sty N (b ) 5aY) A s (K1 BLGYL j3as Le 23 i)

V() = AGVi + Bl L

1(x) = CXx)Vg + D)1 e i —
: v y

V(x) = cos(Bx) Vg +jZcsin(Bx) [ Vs = Vs 12 T?

[(x) = JSIHZ(CBX) Vi + cos (Bx)\zl_fz N S ——
When Bx = 2m then

_2m
B
A=2n= 21t _ 1 (m)

B wVLC fVLC

V=Af = \/%_C — velocity of propagation
For overhead lines u, = 3 X 108 and f = 60 then A = % = 5000 km

- The velocity of propagation of voltage and current waves along a lossless

120
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A

- SURGE IMPEDANCE LOADING
Load =5 LOADING 5 Z. = SURGE IMPEDANCE 43 e L |
LOSSLESS LINES WdUaly Z . 4iads Load USud Jix
Reactive power & <l ¢S5 1, (A ) salld Gallad Alall (slen Ll sl 43) Wl
Ze deoall 0S8 W Giany ) gy #) ) G ) gl g Cinall S gm0 ST 21 ) 5ll
- Surge impedance loading (SIL) is the power delivered by a lossless line to a

. . L
load resistance equal to the surge impedance Z, = c

- Surge impedance load is the ideal load because I(x) and V (x) is uniform along line.

V, I N
V(x) = cos(Bx) Vg + j;/c—R ; ol
| ~ 0O w3 2.
V(x) = elf* vy - .
VCOI = IVl e
VOl vl e
Vs = Vg

- SIL, the voltage profile is flat. That is, the voltage magnitude at any point x along a
lossless line at SIL is constant.

I(x) = w VR + cos(Bx) E
Z Z
I(x) = elfx ‘;—i
101 = 58 @)
121
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Sx) =PX) +jQ(x)

iBx *
S(X) — (ejBx Vg ) (el _ VR)

- the real power flow along a lossless line at SIL remains constant from the sending
end to the receiving end. The reactive power flow is zero.

2

SIL = Vrated
Z;

- rated voltage is used for a single-phase line and rated line-to-line voltage

is used for the total real power delivered by a three-phase line>

- VOLTAGE PROFILES
e daiay 1385 BB 1 ST 00 (S il 05S #1) Le leal) aa gl (KD | deal load s SIL 43 e
1- line length
2- line compensation

s o ) 0 sS ys calh 05Ss  Le gl L

1- at no load Vi, = Ve/COs(BE)

2-SIL

3- short circuit Vasw = Vs

4- full load

Vasc = 0
: x={ x=10
:  Sending end Receiving end




& icoM ia5Upas 0B dokil

-

1- at no load

IrnL =0, VNL(X) = cos(Bx)VrnL
The no-load voltage increases from Vg = cos(f3x) VgrnL at the sending

end to VRNL at the receiving end (where x =0).
2- the voltage profile at SIL is flat Vg = Vi

3-For a short circuit at the load
Vesc =0
V(x) = 0 + sin(Bx)Z.Igrsc = The voltage decreases

4-The full-load voltage profile, which depends on the specification of full-load

current, lies above the short-circuit voltage profile.

Loy 221 (gl s 50 A UL ok 313 e JS Wi L 5
gl cllss sl compensation methods J

- STEADY_STATE STABILITY LIMIT . ............................................................

: Real power P
VRrVs .
P= sin(8) (W) o _ VeV
5 me =X
6 = Byr — Oys
in & = 90° then the power: :
Vi Vs o0 5

Pmax = X (W)




#rIcoM daiypan qb dobif

- N

In per unit:

P = Vi puVpu(SIL) ) 4y

an (21
in 6 = 90° then the power:

(SIL)
Phax = VR.p.uVS,p,u 21l (W)

sin (=)

Example 5.4

Neglecting line losses, find the theoretical steady-state stability limit for the 300-km
line in Example 5.2. Assume a 266.1-Q surge impedance, a 5000-km wavelength,
and Vg = Vg = 765 kV.

Sol:

1- surge impedance

2

SIL = Vrated Vg = Vg Y o sial 138 < i)
‘e " Load = Z¢ O 13 sy
SIL = 765 k° = 2199 MW
~ 2661

2- the theoretical steady-state stability limit for the 300-km line

(SIL)
Pmax = VR.p.uVS,p,u N V. = Vactual
i - p-u
Sll‘l( A ) —»> Vbase
2199 M 765 _
Pmax = 1 X 1—————=55~ = 5974 MW Vo.u =oee = 1 per unit
“( 5000k )
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5.5 MAXIMUM POWER FLOW

Maximum power flow for lossless lines, is derived here in terms of the ABCD
parameters for lossy lines. The following notation is used:

A = cosh(yl) = A20,4

B=72 =71+,0,

VS - Vsﬁs, VR - VRLOO

Vi Vs AVR?

PR = 7 cos(0; — 8) — 7 cos(0z7 —0,)
VrVs AVg®

Qr = 7 sin(0; — 8) — 7 sin(0; — 0,4)

Note that for a lossless line:
0,=0° B=7 =jX, Z =X, 0; =90°then the power:

VrVs AVR?

Pr = X cos(90 — §) — R cos(90°)
VRV
Pp = ; > sin(§)
VrVs AVR2
PRmax = 7. - 7. cos(0z — 0,)
125
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Example 5.5

Determine the theoretical maximum power, in MW and in per-unit of SIL, that
the line in Example 5.2 can deliver. Assume Vg = Vg = 765 kV.

Sol:
A =0.931320.209°

B =7 =97.0487.2° Q

Zc = 266.1Q
VRVs AVR*
PRmax = - COS(eZ - eA)
yA yA
765 k% 0.9313 x 765 k?
Prmax = — cos(87.2° — 0.209°) = 5738 MW
97 97
Viated~ 765 K2
SIL = = = 2199 MW
Z. 266.1
5738 _
PRmaX = m = 261 per unit

This value is about 4% less than that found in Example 5.4, where losses
were neglected.
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Problems Ch5

5.1) A 25-km, 34.5-kV, 60-Hz three-phase line has a positive-sequence series
impedancez = 0.19 +j0.34 (0/km. The load at the receiving end absorbs 10
MVA at 33 kV. Assuming a short line, calculate: (a) the ABCD parameters, (b) the
sending-end voltage for a load power factor of 0.9 lagging, (c) the sending-end
voltage for a load power factor of 0.9 leading.

Sol:

7Z =71 =0.19 +j0.34 Q/km x 25 (km) = 9.737260.8° Q

a) the ABCD parameters
A=1, B =9.737460.8° (), C=0S§, D=1

b) the sending-end voltage for a load power factor of 0.9 lagging

Vg = — = 19.05 k Line — neutral

V3

S = 3VRIR* - IR = —

3V
. S* 10x10°2—cos™(0.9) _ 0175 ks — 25 84
R73v; 3 x 19.05k - '

VS == AVR + BIR
Vs = 1 x 19.05k + (9.737260.8°) x (0.175 kz — 25.84°)
Vs = 20.47 £2.73°kV

Vsp_p = 20.47 x /3 = 35.45kV
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c) the sending-end voltage for a load power factor of 0.9 leading.

33k _
Vg = — = 19.05 k Line — neutral

V3

S = SVRIR* - IR = —

3V
- S* 10 x10°£cos™'(0.9) 0175 ks 25 .84
R73vy 3 x 19.05k o '

VS == AVR + BIR
Vs = 1% 19.05k + (9.737260.8°) X (0.175225.84°)
Vs = 19.23 £5.076° kV

Vs = 19.23 x+/3 =33.3kV

5.31) A 500-kV, 300-km, 60-Hz three-phase overhead transmission line, assumed to
be lossless, has a series inductance of 0.97 mH/km per phase and a shunt
capacitance of 0.0115 pF/km per phase. (a) Determine the phase constant 3, the
surge impedance Z, velocity of propagation n, and the wavelength A of the line.
(b) Determine the voltage, current, real and reactive power at the sending end, and
the percent voltage regulation of the line if the receiving-end load is 800 MW at 0.8
power factor lagging and at 500 kV.

Sol:

a) Determine the phase constant 3, the surge impedance Z, velocity of
propagation n, and the wavelength A of the line

B = wVLC = 21 X 60,/0.97 x 0.0115 x 10~° = 0.001259 rad/km

0.97 x 10~2
Z.= |- = — =290.43 Q

0.0115 x 106
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1 1
VLC 097 x 0.0115 x 10-9°

V 2994 x 10°
7\f=V—>?\=¥= 0 = 4990 km

= 2.994 x 10> km/s

b) Determine the voltage, current, real and reactive power at the sending end, and
the percent voltage regulation of the line if the receiving-end load is 800 MW at 0.8
power factor lagging and at 500 kV.

500 k
Vg = —— = 288.657 kV

V3
P = 3VR L—N IR COS(GV — 61)
. 800 M 2cos~1(0.8)
R ™ 3288657k x 0.8

= 1154.742 — 36.87°
B =0.001259 rad/km

Bl = 0.001259 rad/km X 300km
Bl = 0.3777 rad — degree

Vs = cos(Bl) Vg + jZ.sin(BD)Ig

180
Bl = 0.3777 X — = 21.641°

Vs = cos(21.641) X 288.657 k + j290.43 x sin(21.641) X 1154.72 — 36.87°
Vs = 356.53216.1° kV

Vs = 356.53 x V3 =617.53kV
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1
I = jZ—sin(Bl) VRr + cos(BDIr

C

Is = j 5543 X SIn(21.641) x 288.657 k + cos(21.641) x 1154.7 — 36.87°

[ =902.324—-17.9°A

S = 3Vl
S =3 x 356.53216.1°k X 902.32 + 17.9° = 800 MW + j539.672 MVAR

|Vs| In lossless line

Voltage regulation = &——— x 100% —» A = cos(Bl)

A = cos(21.641) = 0.9295

Vol lation = Oz5 ~ 288657 k 100% = 32.879
oltage regulation = 88.657 & X Yo = 32.87%
130 *
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APPENDIX

TABLE A.3 Characteristics of copper conductors, hard drawn, 97.3% conductivity

Sipe of Geometric fy Rusimtancy 4 EF)

Conductar Dhizmatar Appros Pbeari 4 0Fms per Canductol per Mie) Irlipctive Reac e Shuml Capaciime Reacance
LI of Outsde Waignt | Carent | Hadius {oheng par conducon [ magohme par condiscsor

AWG | ber Indeadual] Diam Breshrg | (pounds | Carpng an 89 26°C [7T°F) 5PC (122°F) por mile 81 1 Fr apecng] gar mile s 1 B0 dgacng]

Caular o of | Swands | ewr | Stongin | opar  JCapacoet Hr

Mils B &S [Srands| (inghes) | inches) |ipounds)| mila) | (amps) (lawi] o ThHr 80 Hz L di 25 Hr 50Hz | B0H: 25He S0H: B0 He I5Hz | B0Hz G0Hz
1 000000 37 | 09644 | 1051 | 43830 | 16300 | V30D QG 0IER oongs | G054 | 00620 | 00834 | 00840 | 00648 | 00672 | 00485 | 01666 | D333 | 0400 | 0296 | D081 | Q.08
B0 D0 a7 R 10|82 RS0 14670 1210 [kl ] DOESD | DO688 | 00687 | 00695 | O0MT | 00ME | GOTA0 | DOFS2 01843 0334 406 0.2 onnd | o0
St i 3 7 R E ] 1.07% 6020 13040 113 [ Rvkh ] norm ¢0rF | 00WeD | 00Tz | 00800 | 00808 | Q0826 | 00837 IRy 0 324 o413 0.274 o | o0e3d
TR0 7 | Oiake | 0987 | 33400 | 12230 | 090 Q0319 DO7EQ | GOTEF | O80T | 00818 | 0.0853 | 00859 | O.08Y8 | OO8E8 | 0173 | 0348 | 007 0226 | 09132 | Q0943
hLs b ni] 37 GaTs D63 e 11410 DD LoEvkly ] DORE D0R47 | DOAS! aoan | ade14 | 00920 | 00837 | 00947 K] D352 042 02re 01145 | 00854
S0 000 a7 | 0273 | Dedl IO a 78k 940 H0IRS ooaTs | GoEB1 | 00987 § ooo0e | o068 § 0107 | Qooes | 010E5 | LodsE | 0380 | 0432 0236 | 08173 | 00977
00 000 3| onE: | GB1d | 22810 B161 B4 Q0260 CUITR | DTTE | DIEE | 0096 § 01280 | 00243 | 00296 | 00303 | Oogak | 0365 | 0443 § 0247 | D206 | 01004
500000 i 19 | ouGEz | OB ) 21880 a6t [221] 0256 Tl | QN7 | 01188 | 00096 | 01280 | 01283 | 00206 | 00303 | Goes3 | 0AM 0445 0241 | DAZ0E | 01005
450000 g 19 [R ] [1 3R] 19 TED Rl Y 78D [iTurL k] Cia0d | ©304 | 01396 § 20333 | 07427 | 014726 | 01437 | 01443 UNE L) D318 .45 0244 Gi2d4 | 0103
0000 19 | 01451 | OWIE | 1TEED [ V1] 13 22s Didez | Q465 | QY477 | 001484 1 0800 | QIEDT | 0I813 | QIETS | GId0E | 0387 | 0434 0343 | Qidas | 00038
50000 19 01357 | OETY IREAD 5706 304 LiEera B QoEM | QUBTS | O16B4 | 00800 | 01828 | 01831 | 01840 | D45 | 01943 0389 PR 0254 | Gpes [ 01088
60000 17 | QN708 | @70 | 1R1ED 5 M6 G0 Lilvrk ] Q6T | Goers | QB84 | 00850 | 01828 | 0831 | 01840 | 01845 | 00915 | D364 | DABD 0251 | mIEs3 | 01084
300 000 1% 01257 | G629 13510 4391 610 401987 | Govesd § 00953 | 00E1 | 01968 | 0.213 0214 Q.204 0% 01982 0306 Q478 0259 | ¢iz9s | D080
00000 17 | 01581 | DER? | 13170 LELL [01] L] nogsg | 409s3 | Q9s | 00968 | 0213 | Ox4 | 0244 J 025 | 09957 | D3R | 047D 0258 | GEEEY § 01068
RO 18 o147 D874 #1360 4078 BD G083 | D734 0734 kL] ,23% 0 256 0254 sy 0287 03 0406 0 a@? 0264 Qi | 0
50000 12 D1a4d | GE0D | V113D 4076 40 a01907 | DFad &334 D33 0.23% 0.258 0254 0.4 0287 G 200 DL L] 0263 | GE3I3 § 01004

FIUGRDG |40 19 | ooy | o8 EL1H 1450 480 G0eea | 0276 | 0377 | 0FF | ove 0z | 0303 | 0303 0303 § 0w 0414 | 0447 0% | 0363 [ 01132
11600 | 40 | 17 | on3ze | oss2 9483 | 3480 430 a0ise | o | o277 (0277 o2 Jod0? | 0303 | 0303 {0303 | oms D408 | D491 0269 | 01343 | 01114
1800 | 400 7 | o | osh 9154 450 80 GOEr | G278 0.177 02T 0.278 0.302 0.ac3 0.303 D303 oI o420 0503 0273 | G3e3 [ 01136
YETBOD | 340 12 01183 | 0432 TEGE 2736 410 o165 | G3ey 0348 0343 10,350 0.3 0ast 0.332 03682 020 D421 05045 0277 | Grdes [ D153

167800 | 340 T | GUG4R | Dd&A 7366 1736 40 aot40s | 03es 349 0343 0. 350 0381 0.3 0382 0 382 [EA]: 043l nhla 0281 | ¢iels | 01T
133100 | 20 7| etame | o4 sO2E | 2170 360 | 0012s? | o4n | Gasd | Dea0 | 0a4d | cemn | Desr | casi | 0481 ] 0222 0443 | DBFE | 0288 | 00445 | 01206
105500 | 140 7 | o | ones a2 [ 1720 30 | o013 | osss | oss5 | osss | osss | osos | osor | asor | 0607 Q0227 Q466 | D646 | 0208 | 0488 | 01240
A36a0 1 Tl oagss | odre 3804 1364 27 00992 | 0689 0699 | DE3F | 0659 076 0.233 Q487 | 0560 030G § 01528 | D274
B3G90 1 3 | oGy | 0260 1620 1361 270 Q00e | Duesl 0692 0§87 IE:L ) Q.757 0,132 464 O&sT 029 | 01485 | 01246
A6 370 2 7 | ooaTe | ofer anas | 083 130 LT T 0082 | DEBF | 08B2 | OBG4 0.23% G478 | 0574 | 034 | 00570 | 01308
fE 170 7 3 | ovag7 | o3z0 FETE] 1371 249 0803 | 0BT 0455 0.738 0478 | 0571 D30T | 00537 | D1iE
BE AT 2 1 ' o258 303 1 061 10 QO00A36 | GB6e 0345 0242 0484 DsRl 0323 | Q1&14 | D345
A6 4 T | CioBeT | 0260 T433 L 00 aoover | 1072 12E 0245 0480 0588 ¢327 | 01811 | G1343
53630 [ 3 3 | o3 | o2es 350 H50 | ooosos | ool 1.704 0.344 o488 | OEBS | 0MG | 21578 [ D135
52630 | 3 1 07229 | 2438 aat 190 | 000746 | 1080 Same as o 1192 HmE 35 dc 0248 | Q486 [ 0586 | 0331 | 01658 | 01380
41 140 a 3 |onen | ok 1879 LEES 180 a0amt | 1.8 1518 0350 0499 | 0589 | 0334 | 31619 | D348
41 740 iq 1 TR 004 1570 aET 119 Q00663 | 1374 1603 0.254 0607 D& 0339 | G1&87 | D14Nh
3100 | & 3 | onose | 026 1505 534 150 | 000638 | 1750 1aid 0.258 ost1 | 0813 | 0337 | 01661 | 138e
100 [ 1 ; LREIE] 151 529 140 Q00550 | 1.733 1885 0.280 0518 D&23 034 [ 01738 | D449
6250 B 3 | oogys | 0201 16 424 130 000688 | 2.0 E .12 0623 Déza 031 | 01703 | D4R
26250 § 1 Q1620 110 420 170 Q00626 | 218 119 385 051 o&ar G386 | 01778 | D4R
206 7 1 a1483| 103 333 110 000488 | 278 am am 0542 | DEBT | 364 | BaB21 [ DAGIT
1651 B 1 D17H% HIE T4 40 aoodry | a4r 380 0.277 0554 | Q868 | 0377 | 01862 | Do1BER

TABLE A.4 Characteristics of aluminum cable, steel, reinforced (Aluminum Company of America)—ACSR

Xy Inductive x3 Shunt

Reactance Capacitive

(ohms per Reaclance

Alyminum Steal £y Resistance {Ohms per Conductor per Mile) conductor per |{magohms per
Copger Geometne | Approx. mie at 1 ft conducton
Equivalent® Weight Mean Current 28°C (77°F) Small Currents B0°C (122°F) Curent Approax spacing ped mile at
Cireular Strand Strand DOurside Circular | Unmare | (pounds | Radius Carrying 75% Capacityf all currents) |1 ft spacing)
Code Mils Diametes Diameter | Dameter | Mils or | Swrength | per at 60Hz | Capacuryt

Ward Aluminum {inches) {inches) | {inches) AWG  |(pounds)| mule} {teet) [amps) de 25Hz | 50Hz | BOHz de 25Hz | 50Hz | 60Hz GO Hz B0 Hz
Jaree 2515000 | 76 . 0819 | 19 | 00849 1.880 61 700 00621 0.0450 0.337 00755
Thrasher PN2000[ 76 01744 19 | 00814 1802 57300 0595 0.0482 0.3a2 0.0767
Kivwi 2167000 | 72 ) 01735 T ons? 1735 49800 00570 00511 0.348 00778
Bluebird 2156000 | B4 4 [URE: ey 19 00261 1.762 G0 300 (0588 0.0505 0 3a4 00774
Chukar 1781000 | B4 4 LRELT 19 00874 1602 51 000 (0534 0.0598 0355 0.0802
Falcon 1590000 | 54 3 01716 19 | 01030 1.545 1000000 | S6000 [ 10777 | 00520 1380 | 00587 | 00588 | 0.0580 | 00587 JO0646 | 00656 | 00675 | 0.0684 0.359 Q0814
Parrot 1510500 | 54 3 Q1673 19 01004 1.506 50000 | 53200 10237 0507 1 340 00618 | 00619 | 0.0621 | 00622 | 00680 | 00630 | C.O710 | 0.0720 0.362 00821
Plover 1431000 | 54 3 01628 8 00877 1.465 A00000 | 50400 9699 0493 1300 00652 | 0.0653 | 0.065% | 00656 JOOT18| 00729 | 00748 | 0.0760 0.365 0.0830
Martir 1351000 54 k] Q1582 ] 00949 1.424 /50000 | 47600 9160 0479 1250 00691 {00692 | 0.0694 | 00695 00761 [ 00771 ] 00792 | 0.0803 0.369 0.0838
Pheasant | 1272000 54 3 0.1535 19 | 00921 1382 BO0000 | 44 800 4621 00465 1200 JOO734 | 00736 | 0.0737 | 00738 | 00808 | 00818 | 0.0840 | 0.0851 0.272 0.0847
Grackle 1192500 | 54 3 01488 19 | 00892 1338 THO000 | 43100 8082 | 30450 Y160 | 00783 | 00784 [ 0.0786 | 00788 JO0BG2 | 00872 | 0.0894 | 0.0906 0376 00857
Fingh 1113000 54 3 Q1436 19 0OBG2 1293 100000 | 40200 7544 +0435 1110 00839 | 00840 | 00842 | 00844 J 00924 | 00935 | 00857 | 00969 0380 00867
Curlew 1033500 54 3 01384 7 0.1384 1246 650000 | 37100 7019 00420 1 060 00903 | 0.0905 | 0.0907 | 00909 §00994 | 01006 | 01025 | 01035 0.38% 00878
Cardinai 954000 | 54 3 0.1329 7 01329 1196 GOO000 | 34200 6479 00403 1Mo 00979 {00980 | 0.0%81 [ 00982 01078 (01088 | 01118 | 01128 0380 0.0890
Canary 900000 | 54 3 0.1291 7| Da2er 1162 566000 | 372300 6112 | 00391 970 0104 J0304 {0104 |0104 J0O1745) 0116601176 (01185 0.393 00898
Crane 874500 | 54 3 01273 7| 01273 1146 550000 | 31400 5940 | (00386 4980 | 0107 [0%07 {0107 |0108 JO1778| 01188 | 01218 (01278 0385 0.04903
Candor 795000 | 94 3 01214 71 0214 1.0%3 500000 | 28500 5392 | 00368 900 JO17 |08 f018 |0119 FO1288| 01308 | 01358 01378 040 oomy
Drake 795000 | 26 2 Q1749 7 01360 1.108 500000 | 31200 5770 00375 00 M7y |07 jon7 |0117 FO1288 (01288 | 01288 | 01288 0399 0092
Mallard 795000 | 30 2 01628 19 0.0977 1140 500000 | 38400 6517 00393 a1 017 |o17 o7 jONT7 FO128B (01288 | 01288 | 01288 0.3%3 00904
Crow T1E500 | 54 3 [PARLY 7o 1.036 450000 | 26300 4859 | 00349 830 Joa3 |o13r (0931 |0132 §01442 | 01452 | 01472 |01482 0.407 00932
Starhing 716600 26 2 0.1659 7] 01290 1.081 450000 | 28100 5193 | 00355 840 JOA31 0131 (0131 |0O131 JO1447 07447 | 01442 (01442 0.405 00928
Redwing 71556001 30 2 01544 19 | 00926 1.081 450000 | 34600 5865 | 00372 840 031 (0131 (0131 (0131 Q01442 | 01442 | 01442 (01442 0.399 00920
Flamingo GEG600 | 54 3 1131 7 LARRE] 1.000 419000 | 24500 4527 00337 00 0140 |0140 | 047 |O141 JO1547 [CI5T1 | 01591 |0 160% 0a? 00843
Rook B3I6000 | b4 3 0.1085 7 01085 0877 400000 | 23600 4319 00329 770 0147 |0047 (048 jO148 JO1618| 01638 (01678 | 01688 0414 00950
Grosbeak 636000 | 26 2 0.1564 7] 01218 0.990 400000 | 25000 4616 | 00335 780 J0147 |0147 |0147 [0147 Q01618 |01818 (01818 |01618 o.an 00946
Egret 636000 [ 30 2 G1486 | 19 | 00874 1019 400000 | 31500 5213 | 00351 780 |0147 0147 (0147 |0147 JO1618)|01618 | 01618 [01618 0.406 00937
Peacock 05000 | 54 3 (1058 7| 01059 0.953 380500 | 22900 4103 | 0032 750 054|085 | 0755 0155 JO1695 (0171501755 101776 Qa7 00957
Squab GODO00 | 26 2 01525 7 AL 0966 380500 | 24100 43817 0.0327 760 0154 (0154 (0154 (0154 JOI700 (01720 | 01720 jO1720 0415 0.0953
Dove BO6E00 | 26 2 01463 7 01138 0927 350000 | 22400 4039 00313 730 0163 |0168 (0168 (0168 Q018490716859 | 01859 [0 1859 0.420 00965
Eagle 556500 [ 30 2 01382 7| 01382 0953 350000 | 27200 4588 | 00328 730 J016B |0168 |0'68 [0168 JO 18491071859 | 01859 [0 1859 AL 00957
Hawk ATT000 | 76 2 01355 7 01084 0858 300000 [ 19430 3462 | 00290 670 | 0196 0196 |0196 (0196 JO.216 0.430 00988
Hen 477000 | 30 2 a1281 7] 0281 0883 300000 [ 23300 3833 | 0.0304 670 | 0196 0196 [0.196 (0198 JO16 0a2a 0.0980
Moes 387500 | 26 2 01736 7 0.0961 Q783 250000 | 16190 2 B85 00265 590 0.235 0.258 0ad 01015
Lark 387500 30 | 2 01151 7| o181 O B06 250000 | 19980 3277 | 00278 600 | 0.235 Same as de 0.259 Same as dc 0435 01008
Linnet 338400 26 2 01138 7 | 00855 0N 10 14050 2442 | 00244 530 | 0.278 0.306 0.451 0.1033
Qrinle 336400 30 | 2 01059 7| 01088 a7 440 17040 2774 | 00255 630 | 0278 0.306 0445 01032
Ostach 300000 | 26 2 01074 7 | 00835 Q680 188700 | 12650 2178 § 00230 490 0.3 0,342 0.458 0.1057
Piper 300000 ) 30 2 01000 7 01000 0700 1BETO0 | 15430 2473 00241 500 03n 0.342 0.462 LALEE]
Parinidge 266800 26 2 01013 7 00788 0647 /0 11250 1936 no27? 460 0.350 0.385 0 a6s 01074




