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Chapter 2
Fundamentals

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS

21 b 219 a
22 a 220 A.c
23 ¢ B. a
24 a C.b
25 b 221 a
26 ¢ 222 a
27 a 223 b
28 ¢ 224 a
29 a 225 a
210 c 226 b
211 a 227 a
212 b 228 b
213 b 229 a
214 ¢ 230 (i) c
215 a @i) b
216 b (i) a
217 A. a (iv) d

B. b 231 a

C. a 232 a
218 c
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21

22

2.3

24

2.5

(@ A =5/30°=5[c0s30°+ jsin30°|=4.33+ j 2.5
(b) A, =-3+j4=+9+16 Atan‘lis =5/126.87° = 5i1%687

(c) A, =(4.33+)25)+(-3+j4)=1.33+6.5=6.635,78.44°

(d) A, =(5£30°)(5£126.87°) = 25./156.87° = -22.99+ j9.821

(€) A, =(5£30°)/(5£-126.87°) =1/156.87° = 1e'#"

() T =400£—30°=346.4— j200

(b) i(t) = 5sin(wt +15°) = 5cos( wt +15° —90°) = 5cos( wt — 75°)
T =(5/v/2) £~ 75°=35364 - 75° = 09151~ j3.415

(0) T=(4/~2) £-30°+52 - 75° = (2,449~ [1.414) + (1.294~  4.83)

=3.743- | 6.244=7.28/ — 59.06°

(a8 V., =359.3V;l__ =100A

(b) V =359.3/1/2 =254.1V; | =100/+/2 = 70.71A

(c) V=254.1/15°V; T = 70.71£ - 85°A

-6 _,,64-%0

—— = =75/4-90°A
8+)6— )6 8

(8 T,=10.0°

T-T,=10/0°-7.3/-90°=10+j7.5=12.5/36.87°A
V =T,(-j6)=(12.5/36.87°) (6£—90°) = 75/ - 53.13°V

I, =

(b)

m

-
(e

36.87°
10
53.13°

-— ?5 -
I, ¥ (not to scale)

Re

==l

1.5

(@) o(t)=277V2 cos( wt +30°) = 391.7 cos( wt + 30°)V
(b) T=V/20=13.85/30°A
i(t) =19.58cos(wt + 30°) A

2
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(© Z=jolL=j(2760)(10x103)=3.771£90° Q
T =V/Z=(277£30°)/(3.771£90°) =73.46 £ — 60° A
i(t) = 73.46/2 cos( @t —60°)=103.9cos( @t —60°) A
d) Z=-j25Q
I =V/Z=(277430°) /(254 -90°) =11.08£120° A
i(t) =11.08v2 cos( @t +120°) = 15.67 cos( wt +120°) A

26 (3 \7=(100/\/§)4—30°:70.74—30°;  does not appear in the answer.

(b) v(t) =100/2 cos( wt +20°) ; with w= 377,
v(t) =141.4cos(377t + 20°)

(c) A=AZa; B=B£jB;, C=A+B
o(t) = a(t) + b(t) =2 Re[ Ce' |

The resultant has the same frequency w.
2.7 (@) Thecircuit diagram is shown below:

30 i
AAAN o0

]

+

100.£0° <~>

o -MQ

(b) Z=3+j8-j4=3+j4=5,531°Q

(©) T =(100£0°)/(5£53.1°) =20/ - 53.1°A
The current lags the source voltage by 53.1°
Power Factor = c0s53.1° = 0.6 Lagging

2.8 -Z-LT =] (377)(30.6><10’6) = j11.536mQ
_Z_LL =

j(377)(5%10%) = j1.8850

Zo =] =-j2.88Q
¢ J(377)(921><10—6) .
- 12042
V=222 2300V
J2

3
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The circuit transformed to phasor domain is shown below:

5.76 mQ J11.536 mQ
LI

+ 5Q

120£-30°V ( ~ 2880 — =
j1.885Q

29 KVL: 120/0°=(60£0°)(0.1+ j0.5)+V o\
. V. op =120£0° - (60£0°)(0.1+ j0.5)
=114.1- j30.0=117.9/ -147°V «

210 (a) p(t)=w(t)i(t) =] 359.3cos( wt +15°) ][ 100cos( wt - 85°) |

= %(359.3) (100) [coleOO +cos(2mt - 700)}

=-3120+1.797x10" cos( 2wt — 70°) W

(b) P=VI cos(6 - ) =(254.1)(70.71) cos(15° +85°)
=-3120W Absorbed
=+3120W Delivered

(c) Q=VIsin(5— ) =(254.1)(70.71)Sin100°
=17.69 KVAR Absorbed

(d) The phasor current (—I') =70.71/—85°+180°=70.71 £95° A |eaves the positive
terminal of the generator.
The generator power factor isthen cos(15°—95°) =0.1736 leading

211 (a) p(t)=v(t)i(t) = 391.7x19.58c0s* (@t +30°)
= 0.7669x10* (%j [ 1+ cos(2mt +60°) |

=3.834x10° + 3.834x10° cos( 2wt + 60°) W
P =VI cos(d - f#) = 277x13.85c0s0° = 3.836 kW
Q=ViIsin(6-4)=0VAR
Source Power Factor = cos(d — ) = cos(30°—30°) =1.0
(b) p(t) =v(t)i(t) =391.7x103.9cos( wt + 30°) cos( wt — 60°)

=4.07x10* (%} [ c0s90° + cos( 2wt — 30°) |

= 2.035%10* cos(2wt —30°) W
P =Vl cos(d - ) = 277x 73.46cos(30° + 60°) = OW

4
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Q=Vi Sin(J—ﬂ) =277%x73.465n90° = 20.35kVAR
pf =cos(5— ) =0 Lagging
() p(t) =ov(t)i(t) =391.7x15.67 cos( wt + 30°) cos( wt +120°)
=6.138x10° (%)[cos(—QOc’) +cos( 2wt +150°) | = 3.069x 10° cos( 2wt +150°) W

P =V cos(& — 3) = 277x11.08c0s(30° — 120°) = OW
Q=VIsin(&- ) =277x11.08sin(-90°)
=-3.069kVAR Absorbed = +3.069kVAR Delivered
pf =cos(S — ) =cos(—90°) =0 Leading

212 (a) pg(t)=(359.3coswt)(35.93cosmt)
= 6455+ 6455cos2ot W

(b) p,(t)=(359.3coswt)[ 14.37cos( wt +90°) |

= 2582cos( 2cot+ 90°)
=-2582sin2wt W

(©) P=V?/R=(3593/12) /10 — 6455W Absorbed

(@) Q=V?/x=(3503/V2) /25: 2582VARS Delivered
(e) (f-0)=tan*(Q/P)=tan"(2582/6455) = 21.8°
Power factor = cos(J — ) = cos(21.8°) = 0.9285 Leading

213 Z=R-jx =10-j25=26.93/-68.2°CQ
i(t) =(359.3/26.93)cos( wt +68.2°)
=13.34cos(wt +68.2°)A

(@) pg(t)=[13.34cos(wt +68.2°) ][ 133.4cos(wt +68.2°)]
=889.8+889.8c0s]| 2(wt +68.2°) |W

(b) p,(t)=[13.34cos( ot +68.2°) || 333.5cos(wt +68.2°— 90°) |
=2224sin[ 2(wt +68.2°) |W

() P=12R=(13.34/12) 10=889.8W

(d) Q=12X = (13.34/V/2) 25=2224VARS

(€) pf =cos| tan"*(Q/P) | = cos| tan"(2224/889.8) |
=0.3714 Leading

5
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214 (a) T =4,0°kA
V=ZT =(22£-45°)(4£0°) =8/ — 45°kV
u(t) =82 cos(wt — 45°)kV
p(t) = v()i(t) = [8& cos(wt - 450)}[4\5 coswt]
= 64(%)[005(—4&) +cos( 20t — 45°) |
=22.63+ 32005 2wt — 45°) MW
(b) P=VI cos(J - ) =8x4cos(—45° - 0°) = 22.63MW Delivered
(c) Q=VIsin(6- ) =8x4sin(-45°—0°)
=-22.63MVAR Delivered = +22.63MVAR Absorbed
(d) pf =cos(d— )= cos(-45°—0°)=0.707 Leading

215 (3 T=[(4V2)260°] [(2430°) =2 230°A

i(t)=2cos(mt +30°)A with @=377rad/s
p(t) = v(t)i(t) = 4[00330o + cos( 2wt + 90°):|
=3.46+ 4COS< 2wt + 900) W

(b)v(t), i(t), and p(t) are plotted below: (See next page)
(c) The instantaneous power has an average value of 3.46 W, and the frequency is twice that
of the voltage or current.

8.0
6.0
4.0
20
0.0

-2.0

—4.0r

-6.0 -

_3-() L 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 L 1 1 J
0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024 0.027 0.030
1(s)
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216 (d) Z=10+j1207x0.04=10+ j15.1=18.1.56.4° Q
pf = cos56.4° =0.553 Lagging
(b) V =12020°V
The current supplied by the sourceis
T =(120£0°)/(18.1£56.4°) = 6.632 —56.4° A

Thereal power absorbed by the load is given by
P =120x6.63x c0s56.4° = 440 W

which can be checked by 12R=(6.63)"10=440W

The reactive power absorbed by theload is
Q=120x6.63xsin36.4°=663VAR

(c) Peak Magnetic Energy =W = LI2 =0.04(6.63)° =1.76J
Q=W =377x1.76=663VAR is satisfied.

217 (8 S=VI'=ZI11T" =Z[I| = L2
Q=Im[S]=wlLI? «
(b) v(t) = L%:—\/Ea)L Isin(at +6)

p(t)=o(t)-i(t) = —2wL 12sin(at + 6)cos(at + 6)
=-oL 1?sin2(at+6) «
=-Qsin2(at+0) «

Average rea power P supplied to theinductor =0 «

I nstantaneous power supplied (to sustain the changing energy in the magnetic field) hasa
maximum value of Q. «

218 () S=VI'=ZT1" =Re[Z12]+Im[Z1?]
=P+]jQ
SP=Z1200s/Z;,Q=21%2sSinLtZ «
(b) Choosing i(t) =+/21 cosat,
Then v(t) =22 | cos(at + £Z)
- p(t) =o(t)-i(t) =Z 12 cos(wt + £Z)- coswt
=Z12[ cos£Z +cos(2at + £Z) |

=Z12[COSLZ + COS20t COS £Z — SiN2at Sin £Z |
=P(1+cos2at) —Qsin2at <«
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() Z=R+jolL +_i
jaC

From part (a), P=RI? and Q=Q, +Q.

where Q_ =wlLI? and Q. :—%I2

which are the reactive powers into L and C, respectively.
Thus p(t) = P(1+cos2at) —Q _sin2at —Q.sin2at «

If ’LC=1 Q +Q.=Q=0
Then  p(t) = P(1+cos2at)

219 (a) S=VI = (150 410°j(i4—50°j =375.260°

2\
=187.5+ j324.8
P = ReS=187.5W Absorbed 375 VA 324.8 VARs
Q=1mS=2324.8VARSAbsorbed
(b) pf =cos(60°)=0.5 Lagging 15 -

(c) Qs =PtanQ, =187.5tan[ cos*0.9|=90.81VARS
Q. =Q, —Q, =324.8-90.81=234VARS

_ 1 1 . .
220 Y =—= =0.05/ —30°=(0.0433—- j0.025)S=G, —
' Z  20430° ( J ) 1~ 1B
Y, R ' VP, (0.02-j0.03464)S=G, + jB,
-~ 25/60°

=v2c31 = (100)° 0.0433 = 433W Absorbed
B, =(100)° 0.025 = 250 VAR S Absorbed
P, =V2G, = (100)” 0.02 = 200W Absorbed
=V2B, =(

2

100)" 0.03464 = 346.4V AR SAbsorbed

y J 2
869.7 VA 05=0,+0,

= 596.4 VARS
, )5 = 346.4 VARS
500 VA 400 VA (; = 346.4 VAR
Q, =250 VARS

P =433 W Py=200W

Pe=P,+P,=633W

8
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221 (@

500 kW

Q, = Ptang =500tan53.13° =666.7 KVAR
¢ =cost0.9=25.84°

Qs = Ptang, =500tan 25.84° = 242.2kVAR
Q. =Q, —Q,=666.7—242.2=424.5kVAR
S =Q; =424.5kVA

(500)0.746

(b) The Synchronous motor absorbsP, = =414.4kW and Q, =0kVAR

8¢

To

Pg=P+ P, =4144 + 500
=914.4 kW

Q=0 =666.7 kVAR

Source PF = cos] tan" (666.7/914.4) | = 0.808 Lagging

Z  (3+j4) 55313
=(0.12- j0.16)S

11 1

222 (8 Y,= =0.2/-5313°

=2 _1_o1s
Z 10

P=V2(G+G,)mV= | = [ 07y
G,+G, \(012+01)

P, =V2G, =(70.71)° 0.12= 600W
P, =V2G, =(70.71)° 0.1=500W
(b) Y,, =Y, +Y, =(0.12- j0.16)+0.1=0.22 - 0.16
=0.272/-36.03°S
l¢=V Y, =70.71(0.272) =19.23A

9
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223 S=VI" =(120£0°)(10£-30°)=1200£ - 30°
=1039.2—- j600
P =ReS=1039.2W Delivered
Q=ImS=-600VARSDelivered = +600VAR SAbsorbed

224 §=P+Q =10+)0; S =10/c0s"0.9= 9+ j4.359

5 _ 10x0746
0.85x0.95

§=5+5+5 =27.78+1.474=27.82 £3.04°

P, =Re(§,) = 27.78kW

Qs =Im(]) =1.474kVAR

S, =[§|=27.82kvA

£—-c0510.95=9.238/-18.19°=8.776— j2.885

§g=27.82kVA
Q4= 1474 KVAR

Py=2778 kW

225 S,=V,I"'=RIT" =1?R=(20)?3=1200+ jO
S

§ =T = (jIX )T =—jX 12 =—j4(20)? =0 {1600
Complex power absorbed by thetotal load S, =S, +S + S =2000£53.1°

Power Triangle:

2000 VA 1600 VAR

A

1200 W

Complex power delivered by the sourceis
Seuree =V 17 =(100£0°)(20£ - 53.10)* =2000£53.1°

The complex power delivered by the sourceis equal to the total complex power absorbed by
the load.

2.26 (@) The problem is modeled as shown in figure bel ow:

1.0 =
J 7

L : P, =120kW
. L pf, =0.85Lagging
vy V, = 480£0° V @ﬂ
h 6, =cos™0.85=31.79°
10
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Power triangle for the load:

Q =P tan(3L.79°)

S =P +jQ_=141.18/31.79°kVA
=74.364kVAR

| =§ /V =141180/480=294.13A

P, =120 kW

Real power lossinthelineis zero.
Reactive power lossin thelineis Qe = 12X e =(294.13)°1
=86.512kVAR
5§ =P+ jQ, =120+ j(74.364+86.512) = 200.7.£53.28°kVA
The input voltageis given by V, =S, /1 =682.4V (rms)
The power factor at theinput is cos53.28° = 0.6 Lagging
(b) Applying KVL, Vg =480.£0°+ j1.0(294.13£ - 31.79°)
=635+ j250=682.4,21.5°V (rms)
(pf)s =cos(21.5°+31.79°) = 0.6 Lagging

2.27 Thecircuit diagram is shown below:

+ 0o

50 kW
0.8 Pf Lag.

3]
/1

220200V

-
P,s =50kW; cos*0.8=36.87°; 8, , = 36.87% Q,, = P, tan(8,,)
=37.5kVAR
=~ S,, = 50,000+ j37,500

6,,, = C0s*0.95=18.19° §,, = 50,000+ j50,000tan (18.19°)
— 50,000 + j16,430
Hence S, = S — Sye =121, 070VA
21,070

C=—""""__=1155uF «
(377)(220)

11
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2.28 S =12+ j6.667
S, =4(0.96) - j4[ sin(cos*0.96) | =3.84— j1.12
S, =15+ j0
Sora =S5 +S +S, =(30.84+ [5.547)kVA
(i) Let Z betheimpedance of aseries combination of R and X

o (VY wv?o
Since S=V I =V|=| ==, itfollowsthat
Z Z

ERVE (240)° _
Z === _ = (1.809- j0.3254) Q
S~ (30.84+ }5.547)10°

-~ Z=(1809+(0.3254)Q «

ii)Let -Z betheimpedance of a par combination of Ran
iL be th ed f alel b f Rand X
2
Then R—ﬂ—l%ﬁﬂ
(3084)10°
(240)*

~Z=(1.8677j10.3838) Q «

2.29 Since complex powers satisfy KCL at each bus, it follows that
S, =(1+j1)—(1- j))—(0.4+j02)=-0.4+j1.8 «
S,=-5,=04+j18 «
Similarly, S, =(0.5+ j0.5)— (1+ j1) - (-0.4+ j0.2) =-0.1- j0.7 «
S,=-5,=01-j07 «
AtBus3, §,=5,+S,=(04+j18)+(0.1-j0.7)=05+ 11 «

230 (a) Forload 1: 6, =cos*(0.28) = 73.74° Lagging

§ =125/73.74° =35+ j120

S =10-j40

S,=15+j0

S =S +S +S,=60+j80=100,53.13°kVA =P + jQ

5 Prora. =60KW; Q1 =80KVAR; KVA 1y =Siora =100kVA. «

Supply pf =cos(53.13°) =0.6 Lagging «

_100x10° £ —-53.13°

_ S
b) Trora = = =100£-53.13°A
( ) TOTAL V* 1000400

12
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At the new pf of 0.8 lagging, P

o Of BOKW results in the new reactive power Q”, such
that

¢ =cos™*(0.8)=36.87°

and Q"=60tan(36.87°) = 45kVAR
. Therequired capacitor SkVAR is Q. =80-45=35kVAR «

vz (1000)°
It followsthen X, =—=-=- =-]28.57Q
§ 35000
6
and C=L=92.85yF «
27 (60)(28.57)
S” 60,000 j45,000

The new currentis |'== =60-j45=752-36.87°A

1000.£0°
The supply current, in magnitude, is reduced from 100A to 75A «

231 (3 |—12=V1451‘V2452 z(v j V,

L 48 —90° | -2 £, —90°
X £90° X X

Complex power S, =V,I), =V,Z6, {%490"— X —%490"— 52}

2
Y oY L0004 5, -5,
X X
. Thereal and reactive power at the sending end are

2
P,= Vyl cos90° — V1—>\(/2 cos(90°+ 6, - J,)

= Vl)\(/zsin(él—dz) =

V2. VYV, .
Q, :719n900—1725m(900+51—§2)

V,
:Yl[vl ~V,c08(6, - 65,)] «

Note: If V, leads V,, § =4, - &, is positive and the real power flows from node 1 to
node2. If V, LagsV,, & isnegative and power flows from node 2 to node 1.

(b) Maximum power transfer occurswhen 6 =90°=06, -9, <«

P V1V2

MAX —
X

2.32 4 Mvar minimizes the real power line losses, while 4.5 Mvar minimizes the MVA power flow
into the feeder.

13
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2.33

Qcap MW Losses | Mvar Losses

0 0.42 0.84

0.5 0.4 0.8

1 0.383 0.766

15 0.369 0.738

2 0.357 0.714

25 0.348 0.696

3 0.341 0.682

35 0.337 0.675

4 0.336 0.672

45 0.337 0.675

5 0.341 0.682

55 0.348 0.696

6 0.357 0.714

6.5 0.369 0.738

7 0.383 0.766

75 0.4 0.801

8 0.42 0.84

85 0.442 0.885

9 0.467 0.934

9.5 0.495 0.99

10 0.525 1.05
2.34 7.5 Mvars
0.4950
2.35 : -y 5

P “—0000 <
e - - —i4.950 i - 3
N 3 & ——j0s  jlo—— E 3 é 3 &
I{,CD %g %5 =l Mo B2 25 CDE'
o S
£ 0 i

(Admittance values are shown)

14
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— (4950 }4.950) v,
| (:3846+.4950) + | (10-1.923-4.95) || V/

{(.3846+ 4950) + j (10-1.923 - 4.950) |
{1.9614 - 48.691

— (14950 j4.950)
7| 1.961/ — 78.69°

0.8796+j3.127 | -0.4950+ j4.950][V,, ] [1.961/ —48.69°
—0.4950+ j4.950 | -0.8796+j3.127 || V,, | | 1.961/ — 78.6%°

2.36 Note that there are two buses plus the reference bus and one line for this problem. After
converting the voltage sourcesin Fig. 2.23 to current sources, the equivalent source

impedances are:

0.1+ j0.5)(-j0.1
Zy =2y = (01+J05)//( j0.1)=( +J. )( .J )
0.1+j0.5-]j0.1

(0.5099./78.69°) (0.1~ — 90°)
- = 0.1237./ -87.27°
0.4123/75.96°
= 0.005882— 0.1235Q

Therest isleft as an exercise to the student.
After converting impedance valuesin Figure 2.29 to admittance values, the bus admittance

2.37
matrix is:
(1 -1 0 0 i
-1 1+1+1+1—j1 - E—jl e
2 3 4 3 4
Y =
R R ey Iojiteid] 52
3 3 4 72 4
1 1 1 .1 .1
0 - = o —ti=—-17
i 4 4 4 "4 "3)
Writing nodal equations by inspection:
1 -1 0 0 V| [ 1£00
-1 (2083-j1) (-0.3333+j1) -0.25 Vo| | ©
0(-0.3333+1)(0.3333-j0.25)  —j0.25 V|| O
0 (-0.25) -j0.25  (0.25-j0.08333) || V,, | |2£30°
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2.38 The admittance diagram for the system is shown below:

4
Y, Y, Y, Y,] [-8525 50 O
= Yy Yy Yy Y| | 25-87550 O
UYL, Y, Y, Y “J'50 50 225 125
Y, Y, Y. Y, 0 0 125 -125
Where y10+y12 +y13’ y20 +y12 +y23' y13+y23+y34

V44 =Y Yo :Yzlz_ylz;vl?,:?sl2_713;V23:V32 ==Yxu

and Y, =Y,=-Y.,
239 (9
Y. +Y, +Y, -, Y, =Y, v,] [1,=0
N RV, 5 % |h=o
D SR A AR
T 0 v, v T,
-145 8 4 25 \7l
| 8 =17 4 V,
(b) j 2= 5
4 -88 0 ||V, 1/-90
25 5 _4 0.62£ —-135°
_BU :I_ 1 VBu V= 7u1|_
16
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0.6688
0.7045
0.7045
0.6258

0.6307
0.6242
0.6840
0.5660

where =Z =]

<
Il
)

[os)
C
"

0

0

1/ -90°
0.62£-135°

where V= and | =

< < <<

Then solvefor V,, V,, V,,and V.

240 (@) V, = @40° =120.120°V (Assumed as Reference)

J3
V,, =208230°V;V,. =208/ -90°V; T, =10/ - 90°A
= _ \7_AN _ 1201400
YT, 10£-90°
T I_A O 10 o o fe)
(b) IAB =$430 ZEZ— 90° +30° =5.774/ — 60°A
_ Vi __208230°
l e 5.774Z-60°

=12.01/-90° = (0+ j12.01) Q

A

=36.02/90°=(0+ j36.02) Q
Note: Z, =2, /3

241 S, =43V, I, Zcos™(pf)
=/3(480)(20) Zcos0.8
—16.627x10° /36.87°
= (13.3x10°) + (9.976 x10°)

§=16.63 kVA

0.6194
0.6258
0.5660
0.6840

0 =9.976 kVAR

_ P=133kW
P, =ReS,; =13.3kW Delivered

Q, =1,S, =9.976kVAR Délivered

2.42 (a) With V, asreference

& ¢

V. :@4—30"()

an \/§ -

Z
3

il
—. 000 —r—

17
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(b)

243 (9

Sy

o Vin _120.1£-30°
* (Z/3) 543687
3V,,I. =3(120.1£ - 30°)(24.02£ + 66.87°)

= 8654./36.87° = 6923+ 5192
P,, =6923W; Q,, =5192VAR; both absorbed by the load

pf = cos(36.87°) = 0.8 Lagging; S,, =[S,,| =8654VA

=24.02£-66.87°A

480 = -

Vi I

V,, =208£0°V 1,=24.02/-66.87°A 13.87£-36.87°A

Transforming the A-connected load into an equivalent Y, the impedance per phase of the
equivaent Yis

60— j45

Z=———=(20-j15)0

With the phase voltage V, = %f’ =120V taken as areference, the per-phase equivalent
circuit is shown below:

2Q Jj4Q

+
(=]
¥ -

v Lh h
30Q 300
¥, =120£0° v,

~Bwa T
Tota impedance viewed from the input terminalsis
(30+ j40)(20- j15)
(30+ j40)+(20- j15)

—j15Q

=2+]4+22-]4=24Q

The three-phase complex power supplied = S=3V, I * =1800W
P=1800W and Q=0VAR delivered by the sending-end source

18
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(b) Phase voltage at load terminals V, =120.£0° - (2+ j4)(5£0°)
=110-j20=111.84-10.3°V
The line voltage magnitude at the load terminal is
(Viono ), =V/3111.8=193.64V

(c) The current per phasein the Y-connected load and in the equiv.Y of the A-load:

=1-j2=2236£—-63.4°A

=4+ [2=4.472 £26.56°A

The phase current magnitude in the original A-connected load
1, 4472
(), ==
The three-phase complex power absorbed by each load is
S =3V,1,; =430W+ j600VAR

S =3V,I, =1200W- j900VAR

=2.582A

AN
I,
The three-phase complex power absorbed by thelineis
§ =3(R +jX )12=3(2+ j4)(5? =150W+ j300VAR
The sum of load powers and line losses is equal to the power delivered from the supply:
S+S +S =(450+ j600)+ (1200 - j900)+ (150+ j300)
=1800W+ jOVAR
2.44 (@) The per-phase equivalent circuit for the problem is shown below:

T 04Q 27Q

I | 5]

Vi V,=2200£0° [LOAD 1| [LOAD 2

8 -

220043

NE]

Total complex power at the load end or receiving end is

§R(3 g = 560.1(0.707 + j0.707) + 132 = 528+ j396 = 660.£36.87° kVA

Phase voltage at the load terminalsis V, = =2200V taken as Ref.

19
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With phase voltage V, as reference,

T SREZ,) _660,000£-36.87° ) e gmon
3v; 3(2200£0°)

Phase voltage at sending end is given by
V, = 2200£0°+(0.4+ 2.7)(100£ — 36.87°) = 2401.7.£4.58°V
The magnitude of the line to line voltage at the sending end of thelineis
(W), =3V, =+/3(2401.7) = 4160V
(b) The three-phase complex-power loss in the lineis given by
S (s =3RI2 + [3x12 =3(0.4)(1002 ) + }3(2.7) (100)"
=12kW+ j81kVAR

(c) The three-phase sending power is

Sys = Vil =3(2401.7.£4.58°)(100£36.87°)

=540kW+ j477kVAR
Note thal Sya,) = Shag) * Sa0)
245 (@
25.001 kVA
= Ql [0
A Q) =7.5kVAR Py=15kW 20.235 k:’."\li
P, =10 kW Pg=P, +Py3=25 kW
0, =-7.265
kVAR

S 25.001x10°

°T V3, V3(480)

(b) The ammeter reads zero, because in a balanced three-phase system, thereis no neutral
current.

=30.07A

246 (a) Z, e

+

(0.8 + j0.6) Q

+
V.= %40"’ — Cn_) Vav
k

TA =10 230° Q

20
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Using voltage division: V,, =V, A3
(%A /3) +%LINE

208 10£30°

" 37 10430°+(0.8+j0.6)
(120.09)(10£30°)  1200.9/30°
946+ )56  10.99./30.62°

=109.3£-0.62° V

Load voltage = V,, =+/3(109.3) =189.3V Line-to-Line

(b) T

0.8 +j0.6)Q +

v = 208 Vi 10£30°Q — — _p
V= W v C.-) AN s 20 €2

N — i
Z.,=10£30°|(~j20)
=11.547 £0°Q

_ A
VAN = Van %
_Zeq + —Z_LINE

11.547
=(208/3) (11.547+0.8+ j0.6)

13867
12.362/2.78°

Load voltage Line-to-Line V,, =+/3(112.2)=194.3V

=112.2/-2.78°V

247

+

E{;] = ﬁé{]' (._.
V3

_ 3
@ Ty = os108=23532-3687°A
\/8(460)(0.8)

150

V =V Z e Ta zﬁzoo—(l.u j1.6)(23.532 -36.87°)

=216.94-2.73°V Lineto Neutral
Load VoltageV, = /3216.9=375.7V Linetoline
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- 30x10°
(b) 1 =
J3(375.7)(0.8)
Ty, =T, —T,, =57.63/ —39.6°~ 23,53/ —36.87°
=34.14/ - 41.49° A
Vip =V, +Z s Top = 216,92 —2.73°+(0.8+ j1)(34.14 — 41.49°)
—259.7/-0.63°V

Generator 2 line-to-line voltage V, =+/3(259.7)
=449.8V
(0) S, =3V, Ty, =3(259.7.£ - 0.63°)(34.14£41.4%°)
=20.12x10°% + j17.4x10°
P, = 20.12kW; Q,, =17.4kVAR; Both delivered

£—2.73°-cost0.8=57.63£—-39.6°A

o_
N

248 (@

§,=25KkVA 0, =20 kVAR
8, =26.93 kVA Q=0+
= 14 KVAR

53.13° Py=8 kW 31.32
P =15kW N\ P =P +P,=23kW
S, =10kVA 0, =-6 kVAR

(b) pf =c0s31.32°=0.854 Lagging
S  26.93x10°

@ 1.= 3V, /3(480)

(d) Q. =Q =14x10°VAR=3(V, )’/ X,

=32.39A

3(480)"
N =4937Q
14x10°
(® .=V, /X, =480/49.37=9.72A
P 23x10°

=27.66A

| = =
LINE \/5 V|_|_ \/5 480
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249 (a) Let & =2, =2, =2 forabaanced Y-load

ns = ZLoc = Zea

NI

Z, =

Using equationsin Fig. 2.27

= B+ EIAE s
Z ==Y =3Z
Y
and
. & _Z
Y A+ A+ A 3
_ j10)(—j25
(10 o

(b) A j10+j20-j25
_ (j10)(j20 - (j20)(-j25
Z (110)(i20) j 40 Q); Z _(120)(=i25) )=—j100§2

T c 5

250 Replace delta by the equivalent WYE: Z, :—jgﬂ

Per-phase equivalent circuit is shown below:
00

j0.1Q

+ +
100.£0° (—-) v, %,fl,usz =

/1

Noting that (j 1.0H—j %J =—]j 2, by voltage-divider law,

;'2(
—-j2+j0.1

~.0,(t) =105y/2 cos (et + 0°) =148.5cost V

v, = 100.£0°) =105.£0°

In order to find i,(t) in the original circuit, let us calculate V,

Ve =V =V =369V, =173.2430°

Then Ty = % = 86.6£120°
=]

~.i(t) = 86.6/2 cos( ot +120°)

=122.5cos(at +120°)A «
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251 On aper-phase basis S :1 150+ j120)=(50+ j40)kVA
3

_  (50- j40)10°
-1, =#=(25— j20)A
2000

Note: PF Lagging

Load 2: Convert A into an equivalent Y

Z, :%(150- 148)= (50 j16) @

T, = 2000.40o

50-j16
=(36.29+ j11.61)A

Note: PF Leading

=38.1£17.74°

S, per phase:%[(lZOxO.G)— j120sin(cos0.6) | = (24~ j32)kVA

_ (24+j32)10° .
= (124 j16)A
2000

Note: PF Leading

Total current drawn by the three parallel loads 1, =1, +1, +1,

Lo =(73.29+ j7.61)A
Note: PF Leading

Voltage at the sending end: V,, = 2000£0°+(73.29+ j 7.61)(0.2+ j1.0)
=2007.05+ j74.81=2008.44,2.13°V

Line-to-line voltage magnitude at the sending end = \/§( 2008.44)=3478.62V «

252 (a) Let V,, bethereference: V, :%AOC’: 2400£0°V

Total impedance per phase Z =(4.7+ j9)+(0.3+ j1) =(5+ j10) Q

-~ Line Current = M =2147/-634°A=1, «
5+ )10
With positive A-B-C phase sequence,

T, =2147£-183.4°A;T_ = 2147/ -3034° = 214.7/56.6°A «
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(b) (Vigy ), . = 240020°~[ (214.7£ - 63.4°) (0.3+ 1) ]

=2400£0°—-224.15,9.9°=2179.2 - |38.54
=2179.5/-1.01°V «

(Van ), opp =217952-121.01°V7; (Voy, ) o = 217952 — 241.01°V°

LOAD

(c) S/Phase=(V,y), .. |, =(2179.5)(214.7) = 467.94kVA

LoAD AT

Total apparent power dissipated in all three phases in the load

Active power dissipated per phase in load = (Pw)

LOAD

=(2179.5)(214.7) cos(62.39°) = 216.87KW «
<[ Py | o =3(216.87) = 650.61kW

Reactive power dissipated per phasein load = (Q,, )

LOAD

=(2179.5)(214.7)sin(62.39°) = 414.65kVAR <
[ Q] o =3(414.65)=124395kVAR

(d) Line losses per phase (P, )m =(214.7)°0.3=13.83kW «
Total lineloss (P,,)  _ =1383x3=4L149kKW «
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Chapter 3

Power Transformers

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS

31 a 317 a
32 b 318 a
33 a 319 a
34 a 320 a
35 b 321 c
36 a 322 a
37 () b 323 b
(i) c 324 a
(iii) a 325 ¢
38 a 326 b
39 () b 327 a
(i) a 328 b
310 a 329 a
311 b 330 a
312 a 331 b
313 a Fase 332 a
b True 333 a
c True 334 a
314 a 335 b
315 b 336 b
316 a
27
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2
31 (3@ Z=af=%=[%]%
2

(b) Yes
(c) Yes

32 V=22 = 2% (1000,00) = 25000V
N, * 2000

=g o205, ap)_20,-30A
N, ' 500

z Yo P00 455 500
I, 20/-30°

2 2
z-z| N =(12.5430°)(@J =200430°Q «
N, 500

Also Z; =V, /T, =(1000£0°) /(54 ~30°) = 200£30° Q ¢
3.3

ip(n iy (1)

ey (n ‘ ‘ ey (1)

e (n

N, |
ey (1) = E;.T e (= -,I e (1)
100

100/3

. c dey 2(!{31
- N, | i (1= PRl
I (”:E i3 [f}=i iy (1)

200/3

20009
| +1 +1
1 ]
-1 | -1
=200/9

~200/3

28
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



34

- ?I —F— !QE
© +I L) . : +
B E g ‘ ‘ E 7| Ey=230£0°V
° 2400:240 _
N 2400
a =—LE, = 230)=2300V
@ == (20)-
o 3\ 3 1 i
b) §=EiT,=| > =[80X10 £C0S 0'8} =347.8/—36.87°
E, 230£0°
Z, = % 23020 =0.6613.36.87° Q

, 347.8/-36.87°
=0529+j0.397Q
2
© 2= [mJ Z, =100Z, = 66.13/36.87° Q
N2
(d) P, =P,=80(0.8)=64kW
Q, =Q, =64tan(36.87°) = 48kVAR

35

——= 0, ——

— P — P

+ @ L] +

Z — EIE H % % E,=230£0°V

2400:240

2400
240

IS 3 1 *
(b) T,= S| _[10x10°2 -0 085] _ g0 31 700
E, 230£0°

@) El—m— 2:( j(zso) 2300V

230£0°
478.26£31.79°

I_—2 =0.4809£ -31.79° Q
0.4088 - j0.2533 Q2

Z

Z
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3.6

3.7
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o (N
© & _(N

(d) P =P,=(110)(0.85)=935kW
Q, =Q, =110tan(-31.79°) =-68.17kVARS supplied to primary winding

2
J Z, =100Z, = 48,09/ -31.79° Q

2

T L

L - +
E, ‘ ‘ [ |E=2m20°v

R0
(@ E,=2774£0° E,=E,@e% =2774£30°V
(b) T,=(S/E,)Zcos*(PF)=(100x10°/277) Zcos0.9=361/25.84°A
I =T,/(e%) =T,e® =361/5584°A
(©) Z =E,/T,=277,0°/361,2584° = 0.7673/ — 25.84° Q
Zi=Z, =0.7673/-2584°Q
(d) §=5 =100L-c0s'0.9; KVA =100, 25.84°
S =90kW- j43.59kVAR delivered to primary

(@

Rs=1800Q +
+ : L

Psin2 { ~ F
1042 sin 21 C) v,

H% v, % R, =500

=3

J\"I:NE
NyNy=a
For maximum power transfer to theload, R’ =a?R_= R, or 50a? =1800
ora=6=N,/N,
(b) By voltage division,

Ry = 1800 Q iy

v, =5/2sn2tV
V,_')RMS =5V 10V2 sin 21

, 2
P — I: (VL ) RMS :I — 25
a” 1800 1800

W =13.9mW

30
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3.8

18 Q2
3§

Uy, = 18 sin 10r V (D

8Q 2 v, (N
) ’_’ B
18 Q 36Q 2Q
v, =(18sin10t)/2=9sin10t v
v, =%v1 =3sin10tV
1 :
v, = Evz =1.5sn10tV
U, (t) =—2v, =-3sn10tV
39 (8 a=N,;/N,=2000/500=4
R, =2+0.125(4)" =4 Q; X, =8+(0.5)42 =16 Q
Z;,=12(4) =192Q
The equivalent circuit referred to primary is shown below:
4Q jl6Q _ o
+ O AT — I1=M=S.084—4.67°A
T, + 192+ 4+ j16
36 o é(“_—,: aV, =192(5.08£-4.67°)=975.4£ - 4.67°V
B 1:%:2@,84_4,670\/ -

(b) V,, =V,/a=1000/4=250V

VoltageRegulation = %MOO =254% «

3.10 Rated current magnitude on the 66-kV sideis given by

l,= 15000 227.3A
66

2R, =(227.3)" Ry, =100x10°
7Ry =194Q

_ 5.5x10°
2273

Then X, =22, - R, :\/(24.2)2 —(1.94) =2412Q «

=242Q
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311 TurnsRatio=a=N,/N,=66/115=574
With high-voltage side designated as 1, and L-V side as 2,
(11.5x10°)° @G, = 65x10°, based on O.C test.

Note: To transfer shunt admittance from H-V sideto L-V side, we need to multiply by a*.
65x10°

G, = . _=149x10°S «
(11.5x10°)°(5.74)
Y, =|—2><i— 01 >=79.2x10°S
V, a?* 11.5x10° (5.74)

# By = Y7 —GE, =10°/(79.2)" - (14.9)°
=77.79x10°S «

Total loss under rated conditionsis approximately the sum of short-circuit and open-circuit
test losses.

- Efficiency 7, = 10,000 «100=98.38% <
(10,000) + (100 + 65)

312 (@
N, — "_P2=|?3W
M 7 =0485A
1

N L=485A
+ —- -

+ *+ +

L]
Vi Ge -iB,  E E H % E, C-) V, = 240.£0° V

2400:240
Neglecting seriesimpedance:
Ng _Ng_ (@j 240.£0° = 2400.£0°V
N, N, 240
240

27, =27 (4.85) = 0.485A
N, ° 2400

G, = P,/E? =173/(2400)" = 3.003x10°5 S

Y, = [:2 | 2} / E, = 0.485/2400 = 2.021x10* S

1

B,=+Y2-GZ = \/(2.021>< 104)° —(3.003x105)° =1.998x10S
Y, =G, - jB, =3.003x10°° — j1.998x104S=2.021x10* / —81.45°S
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(b)

I : Ry X I Ry Xep

2400240
R, = P/12 =650/(20.8)" =1.502Q
Z.,=V,/l, =52/208=25Q

Z2,—RE, =/(25) —(L502)° =1.9980
Z.1 =R, + X, =1502+ [1.998 = 25/53.07° Q

(©)
Rv{,r]fl jxw;lﬂ Rﬂq!.l’?. .jquI.fl
+o——— A (00 s 000 ——wWw
0.751Q j0.999 Q 0.751Q j0.999 Q
v, Ge=3.003%107°8 % % —jB,, =—j1.998 x 107§

Equivalent T circuit referred to High Voltage Side

3.13
T, 05Q j0.005Q = T
- o+
+ +e o+
V) =2400£0° V C—-) jﬁtlmmg E, % H E E, Vs
2400:240 =1
Using voltage division:
E = (240040")_Jﬂ =2399.8£0°V
J (5000+ 0.5)
V,=E, =%E =239.98£0°V
1
3.14 S5 T 1.0+/20Q I, 10+25Q I
Rew Hea ¥ R g v Sl + |+

240£0°V

S
=i
M
!
1
LI

-0
2400:240
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_ 50x10°
240

@ 1I,= Z-cost(P.F.) Z—cos*(0.8)=208.3£-36.87°A

=—2],= 1—]6(208.34 —36.87°) =20.83£-36.87°A

E, =—1V, =10(240.£0°) = 2400£0°V

2
Vi=E +(Rgu+ X )Ty
/= 2400/0°+ (1+ j2.5)(20.832 — 36.87°)

= 2400 + 56.095.,31.329°
=2447.9+ j29.166 = 2448.£0.683°V

(b) V= |§1+(Rfeed + ] X g + R + leql)I_l
= 2400£0°+(2.0+ j4.5)(20.832 - 36.87°)

=2400+102.59.,29.168°
=2489.6+ j50.00 = 2490./1.1505°V

(©) S =V =(2490/1.1505°)(20.83/36.87°)
= 51875./38.02° = 40.87x10° + 31.95x 10°

P,= Re(S)=40.87kwW
- delivered to the sending end of feeder.
Qs =1,(S)=31.95kVARS
315 (a) I,=20.83£0°
V, =2400£0°+ (1+ j2.5)(20.83£0°)
= 2400+ 56.095./68.199° = 2420.8+ j52.08
=2421.,1.232°V
V, =2400£0°+(2.0+/45)(20.8320°)
=2400+102.59./66.04° = 2441.7 + | 93.74
=2443.£2.199°V
S =VI¢ =(244322.199°)(20.83£0°) = 50896.£2.199°
=50,859. + j1953.

P, =50.87 kW )
delivered
Qs =1.953kVARS
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(b)

3.16 (a

T, =20.83/36.87°A
V, = 2400/0° + (1+ j2.5)(20.83£36.87°)

= 2400+ 56.095,105.07° = 2385.4 + j54.17
=2386£1.301°V

Vs =2400£0°+(2.0+ j4.5)(20.83.£36.87°)
=2400+102.59.102.91° = 2377.1+ j100.0
=2379.£2.409°V

S =Vl =(2379.£2.409°)(20.83£ — 36.87°)
=49,566.£ — 34.46° = 40868. — | 28047.

P, =40.87kW delivered

Q. =—28.05kVARSdelivered by sourcetofeeder

= +28.04kVARS absorbed by source

Note: Real and reactive losses, 0.87 kW and 1.95 kVARS, absorbed by the feeder and
transformer, are the same in all cases. Highest efficiency occurs for unity P.F

(EFF = Pout/ Ps x 100 = (50/50.87)x100 = 98.29% ).

a=2400/240=10

2
R =a’R, = [%j 0.0075=0.75Q

X} =a?X, =(10)°0.01=1.0Q
Referred to the HV-side, the exciting branch conductance and susceptance are given by

(1/a2)0.003= (1/100)0.003=0.03x10S

and (1/a?)0.02=(1/100)0.02=0.2x10°S
The equivalent circuit referred to the high-voltage side is shown below:

Ry=075Q jX,=jlQ R,=075Q jX,=jlQ
> U0 DR -

Ge=003%1078 —jB,, =—-j0.2x 1073 §
or or
Re=1/Ge JX,, = 1~iB,)

o - L c
2400:240
Ideal transformer
(can be omitted)

(b) R =R/a?=0.0075Q

X[ =X, /a? =0.01Q
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The equivalent circuit referred to the low-voltage side is shown below:

R;=00075Q jX|=j0.01Q R,=00075Q jX,=/0.01Q

o0 i —o
% % 0.003 § i:% j0.02 8

2400:240
Ideal transformer
(can be omitted)

3.17 (@) Neglecting the exciting current of the transformer, the equivalent circuit of the
transformer, referred to the high-voltage (primary) side is shown below:

1, =20.8 £-36.9°A

+o IR
R,=15Q jX,=j2Q ¥

Vi 2400£0° ET

Therated (full) load current, Ref. to HV-side, is given by
(50x10°) /2400 = 20.8A

With alagging power factor of 0.8, I, = 20.8/ —cos0.8=20.84 - 36.9°A
Using KVL, V, =2400£0°+(20.8£ —36.9°)(1.5+ j2) = 2450£0.34°V
(b) The corresponding phasor diagram is shown below:

V,=2450 £0.34°V

|/ Xl =416V
cos ' 0.8 = 36.9°
1, =20.8 £Z-36.9°A IR, =312V
(©
Feeder 20.8£-36.9°A
' 05Q P2 * 150 20 T

Vs v, 24002£0° Ei

=

-0

Using KVL, V, = 2400/0° +(20.8/ —36.9°)(2+ j4) = 2483.5£0.96°V pf at the
sending end is cos(36.9°+0.96°) = 0.79 Lagging
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3.18
j43402x 10° PU  j4.3402 x 107 PU
Uﬁﬁ‘ ‘IHJU‘ O 4+

+

V,py=1.0£0° C—) j43.4 PU Vs

O -

S, =50KVA V..., = 240V
V.., = 2400V

Ziro = (2400)° /(50x10%) =115.2Q2

Using voltage division

V., = (10£0°)- 1434 =0.9999.£0° pu
j(43.4+4.3402x10°3%)
V, =Vyp, Vaaser = (0.9999.20°)(240) = 239.98£0°V
3.19
8.6806 x 107 PU 8.6803 x 10 PU Lpy = 1.0£-36.87°

+

D Vo py = 1.0£0°

j1.7361 x 102 PU ¥ Jj2.1701 x 1072

v v
1"’.\'{'! ! v 1PU

Zone 1l Zone 2
S,... = 50kVA Vioory = 240V
V., = 2400V
2, = (2400)° /50%10°

=1152Q

(@ Vi, =1.020°+(8.6803x10 + j2.1701x102)(1.04 — 36.87°)
=1.0+0.023373,/31.33° = 1.01997 + j0.012157
—~1.020.£0.683° pu

V, =V, Vi = (1.020.£0.683°) (2400) = 2448..0.683°V

(b) V, =10£0°+(L7361x10 + j3.9063x102)(L1.0£ —36.87°)
=1.0+0.042747./29.168°
—1.03733+ j0.020833 =1.037 S/1.1505° pu

Vg =V Vs = (10375.£1.1505°) (2400) = 2490./1.1505°V

u Vbasel —
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(© Pou + stpu :\7spu I_S*le = (1.037541.15050)(1.0436.87°)
=1.0375£38.02° = 0.8173+ j0.6390 per unit
P = (0.8173)(50) =40.87kW _
ddlivered
Q= (0.6390) (50) =31.95kVARS

3.20

JO.07259 PU  j0.1890 PU JO.10 PU

Zioad PL

= N—— “Load PU S
Vepy = 0956520 1.361 +j0.3025 PU

Zonel Zone 2 Zone3
V.., =115V
240 Vises = (@j 115=460V bases ,
480 2 hases = ———— = 0.6613 Q
_ (460) 20,000
=230V Z =’ =1058Q 20,000
20,000 | s = ——— =173.9A
115
z 09102 451, 03025
M 0.6613
X; 200 =0.10pu
X, ——2 __01890 pu
trept 71058
2
Xripu = (0-10)(%j (%} =0.07259pu
220
V,, ==—=0.9565 pu
™~ 230 P
T Ve
Loadpu — - —
i J (lepu + XTZPU + XLine)+_Z_Loadpu
0.9565.20°

j(.07259+.1890+.10) +(1.361+ j.3025)
_0.9565£0°  0.9565/0°
1.361+j0.6641 1.514..26.010
=0.6316£-26.01°pu
Teont = o pul peses = (0.63162 — 26.01°)(173.9)
=109.8£-26.01° A
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321

I, 2”.;_,.: 0.2778.285° PU

+
z= N o=
Eqpu=08£30° PU G) 2.778£40° PU
600)* £
R C) Y o = 200107 _ g6 23
100x10° \/3(600)
Z 1285 0277885 pu
Zip = 10420 =2.778/70°pu
Eppe = BON3 | s 08s-30° pu
600//3
o B 0.8/ -30°
W Z L+, 02778485 +2.778L40°
- 0.8/ —30° 0.8/ -30°

T 21521+ |2.0622  2.9807.43.78°

T, = 0.26842 — 73.78°pu
T, =T e = (0.26842 — 73.78°)(96.23)

[, =25.83/—73.78°A

3.22 T oo

+ 2
2.607 1303

‘TJSI pu = 1.£0° C"") Zniey ?.\I PU
1303 —j0.6516

Per-unit positive-sequence circuit

(2772)/1000=7.673Q
(20+ j10)/7.673=(2.607 + j1.303) pu = 2.91426.57° pu

L
—zYlpu
Zpo = (30— j15)/3(7.673) = (1.303— j0.6516) pu =1.437.£ — 26.57°pu
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T \Aﬂpu _ 1"04100

| =
1pu
=

Y1lpu

Zp { (2.914 £26.57°)(1.457 / — 26.57°)
(2.607+ j1.303) +(1.303— j0.6516)
_ 1.0£0° 1000
T ( 4246,0° ) 1.071£-9.463°
[3.91+jo.6517J
l,... =1000/277 =36.1A

=T, I, =(0.9337.£9.463°)(36.1)

lpu 'base

=33.714£9.463° A

=0.9337.£9.463°pu

3.23 Select acommon base of 100MVA and 22kV (not 33kV printed wrongly in the text) on the
generator side; Base voltage at bus 1 is 22kV; this fixes the voltage bases for the remaining
buses in accordance with the transformer turns ratios. Using Eq. 3.3.11, per-unit reactances

on the selected base are given by
G:X=0.18 10 =0.2;T,: X=0.1 100 =0.2
90 50

T,:x=006[ 2| _015T,: x =006 12X |- 015
40 40

T,: X=0.064 100 =0.16;T,: X=0.08 10 =0.2
40 40

2
M:X= 0.185(@j(%j =0.25

66.5
220)*

For Linel, -Z—BASEzu =484Q and X=@=o.1
100 484
110)*

For Line 2, Zye =) ~1210 and x:%:om

The load complex power at 0.6 Lagging pf is §L(3¢) =57/53.13°MVA

. . o (1045 vz
. Theload impedancein OHMSisZ, = ==t
57£-53.13° S,

=1.1495+ j1.53267 Q

The base impedance for the load is (11)° /100=1.21Q

1.1495+ j1.53267
121

. Load Impedancein pu= =0.95+ j1.2667
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The per-unit equivalent circuit is shown below:

1 0 oo SR 4
- j0.2 jo.1 jo.15
]
j0.16 j0.54 j0.2
AR AR A1
j02 L j0.25
0.95 L,
I E
E; Ey
j1.2667

Per-unit impedance diagram

3.24 (@ The per-unit voltage at bus 4, taken as reference, is

V, =%AOO 0.95/0°
1

At 0.8 leading pf, the motor apparent power S :%4 36.87°

. Current drawn by the motor is1 = Vi _ 0665£36.87°

©0.95/0°
=056+ j0.42

0.95£0°

Current drawn by theload isl, = \1 _
Z 0.95+j1.2667
I =

=0.36-j0.48

[ +T =0.92-0.06

0.45x0.9
 045+09
Generator terminal voltage isthen V, = 0.9520° + j0.3(0.92 - j0.06)

Tota current drawn from bus4 is

Equivalent reactance of the two linesin paralel is X, =

\7l =0.968+ j0.276 =1.0£15.91°pu=2215.91°kV
(b) The generator internal EMF is given by
E, =V, +Z,1 =0.968+ j0.276+ j0.2(0.92— 0.06)
=1.0826£25.14° pu = 23.82£25.14°kV
The motor terminal EMF is given by
E,=V,-2,1,=095+j0-j0.25(0.56+ j0.42)
=1.064/ - 7.56°pu =11.71/ - 7.56° kV
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3.25

’ gHE ' gHE? S o

X Y Y #
13.8:138 138:69
kV kV kV kV
Base : Base (Given) : Base
13.8kV, | ISMVA, 138kV : 69KV,
ISMVA | [ 15MVA
|
X;=0.1 X,=0.08
15MVA 15MVA
2
. o (69x10°%)
Base impedancein circuit 2=-——=317.4Q
15x10°
500

Pre-unit impedance of load in circuit 2 =———=1.575
317.4

The impedance diagram in PU is shown below:
o 00 00

0.1 j0.08

1.575 =-—

[+

3.26 Baseimpedance on the low-voltage, 3.81kV-sideis

(3.81)°
T =0.1613Q
90

Note: The rating of the transformer as a 3-phase bank is
3x30=90MVA, \/§(38.1) :3.81= 6Y6 : 3A81kv

With abase of 66kV onthe H-V side, baseon L.V side=3.81kV so,onL.V. side

1 —_—
0.1613

R = 6.2pu

2
Resistancereferred to H.V. side= 1(36—861j =300Q

Per-unit value should be the same as 6.2 pu.

. . (e6)° 300
Check: base impedanceon H.V. side = T:%AQ and m:G.Zpu
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3.27

3.28

Transformer reactance on its own baseis

#zO.lOSpu
(22)* /500
On the chosen base, reactance becomes
2
0.103 220 @=0.019pu «—
230/ 500
Eq. 3.3.11 of the text applies.
2
G,: Z2=j02 24001 (100 =j2pu
2400 10
2
G,: Z=j0.2 240011100 = jlpu
2400 20
2
T,: Z2=j01 2400171100 =j0.25pu
2400) \ 40
2
T,: Z2=j0.1 101100 =j0.136pu
9.6) \ 80
. . (9600)°
For the transmission-line zone, base impedance= ——
100x10°
_ 3
s Zine =(50+ j200)M (0.054+ j0.217)pu

600)°

M: KV A=-22 = 0.25pu; 4kV =+ = 0.833pu
100 4.8

The impedance diagram for the system is shown below:

@ 500
2
j(ll'i 0.054 jl].:l? JO. 136

T AP — T —(M) ~—

kVA =0.25 pu

Jl
@ 50 KV = 0.833 pu
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(i) Yes «
(i) Since I, =1, —I=n(l.-1))
T, =(\3ne® |1, =C;1,;1. =T, /C;
S —
M=, /CT =T.IC;
(i) §=V,(T7) =CV,(1,/C}) =V, 1, =S «
3.30 For anegative sequence set,
_an :(\/§n e_j300 )\7an = _1 \7an :62\7an
\7bn = _2_bn;\7c’n :CZ_Cn Where_Z = _1 «—
1,=Cllorl,=1_/C,
1,=1,/C;;1.=1_I/C, whereC, =C;
C,=+3ne*;C,=+/3ne’1® =C; -
AlsoC, = C;; Note: Takingthecomplex conjugate

Transforms a positive sequence set into a negative sequence set.

331 V, = (%em"]\@n =C,V,, | Forthe positive seq. set

V., =C,V,;V., =C\V,
(i) C,=C; for the negative sequence set
(i) Complex power gain = C(l/C*)* =1
V. /IC 1

(iii) ZL=I_L“= L =§—Z—L,WhereC=|C|.
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332 (a)

N1 HC1
NI HAL HAI
Nl
HBI N1

MBI MCI

Xcl Xbl

Xel Xbl
Positive Sequence
Phasor Diagram

For positive sequence, V,,, leads V,,, by 90°, and V,,, lags V,, by 90°.

For negative sequence, V,,, lags V,,, by 90°, and V,,, leads V,, by 90°.
(b)

I HC1

HA gl 1B HC
. / .g \ i HC1
HA1 >; HAIL
Gl
HB1 % Gl

HEB1

Gl

Xe Xel | Xa Xbl Xb
. . * Xbl Xel
Xil XCl
Xal g Xal
o Xal
MC 71 MA MBI MB

Bl MCI

\ *
MBI Bl MCI

ol N1

/

For positive sequence V,,, leads V,, by 90° and V,, isin phase with V,,,. For
negative sequence V,,, lags V,, by 90° and V,, isin phase with V,,,. Note that a
A —zig/zag transformer can be used to obtain the advantages of a A—Y transformer
without phase shift.
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(©)

HB HC

HA
Xal HCI
L] L ] L ]
HC1
HBI xb1
oA | xa Xb Xc
L ] L ] x l L]
Xel 2 Xel
Xbl  Xal /
Xbl
Xal

For positive sequence, V,,, lags V,, by 23.4°.
For negative sequence, V,,, leads V,, by 23.4°.

3.33

American
standard

o G

[+]
—~
L\

N b))

a(b’)

b(c") a(b”)

334 (3 Ty jO.12PU 1,

Perunit
positive Vi Vi
sequence
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(b)

T j0.12 PU T

Per unit _
positive Vi Vi
sequence

3.35 (@) Three-phaserating: 2.1MVA,; 13.8kVY/2.3kV A

Single-phase rating: 2—'1=O.7MVA; @:2.3=7.97:2.3kv
3 3
(b) Three-phaserating: 2.1MVA;  13.8kVA/2.3kVY
Single-phase rating: 0.7MVA; 13.8: % =13.8:1.33kV

(c) Three-phaserating: 2.1MVA,; 13.8kVY/2.3kVY
Single-phase rating: 0.7 MVA,; 7.97kV:1.33kV

(d) Three-phaserating: 2.1MVA,; 13.8kV A/2.3kV A
Single-phase rating: 0.7MVA,; 13.8: 2.3kV

3.36

A p I,

b E!

c B ¢ 000
High voltage \ ;
windings
£ Low voltage Resistive
windings load

Open A Transfor mer

(@ V., and V,, remain the same after one, single-phase transformer is removed. Therefore,
V,, =—(V,, +V,,) remainsthe same. The load voltages are then balanced, Positive-
sequence. Selecting V, as reference:

vV, = —13'840" =7.967 £L0°kV
V3

V, =7.967 £ -120°kV

V, =7.967£+120°kV
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— 6
) T2 yopo B3I en oka

T,=1812/-120°kA T, =1.812£+120°kA
© V, =13.8£-120°+30°=13.82-90°kV

Transformer bc delivers S, =V, _ 1,

S, =(13.8£-90°)(1.812£+120°) = 25- Z30°MVA

S, =(21.65+ j12.5)x10°

Transformer ac delivers S_ =V, 1

where V. = -V, =-13.8/120° + 30° =13.8£ - 30°kV
S, =(13.8£-30°)(1.812£0°) = 25- £ —30°MVA
S, =(21.65- j12.5)x10°

The open-A transformer is not overloaded. Note that transformer bc delivers 12.5 Mvars
and transformer ac absorbs 12.5 Mvars. The total reactive power delivered by the open-

A transformer to theresistive load is therefore zero.

3.37 Noting that \/§(38.1) =66, the rating of the 3-phase transformer bank is 75 MV A, 66Y/3.81
AKkV.

3.81)°
Base impedance for the low-voltage sideis ( 75) =0.1935Q

0.6

=3.1pu
0.1935

On the low-voltage side, R =

66)°
Base impedance on high-voltage sideis % =58.1Q

2
The resistanceref. to HV-sideis O.G(SG—SJ =180Q

180
or =——=31pu
R 58.1 P
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3.38 (@) Thesingle-line diagram and the per-phase equivalent circuit, with all parametersin per
unit, are given below:

O—+—3—F——==

| I, 1:e30° | I,

%

240x10°
J3%230

Base current at the load is 100, OOO/ (\/§ X 230) =251.02A

Current supplied to theload is =602.45A

The power-factor angle of the load current is 8 = cos*0.9=25.84° Lag . With
\7A =1.0£0° asreference, the line currents drawn by the load are

60245

AT 251.02
I, =2.4/4—25.84°-120° = 2.4/ —145.84° per unit

| =2.44—25.84°+120° = 2.4/94.16° per unit

£ —25.84° =24,/ —25.84° per unit

(b) Low-voltage side currents further lag by 30° because of phase shift
1,=24/-5584°1, =24,175.84°1 =2.4,64.16°
(c) Thetransformer reactance modified for the chosen baseis
X =0.11x(100/330) = 3—10 pu
The terminal voltage of the generator is then given by
V=V, 2 -30°+ X,
=1.0£-30°+ j(1/30)(2.4£ - 55.34°)
=0.9322-j0.4551=1.0374 £ — 26.02° pu
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Terminal voltage of the generator is 23x1.0374 = 23.86 kV
Thereal power supplied by the generator is

Re[ Vi1, |=1.0374x2.4c0s(~26.02° +55.84°) = 2.16pu

which corresponds to 216 MW absorbed by the load, since there are no 1?R |osses.
(d) By omitting the phase shift of the transformer altogether, recalculating V, with the

reactance | (3—10) on the high-voltage side, the student will find the same value for V,

ie V.
3.39
J0.06
+ LU0 o+
?!m PU r".m PU
-0 0 =
Zero Sequence
70.06
+o 7J000 o+
L] L]
FrHI PU E ‘ | E FXI PU
i e

"
1

Positive Sequence

j0.06

+0 ATT o+
L] L]

‘_/”2 PU E ‘ ‘ E F.\:'Z PU

—5 -

(,—_,1'.1{]' ‘1

Negative Sequence
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2
340 Xy = o.oa[ﬁJ (1—00J —0.01837 pu
240) \ 300
JO.01837
+o OO0 o+
?Hf] PU ?\T] PU
= o-

Zero Sequence

j0.01837
+o—————— PO
FHI PU ‘ ‘
-
|
Positive Sequence
J0.01837
+o SR o+
?Hl PU ‘ ‘ ]’7.1'2 Pu
& i
e 0%
Negative Sequence
341
jo.1 j0.2 jO.1
OF—a—00—00—02)

jo.L o1 o ol

0.06667
"_ + j0.162

+

?3 "’) Lg?

Per-unit positive-sequence r eactance diagram
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S..= 100 MVA

V..., = 500 kV in transmission-line Zones
V...« = 20 kV in motor/generator Zones

y un 18Y’
X = X0, = 0.2(2—()) =0.162pu

X7, =02 2001 _ 133304
1500

X=Xy = X3 =X, =0.1pu

X, =0.1[ 299 _ 5 06667pu
1500

Z,eos =(500)” /1000 = 25002
X, 50=50/250=0.2pu
X, 25=25/250=0.1pu
342 V= ;—f)zw =0.920°pu
I,= __ B0 os108-60.14,3687°KA
J3(18)(0.8)
1000
lppoy =——— = 28.87kA
base X 20\/§
T, =014 35670 —2083,36.87° pu
28.87

— — . 1— . .
V1=V2:V3+Is(JXT5)+§I3(JXLine25+JXTs)

=0.9/0°+ (2.083436.87"){] (0.06667 + 0'1; O'lﬂ

=0.7454 £21.88°pu
V, =V, =0.7454(20) =14.91kV

343

+

Vi = 1.0£0° PU CD
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S, =30MVA
V, ..\, = 66.4/3=115kV

1000 )
[y =1y = 01 =10.0£-90°pu
@ 1. =—2 _ _01506KA V., =125J3=21.65kV
base H 115\/§ " base X " "
30
L =—0 _ _08KA
b= 21.65(3

l,, =10(0.1506) = 1.506kA
|, =10(0.8) =8kA
(0) 1puen =O0.1506KA; V. =12.5kV;

30
| oy =——— =1.386kA

12,53

|, =1.506KA;
I, =10(1.386) =13.86kA

344

0.005 +j0.10

I, = 0.4286.£0° PU

+
Ej V= 1.0£0° PU

S =35MVA Voo =115kV
Vipe x =13.2kV
35
@ Xy= 1.5(%j =175pu
(b)
75T,

JO.1 T,

Vi 0.005 T,
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=B _oamsrka; T, =240 _0.075320°KA =0.4286.20°pu

(© oo = 115V3 (115V3)@.0)
V, =1£0°+(0.005+ j0.1)(0.4286.£0°)
=1.0021+ j0.04286 =1.003£2.45° pu;
V, =1.003(13.2) =13.24kV
E, =1£0°+(0.005+ j1.85)(0.4286.£0°) = 1.961./23.86° puj;
E, =1.961x13.2=25.89 kV
P.+jQ, =V, =(1.003£2.45°)(0.4286.£0°)
=0.4299./2.45° pu = 0.4299(35) £2.45° MVA
=15.03MW+ j0.643MVAR
PF = c0s2.45° =0.999 Lagging

3.45 Three-phase rating of transformer T, is 3x100=300MVA and its line-to-line voltage ratio
is \/5(127) :13.2 or 220:13.2kV . Choosing acommon base of 300 MV A for the system,
and selecting a base of 20 kV in the generator circuit,

The voltage base in the transmission line is 230 kV and the voltage base in the motor circuit

is230 (13.2/220) = 13.8 kV transformer reactances converted to the proper base are given
by

2
T:X=01x2 _ 008577, : 01 22| ~0.0015
350 138

Base impedance for the transmission line is (230)%300=176.3 Q

0.5x64

The reactance of theline in per unit is then 3 =0.1815

2
Reactance X/ of motor M, :0.2 3001(13.2 =0.2745
200 /)\13.8

2
Reactance X/ of motor M, OZ[QJ(EJ =0.549

100 )\ 13.8

Neglecting transformer phase shifts, the positive-sequence reactance diagram is shown in
figure below:

jo.08s7 , joa8ls o j0.0915
o0 ouue LI

j0.2

J0.549
+

Eua
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3.46 The motors together draw 180 MW, or %8 =0.6pu

With phase-a voltage at the motor terminals as reference,

V=232 _ 6 0565./0°pu
138

The motor current is given by

06
0.9565

Referring to the reactance diagram in the solution of PR. 3-33, phase-a per-unit voltages at
other points of the system are

Atm: V =0.9565+ 0.6273( j0.0915) = 0.9582 /3.434° pu
Atl:V =0.9565+0.6273( j0.0915+ j0.1815) = 0.9717.410.154° pu
Atk : V =0.9565+0.6273( j0.0915+ 0.1815+ j 00857) = 0.9826.£13.237° pu

£0°=0.6273£0°pu

The voltage regulation of the lineisthen

0.9826 - 0.9582
0.9582

The magnitude of the voltage at the generator terminalsis
0.9826x 20 =19.652kV
Note that the transformer phase shifts have been neglected here.

=0.0255

3.47 (@) For positive sequence operation and standard A-Y connection, the per-phase diagram is

shown below:
I I a
_ 00— - -
I, | ix, tojoosa *
9 . L ]
+ +
i l'T/m'r 1_,‘ "-'13“. e
Erfl: C) % VIJHJ (‘\
I3 @ _j
Generator 1:103 L
Transformer Bus

V,, = % Z0°kV, choosing that as areference.
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348

(b)

(b)

100x10°

S="""" /cost0.8=41.67436.87°MVA
0.8x3
oy 6 o
e _s _ 41.67x10°/36.87° _ 313.8./36.87° A
v 132.8x10°

an

T, =31382-36.87°A
T, =103 T, = 5435/ - 66.87°A

The primary current magnitude is 5435A. «

V,, =V +j0.08l, = ( 132.8x10° £ - 30°j +j0.08(54352 - 66.87°)

1
1043
—7667.4/ —30°+ 434.8./23.13°
—7253.3/-13.93°V

Line-to-line primary voltage magnitude = \/§(7253.3) =12.56kV «
Three-phase complex power supplied by the generator is
S, =3V, T, =3(7253.3£ - 13.93°)(5435.£66.87°)
=118.27/52.94°MVA «

The secondary phase leads the primary by 13.93°; this phase shift appliesto line-to-
neutral (phase) as well asline-to-line voltages. «

For positive sequence operation and standard A-Y & Y-A connections, the per-phase
diagram is drawn below:

E J0.08 © 7, J100Q Jj0.08 ©
T 00—
- - .
~ v, &30 /30
E.
" Generator | 1:10V3 | : 10V3:1 i
: Transformer T : Trans. : Transformer T, |[ Load
: (Step-up) : line : (Step-down) {
15
V, = TAO kV, choosing that as a reference.
3

Z,=(5+j1)+j0.08=(5+ j1.08)Q

Z, =100+ (1043 ) = (1500 + j424)Q
Z =

jl
[ 10\/_ J +j0.08=5+ j1.4933=5.22/16.63°

I, =V, /Z =8660. 5/ 5.22./16.63°) =1659.1/ —16.63°
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Generator current magnitude= |, = 1659.1 A «

T,=—1_e® T.-958/1337°A

1043
Transmission-line current magnitude=95.8 A «
T,=10V3e1® T, =1659.3/-16.63°A
Load current magnitude= 1659.3 A «
V,=Ziop 1=(5+1)(1659.3£-16.63°)
=8462.4/-5.32°V

Line-to-line voltage magnitude at load terminals= 14.66 KV«
Three-phase complex power delivered to the load is

§3¢ = $73|_3 = 3_Z_L0AD I 32
= 3(8462.44 — 5.320) (1659.34 + 16.630)
=42.125/11.31°MVA «

3.49 BasekV intransmission-line circuit = 132 kV
Base kV in the generator G, circuit = 132x % =10.56kV

Base kV in the generator G, circuit = 132><% =11.04kV

0.287 j1.1478

iideas B 0.1435 j0.5739  j0.5739 0.1435

Impedance diagram of the system with pu values
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On the common base of 100 MV A for the entire system,

2
G,:Z= j0.15><@>< 132 ) _ j0.4688pu
50 110.56
2
G,:Z= j0.15><@>< 1381 _ j1.1719pu
20 \11.04
2
T:Z= jO.lx@x 132 ) j0.1953pu
80 1\10.56
2
T, Z= j0.1x@x 138 1 _ j0.3906 pu
40 04
Base impedance in transmission-line circuit is
(132)°
——=174.24Q
100
- 50 j 200 .
%z =—————=0.287+ j1.1478pu
TR.LINE 1 17424 J p
_ 25x 100 .
=——"——=0.1435+ j0.5739pu
TR.LINE 2 17424 J p
LOAD: 40(0.8+ j0.6) = (32+ j24)MVA
(150)° 703.1
=——=703.1Q=——pu=4.035pu
Row =55 174.24" P
(150)° 937.5
X = =937.5Q = u=>5.381pu
HOAD 174247 P
Ziom = ( Riono | jXLOAD)
3.50 ®

j0.05 j0.05

J0.05

Vo j5.0 -
wen
"!KI
Per-unit zero-sequence network

J0.05 J0.05

J0.05

Ve 50

Per unit positive (or negative)-sequence network
(Phase shift not shown)
P : Primary ; S : Secondary ; t : Tertiary
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351 (a) X, =0.08pu;
X,;=0.1puy;
X,; =0.09(15/10)=0.135pu

X, = %(0.08+ 0.1-0.135) = 0.0225 pu

X, = %(0.08+ 0.135-0.1) = 0.0575 pu

X, = %(0.135+ 0.1- 0.08) =0.0775 pu
(b)
| X X 5
. 00 + IR 3
j0.0225 70.0575
JX3 |5 j0.0775

3 R,=20
Ry=3.0

Per unit impedance diagram

Using P, =3V3 /R=V{ /R

R, =(132)°/75=2323Q; R, =(2.3)°/5=1.058Q

Zynee =(13.2)° /15=11.616Q; 2, =(2.3)*/15=0.3527Q
R = R/ Zinen s =200 Ry, =0 =3
352 (a) " y
+ [
Fm

e ]
(e (1)
Per unit positive sequence

Per unit positive sequence

X, =X, =X, :%(o.1+ 0.1-0.1)

= 0.05 per unit
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3.53

3.54

(b)

W90
(e907:1)

Per unit positive sequence.

(©)

+o——000 o+

. L]
Vin ‘ ’ Vi

-0 o —
p—
{,;_.\.4 ‘1

(t,--."_‘_i.-l B )

Per unit positive sequence.

With abase of 15 MV A and 66 kV in the primary circuit, the base for secondary circuit is
15 MVA and 13.2 kV, and the base for tertiary circuitis 15 MVA and 2.3 kV,

Note that X_, and X, need not be changed.

X, ismodified to the new base as follows:
Xg = 0.08><E =0.12
10

With the bases specified, the per-unit reactances of the per-phase equivalent circuit are given
by

X, =%( j0.07+j0.09-0.12) = j0.02
Xq :%(j0.07+ j0.12-j0.09) = j0.05
X, :%(j0.09+ j0.12—j0.07) = j0.07

The constant voltage source is represented by a generator having no internal impedance. On
abase of 5 MVA, 2.3kV inthetertiary, the resistance of the load is 1.0 pu. Expressed on a

15 MVA, 2.3kV base, the load resistanceis R=1.0><1—:=3.Opu
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On abase of 15 MV A, 13.2 kV, the reactance of the motor is

X" = 0.2><E =0.4pu
7.5

The impedance diagram is given below:

j0.05

Note that the phase shift that occurs
between the Y-connected primary and
the A-connected tertiary has been
neglected here.

j0.02

+

'EI.\"J'-.' BUS C

355 (a)
+
L]
I, =4348 A
Iy =4783 A
+
. Ey=2530V
Ey=2300V
I=4348A

-0

(b) S =(2300)(47.83)=110kVA

S, =2530(43.48)
10 kVA istransformed by magnetic induction.
100 kVA istransformed electrically.

(c) Atrated voltage, corelosses=70 W

2
At full-load current, winding losses = (%) 240 =224W

Total losses = P, =294W

Pou = (2530) (43.48)(0.8) =83003W
P, =Py, + P, =88003+ 294 =88207W

0ss

9 Efficiency = (P, /P, )x100 = (88003/88297)100 = 99.67 %
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356 (a)

HCI
o 13.64 A .
330V _é R7La o+
% 11ov
- . 27.27A .
220 110
(b) Asanormal, single-phase, two-winding transformer, rated: 3 kVA, 220/110 V;
X, = 0.10 per unit. Z,,_ .4 = (220)° /3000=16.133Q

Asasingle - phase autotransformer rated:
330(13.64) =4.50kVA, 330/110V,

Z = (330)" /4500 = 24.2Q

BaseH new —
16.133]

X, =(0.10 =0.06667 per unit
“ ( )( 24.2 pet

J0.06667 T, =0.5555£-36.87° per unit
+0o 000 -

+

Vy = 1.0£0° per unit

Siaess =135KVA Vg, =110V

V. = 4795V oy = 135<10° _ 25 g6
11043
_ 135x10°
PR T 47953
=16.256A
62
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- 260004 —cost.8
" (11043)(0.8)

I, = 3936 _36.87°— 05555/~ 36.87° per unit

70.86
l,, =1, =0.5555 per unit

|, =(0.5555) (16.256) = 9.031A

V, =V, + leqI_X =1.0£0°+( j0.06667) (.5555£ —36.86°)
., =1.0+0.03704£53.13° =1.0222 + j0.02963
=1.0226/1.66° per unit

=(1.0226)(479.5) = 490.3V

=39.36£-36.87°A

Vi
Vi

3.57 Rated currents of the two-winding transformer are

l,= 60’OOO:ZSOA and |, = 60’OOO:SOA
240 1200
The autotransformer connection is shown below:
+ 0
240V & 250 A

I, =300A

1440V

"
1200 V T S0A EQE 1200 V

(8 Theautotransformer secondary current is I, =300A

With windings carrying rated currents, the autotransformer rating is
(12000)(300)10-% =360kVA

(b) Operated as atwo-winding transformer at full-load, 0.8 pf,

Efficiencyn =—20%98 506
(60x0.8) + Ppos
, 4.8(1-0.96)
From which the total transformer lossP, . = ————==2kW
0.96
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Thetotal autotransformer loss is same as the two-winding transformer, since the
windings are subjected to the same rated voltages and currents as the two-winding
transformer.

360x0.8

=———=0.9931
Moo (360x0.8) +2
3.58 (@ Theautotransformer connection is shown below:

O +

7504}
1875 A

+o———— 200 kV

80 kV 1125 A l
I, = goégoo =1125A;1, = 90,000 _ 750A

V, =80KV; V, =120+ 80 = 200kV
|,, =1125+ 750 =1875A

(@ Input kVA iscaculated as 80x1875=150,000kVA which is same as
Output KV A =200x 750 = 150,000

Permissible kV A rating of the autotransformer is 150,000. The kV A transferred by the

magnetic induction is same as the rating of the two-winding transformer, which is
90,000 kVA.

3.59

Qf.f

j0.20 Py,
OO0 -
"J'.l - R

! "’F.rmd =1.0£ 30°

j0.25 7, +

~> ¢ G I J\?I:mzn“
[t
C:
P

i+ 1Qog = V17 =(1.0£0°)(1.0£ - 30°)  =1.0/30° = 0.866 + j0.50 per unit

<
LN+
—
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(@ No regulating transformer, C =1.0
Using current division:

T, = (L] [ (O'ZSJ(LOA —30°) =0.5556.2 —30° per unit
X1 + X, 0.45

P, +jQ,=V1’, =0.5556.£+30°= 0.4811+ j0.2778 per unit

P+ Qs = (P + iQuuw ) —(P1+ Q) =(0.866 + j0.5) - 4811+ }.2778)
= 0.3849+ j0.2222 per unit

(b) Voltage magnitude regulating transformer, C = 0.9524
Using the admittance parameters from Example 4.14(a)

T T Yy L[V [-ie0 8810 V
-1.0£-30°] |-l !| |Ya Yo |l V'] |j8810 -j8.628] 1.020°
Solving the second equation above for V :

~1.0/-30°=(j8.810)V — ( 8.628)(1.0£0°)

i 8:628£90°~10/-30° _-.866+9.128
i8.810 i8.810

=1.041/5.42° per unit
Then:

T, :Y—V _ 1.04145:42 -1.0£0 _ 0.036}+ 10.0983 05235/ — 20.14°
IX; j0.20 j0.20

P,+jQ,=V1 ,=05235,20.14° = 0.4915+ j0.1802 per unit

P,+iQ, =P+ iQuu)— (P41 +iQ,)=0.3745+ j0.3198 per unit

The voltage magnitude regulating transformer increases the reactive power delivered by

line L-2 43.970 (from 0.2222 to 0.3198) with arelatively small changein the real power
delivered by line L2.

(c) Phase angle regulating transformer, C=1.0/—-3°
Using Y,, =-0.2093+ j8.9945 and Y,, =—j9.0 per unit from Example 4.14(b):

G oYV Ty _ (190)(10£0°)~10£-30°
Y, —~0.2093+ j8.9945
_ —0.8660+j9.50 _ 9.539./95.21°

© —0.2093+ j8.9945 8.997./91.33°
- _V-V'_1060/3879°-10£0° _0.0578+j0.717
"Xy j0.20 j0.20
=0.4606./ — 38.87° per unit

=1.060£3.89° per unit
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P, +jQ, =VT;, =0.4606/ +38.87° = 0.3586 + j0.2890

P, +iQ, =(Pag + iQuu ) —(P1+iQ,)=0.5074+j0.2110

The phase-angle regulating transformer increases the real power delivered by line L2
31.8% (from 0.3849 to 0.5074) with arelatively small change in the reactive power
delivered by line L2.

3.60 Lossesare minimum at 0 degrees = 16.606 MW (there can be a+/- 0.1 variation in this
value values of the power flow solution tolerance).

MW Losses

W
D

Mo
[4a]

st

S E—

[l
D

M
(8]

—tp— MW Losses

=
an}

n

D

-10 -5 0 5 10

3.61 Minimum occurs at atap of 1.0 = 16.604 (there can be a +/- 0.1 variation in this value
values of the power flow solution tolerance).

MW Losses

185
18
17.5
17
16.5
16

20
19.5 K
19

g

0.9

0.95

1 1.05

1.1

== W Losses
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3.62 Using (3.8.1) and (3.8.2)
__138 _ 0.03636 b= 138_
345(1.1) 345
c=a,/b=0.03636/0.04 = 0.90909
From Figure 3.25(a):

0.04

cY, = (0.90909)[1_0—1.%} =—}18.18 per unit
(1-c)¥, = (0.0909)(1_0—105J =—j1.818 per unit

(|C|2 _ C)\?eq =(0.82645- 0'90909)(j0—i)5j =+1.6529 per unit

The per-unit positive-sequence network is:

Iy 1815 Tm
+o 000/ o+
Vi E 1818 —— j1.6529 Vy
-o o—
(Per unit admittances are shown)

3.63 A radial line with tap-changing transformers at both ends is shown below:

Is shown below:

Vs

g

lig il

=

—_——

V, and V, are the supply phase voltage and the load phase voltage, respectively, referred to
the high-voltage side. V, and V, are the phase voltages at both ends of theline. tg and t,

are the tap settingsin per unit. The impedance Z includes the line impedance plus the
referred impedances of the sending end and the receiving end transformers to the high-

voltage side. After drawing the voltage phasor diagram for the KVL Vg =V, +(R+ jX)T,
neglecting the phase shift between V and V,, as an approximation, and noting that V =tV
and V,, =tV , it can be shown that
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3.64

3.65

where P, and Q, aretheload real and reactive powers per phase and it is assumed that tet, =1.

In our problem, P,= %(150>< 0.8) =40MW
and Q, =%(150><0.6) =30MVAR
1 1 230
|V11= V2 =ﬁkv
. 1
t, iscalculated - | =1.08
s IS CAEIAEE T @) +(e0)30)
(230//5)
and =~ =0926pu
"T1og TP

With the tap settingt = 1.05, AV =t—-1=0.05pu

The current setup by AV =0.0520° circulates around the loop with switch Sopen; with S
closed, only avery small fraction of that current goes through the load impedance, because
it is much larger than the transformer impedance; so the superposition principle can be

appliedto AV and the source voltage.
From AV Alone, | =0.05/j0.2=-)0.25

With AV shorted, the current in each path is one-half the load current.
1.0

Load current is ———=0.8-j0.6
0.8+ ]0.6

Superposition yields: I =0.4—j0.3—(-j0.25)=0.4-j0.05

[ =04-j0.3+(~j0.25)=0.4-0.55

So that §r =0.4+j0.05pu and §b =0.4+ j0.55
The transformer with the higher tap setting is supplying most of the reactive power to the
load. The real power is divided equally between the transformers.

Note: Anerror in printing: In the fourth line of the problem statement, first T, should be
replaced by T, and within brackets, T, should be replaced by T..

Same procedure asin PR. 3.49 isfollowed.
Now t=1.0£3°
So t-1=1.0£3°-120°=0.0524£91.5°

—  0.0524,91.5°

= =0.262+ j0.0069
clre 0.2,90° J
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Then T, =0.4- j0.3-(0.262+ j0.0069) = 0.138— j0.307

I, =0.4-j0.3+(0.262+ j0.0069) = 0.662 j0.293

S, =0.138+)0.307; 5, =0.662+0.203

The phase shifting transformer is useful to control the amount of real power flow; out has
less effect on the reactive power flow.
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Chapter 4

Transmission-Line Parameters

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

4.10
411
412
4.13
4.14
4.15
4.16
4.17
4.18

4.19
4.20

421

c
a

a
Bundle
a

a

d2

a

i) a
(i) b

o))

o9 9 D D T O QD

?/ ( D11’ D12' ) ( Dzl’ D22' )( D31' D32’ )
a

D
L, =2x1077 InD—Xy H/m

XX

4.22
4.23

4.24

4.25
4.26
4.27

4.28

4.29
4.30
4.31
4.32
4.33

4.34
4.35
4.36
4.37
4.38
4.39

Transposition
Deq = \]3 D,,0,5,Dz;

D
L, =2x107In—= H/m
DS
Reduces the electric field strength at the
conductor surfaces and hence reduces
corona, power |oss, communication
interference, and audible noise.

a

2ﬂe)/ln(D/r)

v » ®» —~ T T

Charging current
wC, V3

Images

a

Corona

20

a

b
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17.00)(1000x1.02
41 c20c = Prd _ ) )_ 0.01558Q /1000’
: A 1113x10°

50+T

50+228.1
¢ = Rere| o — | =(0.01558)| ===
Rdc,50 C RdC,ZO C (20+T j ( )(20+ 2281

Reorzsorc 0.0956Q2/ mi 0.0956

Rewe (001746 & |[5281000) 00922
1000 mi

j =0.01746Q /1000’

=1.0368

The 60HZ resistanceis 3.68% larger than the dc resistance, due to skin effect.

42 R =50Q a T,=20°C;R,=50+(0.1x50)=55Q a T, ="
55="50] 1+0.00382(T, - 20) |
T,=2524°C «
4.3 | =105x3000=23150m, Allowing for the twist.

X-sectional areaof all 19 strands:19><%><(1.5><10‘3)2 =33.576x10°5m?2.

-8
R:EI: 1.72x108x 3150 _16140
A 33.576x10°°

. . 2 2
44 () 795MCM =(795x10° cmil)(“lsgr:?ll}( 1001(;:1_J {O'Of.?mJ
| | |

=4.0283x10* m?

50+T
(b) RGOHZ, 50°C — RGOHZ, 75°C (—]

75+T
50+228.1
75+228.1

=0.0807 Q/km

= 0.0880(

45 From Table A-4

Q Imi
. =|01185=" || —— |=0.07365Q/km
Ronz sorc [ mi](l.GOkaj

per conductor (at 75% current capacity)
For 4 conductors per phase:

0.07365
oz sre =T 0.01841Q/km per phase
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4.6 Total transmission lineloss P, =fT'g(190.5)=4.7625MW

3
| = 190.5x10 _500
3(220)
From B, =3I°R, theline resistance per phaseis

R= 4.7625x10°

-— =6.35Q
3(500)
The conductor cross-sectional areais given by
2.84x10®)(63x10°
A= ( )( ) =2.81764x10“*m?

6.35
~.d=1.894cm = 0.7456in = 556,000 cmil

47  Themaximum allowablelineloss= 12R=(100)’ R=60x10%,

For which R=6Q

Pl Pl 1.72x10®x60x10°

R=— or A=— =0.172x10°3m?
A R 6

%dz =0.172x103x10*cm? or d=1.48cm «

48 (a) FromEq. (4.4.10)

L, = [lx107 ﬂ}[lOOOmj(lOOO mH j =0.05mH/ km Per Conductor

2 m )\ 1km 1H
(b) From Eg. (4.5.2)

L,=L,=2x10" Ln(B,jﬂ
I )m

-1
D=05mI"=e4 [ODlSJ =5.841x103m
L =L =2x107Ln[ __©5 _|H(1000m)(1000mH
’ 5.841x10° Jm{  km H

= 0.8899m—H per conductor
= km

( L=L,+L, =1.780rl?—H per circuit
= km
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4.9

4.10

411

4.12

(@ L, =0.05mH/km Per Conductor

0.5
1.2x5.841x103
L=L, +L, =1.707mH/kmPer Circuit

L, =L, =2x10"7 In( Jlo6 = 0.8535mH/ km Per Conductor

(b) Ay, =0.21In I;CZ mWh/km

cl

0.5
0.8x5.841x10°3
L =L, +L, =1.869mH/kmPer Circuit.

L, =L, =2x10"7 In( jlo6 =0.9346 mH/km Per Conductor

L. isindependent of conductor diameter.

Thetotal inductance decreases 4.1% (increases 5%) at the conductor diameter increases
20 % (decreases 20%).

From Eq. (4.5.10)

L, = 2><1o—7|_n[2,jE D = 4ft
rm
-1
L, =2x107Ln 4 et |2 1—ft
1.6225x10° 2 )| 12in
L, =1.101x10-° o H r’'=1.6225x102ft

- m
X, =L, =(2760) (1 101><10‘5)(1OOO) 0.4153Q/km

(@ L,=2x1071In 1.138x10°¢ H/m

[1 6225x 102 J
X, = oL, = 277(60)(1.138x10¢)(1000) = 0.4292Q /km

(b) L,=2x107 In( 1.057x10°° H/m

1.6225x107 j
X, =2 (60)(1.057x107)(1000) = 0.3986Q2/ km

L, and X, increase by 3.35% (decrease by 4.02%) as the phase spacing increases by 20%
(decreases by 20%).

For this conductor, Table A.4 lists GMR to be 0.0217 ft.

20
0217

The inductive reactance s then [ 277(60)L, |Q/m

H/m

.. For one conductor, L, =2x10~"In 0

20

or 2.022x1072(60)In Q/mi =0.828Q/mi
0.0217

For the single-phase ling, 2x0.828=1.656Q/mi
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4.13 (a) Thetotal lineinductanceis given by
.. D
L, :[4><10 4InF}mH/m

=4x10*1In 3.6 =0.0021mH/m

(0.7788)(0.023)

(b) Thetotal line reactanceis given by
X, = 27(60)4x10-In>
r
D
=0.1508 In—Q/km
r

or 0.2426In2,§2/mi
r

X =0.787Q/km or 1.266€2/mi

c —4x10%4Ih—% 0, mH/m
(© L =4x10“] 72 0.002365 mH/
0.7788(0.025)

Doubling the separation between the conductors causes only about a 13% rise in inductance.
414 (a) Eqg.(4.5.9): L=2x10" InE, H/m Per Phase
r

X=wlL =47fx107In(D/r")Q/m/ Phase
= f.AZx107(1609.34)In(D/r’)Q/MILE/PH.
= f.47(1609.34)(2.3026)10 log(D /r’) /mi /ph.
=4.657x102f log(D/r")Q/mi/ph.
=0.2794 log(D/r")Q/mi/ph.at f =60HZ.

~X= klog[B,j =klogD + klog[i,j,Wherek =4.657x103f «
r r

(b) r’=r.e¥*=0.06677(0.7788) = 0.052ft.

X =klog~ = O.2794Iog( j: 0.35875
r

0.052
X, = klogD = 0.279410g(10) = 0.2794
X=X, + X, =0.63815Q/mi/ph. «

When spacing is doubled, X; =0.36351and X =0.72226Q2/mi/ph. «
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4,15 For each of six outer conductors:

_1
D,=r'=e7r
Dy, =Dy =D, = 2r
D,, =D, = 24/3r
D, =4r

For the inner conductor:

1
—Tl—_—p 24
D,=I"=e*r

D71 = D72 = D73 = D74 = D75 = D7e =2r

D, =GMR=, (eirJ(zr)3(2\/§r)z (4r) Z [e‘l‘f](Zf)G

%K—J
Distancesfor inner conductor

Distancesfor each Outer conducter Six outer conductors

1

D, = GMR= r?/(ei Je (2)°(243) (4 (e4j<z)6

D, =GMR= r“i’/(e_‘l‘ I (2 (23)" (4)° =2277r

N, L

4.16 D&=N€/(D11D12~~-D1Nb) =(DyDy, Dy, )™

n-1
D, =D, D, =2Asin{<N—)”} n=23--N,
b

o o o] 2

Using the trigonometric identity,

1
Dy ={Ds(A)"™ N, }" whichisthedesired resuit.
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Two-conductor bundle, N, = 2

f——d—]

A=
ORS
= /D.d Eq (4.6.19)

Three-conductor bundle, N,= 3

N
O
2
Il
1
O
(2]
7\
N
N—
—~
N
N—
1
[
N

A 4
= 3/D a2 4( j Eq (4.6.20)
ok .

Four-conductor bundle, N,= 4

1/4

d d

@ Ay oo
O =1.09054/Dd* Eq (4.6.21)

|

417 (8 GMR=p

0

(e )iz -rdeet

=1.4605r
r 2 2
1 1
(b) GMR=14 (e4rj(2r )(4r)(6r) (e4rj(2r )(2r)(4r)
| Distancesfor each outer conductor Distancesfor eachinner conductor

GMR =15

e 4J (2)°(4)"(6)° (r)=2.1554r

e
|
[~

77
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



4 4

© owr-r, (e_ij(2)2(4)2(\/5)2(\/§)(\/§) » (e-ij(zy(ﬁy(@)z(@

Distancesfor each outsi de non-corner conductor

x (eij(z)“(\/gf

Distancesfor the center conductor

GMR:rs\%(e_iJg(2)24(\/5)16(@)16(4)12(@)4

GMR=2.6374r

Distancesfor each corner conductor

418 D= Y8x8x16 =10.079m

From Table A4, Dg = (0.0403ft)% =0.0123m

L, =2x107In(D,, /D,) =2x107In 10.0793_ 1 34210 Him
“ 0.0123
X, = 27(60)L, = 27(60)1.342x10° 2 20M _ 5 5060/ km
m  1km
419 (@ L, =2x107In[ LOOXLL)_ 4 361,10 Him
0.0123
X, = 27(60)1.361x 10" (1000) = 0.513Q/ km

(b) L, =2x107In[ 10979%09) 1 551106 Him

0.0123

X, = 277(60)1.321x 10 (1000) = 0.498Q/ km

The positive sequence inductances L, and inductive reactance X, increase 1.4%
(decrease 1.6%) as the phase spacing increases 10% (decreases 10%).

420 D= 310x10x20=12.6m
Im

From TableA .4, D, = (0'0435]0[)% =0.0133m

X, = oL, = 277(60)2x 1077 In 20| 2, 1000m
0.149)/m  1lkm

=0.335Q/km
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421 (a) FromTableA.4:

D, = (0.0479) (3—128j =0.0146m

Dq =3/(0.0146)(0.457)" =0.145m

X, =(2760)| 2x107"Ln 1260 ><1000=0.337£
0.145 =——km
1
b) D.=(0.0391)] —— [=0.0119m
Dy = 3/(0.0119)(.457)(.457) =0.136m
X, =(2760)| 2x107Ln 12.60 ><1000:O.342£
0.136 =——km
Results
ACSR Conductor | Aluminum Cross Section X,
kemil Q/km | % change
Canary 900 0.342 } 0.9%
Finch 1113 0.339
Martin 1351 0.337 I o6o%

4.22 Application of Eq. (4.6.6) yields the geometric mean distance that seperates the two bundles:

Dy = 3/(6.1)2 (6.2)*(6.3)6(6.05)(6.15)(6.25) =6.15m
The geometric mean radius of the equilateral arrangement of line A is calculated using Eq. (4.6.7):

R. = {(0.015576)°(0.1)" =0.0538m
In which the first term beneath the radical is obtained from
r'=0.7788 r =0.7788(0.02) = 0.015576m
The geometric mean radius of the line B is calculated below as per its configuration:

R, ={/(0.015576)°(0.1)" (0.2)° =0.0628m
The actual configuration can now be replaced by the two equivalent hollow conductors each

with its own geometric mean radius and separated by the geometric mean distance as shown
below:

R,=0.0538m Ry=0.0628 m

Dyp=6.15m
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4.23 (a) The geometric mean radius of each phaseis calculated as
R=/(r")’ (0.3)" wherer’ = 0.7788x0.0074
=0.0416m

The geometric mean distance between the conductors of phases A and B is given by

D, = 4/62(6.3)(5.7) =5.996 =6m
Similarly, Dy, =4/6?(6.3)(5.7) =5.996=6m
and Dea = 4122 (12.3)(11.7) =11.998 212m

The GMD between phases is given by the cube root of the product of the three-phase
spacings.

D, = 3J6x6x12 =7.56m

The inductance per phaseisfound as

L=0.2In 7.56
0.0416

=1.041mH/km

or L =1.609x1.041=1.674mH/mi
(b) Theline reactance for each phase then becomes

X=2zf L=27(60)1.674x10° =0.631Q/mi per phase

4,24 Fromthe ACSR Table A .4 of the text, conductor GMR = 0.0244 ft.
Conductor diameter = 0.721 in.; since +/(40)° +(16)° = 43.08,

GMD between phases= [ (43.08)(80)(43.08) | " =52.95n.

(52.95/12)

() - X=Kklog>=02794l0g —0.6307Q/mi
r

=10.395x10""H/m

(i) L=2x10" In[—52'95/ 12)

X = oL = 27(60)10.395x 10”7 Q/ m = 277(60)10.395x 10" (1609.34) >
mi
=0.6307Q/mi

4.25 Resistance per phase = % =0.03Q/mi

GMD =[(41.76)(80)(41.76) ] *, using /40 +12% = 41.76.
— 51.78ft.
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GMR for the bundle: 1.091[(0.0403)(1.667)3}1/4 by Eq. (4.6.21)

[Note: from Table A.4, conductor diameter. =1.196in.; r = &?xé =0.0498ft.] and

conductor GMR = 0.0403 ft.
GMR for the 4-conductor bundle= 0.7171 ft

51.87 j

~. X=0.279%10g =0.5195Q/mi «
0.7171

Rated current carrying capacity for each conductor in the bundle, as per Table A.4, is 1010
A; sinceit isa4-conductor bundle, rated current carrying capacity of the overhead lineis

1010x4 =4040A <«

4.26 BundleradiusA iscalculated by
0.4572=2Asin(z/8) or A =0.5974m
GMD =17m

4.572

Subconductor’'s GMRis r’ = 0.7788( X 10‘2J =1.7803x102?m

L=2x10‘7lnﬂ=2x10‘7ln 17

[Nr/(A)NAN [8(1.7803><10‘2)(0'5974)7}1/8

whichyields L =7.03x107" H/m «

427 (8 DABeq =[30%x30x60x120]* = 50.45ft

Dye, =[30x30x60x120]V* = 50.45ft

D, =[60x60x150x30]!/* = 63.44ft

~.GMD = (50.45x 50.45x 63.44)3 = 54.46ft
Equivalent GMR = [ (0.0588)*(90)° | ° = 2.3ft

- L=2x10" In(54'46
23

j =0.633x10°H/m «

(b) Inductance of one circuit is calculated below:
D,, =[30x30x60]"® = 37.8ft; r’=0.0588ft

. L=2x10"In 37.8
0.0588

J =1.293x10°H/m
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-6
Inductance of the double circuit = % =0.646x10°H/m <«

0.633-0.646

Error percent =
0.633

jxlOO =-2.05% <«

S 21/12

428 WithN 3, S=21", A= = =1.01041t

4.29

2sin60° 2x0.866
Conductor GMR = 0.0485ft

Bundle GMR = [3(0.0485)(1.0104)2}1/3 = 0.52061t

Then r; =[(GMR, )(D,,)|"* = (0.5296x /32 + 362 ) =5.05ft
r; =(GMR, - Dgy )~ =(0.5296x96)"* = 7.13ft
¢ =(GMR, - Do )* =[ 05296 /322 +36% | =5.05ft

Overall Phase GMR= (r/rir )" = 5.67ft

Falglc

Dy, = [Jszz +362 /642 + 362 - (64)(32)]1/4 =51.88ft

Dy, =[(32) V647 +362 -64-432° +367 | =518t

Dy, =[(36)(32)(36)(32) ] =33.94ft

]1/3

-.GMD =[51.88x51.88x33.94] ~ = 45.04ft

45.04

Then X, = O.2794Iog(—
5.67

j =0.2515Q /mi/phase «

1/2

ry=[0.5296(32) | ~ =4.117ft
r; =[0.5296(32) ] = 4.117t
r; =[0.5296(32) ] = 4.117ft

Then GMR,,,,, = 4.117ft

1/4

D, =|[{(36) +(32)"} 36 V67357 | =076t

1/4

Dy, =[(64)(96)(32)(64)|  =59.56ft

1/4

ACq [{(32)2 =(36)2}V362 +647 -(36)} = 49.76ft

D
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Then GMD = (49.76x59.56x 49.76)"* = 52.83ft
52.83

X, =0.2794log| 2222
4117

j =0.3097Q /mi/phase «

430 r,=[05296(96)]" =7.13ft

r; =[05296(32)]"* =4.117ft =1

1/3

From which GMR,... =(7.13x4.117x4.117) "~ = 4.95ft

phase —

Daseq = (32X 64x32x64) " = 45.25ft

1/4

D, =[(36){(32)2 +(36)2}(36)J — 41.64ft

Dy, =| (32° +36)" /647 +36° TM = 59.47ft

e

1/3

Then GMD =(45.25x41.64x59.47) " = 48.21ft

48.21

X, =0.2794l0g| ——
- g( 4.95

j =0.2762Q /mi/ph. «

4.31 Fux linkage between conductors 1 & 2 dueto current, I, is

/71203) = 0-2|_a In Bﬁz mWhb/km

al

Dy, =D,,, 4, dueto I, iszero.

2_'12(%) = 0-2|_C |n% mWhb/km

cl
Total flux linkages between conductors 1 & 2 dueto all currentsis
7, =02, In%+ 027 In-2e2 mwbrkm

al cl

For positive sequence, with 1, asreference, | =1 /- 240°

s A, = o.2la(|n%+(14—24oo)|nﬁJ

al cl

=0.2(250)[ In(7.21/6.4) + (1£ - 240°)In(6.4/7.21) |
=10.31£ - 30°mWhb/km
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with I_a asreference, instantaneous flux linkage is

A, (t) =2 2, cos(at + )
.. Induced voltage in the telephone line per kmis
Vius = @A, Z0i+90° = jod, = | (27%60)(10.31£ —30°)10°3
=3.89460°V <«

27(8.854x10712
2me,  _ ( ) —~1.3246x10" " to neutral

(2] [ 02 ) T m
r 0.015/2

V. =jaC, =] (27[60)(1.3246><1011)%><1000%

432 C, =

Y, =j4.994x 10°—> to neutral
=———km

27(8.854x10°7)
05
In| ——>
0.018/2
Y, = j27(60)1.385x 10 (1000) = j5.221x10° Skm to neutral
_ 27(8.854x10°2)
n 0.5
Inf ——>
(omzlzj
Y, = j27(60)1.258x 1071 (1000) = j4.742x10°° Skm to neutral

Both the capacitance and admittance-to-neutral increase 4.5% (decrease 5.1%) as the
conductor diameter increases 20% (decreases 20%).

433 (@ C,= =1.385x10* F/m to neutra

(b C =1.258x10™ F/m to neutral

27, _27(884x10°7) L F

Ln E Ln 4 m
I 0.25/12

Y, = jaC, = j (2760)(1.058x101*)(1000)

434 C =

—3.989x10° >
= Km

27(8.854x10%2)

4.8
Inf ———
0.25/12

Y, = j27(60)1.023x 10 (1000) = j3.857x10° Skm

=1.023x10* F/m

435 () C,=
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27(8.854x1072)

3.2
In
(0.25/12j

Y, = j27(60)1.105x 10 (1000) = j4.167x10° Skm

The positive sequence shunt capacitance and shunt admittance both decrease 3.3%
(increase 4.5%) as the phase spacing increases by 20% (decreases by 20%)

(b) C,= =1.105x10"* F/m

4.36 (a) Equations(4.10.4) and (4.10.5) apply.

For a 2-conductor bundle, the GMR D, =+/rd =+/0.0074x0.3
=0.0471
The GMD isgiven by D, =/6x6x12 =7.56m
Hence the line-to-neutral capacitanceis given by
c,-—2% g
In(D,, /D)

. 5563
In(7.56/0.0471)

m

=10.95nF/km

(withe =¢,)
or 1.609x10.95=17.62nF/mi

(b) The capacitive reactance at 60HZ iscalculated as

D
= =20.63x10°In—=Q —mi
27(60)C, D,

=29.63x10%In 756
0.0471

=150,500Q2 — mi
or 150,500x1.609 =242,154Q — km

(c) Withtheline length of 100 mi, the capacitive reactance is found as
150,500

=1505Q / Phase

85
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



2re
In(D/r)
1 _ In(D/r)
¢ 2rfC (2rf)(2re)
with f =60HZ, £=8.854x10"2F/m.
4.1x10°

437 () EQ(4.9.15): capacitanceto neutral =

Q-m to neutra

or X, =K’log(D/r), wherek’= ,Q-miletoneutral  «

=k’logD + k’Iog(lj, wherek’=0.06833x10° a f =60HZ.
r

(b) X, =K'logD =0.06833x10° log(10) = 68.33x 10°

=80.32x10°

X! =k'log 1. 0.06833x10° log
r 0.06677

X, =X] + X, =148.65x10°Q - mi to neutral «
When spacing is doubled, X =0.06833x10° log(20)

=88.9x10°
Then X, =169.12x10°Q-mi to neutral <«

438 C=00389/log —2212 | _ 6 0184 Fimifph.
0.721/(12x2)
X_ = 1 =147.366x10°Q - mi «

¢ 27(60)0.018x10°¢

439 D= Y8x8x16 =10.079m
1.196 in[ 0.0254m

For TableA.4, r =

j: 0.01519m
1lin

. 2re,  27(8.854x10%)
1T (DY) 10.079
In| — In
r 0.01519

Y, = jax, = j27r(60)8.565x 1072 (1000) = j3.229x10°° S/km

=8.565x10"2 F/m

For a 100 km line length
| = YiVy, =(3229x10°4x100)(230/+/3) = 4.288x10 2 KA/ Phase
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440 (3 D, =%88x88x17.6=11084m
_ 27(8.854x10%2)

1 [ 11084
0.01519
Y, = j27(60)8.442x 102 (1000) = 3.183x10° Skm

IChg =3.183x10° X1000(230/\/§) — 4.223x10-2 PEA

ase
(b) Dy, =37.2x7.2x14.4 =9.069m

_ 27(8.854x107)

' In 9.069
0.01519

Y, = j27(60)8.707x 102 (1000) = j3.284x 10 Skm

KA
|y =3.284x10°6x100(230/+/3) = 4.361x10°2 .

ase

=8.442x10" F/m

=8.707x10** F/m

C,Y, and | decrease 1.5% (increase 1.7%)
As the phase spacing increases 10% (decreases 10%).

441 D= J10x10x20 =12.6m

1.293 in(0.0254m
1lin

FromTableA 4, r =

j =0.01642m

Dg. = ¥rd? = 3/0.01642(0.5)2 =0.16m
27, 27(8.854x1072)

D
In_= In| 126
D 0.16

S

Y, = jaC, = j27r(60)1.275x 10" (1000) = j4.807x10° S’km
Q, =V,,2Y, =(500)" 4.807x10° =1.2MVAR/ km

C = =1.275x10"* F/m

442 (a) FromTableA.4, r:i224(0.0254):0.0181m

D, = /0.0181(0.5)° =0.1654m
_ 27(8.854x10°2)
v ( 12.6 j
In| ==
0.1654
Y, = j27(60)(1.284x101)(1000) = j4.842x10°° S/km
Q, =(500)’ 4.842x10°° =1.21IMVAR/ km

=1.284x10™F/m
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(b) r =%62(o.0254) =0.01476m; D, = 3/0.01476(0.5)° =0.1546m

27(8854x10%) | e 104 E/m

C =
! 12.6 j
In| ===
0.1546

Y, = j27(60)1.265x 10 (1000) = 4.77x 10 Skm
Q, =(500)° 4.77x10° =1.192MVAR/ km

C,Y,, and Q, increase 0.8% (decrease 0.7%)
For the larger, 1351 kemil conductors (smallel, 700 kemil conductors).

443 (@) For drake, Table A.4 lists the outside diameter as 1.108 in

1108
2x12

Dy = 20x 20x 38 = 24.8ft

12
288107 _ g 0466%102 Fim
In(24.8/0.0462)

2
X, = 10 =0.1864x10°Q - mi
277(60)8.8466x 1609

=0.0462ft

(b) For alength of 175 mi

6
Capacitive reactance = 0.1864x10° =1065Q to neutra

| _220x10° 1 022 o
i J3 X, 3x01864

or 0.681x175=119A for theline

Total three-phase reactive power supplied by the capacitance is given by
/3% 220x119%x10 = 435MVAR

444 C=00389 log| >=87 )= 0.02124F fmiph
0.7561

Note: Equivalent radius of a4-cond. bundleis given by
1.091(0.0498d?)"* =1.091(0.0498x1.667%)""* = 0.7561ft

Xg = 1 =125.122x10°Q-mi
272(60)0.0212x10°8
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4.45

}--—D =05m ——|

2 O g

H=10m

|

From Example 4.8,
27g, 277(8.854x10712)

(D)L [PXY) L 05 )| (20006
r HXX 0.0075 20

C,, = 1.3247><10*115 which is0.01% larger than in Problem 4.32

CX

3

446 () D, =312x12x24=15.12m

r =0.0328/2=0.0164m
X = 1
2rfC,,

_ 2rx8.85x107%

Where an =
In(15.12/0.0164)
X =@x109ln 15.12 =3.254x10°Q-m
60 0.016A
te]
For 125 km, X.= 325107 _ 26032
125x1000

(b)

T@” © @!_ H, = H, = H, = 40m
A Hy, = Hy =407 +122

_L Earth plane
~~~~~~~~~~~~~~~~~~~~~~~~ =41.761m

20m Image charges H31 =+/40?% + 242 = 46.648m

O @, 6,

—tf —(,‘b
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Deq=15.12m and r =0.0164m
D
Xczﬁxlo9 =L Hefsly 1o
60 r 3 HHH,
1512 1I 41.761x 41.761x 46.648}

=4.77><107[In =In
0.0164 3 40x40x 40

=3.218x108Q-m

8
For 125 km, X = 3:218x10°7 =2574Q

125x10°

4.47 D=10ft;r=0.06677 ft; H = 160 ft.; H, =+160*+10?

=160.3ft
(SeeFig. 4.24 of text)

Line-to-line capacitance C, = ™ _ _Fm

H
In%—ln—Xy

XX

(See Ex. 4.8 of the text)
7(8.854x107%2)

v = 10 160.3

In —In| =——
0.06677 160
7(8.854x10%2)

10
In
( 0.06677j

=5.553x10"* F/m

Error - percentage = 5555-5553 x100=0.036%

5.555
When the phase separation is doubled, D = 20 ft

H, = \J160% + 20? =161.245
. 7z(8.854><10*12)
With effect of Earth, C. =
Xy In 20 In 161.245
0.06677 160

=4.885x10"2F/m

=5.555x10" F/m

Neglecting Earth effect, C,, =
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. 7(8.854x10712)
Neglecting Earth effect, C,, = ( 20 j

n N —
0.06677
=4.878x10"2 F/m

Error percentage = 4885-4.878 %x100=0.143%

4.885
448 (3 H,=H,=H,=2x50=100ft

H,, = H,, =~/25 +100? =103.08ft
H,, =~/50% +100% =111.8ft

D, = §{(25)(25)(50) = 315t

r= 1.065 = 0.0444ft
2x12

__ 2n(8840F) o 6ex10Fim «

o 315 106
In| === |_n| —
0.0444 100
Note: H,, =(103.08x103.08x111.8)" = 106ft
H, =100ft
(b) Neglecting the effect of ground,
_ 27(8.854x10)

an 315
In| ===
(0.0444j

Effect of ground gives a higher value.

Error percent = 9.7695-84748 10 -13.2506

9.7695

=8.4746x10" F/m

449 GMD =(60x60x120)" = 75.6ft

=216 _ 0 o483ft: N =4 5= 2A8n "
2x12 N
or A-— 8 1 o608t
(2sin45°)12
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1/N

3 1/4
| 0.0483x 4 (1.0608)’ |
—0.693ft
_ 27(8:854x10°2)
- 75.6
In| 22
(O.693]
Next X/, =0.0683l0g(75.6) = 0.1283

X =0.0683log . 0.0109
0.693

GMR=| N (A)"" |

=11.856x10"2F/m «

X. =X, + X, =0.1392M Q-mi to neutral
=0.1392x10°Q- mi to neutral <«

450 From Problem 4.45

C,, = 2C,, = ~(13247x10") = 6.6235x 102 -
Y2 2 m
with V= 20kV

Q. =C,V, = (6.6235x10%2)(20x10°) =1.3247x10” <
m
From Eq (4.12.1) The conductor surface electric field strength is:

E - 1.3247x10°7
(27)(8.854x10%2)(0.0075)

= 31750x10° Y. x| KV m
m {1000V ){ 100cm

~3.175"Vms
- cm

Using Eq (4.12.6), the ground level electric field strength directly under the conductor is:

1.3247x107 [(2)(10) (2)(10) ]

k:(27r)(8.854><10‘12) (10)° _(10)2+(o,5)2

V(kVJ kv

=1.188—x =0.001188—
m \1000V) = m
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451 (a) From Problem 4.30,

277(8.854x107%2) F
C, = =1.3991x10° 14—
05 20.006 m
Ln| ——__ |-Ln| &=
0.009375 20

C, = lCxn =6.995x101? E
2 m

Q, =C, V,, =(6.995x102)(20x10°) = 1.399x 10~ %

1.399x10°7 1 1
E- > — X —
7z) (8, 854x10 ) (0.009375) 1000 )\ 100

(
2,682-—ms

- Cm

__139x107  |(2)(10) _ (2)(10)
< (27:)(8.854><10‘12)[ - ]

(10" (10)° +(0.5)°

= 1.254X><( kv j = 0.001254k—v

m | 1000V m
277(8.854x10°%2
0 cp =2 ) _12308x101 F
( 05 j [20.06} m
n————|—-Ln| ——
005625 20

C, = 1c, —6199x102 5
m

Q, =C, V,, =(6.199x102)(20x10°) =1.2398><10*7%

1.2398x10°7 ( 1 J( 1 ]

= X R

T (27)(8.854x102)(.005625) " | 1000 ) 100
E. =3.962 k(\:/r;;"s

(10" (10)° +(0.5)°

1.2398x107 | (2)(10)  (2)(10)
i (27:)(8.854><10‘12)[ ]

m
The conductor surface electric field strength E.. decreases 15.5 % ( increases 24.8%) as
the conductor diameter increases 25 % (decreases 25%). The ground level electric field
strength E, increases 5.6 %( decreases 6.4%).

E, 1112V x[ <Y _|_ 0001112
m~ 1000V ) ————
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Chapter 5

Transmission-Lines. Steady-State Operation

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS
51 (@ V,=AV,+BI, (b)) I,=CV,+DlI,
52. a

53 Vg =VJ/A

5.4 Dimensionless, ohms, siemens, dimensionless
5,5 Thermal limit; voltage-drop limit; steady-state stability limit
56 a

57 m?, ohms

58 (e +e7)/2; (e”—-e")/2

59 a

510 a

5.11 Dimensionless constants (per unit)

512 a

5.13 Real, imaginary

5.14 Inductive, capacitive

515 a

516 a

5.17 Surgeimpedance

5.18 Flat (constant); V2/Z,

519 VVe/X’

520 a

521 a

522 a

523 a

5.24 Voltage regulation, loadability

525 a
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51 (@A

(b)

(©)

52 (a

(b)

(©)

=D=1.0-0°pu;C=0.S

B=72=(0.19+)0.34)25=9.737.2/60.8° Q

v, = %zm =19.0520°KV,
_ _SQA—cosl(pf) 10

I = Z—-cos*(0.9)

BV, VB33
=0.175/ - 25.84°kA

V, = AV, + BT, =(1.0)(19.05) +(9.737.£60.8°)(0.175£ - 25.84°)
=20.45+ j0.976 = 20.47£2.732°KV,

Vy, =2047\/3=35.45kV

T, =0.175/25.84°

V, = AV, + BT, =(1.0)(19.05) +(9.737.£60.8°) (0.175.£25.84°)
=10.15+ j1.701=19.23/5.076°kV _,

Vs, =19.23/3=333kV

A=D=1+ % =1+ %(3.33><10—6 x 200./90°)(0.08+ j0.48)(200)

=1+(0.0324.£170.5°) = 0.968+ j0.00533=0.968.20.315°pu
=~ (. YZ :
C=Y (1+ Tj = (6.66x10£90°)(1+.0.0162 £170.5°)
=6.553x10*~£90.155° S
B=2Z=97.32./80.54°Q
V, = 220 0~ 107,00 KV _
J3
—  P.Z—cos?(pf) 250/-cos™0.99
" W3V, (pf)  +/3(220)(0.99)
V = AV, + BT, = (0.968.£0.315°)(127.£0°) + (97.32£80.54°) (0.6627.£ —8.11°)
=142.4+ [62.16=155.4./23.58° kV_,

Vs, =155.4/3=269.2KV

T,=CV, + DI, =(6.553x10*£90.155°) (127) + (0.968.2 — 0.315°) (0.6627.£ ~ 8.11°)
=0.6353- j3.786x10°® = 0.6353.2 — 0.34°kA

Vi =Ve/ A= 269.2/0.968 = 278.1kV,,

(278.1— 220)

=0.6627£—-8.11°kA

V.., -V
%VR=—"  RFL «100= 100 = 26.4%

RFL
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5.3

Zie = V2 /S = (230)° /100=529Q

Y, =12Z, =189x10°S

(@

A
B
C

D =0.9680.£0.315 pu
(97.32.£80.54°Q2) /5292 = 0.184./80.54° pu
= (6.553x 10 £90.155S) /(1.89x10* S) = 0.3467.£90.155° pu

Sbase 3¢

=0.251 kA

~ 100
\/§ Vbase L-L \/§ (230)
=(220/230) £0° = 0.9565.20°
= (0.66274 - 8.11°)/0.251= 2.64,-8.11°

(b)

base —
Vo
| o

<

sPU 'E‘PU\7RPU + gPu I_RPU
= (0.96840.315")(0.956540") + (0.184480.54°) (2.644 —8.110)
=1.0725+ j0.4682=1.17.£23.58° pu; V. =1.17 pu
I_SPU = 6PU\7RPU + ISPU I_RPU
= (0.3467 490.1550)(0.956540") + (0.96840.315") (2.644 - 8.1l°)
=2.531-j0.0151=2.531£-0.34°pu; |, =2.531pu
(©) VRNLpu = VSpu/Apu = 1.17/0.968 =1.209

(1.209 —-0.9565

OovR= v~ Vesim g _ oo

RFLpu

leO = 26.4%

5.4

55
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Vs =y YR—__ Vi

V, istaken asreference; | =1, +1qilg=1 +lgg;
T LV, (Leading); 1o L Vg (Leading); V,, + IR+ jIX, =V,
(R)T; (jTX_) LT

Phasor diagram
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(ii) For nominal T-circuit
_ 1- - _ 1--) = —
A:1+§Y—Z—:D;B:—Z— 1+ZY—Z— C=Y «

For nominal z-circuit of part (a)

A- 5=1+%7%; - -6:7(1+%\?—Zj .

3300
V3
0.5/53.13°=0.5(0.6+ j0.8) = 0.3+ j0.4
(900/3)10° _ 375x10°
08xV,  V,

5.7 Vg= =1905.3V (Line-to-neutral)

A

From the phasor diagram drawn below with 1 asreference,
V2 = (V, o8¢y + IR) + (Ve sing, +1X)" (1)
3 2 3 2
375x10 ><o.3j J{Q oV, + 375x10 ><o.4}

R

(1905.3)° = (o.sz +

R
From which one gets V, =1805V
(8 Line-to-linevoltage at receiving end = 18053

=3126V «
=3.126 kV

(b) Linecurrentisgiven by
| =375x10° =207.76 A «

f—— Vycos Gp —=i
I 1

Phasor diagram -—
5.8 (8 From phasor diagram of Problem 5.7 solution,
V, cosg,, +IR= 1805(0.8) + (207.76>< 0.3) =1506.33V

1506.33  1506.33

Sending-End PF = =
Vs 1905.3

=0.79 Lagging «
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(b) Sending-End 3-Phase Power = P, =3(1905.3)(207.76)0.79
=938 kW «
(c) Three-PhaseLinelLoss= 938—-900=38kW <«

or 3(207.76)° 0.3=38 kW

59 (a FromTabIeA.4,R=0_1128£( 1mi

1.609 km

- ]z0.0?Ol Q/km
mi

Z=0.0701+ j0.506 =0.511,82.11° Q/km; y = 3.229%x107% £90° s/lkm
From Problems 4.14 and 4.25

A=D =1+%=1+%(3.229x106 x100/90°)(0.511x100./82.11°)

=0.9918.20.0999° per unit
B=Z =7 =0511x100,82.11°=51.1/82.11° Q
c=Y [1+ %J =(3.229x10*£90°)[1+ 0.004125,172.11°]
=3.216x10*£90.033°S
Vg = %400 =125.920°KkV,,
I, = 30 c0s10.9=0.7945. - 25.84° kA
2183
V, = AV, + Bl =0.9918.20.0999(125.9) +51.1,/82.11°(0.7945 £ — 25.84°)

=151.3/12.98°kV,,

V, =151.3\/3=262kV,,
Vey, =Vs / A=262/0.9918=264.2 kV,,

V.. =V _
%VR=—1 R x100=264'2218218x100=21.2%

R FL

(b) 1,=0.7945,0°kA
V, =0.9918.£0.0999°(125.9) +51.1/82.11°(0.7945.£0°)
=136.6£17.2°kV,,;V =136.6/3 =236.6 kV,,

Vo =V, / A=236.6/0.9918 = 238.6 kV,,

%VR = Mxloo =9.43%
218
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=0.7945./25.84° KA
V, =124.9./0.0999° + 40.6.£107.95° =118.9./19.1° KV,

V, =118.9v/3 =205.9kV,,

%VR= Mxloo =-5.6%
218

(©)

I =

510 FromTebleA.4, R=2(0.0969)->| —~™ _|_0.0201 Q/km
3 mi { 1.609 km

From Problems 4.20 and 4.41, 7 =0.0201+ j0.335=0.336.£86.6° Q/km
y =4.807 x10° £90° S/km

(@ A=D=1+ % =1+ %(O.336><180486.60)(4.807><10‘6 ><180490°)

=0.9739.£0.0912° pu
B=2Z =17 =0.336(180) £86.6° = 60.48./86.6° Q

c=Y (1+ %} =(4.807x10°x180.£90°)(1+ 0.0131£176.6°)

=8.54x10"*£90.05°S

(b) V.= %400 =274.24/0°kV
T = Pegcos™(pf) _1600£c0s*0.95_, 1y 1100k
" V3V, (pf) 3475095 '

V, = AV, + BT, = (0.9739.£0.0912)(274.24) + (60.48./86.6°) (2.047./18.19°)

= 264.4/27.02°KV, ; Vs = 264.4/3 = 457.9kV,
T, =CV, + DI, =(8.54x10 £90.05°)(274.24) +(0.9739.£0.0912°)(2.047.£18.19°)

=2.079£24.42° kA

(c B

(d) Full-load linelosses= P, — P, =1647-1600 = 47MW
Efficiency = (P, /P,)100=(1600/1647)100 = 97.1%

(€) Vg =Vs/A=457.9/0.9739=470.2kV,

470.2—-475
5

V.., -V
%VR= b RFL 2100= x100=—-1%

RFL
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511 (a)

(b)

The series impedance per phase Z =(r + joL )|
= (0.15+ j27(60)1.3263x10%) 40 = 6+ |20 Q

The receiving end voltage per phase V, = @400 =127,0°kV

J3
=381£cost0.8MVA
=304.8+ j228.6 MVA
The current per phaseisgiven by S, /3Ve
7 (3812-3687°)10°

T, = =1000 — 36.87°A
3x127.£0°

The sending end voltage, as per KVL, isgiven by

Complex power at the receiving end §R(3¢)

V, =V, +Z1, =127.£0°+(6+ j20)(1000. — 36.87°) 10
=144.33/4.93°kV

The sending end line-to-line voltage magnitude is then

Vg1, =+/3(144.33) = 250kV

The sending power is S, = 3Vl ¢ =3(144.33£4.93°)(1000.£36.87°)10
=322.8MW+ j288.6 MVAR =433/41.8°MVA

Voltage regulation is % =0.136

P.(3¢) _ 3048 _ 0,
P.(39) 322.8

With 0.8 leading power factor, I, =1000/36.87° A

The sending end voltage is Vg =V, + Z 1, =121.39/9.29°kV

Transmission line efficiency is 7=

The sending end line-to-line voltage magnitude Vg, |, =+3x121.39
=210.26kV
The sending end power S, =3Vl ¢

=3(121.39./9.29°) (L/ —36.87°) = 322.8 MW~ j168.6 M var
= 3618/ —27.58°MVA

Voltage regulation = 210262220 haa3
220
P
Transmission line efficiency 7 =—52 = 3048 _60m
Paoy 3228
102
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512 (a) Thenominal & circuit is shown below:

Ig Iz

Z
—AAA— T o =

Vg C) —__n Y2 ____V, Eﬂad

Thetotal line impedance Z =(0.1826+ j0.784)100=18.26+ j78.4

=80.5£76.89° Q /ph.
The line admittance for 100 mi is

o1 1
Y= £90° = /90° = 0.5391x10"° £90° S/ph.
X 185.5x10° 8 P

100

(b) Vi :%40‘3:132.840‘3 kV
T 200x10°

" J3(230)

I, =1, +V, (%) =502£0°+ (132,800400)(0.27><10‘349O°)

£0°=502-0°A (. Unity Power Factor)

=502+ j35.86=503.3£4.09°A
The sending end voltage V =132.820° +(0.503324.09°)(80.5£76.89°)
=139.152 + j40.01=144.79,16.04°kV

The line-to-line voltage magnitude at the sending end is +/3 (144.79) = 250.784kV

I =T, +V, Gj = 502 + j35.86 + (144.79./16.04°)(0.27£90°)
= 491.2+ | 73.46 = 496.7/8.5° A

Sending end power S, = 3(144.79)(0.4967) £16.04° - 8.5°
=213.88+ j28.31MVA

SO Py, =213.88MW; Qg5 = 28.3IMVAR
Ve 1328

513 71=0.4.85°=0.034862+ j0.39848

g7 = gh034862gi03%848 — 1 03548.20.39848 radians
=0.9543+ j0.40178
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g7 = g 0034862g-03%848 — ) 965738 — 0.39848 radians
=0.89007 — j0.37472
cosh 71 ==—=—=[(0.9543+ 0.40178) + (0.89007 - j0.37472) /2

=0.92219+ j0.01353=0.922320.841° pu
Alternatively:

cosh(0.034862 + j0.39848) = cosh (0.034862) cos( 0.39848 radians)
+ j sinh(0.034862)sin(0.39848radians)
= (1.00060)(0.92165) + j(0.034869) (0.388018)
=0.9222+ j0.01353 = 0.9223.£0.841° pu
. e —e” . ,
sinh7l ==———= [(0.9543+ j0.40178) - (0.89007 - j0.37472) | /2

=0.03212+ j0.38825=0.38958 £85.271° pu
v cosh(y1)—1 (0.9222+ j0.01353)-1
e 2] 00205221 00159

sinh(71) 0.38958./85.271°
~ 0.07897 £170.13°
0.38958./85.271°

> -

=0.2027 £84.86° pu

z [ 003+035
y 4.4x107° £90°
(b) 71 =1Zy()=,/(0.35128,85.101°)(4.4x10° £90°) (400)
=0.4973/87.55° = 0.02126 + j0.4968 pu
() A=D=cosh7l =cosh(0.02126+ j0.4968)
=(cosh0.02126)(cos 0.4968 radians) + j (sinh0.02126)(sin0.4968radians)

= (1.00023)(0.87911) + j (0.02126) (0.47661)

=0.87931+ j0.01013 = 0.8794 £0.66° pu

sinh7l = sinh(0.02126 + j0.4968)
=sinh(0.02126)cos(0.4968radians) + j (cosh0.02126)(sin0.4968 radians)
=(0.02126)(0.87911) + j (1.00023)(0.47661)

=0.01869+ j0.4767 = 0.4771/87.75°
B=2Z sinh(71)=(282.6/ - 2.45°)(0.4771/87.75°)

514 () Z = =282.6/-2.45°Q

=134.8/85.3°Q
C=-L snn(71)=247TLL8175" _y ggg,10.,00.2°8
Z 282.6 £~ 2.45°
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5.15

5.16

V. = (475/ J§)40° =274.2/0°kV, _,

T - P, Zcos™(pf) _1000£ cos?1.0
V3Vei (pf)  /3(475)(L.0)
(@ Vs=AV,+BI,=(0.879420.66°)(274.2.£0°) +(134.8..85.3°)(1.215£0°)
=241.13/0.66° +163.78 £85.3°
=254.5+ j163.2=303.9433.11°kV,

V,, , =303.9\3=526.4kV

(b) Ty=CV,+DT,=(1.688x10?,90.2°)(274.2£0°) +(0.8794.£0.66°) (1.215 £0°)

=0.462890.2° +1.06850.66°
=1.0668+ j0.4751=1.168,24.01°kA

=1.215/0°kA

|, =1.168KA
(c) PFg=cos(32.67—24.01) = cos(8.66°) = 0.989 Lagging
(d) Py=+3V,, I(pfs)
—/3(526.4)(1.168)(0.989) =1053.2 MW
Full-load line losses= P, — P, =1053.2-1000=53.2MW
(€) Vi =Ve/ A=526.4/0.8794=598.6kV,

V.., —V _
%VRzuxloozwz 26%

RFL

Table A.4 three ACSR finch conductors per phase

P 00960 Q1 Imi )60 0/km
3 mil1.609 km

- 0.336./86.6°
a Z =.zZly= =264.4/-17°Q
@ Z y \/ 4.807x10°% £90°

(b) 71= \/ﬁ | =+/0.336%4.807x10°° £86.6° + 90° (300)
=0.0113+ j0.381pu
() A=D=cosh(7!)=cosh(0.0113+ j0.381)
=cosh 0.0113 cosO.rgj$1+ jsinh 0.0113sin 0.%81
=0.9285+ j0.00418 = 0.9285.0.258°pu
sinh 7l =sinh (0.0113+ j0.381)
=sinh 0.0113 cos O.ri$1+ j cosh 0.0113sin 0.%81
=0.01045+ j0.3715=0.3716.£88.39°
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B=Z sinh7l = 264.4/ —1.7°(0.3716./88.39°)
= 98.25./86.69°Q

C=sinh7l/Z, =0.3716./88.39°/(264.4£ ~1.7°)
=1.405%10 £90.09°S

5.17 V,=(480/4/3) £0°=277.1£0°kV, ,

@ T 1500
R 48043
V, = AV, + BT, = 0.9285./0.258°(277.1) + 98.25./86.69°(1.804/ — 25.84°)
=377.4£24.42°KV; V= 377.4/3 =653.7KV,
Vo, =Vs/A=653.7/0.9285= 704KV,

V.. —V _
%VR=M><100=%><100=46.7%

RFL

£ —c0510.9=1.804£ - 25.84°kA

(b) V,=0.9285,/0.258°(277.1)+98.25./86.69°(1.804£0°)
—321.4/33.66°kV, ; Vi, = 321.4/3 =556.7KV,,
Vo, =Vs/ A=556.7/0.9285=599.5kV,

96vR=2222=480  100=24.9%
480

(©) Vg =257.3£0.258°+177.24,112.5°
=251.2/41.03°kV,
V, = 251.2,/3=435.1kV,,
Vqy =Ve/ A=435.1/0.9285= 468.6kV,,

gevR= 2086480 100-_2.4%
4.80

518 7l =I 72:230(\/0.843><5.105><10‘6)4(79.04°+90°)/2
= 0.4772./84.52° = 0.0456 + j0.475=(ar + j )|

z = 2o | OBBL 29040 90°)/2= 40642 ~5.48° Q2
y 5.105x10°

_ _ 3
V., =25 _12413/0°kviph ; T, = 22X10
J3x215

V3

cosh 7l = %eo-o“%é 27.22° + %60'04564 —27.22° =0.8904./1.34°

Z£0°=335.7£0°A
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5.19

sinhyl = 260'0456427.22" —%60'04564 —27.22°=0.4597£84.93°
V, =V, cosh 71 + 1 . Z sinh 71
=(124.13x0.8904.£1.34°) +(0.3357x 406.4.£ — 5.48°x 0.4597./84.93°)
=137.86£27.77°kV

Line-to-Line voltage magnitude at the sending end is \/5 137.86=238.8kV

Ig=1,cosh7l + %si nh7l =(335.7x0.8904.£1.34°) +
C
124,130
406.42 —5.48°

=332.31£26.33°A

x 0.4597.£84.93°

Sending-end line current magnitudeis 332.31 A
Ps(g,,,) = \/5(238.8)(332.31) cos (27.77° - 26.33°) =137,433 kW
Qujap = /3(238.8)(332.31) sin (27.77° - 26.33°) = 3454 KVAR

(137.86/0.8904) - 124.13
124.13

(Note that at no load, I, =0; V, =V /cosh 71)
since £ =0.475/230=0.002065 rad/mi

VoltageRegulation = =0.247

Thewavelength 4 = r__em
B 0.002065
and the velocity of propagation = f 4 =60x3043

=182,580 mi/s

=3043 mi

Choosing a base of 125 MVA and 215 kV,

125x10?
J3x215

=1.0984 - 5.48pu; V, =1.20°pu

(215)°
Base Impedance = ST =370 Q; Base Current = =335.7A

406.42 —5.48°
370

The load being at unity pf, 1, =1.020°pu

So Zc =

- Vg =V, cosh 71 +1,Z sinh 71
= (140°>< 0.890441.340) + (140°><1.0984 —-5.48°x 0.4597484.930)
=1.1102 £27.75°pu
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- V., .
l.=1,cosh7l + =R-sinh7l
s=IRr /4 Z /4

1.0«£0°

= (1£0°X 0.8904/1.34°) 4| ————
1,098/ - 5.48°

X 0.4597484.93")

=0.99.£26.35°pu

At the sending end
Linetolinevoltagemagnitude=1.1102x 215
=238.7kV

LineCurrent Magnitude= 0.99x 335.7
=332.3A

520 (a) Let 8 =7 =+2Y

_ N Z2N/2 Z3y3
Then A:1+ﬁ+—z_ Y +_Z_ Y
2 24 720

+...whichiscoshyl

(B 2N Z
+ +
6 120 5040

+] whichisZ sinh 71

=~ 1 . 1 2 ZN? 23
C=—=-sinhyl=—|1+—+ + +...
Z Z, 6 120 5040

D=A

Considering only the first two terms,

For Nominal-r circuit: %z%; B=Z «
For Equivalent-r circuit; A?_le? B=Z «
521 Eq (511  V.=AV,+Bl,
Vol = AVl + Bl I
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Il
<
Pl
+
os]l
@]
+
=
by}
byl
+
Y]
=
PN

Now B= % : substituting the above result
R

o To( Vilg+Vil,
Thus B = YeVels £Vele VeVel s ~Vele
IR(VRIS+VSIR)

\/2 _\/2
or B=—23 YR_ «—

RIS+VSIR

1 _
_ a _§ _ _ :+X
522 A:e9+2e “with X=e? , A= X2

or X2 -2AX +1=0; Substituting X = X, + jX,
And A=A + jA,, one gets
X2 = X2 +2jX,X, =2 AX, = AX, + | (AX +AX,)]+1=0
which implies X2 — X2 - 2[ A X, — A, X,]+1=0
andX,X, —(AX, +AX,)=0 } <

5.23 Equivaent &t circuit:
Z=B=134.8/85.3°= (11.0+j1343) Q=R+ jx’
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Alternatively:

z-2zF=(2)%0%
71
- (0.35128.85.1°) 400| 247 11£87.75°
04973 /87.55°
~134.8/85.3°Q
Y _YE “Altanh(712)/(712)] = 2 %
2 .27 2 21 7 snh7l
2
—6 i —
_ 44><10 44x10° 0. 400) 0.87931+ j0.01013—1
(0.2487 £87.55°) (0.4771487.75°)
—8.981x10 /89.9°S= (L57x10° + j8.981x10)S= G;JB
___R 11.0Q  j1343Q _"“'TR
+o : AN fﬁ'ﬂ‘t}'\ o +
R’ X
5 T ’ jB2 —— G2 &
Vs JBR < g 8 j8.98|x1:)‘“‘3"'““ % 157x 1065 'R

Equivalent IT circuit

12Q

T j140Q r
+o ' AN 00 o+
R JX
T V"Q Y/2 T ?k
j8.8x 1048
_o 7

Nominal IT circuit

R =11Q is8% smaller than R=12Q

X'=134.3Q is4% smaller than X =140Q

B'/2=8.981x10*S is2% larger than Y /2=8.8x10*S

G’/ 2=1.57x10"°S isintroduced into the equivalent 7 circuit.
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524 Z =B=98.25/86.69°Q =5.673+ j98.09Q

Z - (XJ F,= (4'807 x 107 £90°x 300) —Ci)ISh -1
2 2 ¥ sinh7l
2

0.9285+ j0.00418—1
03812 /88.3°(0.3716./88.39°)

= (1'442 x1073 490"}

—0.0715+ j0.00418
0.0708£176.7°

=6.37x10" +j7.294x10*S

=7.21x10"* 490"[

T 56730  j98.09 Q I

s R

+ O— 00 - 0 +
R’ iX’

— B2=j1294% 10+s B2 I g GR=637%x1078§ A

-0
Equivalent IT circuit
T.s‘ 60 j100.5 Q .TR
+ O— AR -—
R X
Vs L Y2=j211x10%S Y2 Va
o—

Nominal IT circuit

R =5.673Q is5.5% smaller than R=6Q

X'=98.09Q is2.4% smaller than X =100.5Q
B'/2=7.294x10"*S is1.2% larger than Y/2=7.211x10*S
G’/2=6.37x10" S isintroduced into the equivalent t circuit

5.25 Thelong line m-equivalent circuit is shown below:

7.z ( siIﬂ:I?I)
Iy v L Ip
2 +

#

I [N 1.1+ 1710 (SR MO —
<~> Vs ——Yn-= Y’Q{W] Y2V, [Load
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Z=(0.1826+ j0.784) Q/mi per phase
1 1
x.Z—90°  1855x10°/ —90°
7=V Z,Z=7=16099,76.89° Q; Y =yl =1.078x10°£90°S
tanh(71/2)
712

=5.391x10% £90° S/mi per phase

<
Il

F, =(sinhy1)/71 =0.972£0.37° F, = =1.0144/-0.19°
=, = sinh7l

nE=Z =156.48.77.26° Q

7
¥ ¥ (tanh(71/2)
2 7112
oY

2

} =0.5476x1073£89.81°S

I =1 +Vg

=502.,0°+(132,800 £0°)(0.5476x107° £89.81°)
=507.5£8.24°A
V; =V, + 1,2 =132,800£0° + 507.5./8.24° (156.48.£77.26°)
=160,835 £29.45°V
(@ Sending endlineto line voltage magnitude = \/3160.835 = 278.6kV

T=T, +V, (YEJ — 507.5./8.24° +160.835(0.5476) £ 29.45+ 89.81°

(b)

=482.93 /1804°A; |4 =482.93A
3V, T; =3(160.835)(0.48293) £29.45° — 18.04°
= 228.41 MW+ j46.1 M var

(d) Percent voltageregulation= wx 100=21.1%

132.8

526 (8 Z.= %= -2 _om9.00-27490
y j4.5x107°

(b) 71=yZy(1)=4/(j0.34)(j4.5x10°*)(300) = j0.3711pu
(0 71=j(pl); BI=03711pu
A=D=cos (fl)=cos(0.3711radians)=0.9319.£0°pu
B=jZ.sin(B1)=j(274.9)sin (0.3711radians)
= j99.68 Q

— (1 . . 1 . .
C=j|—|sin(fl)= sin (0.3711 radians
[ 2 Jan (= i g o )
= j1.319x103S

© Sy
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(d) B=0.3711/300=1.237x10" radians/ km

A=27/8=5079 km
V2 500)°

(6) SIL=—2t _ (500) =909.4 MW (3¢)

274.9

Ze
527 Z=B=j99.68Q
Alternatively:
= = i in(0.3711radi
—Z—’=—Z—F1=(fl)smﬁ| _(j0.34x300) sin radians)
Al 0.3711
=(j102)(0.97721) = j99.68 Q
Y Y= (y, )t /2 -6 tan(0.1855radi
i:inz(le an(pl/ ):j4.5><10 300 an( radians)
2 2 2 ) (B12) 2 0.1855
—(j6.75x10) (1.012) = j 6.829x10* S
+0 5 "6%(-(!}'\ TH 0 +
J99.68 Q

— j6.829x107% S

Equivalent IT circuit

528 () Vi=Vs/A=500/0.9319=536.5kV
(b)

Ve

V, =cos( 1)V, +(J"Z‘cSi”:3|)(1

V, =V, =500kV

(©)
Vs =|cos Bl + jZsin BI|V,
V; =500/ |c0s0.3711 radians+ j2sin 0.3711 radians|
=500/1.18 =423.4 kV
500)(500
_VSVR =( )( ):2508MW

d P_.=
@ Pracas X’ 99.68

Reworking Problem 5.9:
(@ Zz=j0.506Q/km
A-D=1+¥Z_1,1
2 2

B=Z=2=j506Q

5.29
(3.229%10 £90°)(50.6.£90°) = 0.9918pu

O
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Yz
4

<

C=Y (1+ j = 3.220% 10 £90° (1 0.004085)

=3.216x10* £90°S
Vs = AV, + B 1, =0.9918(125.9) + j50.6(0.7945£ — 25.84°)

=146.9/14.26°kV,
V, =146.9\/3=254.4kV,
Vou =Vs/ A=254.4/0.9918 = 256.5KV,,

V.. -V _
%VRzume:%xlOO:l?.?%

RFL
(b) V,=0.9918(125.9)+ j50.6(0.7945./0°)
=124.86+ j40.2=131.2./17.85°kV,

V, =131.2{/3=227.2kV,,
Van =Vs/ A=227.2/0.9918 = 229.1kV

%VR= Mxloo =5.08%
218

(c) V,=0.9918(125.9)+ j 50.6(0.7945./25.84°)
=107.34+ j36.18=113.3/18.63°

V. =113.3/3=196.2kV,,
Vi, = Vs / A=196.2/0.9918 =197.9kV

%VR= Mxlm =-9.22%
218

Next, reworking Prob. 5.16:
Z. =+[Z17 =./j0.335/ }4.807x10° =264Q
(@ 71=4zyl=,/j0.335(j4.807x10°)(300)= j0.3807pu
(b) A=D =cospl =cos(0.3807radians) = 0.9284 pu
B=jZ sinjl = j264sin(0.3807radians) = j98.1Q

C=j| L |sngl = -~ sin(0.3807radians) = 1.408x 10 S
Z 264
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D
2rme,/Ln (e‘*}
DSC
D
Z Ho Dy De.
&, 2r
Characteristic Geometric factors
impedence of
free space
Hy

[ 1 ] Ln(Dg,/Dg. )
=
JHo&, )|\ Ln(Dy,/Dg )
—
Free space Geometric factors
velocity of
propagation
where \/ L _ | - —30x108™
Mo

(47z><10_7) 1 109 S
367

For the 765 kV line in Example 5.10,

D, =3/(14)(14)(28) =17.64m

D, =1.001[ 2% (0.457)° =0.202m
3.28

Dy = 1.0911/(%9’6}(.0254)(0.457)3 =0.213m

17.64), (17.64
\/Ln(o 202) Ln(o 213)
2. =377 ' : =2670Q

2 —_—

Ln(17.64/.213) m
w=3x10° =2.98x10% —
Ln(17.64/.202) =35
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531 (3 For alosdessline, /= av/LC = 27(60)1/0.97x0.0115x10~9
— 0.001259rad/km

3
Z =JLIC= 097107 _ 90430
0.0115x10~6

1

= 2.994%10° km/s
VL J 0.97x0.0115x10~9

Velocity of propagation v =

and thelinewavelengthis A=v/f =6—10(2.994><103) =4990km

(b) V, =%40° KV =288.67520°kV
- 800 ) . ]
Suas) = o £€0S0.8=800+ jBOOMVA =1000./36.87°MVA
0.8

—. (1000« -36.87°)10°
(39) 13V =

3x288.675.£0°
Sending end voltage V, = cos IV, + jZ sin Al
Sl =0.001259x 300 =0.3777rad = 21.641°

-V, = 0.9295(288.675£0°) + | (290.43)0.3688(1154.7./ — 36.87°) (10

=1154.7/-36.87°A

I_R:gR

=356.53/16.1°kV
Sending end line-to-line voltage magnitude = \/3356.53
=617.53kV
- .1 . = -
ls= j?SIn,B|VR+COS,B| I
C
=] LO.3688( 288.67520°)10° + 0.9295(1154.7.£ — 36.87°)
290.43

=902.32-17.9°A; Linecurrent =902.3A
SSWj SVSIS* = 3 356.53/16. 1°)(902 3£-17. 9°)10 s

=800MW+ j539.672MVAR

(356.53/0.9295) — 288.675

288.675
=32.87%

Percent voltage regulation = x100

0, %0,
A A 3000

=22.68°

532 (a) Theline phase constantis Sl =
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(b)

533 (a)

(b)

()
(d)

(€)

From the practical line loadability,

V. Ve, (SIL 1. . IL

3¢: S pu .Rpu( )Smg’ 700:( O)(Og)(s )
sin gl sin 22.68°

- 9L =499.83MW

sin36.87°

k 2
Since SIL :%MW, kv, =/Z (SIL) =/(320)(499.83)

=400kV
The equivalent line reactance for alosslesslineis

X'=2,sinfl =320(sin22.68°) =123.39Q

For alossess line, the maximum power that can be transmitted under steady-state
condition occurs for aload angle of 90°.

With V = 1pu= 400KV (L —L),V, = 0.9pu=0.9(400)kV (L - L)

(400)(0.9x400)

123.39
=1167MW

Theoretical Maximum Power =

_I, sincethelineisterminated in 2 .
Then V, =V, (cosh7l +sinh7l) =V,e" =V,e”el” (1)
I, =1,(cosh7l +sinhyl)=1,e" =1 e/ e/

.'.:=T=_ZC — (NOte:}_/=Ot+j,3)
V, =V =V,e or \\;—ize“' From (1) «

I—Z =g From (2) «

S _J*—\Updaif] adaif

=S, =V,I, =Vede /| ‘edel
-G @2d
=S,

Thus > e «
2

whichis (12/12).
Noting that ¢ isredl,
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5.34 Foralossessline, Z :\/g, Eq. (5.4.3) of text which ispurereal, i.e. resistive.

5.35

5.36

¥ =jp ispureimaginary; f=aw\LC; a=0
‘. ﬁzl—zz—__glz—_le

Vl I1 S.LZ I312
P, =Re(V]I;)=ReZ.12==2.? Since Z. isred.

Since I, =V, /Z,, P,=V2/Z «

Open circuited = 1,=0; Losdess= a=0; 7=jp.
Short line: V, =V,

v ZY \ 7Y )
Medium Line: Nominal 7z: V1=(1+%]V2 :{1+(7 ) JVZ

-

LongLineEquiv.z:  V,=V,coshyl =V, cosfl

V,

2

Note: The first two terms in the series expansion of

2y
2

cosfl ael—

While V, =V, inthecaseof short-linemodel,
thevoltageat theopen receivingendishigher
thanthat at thesendingend, for small l,for
themediumandlong-linemodels.

From Problem 5.7 solution, see Eq. (1)
V2 =V + 2Vl (Reosg, + Xsingg )+ 12 (R? + X?)
Using P =Vl cosg, and Q =Vl sing,, one gets
-VZ +VZ + 2PR+2QX +V_12(P2 +Q?)(R*+X?)=0
R

In which only P and Q vary.
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For maximum power, dP/dQ=0:

2 2
dP 2X+2QC, WhereC=R +X
dQ  2R+2PC 2
2
andford—P:O, Q=- Ve X
dQ R? + X2

Substituting the above in (2), after some algebraic simplification, one gets

2
Puax :V_R(—Z_VS - RJ —

Z2( V,
where Z=+/R?+ X2 .
v, v \VEERRVAVA
537 (a I =V| 22| =2 _"12
:V_12ej4z _ V1V2 ei4Zgite (]_)
z z“

which is the power sent by V, .

o V2N,
=_2 @iz __21pi“git
Sy ~ =
V7 \YAV/

and -S, = -2l +-2lel%g it 2
Z Z

which is the power received by V.
(b)
(i) WwithV,=V,=10
S, =1/85°-1,95°=0.1743
-S, =-1/85°+1/75°=0.1717 - jO. 0303}
(i) WithV,=1.1and V, =09
S, =1.21/85°-0.99,95° = 0.1917 + j0.2192
-S,, =-0.81/85°+0.99/75° = 0.1856 + 0. 1493}
Comparing, P, has not changed much, }
but Q,, and —Q,, have changed considerably.

5.38 From Problem 5.14
A=0.8794.,0.66° pu; A=0.8794 and 6, =0.66°
B=2=1348,853°Q; Z=134.8 and 0, =85.3°
Using Eqg. (5.5.6)
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_ 500x500 (0.8794)(500)°
Rmac™ 134.8 134.8
=1854.6-152.4=1702 MW (39)

For thisloading at unity power factor,

cos(85.3°—0.66°)

P
R 1702 ) a6k /Phase

"= T3V, (PF)  V3(500)(L0)

From Table A.4, the thermal limit for 3 ACSR 1113 kcmil conductorsis
3x1.11=3.33 kA/phase. Thecurrent 1.966 kA corresponding to the theoretical steady-state

stability limit iswell below the thermal limit of 3.33 kKA.

5.39
Line Length 200 km 600 km
Z Q 282.6/ —2.45° 282.6 £ —2.45°
71 pu 0.2486.£87.55° 0.7459./87.55°
A=D pu 0.9694£0.1544° 0.7356./1.685°
B Q 69.54.,85.15° 191.8.485.57°
C S 8.71x10*£90.05° 2.403x1073.£90.47°
Px e MW 3291 1201

The thermal limit of 3.33 kA/phase corresponds to /3 (500)3.33= 2884 MW &t 500 kV

and unity power factor.

540 A=0.9285-0.258° pu; A=0.9285, 6, = 0.258°
B=-2'=98.25/86.69°Q;Z =98.250, =86.69°

(@ Using Eq. (5.5.6)

_ 500x500  0.9285(500)

Rmac™ 9825

98.25

=2544.5-147=2397.5 MW

(b) Using Eq. (5.5.4) with 5=, :

2

—-AV? .
Qr= _Z/Rsn(Q%_HA)z

Qg =—2358 MVAR Delivered to receiving end

98.25

~0.9285(500)? .
Eseasm— 11

C0S(86.69° — 0.258°)

(86.69° - 0.258°)

Qg =+2358 MVAR Absorbed by line at the receiving end

Receiving end pf = cos[tan-1 %j = cos[tan—l
R

=0.713 Leading
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541 (a) Z=7=(0.088+0.465)100=8.8+ j46.5Q

=7
E = ( j3.524x10°® )100/2 =j0.1762mS

NI-<|

(230)°
% —Vzbase/%quase W=529Q

~.Z=(8.8+j46.5)/529=0.0166 + j0.088pu

N | <

= j0.1762/(1/0.529) = j0.09321pu

The nominal = circuit for the medium line is shown below:

BEQ Jj46.5 Q2
o——— A —e—0

0.0166 pu  f0.088 pu

L j0.1762 ms L j0.1762 ms
—— (j0.09321 pu) —— (j0.09321 pu)

o <<Figure 12>>

(b) quﬁraled L rated L rated\/7 230<0 9)\/7 358.5MVA

pd
Il

(© D=1+ _Z_—ZY =1+(8.8+]j 46.5)(0.1762>< 10‘3) =0.9918,0.1°

=Z=88+]465=47.32,79.3°Q
ZY?

os]}

=0.1755290.04°mS

C=Y+

(d) S L =\/Lzrated /_ZC

A L 0088+ 0465 )y _ 3666/ -536°Q
y j3.524

- SIL=(230)° /366.6 = 1443MVA

5.42 ﬂlzz—ﬂlradians 360I 360 ——(500)=36°
A A 5000

Using Eqg. (5.4.29) of the text,

1.0x0.9(9lL) |

460 = sin36.87°

sin36
_ 1x0.9xSL (0.6)
0.5878

From which SL =500.7MW
From Eq. (5.4.21) of the text,

V. =4/(Z)SIL =,/(500.7)500 = 500.3kV
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543

5.44

5.45

Nominal voltage level for the transmission lineis
500kV «

For A losslessline, X' =2.singl
=500sin36°=293.9Q
From Eq. (5.4.27) of the text,

(500)(0.9%500)
P =53 = T56MW

The maximum amount of real power that can be transferred to the load at unity pf with abus
voltage greater than 0.9 pu (688.5 kV) is 2950 MW.

820

800
~ 780

-

<)

o 760

:E-'IJ

T 740

2 70 “Q%\

= 700 ‘Q%

680 \Q%ﬁ

660 v . . .
900 1400 1900 2400 2900
Real load power (MW)

The maximum about of reactive power transfer that can be transferred to the load with a bus
voltage greater than 0.9 pu is 650 Mvar.

850
o
750 -N

700

650 M‘“

600

550

Load bus voltage (kV)

500
450 ‘O\K\;—

400 T T T T T T
0 200 400 600 800 1000 1200 1400

Real reactive power (MVR)

(@ Using Eq. (5.5.3) with § =35°

(500)(0.95% 500)
Py = cos(85.3°—-35°) —
134.8

=1125.4—137.5=987.9 MW (3¢)

(0.8794)(0.95x 500)°
134.8

cos(85.3°—0.66°)
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P, =988 MW isthe practical line loadability provided that the voltage drop limit and
thermal limits are not exceeded.

P 987.9
b) I.. = R = =1213kA
b) lee V3V, (PF)  +/3(0.95x500)(0.99)

(c) \75 = ’E‘VR ot EI_R FL

S0 5 (0.8794.£0.66%) Vi, £0°) +(134.8.285.3°) (1.2138.109°)

V3

288.68/ 5 = 0.8794V,, ., £0.66° +163.5/93.41°
288.6826 =(0.8793V,, —9.725)+ j(0.01013V,, +163.21)

Taking the squared magnitude of the above equation:
83333=0.7733VZ; —13.8V, +26732

Solving the above quadratic equation:

| 13.8+,)(13.8)" +4(0.7733)(56601)
AT 2(0.7733)

Vqp, = 279.64/3=484.3kV, | =0.969pu
(d) Vi, =Ve/A=500/0.8794=568.6kV, |

% VR = Mxloozﬂ%
484.3

= 279.6kV, _,

(e) From Problem 5.38, thermal limitis 3.33kA. Since Vg, / Vg =484.3/500
=0.969> 0.95, and the thermal limit of 3.33 kA is greater than 1.213kA, the voltage
drop it and thermal limits are not exceeded at P, =987.9MW. Therefore, loadability is
determined by stability.

546 A=0.9739.0.0912°pu; A=0.9739, 6, =0.0912°
B=-Z=60.48,86.6° Q; Z =60.48,0, =86.6°
(& Using Eq. (5.5.3) with 6 =35°:
500(0.95% 500)
R 6048
=2439.2—-221.2=2218 MW(3¢)

P, =2218MW istheline loadability if the voltage drop and thermal limits are not
exceeded.

P, 2218

O on = 3 (1)~ V3(0.85x500)(089) - oA

(©) V,= AV, +BT,

0.9739(0.95% 500
60.48

2
c0s(86.6° — 35°) - ) c0s(86.6° — 0.0912°)
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@45 =(0.9739.£0.0912°) V,, £0°+60.48.,86.6°(2.723,8.11°)

V3
288.68£5 =(0.9739V,,, —13.55)+ j(0.0016V,,, +164.14)

Taking the squared magnitude of the above

83,333 =0.93664V2., — 25.6V.,, +27,126

Solving the above quadratic equation:

_ 2560+ J(25.60)° +4(.93664) (56,207)
A 2(0.9678)

Vip = 250.68+/3 = 434.18 kV,, =0.868 per unit for thisload current, 2.723 kA, the

voltage drop limit V; /Vs =0.95 is exceeded. The thermal limit, 3.33 kA is not

exceeded. Therefore the voltage drop limit determines |oadability for thisline. Based on
Vi =.95per unit, I, iscalculated as follows:

= 250.68KkV,

Vs = A reL T EI_RFL

S0 5— (0.9739.20.0012°) (M

V3 NE

288.68./8 = 267.09./0.0912° + 60.48| ., /94.71°

= (~4.9661 o, +267.09)+ j(60.281,, +0.4251)

Taking squared magnitudes;
83,333=3658 12, —26011 . +71337

Solving the quadratic:

40") +60.48.86.6°(| o, £8.11°)

2601+ (2601 +4(3658)(11,996)

=2.2kA
R 2(3658)

At 0.99 pf leading, the practical line loadability for thelineis
P, =+/3(0.95x500)2.2(0.99) = 1792MW
which is based on the voltage drop limit V /Vg = 0.95.
(d) Vi =Ve/A=500/0.9739="513.4kV,,

_ 513.4(500%x0.95)
~ 500x0.95

% VR x100=28.08%
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547 (@) |=200kM; The steady-state limitis:

500(0.95x 500)
= c0s(86.15° - 35°)
69.54
0.9694(0.95x 500)°
- cos(85.14° - 0.154°)
69.54
=1914 MW
Pe _ 1914 o askA

I =
" 3 Ve (PF)  4/3(0.95x500)(0.99)
\75 = 'E‘VRFL + EI_RFL
%45 =(0.9694.£0.154°) (Vg £0°) +(69.54.£85.15°)(2.35.8.109°)
288.67545 =(0.9694V,, —9.29)+ j(0.0026V,,., +163.1)

Taking the squared magnitude:
83333.=0.9397 V2., —17.16V,, + 26707

Solving

[ 176+ J(17.16)" + 4(0.9397)(56626)
R 2(0.9397)

Ve, = 254.8\3=441.3kV, | =0.8825pu

= 254.8KV, _,,

The voltage drop limit ‘VRFL/VS‘ >0.95 isnot satisfied.
At the voltage drop limit:

Vo =AVgp +Blgr
500

Nl

ZE (0.969440.1540)(%400}

(69.54,85.15%)(1 5, £8.109°)

288.675£5 =(265.85-3.953| -, )+ j(0.715+69.4l )

83333= 70677 — 2003 | ., + 483612,

_ 2003+ \/ (2003)” + 4(4836) (12656)
RECT 2(4836)

=1.84kA

The practical line loadability for this 200-km lineis
Pir = \@(O.QSX 500)1.84(0.99) =1499 MW

a Vgp, /Vs =0.95pu and at 0.99pf leading.

125
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



(b)

548 (@)

(b)

(©)

549 (a)

| =600kM
500(0.95x 500 0.7356(0.95% 500)°
_ S00(095%500) (g5 57 _ 357) - (095%500) o g5 57°—1.685°)
191.8 191.8

=786.5-92.3=694.2 MW

The practical line loadability is 694.2 MW corresponding to steady-state stibility for the
600-km line.

SIL =(345)° /300 = 396.8MW
Neglecting losses and using Eq. (5.4.29)

1x0.95(SIL)sin35° .
P= =1.48(SIL)=1.48(396.8) = 587.3MWi/line

2
sin 7 (300) radians
5000

Number of 345-kV lines= 2000
587.3

+1=3.4+1=5Lines

(500)°
S =909.1MW

For 500-kV lines, SL =

P=148(SL)=1.48x909.1=1345.6MW/ Line

Number of 500-kV Lines= @+1:1.49+1: 3Lines
1345.6

(768

For 765-kV lines, SL = =2250.9MW

P=1.48(SIL)=1.48x2250.9=3331.3MW/ Line

2200
33313

Number of 765-kV lines= +1=0.6+1=2Lines

Using Eg. (5.4.29):

1x0.95(9L )sin35°
P= =1.48(9L)

sin 27[(300) radians
5000

P =1.48(396.8) = 587.3MW/345—kV Line

#345-kV Lines= @7%: 54+1=7Lines
587.3

P =1.48(909.1) =1345.5MW /500~ kV Line

#500-kV Lines= 3200
13455

P =1.48(2250.9) = 3331.3MW/ 765KV Line

+1=24+1=4Lines
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3200

#765-kV Lines= +1=0.96+1=2Lines

(1)(.95)(SIL)(sin35°)

(b) P=
. (27z><400
sin

=1.131(9lL)

5000
P =1.131(396.8) = 448.8MW/345—kV Line

#345-kV Lines= @+1:4_5+1= 6 Lines
448.8

radi ansj

P = (1.131)(909.1) =1028.3MW /500KV Line

#500-kV Lines= 2000
1028.3

+1=194+1=3Lines

P =(1.131)(2250.9) = 2545.9MW / 765KV Line

2000

#765-kV Lines= +1=0.79+1=2Lines

550 pl=(9.46x10)(300)(180/7)=16.26°
Real power for one transmission circuit P =3600/4=900MW

. . . VSpuVRpu(gL) H
From the practical line loadability, P,, = in A sino
sin
or 9002 LOONEL) 4 a6 570
Sin16.26°

From which SL = 466.66 MW
Since SIL = [(kvL . )2/%C}Mw

KV, =/Z<(SIL) =,/(343)(466.66 = 400kV

YAV _s YA _
551 To show: PR+jQR=|VR||VS||§|ﬁ o _|A”VR||§|4ﬁ a

(&) The phasor diagram corresponding to the above equation is shown below:

Imaginary ) Vars
[Pg+7Qul

A Vgl

9%, | L___A__
0f==" =7~~~ [VillTg] cos B

[Villfglsin 8 /'/
JAllVgE [VellVsl 4 = : Walls

] Allv, |3

5 I AV

L | i Vv
[

o Real (1}
(a) (M
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(b) By shifting the origin from 0" to 0, the power diagram is shown in Fig. (b) above.

(©)

552 (a)

For agiven load and agiven value of |V, |, 0A=|V, ||V, |/|B| theloci of point A will

be a set of circles of radii 0’ A, one for each of the set of values of |V |. Portions of
two such circles (known as receiving-end circles) are shown below:

Given:
Vgy and V|(Vial<]Viy )
Vi = constant

Load line

Watts

0 e

(B
Line OA in the figure above is the load line whose intersection with the power circle
determines the operating point. Thus, for aload (with alagging power-factor angel 6;)

A and C are the operating points corresponding to sending-end voltages |V, | and

|V, |, respectively. These operating points determine the real and reactive power
received for the two sending-end voltages.

The reactive power that must be supplied at the receiving end in order to maintain
constant |V | when the sending-end voltage decreases from |V | to |V, | is given by
AB, which is parallel to the reactive-power axis.

See Problem 5.37(a) solution: Egs. (1) and (2) with the substitution of Z for 2,
adding the contribution of the complex power consumed by Y’/2, using Eq. (1) of
Problem 5.37(a) solution, one gets

AR AY/

Se= v g
Zz £

Similarly, subtracting the complex power consumed in Y? (on the right-hand side in
Fig. 5.17),
For the received power, one has
= \4 VZ VYV,
-S =——V2-2+-L2glh
SZl 2 2 _Z/* _Z/*

Except for the additional constant terms, the equations have the same form as those in
PR. 5.37.
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(b) For alosdessline, Z. =+/L/C ispurely real and ¥ = j B ispurely imaginary. Also

_, —tanh(71/2 tan( Sl /2 -, =
goyEn/2)_, en(Ar2) Z =Z snh(71)
yl1/2 B2
which becomes jZ. sinh(4l) .
Note: Y’ is now the admittance of a pure capacitance;
Z isnow the impedance of a pure inductance.
Active power transmitted, P, =—-P,,

Using Eq. (5.4.21) of the text for SIL

sing,
P = PSLWIBT)

(c) For Al =0.002l radians=(0.1146l)°, and 6, =45°,
Applying the result of part (b), one gets

i =0. ; «—
» sin(0.1146l)°

Py, 1

Por = 7 S 01146 OF

Thermal limit

Stability limit
for 8, = 45°

0

0 100 200 300 400 500 600 Length in km

Sketch -—
(d) Thermal limit governs the short lines
Stability limit prevails for long lines. <

5.53 The maximum power that can be delivered to the load is 10,250 MW.

5.54 For 8800 MW at the load the load bus voltage is maintained above 720 kV even if 2 lines
are taken out of service (8850 MW may be OK since the voltage is 719.9 kV).
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5.55 From Problem 5.23, the shunt admittance of the equivalent &t circuit without compensation is
Y’ =G'+ B =2(1.57x10° + j8.981x10#) = (3.14x10° + j1.796x10*) S
With 65% shunt compensation, the equivalent shunt admittanceis
Y, =3.14x10°° + j1.796(1—1((3)—%j =3.14x10° + |6.287x10*
=6.287x10*£89.71°S
Since there is no series compensation
Z,=2=134.8/853°Q

The equivalent A parameter of the compensated lineis

Y. Z
A, =1+ eq2 = =1+%(6.287><104‘489.71°)(134.8485.30)

=0.9578.,0.22° pu

The no-load voltage is
Ve =Vs/ A, =526.14/0.9578=549.6kV,

where V, is obtained from Problem 5.15.
Ve =475kV, | isthe same as given in Problem 5.15, since the shunt reactors are removed
at full load. Therefore

V.., —V. _
%VR=—N  RFL ><100=549'j75475><100:15.7%

RFL

The impedance of each shunt reactor is

_ B ! -
Z =i {3(0.65)} =] [§x1.796x10‘3><0.65}

= j1713Q/phase, at each end of theline.

556 (a) V;=653.7kV,, (sameasProblem5.17)

Y, =2[6.37x107 + [7.294x10*(1-0.5) ] from Problem 5.18
=1.274x10°° + j7.294x10* = 7.294x10* £87.5°S
2, =2 =98.25/86.69° Q

Y Z
A, =1+ =1+%(7.294><104487.5°)(98.25486.69°)

=1+0.0358£174.19° = 0.9644 + j0.0036 = 0.9644 20.21°

130
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Viu =Vs/ A, =653.7/0.9644 = 677.8KV,,

9ovR="27"8=480 100-41.20
480

(b) V,=556.7kV,, (sameasProblem 5.17)
Vian =Vs/ A=556.7/0.9644 =577.3kV, |

9%VR=2"3"%0 100=20.3%
480

(c) V5=435.1kV,, (sameasProblem 5.17)
Vi, =Vs/ A=435.1/0.9644 = 451.2kV,,
oo VR=3212-480 100 eop
480

5.57 From Problem 5.23
Z =R+ (X =(110+j134.3) Q

Based on 40% series compensation, half at each end of the line, the impedance of each
series capacitor is
Z o ==X =] %(0.4)(134.3) — ] 26,86/ phase (at each end)

Using the ABCD parameters from Problem 5.14, the equivalent ABCD parameters of the
compensated line are

{qu Beq]_{l 426_86}{ 0.8794.£0.66° |134.8485.3°}

C.|D,| |0 1 1.688x1072£90.2° | 0.8794.£0.66°

€q €q i
Sending-end uncompensatedline

compensatedline seriescapacitors
1]-j26.86
0 1

receiving-end
seriescapacitors

eq

A | By | [0.9248,0.64° | 86.66./82.31°
Ca | Dy | | 1683290.2° | 0.9248£0.64°

5.58 From Problem 5.16:
(@) Z=B=98.25,86.69°=5.673+j98.09Q
Impedance of each series capacitor is

2CAP = _jXCAp = _j [%J 03(9809) = —114719

131
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Equivalent ABCD parameters of the compensated line are

[’}q |
Ceq

| Da

Q| @I

0 1 1.405x1072£90.09° | 0.9285,0.258° || O | 1

Sending end - Uncompansated line from Pr. 5.13 Receiving end
series capacitors series capacitors

1|-j14.71]] 0.9285.,0.258° 84.62,86.12°
0 1 1.405x1072.,90.19° | 0.9492./0.2535°

[ 0.9492.,0.2553° | 71.45.80.5°
1.405%x1073£90.09° | 0.9492,0.2535°

eq] [1]-j14.71]] 0.9285.0.258° 98.25486.69"}{1 | —j14.71}

(b) A, =09492, 6, =0.2553°
B,, =2, =7145Q, 6, =80.5°
From Eq. (5.5.6) with V =V, = 500kV,

_ 500x500 (0.9492)(500)°

RMAX ™ 71.45 71.45
= 3499 - 563 = 2936 MW (3¢)

c0s(80.5° — 0.2553°)

which is 22.5% larger than the value.
P« =2397.5 MW calculated in Problem 5.40 for the uncompensated line.

5,59 From Problem 5.57:
A, =09248pu; 6,=0.64°
By =-Z—;q =86.66Q; H%Sq =82.31°
From Eq. (5.5.6), with V=V, =500kV,__,

_ 500x500  0.9248(500)°
Rm 86.66 86.66
= 2885— 387 = 2498 MW (3¢)

c0s(82.31°—0.64°)

which is 46.7% larger than the value P, =1702 MW calculated in Problem 5.38 for the
uncompensated line.

5.60 Let X, betheequivaent seriesreactance of one 765-kV, 500 km, series compensated line.

The equivalent series reactance of four lines with two intermediate substations and one line
section out-of-service is then:

1(2 1(1
=l Ex, |+ =X, |=0.2778%
4[3 eqj 3[3 qu -
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From Eq. (5.4.26) with 6 =35°, V. =0.95per unit, and P =9000MW;

(765)(.95% 765)sin(35°)
2778,

P= = 9000.

Solving for X,
X, =12754Q=X’ 1—£ =156.35 1—&
“ 100 100

Solving: N, =18.4% series capacitive compensation (N, =21.6% including 4% line

losses).
5.61
- - 2
— >— |

.134.3( 40 .
= = =—]26.86 Q
Zow = (100) (100} .
- "N, .8.981x10*( 65 .
Y, ——t = — |=-j292x10™*S
reac =1 100 > (100} J
A, | By | 0[1]-j26.86
Cq 5 12.92><10-4 |1jjo| 1
Sending-end Sending-end
shunt compensation series compensation

1.688x10-2£90.2° | 0.8794.£0.66°

Line

1|—12686 1 K
o\ 1 -j2.92x10* | 1

Receiving end Receiving end
series compensation shunt compensation

{ 0.8794.20.66° | 134.8./85. 30}

After multiplying the above 5 matrices, the answer can be obtai ned.
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5.62 Seesolution of Pr. 5.18 for 71,2.,cosh7l, and sinh7l.

For the uncompensated line:

w >l
[
QI
I
8
4
=
[
o
o)
©
R
N
=
)
o

g Syl _ 0459628494 _, y11131,00.42°5
Z. 4064548

Noting that the series compensation only alters the series arm of the equivalent 7 -circuit,
the new series arm impedanceis

Z, =B, =186.78.79.46° - j0.7x 230(0.8277) = 60.88.£55.85° Q
Inwhich 0.8277 isthe imaginary part of Z=0.8431/79.04° Q/mi

ZY g Yo 1 coshyl -1

Nothing that A= =
2 Z. snhyl

=0.000399..89.82°S

A\ =(60.88.255.85°x 0.000599./89.81°) + 1= 0.97.£1.24°
= vZ4 . _/2
zwj:7+zw

4
= 2x0.000599./89.81° + 60.88.£55.85°( 0.000599489.810)2
=0.00118.,90.41°S

o =\7'[1+

O

The series compensation has reduced the parameter B to about one-third of its value for the
uncompensated line, without affecting the A and C parameter appreciably.

Thus, the maximum power that can be transmitted is increased by about 300%.
5.63 The shunt admittance of the entirelineis
Y =yl =—}5.105x10¢x230=—-}0.001174S
With 70% compensation, Y, = 0.7x(~j0.001174) = —j0.000822S
From Fig. 5.4 of thetext, for the case of ‘ shunt admittance’,
A=D=1 B=0; C=Y
~C= \7new =-j0.000822S

For the uncompensated line, the A,B,C,D parameters are calculated in the solution of
Pr. 5.49.

For ‘series networks', see Fig.5.4 of the text to modify the parameters. So for the line with a
shunt inductor,

Rq =0.8904.£1.34° + 186.78.£79.46°(0.000822.£ — 90°)
=1.0411/-0.4°
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The voltage regul ation with the shunt reactor connected at no load is given by
(137.86/1.0411) -124.13
124.13

which is a considerabl e reduction compared to 0.247 for the regulation of the
uncompensated line. (see solution of Pr. 5.18)

=0.0667

5.64 (& From the solution of Pr. 5.31,
Z. =290.43Q; Bl =21.641°
For alossless line, the equivalent line reactance is given by

X'=Z,sin Bl =(290.43)sin21.641°=107.11Q
The receiving end power §R(3¢) =1000£cos*0.8=800+ j600MVA

L—L)VR(L—L

’

V,
Since P,, = X Lsing, the power angel J isobtained from

800 = (500x500/107.11)sind

or §=20.044°
The receiving end reactive power is given by (approximately)

AN/ \'5
_US(L-L) YR(L-L) R(L-L)
QR(3¢)—Tcosé — cosfl

’

_ 500500
107.11
=23.15MVAR

500)°
os(20.044°)—( ) cos(21.641°)
107.11

Then the required capacitor MVAR is S, = j23.15- j600=—j576.85

The capacitive reactance is given by (see Eq. 2.3.5in text)

— _jVL2 _ _j5002
S -j567.85

X = 433380

10°
C == =
27 (60)433.38
(b) For 40% compensation, the series capacitor reactance per phaseis

X =0.4X"=0.4(107.1) = 42.84Q

or 6.1uF

The new equivalent 7z -circuit parameters are given by

Z=j(X' =X, )=(6426Q; Y= j_itan(ﬁjz j0.001316S
Z 2
Y 9577

B, =i6426Q; A_ =1+
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The receiving end voltage per phase V, = @400 kV =288.675£0°kV

J3
The receiving end current is T, =S5, /3Vi
Thus T 10002 —36.87

R 3x288.675£0°
The sending end voltage is then given by

=1.1547/-36.87°kA

V, = AV, + Bl =326.4210.47°kV; Vg, ,, =+/3326.4=565.4kV

(565.4/0.958) — 500

500

5.65 The maximum amount of real power which can be transferred to the load at unity pf with a
bus voltage greater than 0.9 pu is 3900 MW.

Percent voltage regulation = x100=18%

805

800
795
790
785 7
780 7

" AN
R

Load bus voltage (kV)

765
760 \Q?QQQ)
755 , ; ;
900 1400 1900 2400 2900

Load real power (MW)

5.66 The maximum amount of real power which can be transferred to the load at unity pf with a
bus voltage greater than 0.9 pu is 3400 MW (3450 MW may be OK since pu voltageis 0.8985).

8§50

800

750

700

650 \

600 T T T T T

900 1400 1900 2400 2900 3400 3900
Load real power (MW)

Load bus voltage (kV)
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Chapter 6

Power Flows

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS
6.1 Nonzero

6.2  Upper triangular

6.3 Diagonal; lower triangular

64 Db

6.5 i i afl
oX,  0X, OXy

66 a

6.7 a

6.8  Independent

69 P,Q

6.10 V,, 0,

611 P &V,;Q &4,

612 —-P,;-Q,

6.13 Busdata, transmission line data, transformer data
6.14 a

6.15 a

6.16 a

6.17 Newton-Raphson

6.18 Rea power, reactive power
6.19 Negative

6.20 a

6.21 Sparse

6.22 Storage, time

623 a

6.24 a

6.25 a
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10 5 -10 10
10 0 0 -20||x -2

There are N —1=3 Gauss elimination steps.

Step 1. Use equation 1 to eliminate X, from equations 2, 3, and 4.

(25 5 10 107[x] [0
0 -9 7 2 |X%]|_
0 7 -6 14 |x| |1
0 2 4 -16]/x, | |-2

Step 2: Use equation 2 to eliminate X, from equations 3 and 4.

25 5 10 10 ] 0
o -9 7 2 ||*% 2
_ X
0 o B Mo %=

9 9 |X% 9

0 0 S0 140 x,| | 14

i 9 9 | L 9]
Step 3: Use equation 3 to eliminate X, from equation 4.

-25 5 10 10‘)(1 [0 ]

o -9 7 2 2

XZ

5 140 =123

N e

0 0 0 140 |24

The matrix is now triangular. Solving via back substitution,
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Thereare N —1=2 Gauss elimination steps.

Step 1. Use equation 1 to eliminate x; from equations 2 and 3.

6 2 l_x1 3
o 26 4llx|=2
3 23 x| |1
7 2
% 3 7
Step 2: Use equation 2 to eliminate X, from equation 3.
6 2 1_x1 3
0 g 4 %= 2
3 3 X, 5
0 O 339 26
L 26 |
The matrix is now triangular. Solving via back substitution,
5
%= 7339
x =19
2 339
48
“=113
6.3 4 2 1|x]| |3
4 10 2||x,|=|4
3 4 14|x,| |2

Thereare N —1=2 Gauss elimination steps.
Step 1. Use equation 1 to eliminate X, from equations 2 and 3.

4 2 17x] [3

0 8 1]|x|=1

0 2 23|[%] |1

L 2 4 4
Step 2: Use equation 2 to eliminate X, from equation 3.
42 1% 3

0 8 1 |x|=1

207 || x, 9
00 167 I'1s
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The matrix is now triangular. Solving via back substitution,

B 1
T3
3
X2:2—3
16
%=23

64 [-10 107[x] [ 10
5 -5||x,|7|-10

If we perform Gauss elimination, we arrive at:

-10 10][x | [10
0 0]|x] |-5

The 2™ row says that
Ox, +0x, =-5

Clearly, thisis not possible.
The problem in this case is that the system we started with isindeterminate. That is,

-10 10‘

5 -5
This system has no solution.
6.5 From Eq. (7.1.6), back substitution is given by:
Y = Acen X = Ao Kz = A X
A

which requires one division, (N — k) multiplications and (N — k) subtractions for
each k=N,(N-1)---1.

Summary- Back Substitution

X, =

Solving for #Divisions | #Multiplications # Subtractions
Xy 1 0 0
Xy 1 1 1
X, 1 2 2
X, 1 (N-1) (N-1)

N N‘ll_ N(N -1) N‘li_ N(N -1)
Totals - 2 - 2
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6.6 6 0 O 0 -0.3333 -0.1667
D=0 10 0| M=DYD-A= -04 0 -0.2
0 0 14 -0.2143 -0.2857 0
X(i +1)= Mx(i)+ D'B
x1=0.4243 x2=0.2325 x3=-0.0152 after 10 iterations

6.7 6 0 O 0 -0.3333 -0.1667
D=4 10 0| M=D*D-A)=|{0 01333 -0.1333
3 4 14 0 0.0333 0.0738

X(i+1)=Mx(i)+ DB
x1=0.4249 x2=0.2330 x3=-0.0148 after 4 iterations
The Gauss-Seidel method converges over twice as fast as the Jacobi method.

68 [10 -2 —4][x] [-2
2 6 -2||x|= 3
—4 -2 10||x,| |-1

1
— 0 0
10 0 0 10
D=0 6 0| D'=|0 %
0 0 10
1
_0 0 E_
-4 g
"5 5
1 1
_ -1 _ —| = —_
M=D*(D-A)=; 0 3
2 1
Expressing in the form of Eq. (6.2.6)
A PO L
xz(!+1):§ 0 3 xz(!)+ 0 5 3
(+)] |o 1 . X, (i) 0 o L -1
5 5 | i 10|
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Using

1
x(0)=|1
0
we arrive at the following table:
i |0 1 2 3 4 5 6 7 8 9 10
X, 0 0.1667 | -0.04 | -0.0444 | -0.0962 | -0.1085 | —0.1239 | -0.1303 | —0.1355 | -0.1382
x, | 1 | 08333 | 06667 | 05778 | 052 0485 | 04633 | 045 04418 | 04367 | 0.4336
x, |0 |05 0.0667 | 0.1 -0.0004 | -0.0138 | -0.0415 | —-0.0507 | —0.059 | —0.0638 | —0.0668
£ | Inf | Inf 1.24 1.0044 | 30 20095 | 02235 | 0.1741 | 0.0704 | 0.0484
¢ foriteration 9 islessthan 0.05.
% =-0.14
X, =0.43
X, =-0.07

69 x,-3x+1.9=0
X, +x2-3.0=0

Rearrange to solve for x, and x,:
1
X =3%+ 0.6333

X, =3.0—x?
Starting with aninitial guessof x (0)=1 and x,(0)=1

X 1) =%x2(0) +0.6333=0.9667

%1 =3-[x ()] =2

We repeat this procedure using the general equations
x(n+1)= % X,(n)+0.6333

% (N+1) =3-[x (]

n 0 1 2 3 e 47 48 49 50

X, 1 |09667 |13 13219 | ... | 11746 | 1.1735 | 1.1734 | 1.1743

X, 1 1]20 2.0656 | 1.31 ... | 16205 | 1.6202 | 1.6229 | 1.6231
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After 50 iterations, x, and X, have aprecision of 3 significant digits.

x, =1.17
X, =1.62

6.10 x*-4x+1=0
Rearrange to solve for x:
x:lx2 +E

4 4

Using the general form

x(n+1)=%[x(n)]2+l and x(0)=1

4
we can obtain the following table:
n 0 1 2 3 4 5
X 1 0.5 03125 | 0.2744 | 0.2688 | 0.2681
£ 05 0.375 0.1219 | 0.0204 | 0.0028
£(4)=0.0028<0.01
~.x=0.27
Using the quadratic formula
e -b++/b*-4ac
- 2a
e 4+./(-4)?*-4
=
x=0.268,3.732

Note: There does not exist an initial guess which will give usthe second solution x=3.732.

6.11 After 100 iterations the Jacobi method does not converge.
After 100 iterations the Gauss-Seidel method does not converge.
6.12 Rewriting the given equations,

x1=X—32+0.633; X, =1.8- X2

With aninitial guess of x (0)=1 and x,(0) =1,
update x, with the first equation above, and x, with the second equation.

Thus X, = @ +0.633= % +0.633=10.9663
and x,=1.8-x(0)?=18-1=0.8
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In succeeding iterations, compute more generally as
X (n+1)= _xzén) +0.633

and X,(N+1)=1.8—x2(n)
After several iterations, x, =0.938 and x, =0.917.
After afew moreiterations, x, =0.93926 and x, =0.9178.

However, note that an “uneducated guess” of initial values, such as x,(0) = x,(0) =100,
would have caused the solution to diverge.

_ 1 |-1+0.5] . L
6.13 Xl_—ZOj{ X J10x X, 110}
S =8 i
XZ_—ZOj{ X J10x X, 110}
Rewriting in the general form:

1 |-1+0.5] . .
n+1)= - ——]10xx,(n)—j10
xz(n+1):i.[ﬂ— j10x x,(n+1) - jlo}

=20 [ [x,(m]*
Solving using MATLAB with x(0) =1, x,(0) =1, =0.05:
X, =0.91-0.16j
X, =0.86—-0.22]

£=0.036 after 3 iterations
6.14 f(x)=x*-6x2+9x—4=0
1 2 4
X=—=X3+=x2+—=0g(X
X +3X "y 9(x)
Apply Gauss-Seidel agorithm with x(0) = 2.
First iteration yields
1 2 4
XD =9(2)=—=22+=224+—-=22222
@»=9(2 92732 %9
Second iteration: x(2) = g(2.2222) =2.5173

Subsequent iterations will result in
2.8966,3.3376, 3.7398, 3.9568, 3.9988, and 4.0000 <«

Note: Thereisarepeated root at x=1 also. With awrong initial estimate, the solution
might diverge.
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6.15 x?cosx—x+0.5=0
Rearranging to solve for x,
X=X?cosx+0.5
In the general form
x(n+1) =[x(n)]? cosx(n) + 0.5
Solving using MATLAB with x(0) =1, &=0.01:
x=1.05

£=0.007 after 2 iterations

To test which initial guesses result in convergence, we use MATLAB and try out initial
guesses between —20 and 20, with aresolution of 0.001. In the following plot the curveis
the original function we solved. The shaded areais the values of x(0) which resulted in

convergence.
5

300

100 -

3

145
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



6.16 Eq.(6.26)is x(i+1)=Mx(i)=D"y
Taking the Z transform (assume zero initial conditions):
ZX(2) = MX(2)+ DY (2)
(U-M)X(2=D"Y(2)
X(2)=(2U-M) " DY()=G(Y(?)

6.17 For Jacobi,
. 0 ‘_Aiz
—_N-1 _A11|07 0|_A12— Aﬂ
M=D (D—A){o |A2j {—Anl 0 } Pl o
Ay
2|2
1 2 AJ.2A21
Det (Z2U — M) = Det B W
=P T Ay,
Ay,
2y [AHAHJ
AnAy
For Gauss-Seiddl,
1 | |
M _A11|070|_A12— at
M=D"*D A)_{AZJAJ {O| 0 }_ o | AP

det (ZU — M) = Det

AxPo,

1722

When N =2, both Jacobi and Gauss-Seidel converge if and only if <1.
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6.18 x3+8x*+2x-50=0
x(0)=1

J(i):% =[3x? +16x+ 2]

x=x(i)

x=x(i)

In the genera form:

6.19

6.20

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.

x(i+D=x(@)+ ) +116x(i) i (—x(i)® —8x(i)% — 2x(i) + 50)

Using x(0)=1, wearrive at
[ 0 1 2 3 4 5
X 1 2.857 2.243 2.129 2.126 2.126
£ 1.857 0.215 0.051 0.0018 2.0E-6

After 5iterations, £ <0.001.

. X=2.126

Repesating Problem 6.18 with x(0) =—-2, we get:

i 0 1 2 3
X —2 -3.67 -3.610 -3.611
£ 0.833 0.015 0.00016

After 3iterations, £ <0.001. Therefore,

x=-3.611

Changing the initial guessfrom 1to —2 caused the Newton-Raphson algorithm to converge
to adifferent solution.

x* +3x3 -15x?> -19x+30=7

. df
J(I)=& =[4x° +9x* =30x-19] _,,
x=X(1)
In genera form
. , 1
XD = X() + 55 T ox(i)? —30x() 19
Using x(0) =0, we arrive at:
i 0 1 2 3 4
X 0 1211 | 0.796 |0.804 | 0.804
£ oo 0.342 | 0.010 | 8.7E-6
After 4 iterations, £ <0.001. Therefore,
x=0.804
147
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6.21
6.22

Repeating Problem 6.20 with x(0) =4, wearriveat x=3.082 after 4 iterations.

200

150 4

100

Sx)

50 A

=50 T T T T T T T
0 0.5 1 1.5 2 2.5 3 35 4
i

For pointsnear x=2.2, the function is flat, meaning the Jacobian is close to zero.
In Newton-Raphson, we iterate using the equation

X(i +1) = x(1) + I (Hy - F(x(1))]
If J(i) iscloseto zero, J71(i) will be avery large positive or negative number.

If weuseaninitial guess of x(0) whichisnear 2.2, thefirst iteration will cause x(i) tojump
to apoint far away from the solution, asillustrated in the following plot:

v
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df

6.23 J= ol 4x3 4+ 36x% +108x +108
X
From Eq. (6.3.9):
X(i +1) = X(i) +[ 4x3(i) + 36x2(i) +108x(i) + 108 |
{o-[x*(i)+12x3(i) + 54x2(i) + 108x(i) + 81}
i 0 1 2 3 4 17 18 19
x(i) -1 -15 -1875 -215625 —2.3671875 -2.9848614  -2.989901  -2.9923223
| x(19) - x(18)| _[-2.9923223+2.989901] _ 0.0008
| x@8) || ~2.989901 |
Stop after 19 iterations. x(19) = —2.9923223. Note that x=-3 isone of four solutions to
this 4" degree polynomial. The other three solutionsare x=-3, x=-3, and x=-3.
6.24 2x2+x2-10=0
X=X+ %% —4=0
4 2
J(i) = af = { % % }
AX|, iy [20H% =2%+% | o
In general form
X(i+D=x()—-JI0)f(x)
Solving using MATLAB with x,(0) =1, x,(0) =1, £=0.001:
[ 0 1 2 3 4
X, 1 23 1.934 1.901 1.900
X, 1 19 1.683 1.667 1.667
£ 1.30 0.157 | 0.0175 2E-4
After 4 iterations € <0.001. Therefore,
x, =1.900
X, =1.667
6.25 10x;sinx,+2=0
10x? —10x, cosx, +1=0
300 = df _{1Osinx2 1Oxlsinx2}
dx| . |20% —10cosx, 10xsinx, Yx(i

In the general form
X(i+2)=x3)—J(i)f(x)
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6.26

6.27

6.28

Solving using MATLAB with x,(0) =1, x,(0) =0, e =1E—-4:

[ 0 1 2 3 4
X, 1 0.90 0.8587 0.8554 0.8554
X, 0 -0.20 —0.2333 —0.2360 | —-0.2360
£ oo 0.1667 0.01131 7.0E-5

After 4 iterations, Newton-Raphson converges to

X, =0.8554 rad

X, =—0.2360 rad

Repeating Problem 6.25 with x (0) =0.25 and Xx,(0) = 0, Newton-Raphson converges to

X, =0.2614 rad

X, =-0.8711rad

after 6 iterations.

To determine which values of x (0) result in the answer obtained in Problem 6.25, we test
out initial guessesfor x; between 0 and 1, with aresolution of 0.0001. The conclusion of
thissearchisthat if 0.5<x,(0)<1 and x,(0) =0, Newton-Raphson will converge to

X, =0.8554 rad and x, =-0.2360 rad.

Note: If x (0)=0.5 and x,(0) =0. Newton-Raphson does not converge. This is because

479 5
0 O

Thus, J* does not exist.

(@ Y,=2-j4+3-j6=5-j10=11.18 £-63.43°
Y,, =2 j4=4.47 £ —63.43°
Y,, =3-]6=6.71.-63.43°
Y,=Y, =-2+]4=4.47/116.57°
Y, =Y, =—-3+j6=6.71,116.57°
Y,=Y,=0

J(O):[

(b) ZN: .V, cos(6, — 6, —6,,)

n=1

At bus 2,

P, =V, [Y,,V, C0S(8, = 8, +6,,) + Y,,V,, COS(8, — 5, - 6,,)
+Y,,V, cos(8, — &, - 6,,)

1.5=1.1[4.47 cos (6, —~116.57°) +4.47x1.1cos (63.43°)]
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Solving for &,
5,=15.795°
(c) Atbus3
P, =V,| Y.V, €0S (8, — 8, — 6,,) +Y,,V; COS (—6,) |
~1.5=V;|6.71cos (J, ~116.57°) +6.71V; cos (63.439)| Eq. 1
Also
Q, =V, [ YoV, Sin (8, -6, - 6,)) + Y,V, sin (<6,,)|
0.8=\V,[6.71sin(5,~116.57°)+6.71V, sin (63.43)| Eq.2
Solving for V, and ¢, using Eq. 1 and Eq. 2:
First, rearrange Eq. 1 and Eq. 2 to separate V, and o,

15 . ]
6T, —V, c0s(63.43°) = cos(d, —116.57°)
g7y, \aSin(63437)=sin(9, ~116.57)

Next, square both sides of each equation, then add the two equations. The trigonometric
identity sin?(@)+cos?(6) =1 can be used to simplify the right hand side.

2 2
15 0.8 ,
[W—Vgcos(63.43)} +[6.71V3 —V33|n(63.43)} =1

Solving, we get V, =0.9723 p.u.
Substitute V, back into Eq. 1 or Eq. 2 to get 6, =-15.10°.
(d) Atbusl
P, =V, [ Y.V, oS (=6,,) +Y,,V, €OS (=6, —6,,) + Y.V, Cos (-5, - 6,5)|
=11.18c0s (63.43°) + 4.47x1.1cos (-15.795° ~116.57°)
+6.71x0.9723 cos (15.10°~116.57°)

=0.39 p.u.
(®  Ru=Ru-R

oss — "gen  load
=P +P,+P,
=0.39+1.5-1.5

=0.39 p.u.
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629 Y, =0

1

1

.1.72

.0.88

Y22 = 5,009+ ]0.100 | 0.009+]0.100 ) 2

=18.625 £ —-84.50°

Y,,=0

Y_

24~ 0.009+ j0.100

Yo =~ 5,000+ j0.100

=9.960 £ 95.14°

=9.960 £ 95.14°

6.30 | 6.25-j18.695 ~5.00+ j15.00 -1.25+j3.75 0 0
-5.00+j15.00 | 12.9167-j38.665 | —1.6667+ j5.00 -1.25+j3.75 ~5.00+ j15.00
-1.25+(3.75 ~1.6667+j5.00 8.7990-j32.2294 | —5.8824+j23.5294 | O
0 ~1.25+j3.75 ~5.8824+]23.5294 | 9.8846-(36.4037 | —2.7523+9.1743
0 ~5.00+ j15.00 0 —2.7523+(9.1743 | 7.7523-j24.1443

6.31 First, we need to find the per-unit shunt admittance of the added capacitor.

6.32

75 Mvar =0.75 p.u.
Tofind Y, we usetherelation

S=V2zY
S 0.75
=W=1—2=0.75 p.u.

Now, we can find Y,,
v - 1 . 1 . 1
447°0.08+j0.24  0.01+j0.04 ' 0.03+0.10

. 0.05+0.01+0.04
+] 5

+j0.75
=9.8846- j35.6537

2=0.05+0.1

0.8 +j0.4
V, = 1.0£0°
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Assume flat start V,(0)=1.0£0,V,(0)=1.0£0

. 1[R-JQ, .
V2(|+1)_Y22[ R0) Y21V1(I)}
Voot a8
2=7"005+j01 )

1

Y2 =0 05+j01 8

Using MATLAB, with \/,(0)=1.0 £0 and V,(0)=1.0 £ 0:

i 0 1

2 3

V, 1.0£0 0.9220 £ -3.7314°

2

0.9111,-3.7314

0.9101 £ -3.7802°

After 3 iterations,
V, =0.9101 £ -3.7802°

6.33 If we repeat Problem 6.32 with V,(0) =1.0 £ 30°, weget V, =0.9107 £ —3.8037° after 3

iterations.

634 V,=1.0£0

A (i + 1) = Y_1-2|:P2V: (ji;gz -\ —Y23V3(i)}
_ 1 1—j0.5_. o .
_—jlo{ V2 ) 19V J5V3(l)}

. 1|R-]Q .
vV (' +1):Y_33[ 3\/3 (i) : _Y31V1_Y32V2(| +1)}

_ —1110{1'5\;;1(8'75_ 5V, - 5V, +1)}
Solving using MATLAB with V,(0)=1.0 £0 and V,(0)=1.0£0:
[ 0 1 2
v, 1.0£0 0.9552 £ —6.0090° 0.9090 £ -12.6225°
\A 1.0£0 0.9220 £ -12.5288° 0.8630 £ —16.1813°

After 2 iterations,
V, =0.9090 £ -12.6225°
V, =0.8630 £ -16.1813°
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6.35 Repeating Problem 6.34 with V, =1.0520
[ 0 1 2
v, 1.0£0 0.9801 £ —5.8560° 0.9530 £-11.8861°
V, 1.0£0 0.9586 £ —120426° 0.9129 £ -14.9085°

After 2 iterations,
V, =0.9530 £ -11.8861°

V, =0.9129 £ -14.9085°

- Y21V1 - Y23V30 - Y24\/40 }

636 V2 =i[_P2 —IQ,
Y22 NZ )
_ 11054102 4 oo j6)- (<0.666+ [2)— (-1+]3)
Y, 1-j0
_A286- 1104 _, 6194 j0.046=1.02,258°p.u.
3.666— j11
1/P-jQ
22 :Y_zzl 2(\/21])* 2 = Yo Vy = YoVg = Yo, Vs ]
Determine V; and V; inthe sameway as V; . Then
2o 1) _05%102 60 5, i6)— (-0.666+ j2.0)(L028— j0.087)
Y,,| 1.019+ j0.046
— (-1+ j3)(1.025- j0.0093)]

_4.0862= JILOLIY ) 61, 10.0179=1.0616.£0.97° p.u.

3.666—- j11.0

6.37 Gauss-Seidel iterative scheme:
With 6, =0V, =1p.u.; ;=0 (starting values)

7 -2 -5
Given Yoo =—j| 2 6 -4
5 -4 9
Also given V, =1.0£0° p.u.
V,=1.0p.u.;P, =60 MW
P, =—80 MW, Q, =—60 M var (lag)
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Iteration 1:

Repest:

Repest:

Check:

Iteration 2;

Q,=-I m(\722\72 +V21\71 +V23\73)\72
= —Im{[-]6(1£0) + j 2(1£0) + j4(1£0)]1£0} =0

— 1(P-jQ, o oo
2=7_22(T_Y21 1_Y23V3J

1 [06+j0 . :
=— - j2(1£0) - j4(1£0
—jG[ o 1204 )}
=1+j0.1=1,5.71°

_ 0.1/90°
V,=1+—

1/-571°
=0.995./5.74°

1/5.74°=0.995+ j0.1

1[P-iQ oo oo
—_{3?*3_%1\/1_%2\/2}
Y33 V3

=0.99005+ j0.0995

v

w

_ 1 [_O'SJF10'6—j5(140)—j4(0.995+jO.l)}
Sjol 120
0.1111/53.13°
120

=0.9311-j0.0444 =0.9322£ - 2.74°

0.1111/53.13°
0.9322£2.74°
=0.9218-j0.0474=0.923£ - 2.94°

=0.9978+ j0.0444 —

V, =0.9978+ j0.0444 —

AV, =(0.995+ j0.100) — (1— j0) =-0.005+ j0.1
AV, =(0.9218+ j0.0474) — (1 j0) =—0.0782 - j0.0474
Ax.. =01

Q, =—Im{[-]6(0.995+ j0.1) + j2(1£0)
+4(0.9218- j0.0474)](0.995- j0.1)}

036
v, =t {0'6‘ 1036 _51,0)— ja(0.9218— j0.0474)}
Zj6| o570
— 09479+ j0.316+ 2108LO90% 4 4 on—0.9973+ j0.0739

1£-5.74

155

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



0.1166.£59.04

Repeat: V,=09479- j0.0316 + ~1.0003+ j0.0725
/- 424
~1/415=0.9974+ |0.0723
V, = _i[—‘OB* 198 _i51.,0)- ja0.9974+ j0.0723)}
9] 0.9230.,2.94
~0.9988+ 0.0321— LA _ 9517 j0.0604
0.923./2.94
~0.9237./-3.75
Repeat: V,=09988-+ 10,0321~ 21818 _ 5505 j0.0502
09237./3.75°
09224/ -368
Check: AV, = (0.9974+ }0.0732) — (0.995-+ ] 0.1) = 00024 — | 0,0277
AV = (0.9205 - j0.0502) — (0.9218 - 0.0474) =-0.0013— 0.0118
AXyp, =0.028

Third iteration yields the following results within the desired tolerance:

V, =0.9981+ j0.0610=1,3.5°
V, =0.9208 - j0.0644 = 0.923/ — 4°

6.38 | 3
JO.1
g 150 MW
150 Mvar
V, = 1.0£0°

First, convert al values to per-unit.

P -150MW

Pu =3 = To0MvA = L5PU
. Q _ -50MwW

Q=g " TooMvA - 05 PU

N e 01MVA
Ymops =73 7100 MVA

Since there are 2 bases, we need to solve 2(n—1) =2 equations.
Therefore, Jhas dimension 2x 2.

=1E-4 p.u.
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Using Table 6.5
JL,, =-V,\, V,sin(8, -8, - 6,))
J2,, =\,Y,, €0(6,,) +Y,,V, cos(8, — &, — 6,,) +Y,,V, cos(-6,,)
J3,, =V,Y,.V, cos(d, — 6, - 6,,)
J4,, =-V,Y,,sing,, +Y,V,sin(d, — 6, — 6,)) +Y,, +V, sin(-6,,)
Also,

~j10 j107] [10£-90 1090
hus _[ j10 —jlo} =[10490 104—90}
Finally, using Egs. (6.6.2) and (6.6.3),
P, (6,,V,) =V, [ Y,,V, COS(8, — 6, = 6,,) + Y,,V, COS(~6,) |
Q,(6,,V,) =V, [Yo Vy Sin(S, = 6, — 6,,) + Y,,V, Sin(~6,) |
Solving using MATLAB with V,(0)=1.0 £0,

i 0 1 2 3

Vv, [ 1.0£0 0.9500 £ —-8,5944° 0.9338 £-9.2319° | 0.9334 £ -9.2473°

2

After 3 iterations
V, =0.9334 £-9.2473°

6.39 If we repeat Problem 6.38 with V,(0) =1.0 £ 30°, Newton-Raphson converges to
0.9334 £ —9.2473° dfter Siterations.
6.40 If we repeat Problem 6.38 with V,(0) =0.25 .£0°, Newton-Raphson converges to
V, =0.1694 £ —27422.32° =0.1694 £ —62.32° after 14 iterations.
6.41 The number of equationsis 2(n—1) = 4. Therefore, J will have dimension 4x 4.
Using Table 6.5
10 -5 0 O
-5 10 0 O
J(0)=
0 0 10 -5
0O 0 -5 10
6.42 First, we convert the mismatch into per-unit 0.1 MVA =1E-4 p.u. with §_, =100 MVA.
Solving using MATLAB with V,(0)=1.0£0 and V,(0)=1.0£0,
i |0 1 2 3 4
V, | 1.0£0 | 0.8833£-13.3690° | 0.8145./-16.4110° | 0.8019£-16.9610° | 0.8015/-16.9811°
v, | 1.0£0 | 0.8667£-15.2789° | 0.7882/-19.2756° | 0.7731£-20.1021° | 0.7725/-20.1361°
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After 4 iterations, Newton-Raphson converges to
V, =0.8015/-16.9811°
V,=0.7725 2 -20.1361°

643 (@) Sepl
By inspection:
—-j12.5 | +j10.0 | +j2.5
Y, =|+j10.0 | -j15.0 | +j5.0

+j2.5 | +j5.0 [-j7.5

0,(0)=0,(00=0° V,(0)=1.0
Compute Ay(0)

P,(X) =1.0[10 cos (-90°) + 5 cos (-90°)] =0
P,(X) =2.5cos (—90°) + 5cos (-90°) =0
Q,(X)=1.0[10sin (-90°) +15+5sin (-90°)| =0
P, —R,(X) -2.0-0| [-20
Ay(0)=| B,-R,(X) |=| 1.0-0 |=| 1.0
Q,-Q,(X)| |-05-0| |-05

(b) Sep 2 Compute J(0) (see Table 6.5 text)

J1, = g—z =V, [Y,V, sin (8, — 8, — 6,,) +Y,,V, sin (8, — &, — 6,5)]
= —1.0[10(1) sin (~90°) +5(1) sin (~90°)] =15.

J1, = g—z =V,Y,,V, sin (6, — 8, — 6,;) = (1.0)(5) sin (-90°) =-5.

I, :3—2 =V,Y,,V, sin (S, -8, —6,,) = ((5)() sin (~90°) =5

Ji, :3—2 =V, [Y,V; sin (8, — 8, — 6,,) +Y,,V, sin (6, — 6, — 6,) ]

=—1.0[ (2.5)(1) sin (-90°) + (5)(1) sin (-90°) |=7.5

oP.
J2,, = 872 =V,Y,, cos (022) + [Y21V1 Cos (52 - 51 - 921) +Y,,V, cos (_922)

2

+Y,V, €0S (8, — &, —6,,)] =0
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oP,
J2;, 273 =V;Yy, €0s (8, -6, - 6;,) =0
2

0
J 322 :a_% :Vz [Y21V1 Cos (52 - 51 - ‘921)] +Y23V3 Cos (52 - 53 - 923) =0
2

9Q, =-V,Y,;V, cos (0, -6, —6,,) =0

13, =2
3

an Y21V1 sin (52 - 51 - ‘921) +Yzzvz sin (_‘922)}

J4,,=—2=-V,Y,,sin 6,, +[ .
av, +Y,.V; sin (6, — 6, — 6,;)
J4,, = (-1)(15) sin (-90°) +[(10)(2) sin (=90°) +15(1) sin (90°) +5(1) sin (-90°)]

=15

Ji|J
Q(O){Js J4}

Sep3  SolveJ Ax= Ay
15 -5 0 || A9, -2.0
-5 75 0| Ad,|=|10
0 0 15|Av, -05

Using Gauss elimination, multiply the first equation by (—5/15) and subtract from the second

equation:
15 -5 0 || AG, -2.0
0 5.833333 0| Ad, |=|0.33333
0 0 15| AV, -0.5

Back substitution:
AV, =-0.5/15=-0.033333

A&, =0.33333/5.833333=0.05714285
A8, =[-2.0+5(0.05714285)] /15 = —0.1142857
AS,] [-0.1142857
Ax=| A8, |=| 0.05714285
AV, | | —0.033333

Sep4  Compute x(1)
0,(1) 0| |-.12142857| |-0.1142857 |radians

XD =| 5,1 |=x(0)+Ax=| 0 |+| .05714285 | =| 0.05714285 | radians
V, (1) 1| |-.0333333| |0.96666667 |per unit

Check Q_, using Eq. (6.5.3)
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Q3 :V3 [Y31V1 sn (53 - 51 - 931) +Y32V2 sin (53 - 52 - 032) + Y33V3 sin (_933)]

-1 (25)() sin| 0.05714—Z |+ 5(0.966666) sin (0.05714+ 0.11429— fj

N +7.5(1) sin (%H

Q= 1[—2.4959— 47625+ 7.5] =0.2416 per unit
Qg =Q; +Q 5 =0.2416+ 0= 0.2416 per unit

Since Q,, = 0.2416 is within the limits [-5.0, +5.0], bus 3 remains a voltage-controlled bus.
This compl etes the first Newton-Raphson iteration.

6.44 Repeating Problem 6.43 with P,, =1.0 p.u.

(@ Sepl
Y, Stays the same.

P, (x(0)), P,(x(0)), Q, ((0)) also stay the same.

P,-R(x(0) | [-2.0+1.0-0] [-1.0
Ay(0)=|P,—R,(x(0)) |=| 1.0-0 =| 1.0
Qz_Qz(X(O)) -0.5-0 -0.5
(b) Step2
The Jacobian stays the same.
15 -5 0
JO0)=|-5 75 0
0 0 15
(c) Sep3
Solve JAX=Ay
15 -5 0}|As,| [-1.0
-5 7.5 O0|Ad|=| 1.0
0 0 15|AV,| |-0.5

Multiply the first equation by I—g and substract from the second equation.

15 -5 0|[As,] [-1.0
0 356 O0||AS,|=| 2/3
0 0 15||AV,| [-05
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Viaback substitution

AV, = % =-0.033333

2/3
AG, = 5575 =0.11429

A8, =(-1.0+5x0.11429) /15=-0.028571
(d) Step4
0| [-0.028571] [-0.028571
X(1) =x(0)+Ax=|0|+| 0.11429 |=| 0.11429
1| |-0.033333| | 0.96667

Check Q,; using Eq. (6.5.3)
Q3 = V3 [Yslvl sin (53 - 51 - ‘931) + Y32V2 sin (53 - 52 - 932) + Y33V3 sin (_essﬂ

=1.o{2.5><1.05in (0.11429—£J+5x 0.96667sin (o.11429+ 0.028571- %

2 2
+7.5x1.0sin (fﬂ
2
~0.2322 p.u.

Qs =Q,+Q_, =0.2322+0=0.2322 p.u.

N—

Since Q,, iswithin the limits [-5.0,5.0], bus 3 remains a voltage controlled bus.
.. After thefirst iteration,

0, -0.028571
x=|6,|=| 0.11429

Vv,| | 0.96667

6.45 After thefirst threeiterations J,, = 104.41, 108.07, 107.24; and with the next iteration it
convergesto 106.66.

6.46 First, convert all values to per-unit.
P,,=80 MW =0.8p.u.
P,=180 MW=1.8 p.u.

For convergence, Ay, =0.1MVA = 1E-4 p.u.
Second, find Y,

8-j16 -4+j8 -4+j8
-4+i8 8-j16 -4+j8
-4+j8 -4+j8 8-jl6

Y

us
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To solve the case, we follow the steps outlined in section 6.6.

Iteration O
Sepl
5,(0)] [0
Start with x(0) =| 5,(0) |=|0
V;(0)| |1
P,(x(0)] |0
P00 7 (o) o

Q(x(0)) =Q, (x(0)) =0
'P,—P,(x0)] [08]
Ay(0)=| B,~PR,(x(0)) |=|-1.8
Q-Q(x)| | O

Sep 2
J1=_16 _8} J2={_4_
-8 16 8
J3=[4 -8  J4=[16]
16 -8i-4
J0)=|-8 16 8
4 -8i16
Sep 3
J(0)Ax(0) = Ay(0)
16 -8 -4|[As,0)] [ 0.8
-8 16 8||Ad,(0)|=|-1.8
4 -8 16| AV,0)| | 0
—0.0083333
AX(0) =| -0.094167
~0.045
Sep 4
~0.0083333
X(1) = x(0) + Ax(0) =| -0.094167
0.955

162
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Iteration 1

Sepl
0.7825
PO) _—1.6861}
Q(x(2))=0.0610
[ 0.017502
Ay(1)=|-0.11385
|—0.06104

Sep 2

[15.9057 —7.93935 -3.29945
J()=|-7.28439 14.5314 5.8744
| 44609 -8.98235 15.3439
Sep 3
[—0.0038007
AX(1) =[—-0.0069372
| —0.0069342

Sep 4
-0.012134
X(2)=|-0.1011
0.94807

Iteration 2

Sepl
0.7999
P(x(2) _—1.7990}
Q(x(2))=6.484 E-4
[ 1.3602 E-4
Ay(2) =|-1.0458 E-4
|—6.484 E-4

Sep 2
15.8424 -7.89148 -3.27336
J(2)=|-7.21758 14.3806 5.68703
4.45117 -8.98958 15.1697
Sep 3
-3.7748 E-5
AX(2) =|—-6.412E-5
—6.9664 E-5
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Sep 4

-0.012172
X(3)=|-0.10117
0.948
Iteration 3
Sepl
0.8000
P(x3)= _—1.8000}
Q(x(3))=6.4875E-8
[ 1.1294E-8
Ay(3)=|-9.7437 E-8
|—6.4875 E-8
Ay(3) <1E-4
.. Newton-Raphson has converged in 3 iterations to
V,=1.0£0

V,=1.0£-0.012172 rad = 1.0 £-0.6974°
V,=0.948 £-0.10117 rad =0.948 £ -5.797°

Using the voltages, we can calculate the powers at buses 1 and 2 with Egs. (6.6.2) and
(6.6.3).

P, =1.0910 p.u. = 109.10 MW
Q,=0.0237 p.u.=2.37 Mvar
Q, =0.1583 p.u.=15.83 Mvar

Using PowerWorld simulator, we get
R =109.1 MW

Q =2.4 Mvar
Q, =15.8 Mvar
V,=0.948 p.u.

which agrees with our solution.

6.47 First, convert values to per-unit
Q, =50 Mvar =0.5 p.u.

Y,.s Staysthe same asin Problem 6.46.
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Since bus 2 is now a PQ bus, we introduce a fourth equation in order to solve for V.

Iteration O
Sepl
5,(0)] [O]
40| |0
Start with x(0) = (O) 1
V;(0)] |[1]
P, (x(0))] _O}
"R x )] [o

Sep 2
16 -8!8 -4
a0)-|B 18 48
-8 4 116 -8
4 -8;-8 16
Sep 3
J(0)AX(0) = Ay(0)
—0.023333]
AX(0) = -0.10167
1.03
0.97
Sep 4
[-0.023333
-0.10167
X(2) = x(0) + Ax(0) = 103
| 0.97
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Iteration 1

Sepl
P(x() = 0.8174}

-1.7299

[0.5517
_0.0727}
—0.01739

-0.070052
-0.051746
|-0.072698

Q(x(1) =

Ay =

Sep 2
16.4227 -8.28102 9.03358 -3.46256
30)= -7.65556 14.9817 -4.47535 5.97655
-7.66981 3.35868 17.0157 -8.53714
4.60961 -9.25715 -7.43258 15.5949
Sep 3
[—0.00057587
-0.0032484
-0.0077284

|—0.010103

AX(D) =

Sep 4

[—0.023904

—0.10492
1.0223
0.9599

X(2) =

Iteration 2

Sepl
P(x(2) - 0.7999}

-1.7989

[0.5005
_0.0007}
[ 0.00013185
-0.0011097

—-0.00048034
|-0.00072284

Q(x(2) =

Ay(2) =
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Sep 2

[16.2201 -8.14207 8.96061 —3.41392
—7.50685 14.7417 -4.44838 5.80513

—-7.56045 3.27701 16.8459 -8.48223
| 4.54745 -9.17011 -7.34331 15.3591

J(2)=

Sep 3
[ -6.3502 E-7
-5.3289E-5
—7.6468E-5
| -0.00011525

AX(2) =

Sep 4

—0.02391

—-0.10497
1.0222

| 0.95978

x(3) =

Iteration 3
Sepl
0.8000
P(x3)= _—1.8000}
[0.5000
_0.0000}
[ 6.1267 E-8
—2.0161E-7
—-6.5136 E-8
| —8.9553E-8
Ay(3)<1E-4
.. Newton-Raphson has converged in 3 iterations to
V,=1.0£0
V, =1.0222 £ -0.02391 rad =1.0222 £ -1.370°
V, =0.95978 £ —0.10497 rad = 0.95978 £ —-6.014°

Using the voltages, we can calculate the powers at bus 1 with Egs. (6.6.2) and (6.6.3).
P, =1.0944 p.u.=109.44 MW

Q =-0.3112 p.u. =-31.12 Mvar

Q(x(3)=

Ay(3) =
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Using PowerWorld Simulator, we get

R, =109.4 MW
Q =-31.1 Mvar
V, =1.025 p.u.
V,=0.960 p.u.
Which agrees with our solution.
6.48 50
40 4
30 4
20
= 10
73 LI
g -1 <
=20
30
=40
=50 T
B - i B - B B ::m:] -
6.49
Tap setting Mvar @ G1 V5 (p.u.) V2 (p.u.) P losses
0.975 94 0.954 0.806 37.64
0.98125 90 0.961 0.817 36.63
0.9875 98 0.965 0.823 36.00
0.99375 106 0.97 0.828 354
1.0 114 0.974 0.834 34.84
1.00625 123 0.979 0.839 34.31
1.0125 131 0.983 0.845 33.81
1.01875 140 0.987 0.850 33.33
1.025 149 0.992 0.855 32.89
1.03125 158 0.996 0.86 3247
1.0375 167 1.0 0.865 32.08
1.04375 176 1.004 0.87 31.72
1.05 185 1.008 0.874 31.38
1.05625 195 1.012 0.879 31.06
1.0625 204 1.016 0.884 30.76
1.06875 214 1.02 0.888 30.49
1.075 224 1.024 0.893 30.23
1.08125 233 1.028 0.897 30.00
1.0875 243 1.031 0.901 29.79
1.09375 253 1.035 0.906 29.59
11 263 1.039 0.910 29.42
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6.50

6.51

6.52

6.53

Shunt Capacitor Shunt Capacitor | Shunt Capacitor | \/ Line | Line | Line | Total Power

State Rating (Mvar) | Output (Mvar) (p2 | 24 | 25 |45 | Losses(MW)
.u.

Disconnected 0 0 0.834 27% | 49% | 19% 34.37

Connected 200 184.0 0.959 25% | 44% | 16% 25.37

Connected 261 261.0 1.000 25% | 43% | 15% 23.95

When the capacitor rating is set at 261 Mvar, the voltage at bus 2 becomes 1.0 per unit. As aresult of this, the
line loadings decrease on al lines, and thus the power |oss decrease as well.

Before new line After new line

Bus voltage V, (p.u.) 0.834 0.953
Total real power losses (MW) 34.8 18.3
Branch b/w bus 1-5 (% loading) 68.5 63.1
Branch b/w bus 2—4 (% loading) 27.3 175
49.0 254
Branch b/w bus 2-5 (% loading) (both lines)
Branch b/w bus 3—4 (% loading) 53.1 45.7
Branch b/w bus 4-5 (% loading) 18.8 221

With the line connecting HOMER 69 and LAUF 69 removed, the voltage at HANNAH 69
drops to 0.966 p.u. To raise that voltage to 1.0 p.u., we require 32.0 Mvar from the capacitor
bank of HANNAH 69.

15.00

14.00

13.00 4

12.00

11.00

10.00

Total system losses (MW)

9.00

8.00 [ e e
0 40 80

T T T T T T T

T T T T T T
160 200 240 280 320 360

P(BLT138) (MW)

120 400

When the generation at BLT138 is 300 MW, the losses on the system are minimized to
10.24 MW.
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6.54

6.55

6.56

15.00

14.00 *\
13.00

=
= \\\ //
Z 1200
E w
S 1100
£ 1000
l—q
9.00 -
8.00 LB B e — " m— m— —

T T T T T T T T T

T
160 200 240
P(BLT138) (MW)

0 40 80 120 280 320 360 400

When the generation at BLT138is220 MW or 240 MW, the losses on the system are
minimized to 11.21 MW.

DIAG =[17 25 9 2 14 15
OFFDIAG=[-91-21-71-91-81-11-61-81-11-21-6.1-51-7.1-5.1]

COoL =[2 5 6 1 3 4 5 2 2 1 2 6 1 5]
ROW =[3 4 1 1 3 2
By the process of node elimination and active branch designation, in Fig. 6.9:
Step No. 1 ) 3 4 5 6 7 8 9 10
Modeatminaed ® © @ O @ © @ ® @
No. of active branches | 1 2 1 1 2 2 2 1 0
Resulting fill-ins 0 0 0 0 0 0 2 0 0 0

The fill-in (dashed) branch after Step 6 is shown below:

® ®

® ®

Note that two fill-ins are unavoidable. When the bus numbers are assigned to Fig. 6.9in

accordance with the step numbers above, the rows and columns of Y, will be optimally

ordered for Gaussian elimination, and as aresult, the triangul ar factors L and U will
require minimum storage and computing time for solving the nodal equations.
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6.57 Table6.6 w/DC Approximation
Generation Load

Bus# Voltage Phase Angle PG QG PL QL
M agnitude (degr ees) (per unit)  (per unit) (per unit)  (per unit)
(per unit)

1 1.000 0.000 3.600 0.000 0.000 0.000

2 1.000 -18.695 0.000 0.000 8.000 0.000

3 1.000 0.524 5.200 0.000 0.800 0.000

4 1.000 -1.997 0.000 0.000 0.000 0.000

5 1.000 -4.125 0.000 0.000 0.000 0.000

TOTAL 8.800 0.000 8.800 0.000

When comparing these results to Table 6.6 in the book, voltage magnitudes are all constant.
Most phase angles are close to the NR algorithm except bus 3 has a positive anglein DC and
anegative value in NR. Total generation is less since losses are not taken into account and
reactive power is completely ignored in DC power flow.

Table 6.7 w/ DC Approximation

Line# Busto Bus P Q S
1 2 4 -2914 0.000 2914
4 2 2914 0.000 2914
2 2 5 -5.086 0.000 5.086
5 2 5.086 0.000 5.086
3 4 5 1.486 0.000 1.486
5 4 -1.486  0.000 1.486

With the DC power flow, all reactive power flows are ignored. Real power flows are close
to the NR agorithm except losses are not taken into account, so each end of the line has the
same flow.

Table 6.8 w/DC Approximation

Tran. # Busto Bus P Q S
1 1 5 3.600  0.000 3.600

5 1 -3.600 0.000 3.600

2 3 4 4400  0.000 4.400

4 3 -4.400 0.000 4.400

With DC approximation the reactive power flowsin transformers are also ignored and losses
are aso assumed to be zero.
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6.58 With the reactance on the line from bus 2 to bus 5 changed, the B matrix becomes:
[—43.333 0 10 33.333
0 -100 100 0
10 100 -150 40
| 33.333 0 40 -123.333

P remains the same;

[-8.0
b 4.4
0
| 0
-0.2443 -13.995°
5 Bip 0.0255 cad = 1.4638°
-0.0185 -1.0572°
-0.0720 -4.1253°
6.59 (a) Sincebus7 isthe slack bus, we neglect row 7 and column 7 in our B matrix and P
Vector.
—20.833 16.667 4.167 0 0 0 |
16.667 -52.778  5.556  5.556  8.333 16.667
B 4.167 5556 -43.056 33.333 0 0
0 5556 33.333 -43.056 4.167 0
0 8333 0 4167 -29.167 O
|0 16.667 0 0 0 -25 |
[ 160] [ 1.6
110 1.1
-110 -1.1
P= MW= p.u.
-30 -0.3
-130 -1.3
L O . L O .
(b) 6=—BP
[ 7.6758°]
4.2020°
_|-0.4315°
~|-0.3265°
-1.3999°
| 2.8014°]

This agrees with the angles shown in PowerWorld.
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6.60 First, wefind the angle of bus 1 required to give a65 MW line loading to the line between

6.61

buses 1 and 3.
Ps :M
X3
0,—0.
0.65:6.—243
0,=0,+0.156
Now, we solve for the angles:
P=-Bo
1.6+AP| [ [ &, +0.156]
1.1 0,
-1.1 B 0,
—03 | 5,
-1.3 o5
L 0 a L L 56 B

Thisis asystem of 6 unknowns (4,,6,---8,AR,) and 6 equations. Solving yields

AP, =0.3194 p.u.
=31.94 MW

Therefore, if the generator at bus 1 increases output by 31.94 MW, the flow on theline
between buses 1 and 3 will reach 100%.

A type 1 or 2 wind turbine is one which maintains a constant real and reactive power output.
Hence, the busit is connected to will be a PQ bus. A type 3 or 4 wind turbine is one which
maintains a constant voltage and real power output; the busit is connected to will be a PV
bus. In a contingency such as aline outage, the voltage in the PQ buswill change due to the
redistribution of power flows on the remaining lines. However, the voltage on a PV bus
remains constant in a contingency, due to the fact that the type 3 or 4 wind turbine changes
its reactive power output to maintain that voltage. In this regard, atype 3 or 4 wind turbine
is more favorable.

From Eq. (6.6.3), we can see that the reactive power injection at abusisdirectly
proportional to the voltage magnitude at that bus.
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Chapter 7

Symmetrical Faults

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS

7.1  Sinusoid, exponentially, the instant of short circuit

7.2 Timeincycles

7.3  Subtransient, transient

7.4  Direct-axis short-circuit subtransient, direct-axis short-circuit transient
7.5 Direct-axis synchronous reactance

7.6  Armature time constant

7.7  Leakage reactances, series reactances, constant voltage sources
78 a

79 a

710 a

7.11 Bus-impedance

712 a

7.13 Self impedances, mutual impedances

7.14 Elongating and cooling it

7.15 1500

716 SF,GAS

717 a

7.18 A magnetic force
719 a

720 1.0

7.21 Silver, sand

7.22 Time-current

175
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



71 (@ Z=R+jwL=04+(27.60)2x10° =04+ j0.754
=0.8535262.05° Q
24 =0.8535Q and 6 = 62.05°
\Y 277
©~Z 08535
(b) 1,..0)=1_k(0)= 324.5\/§ =562.1A
(o) Using Eq. (7.1.12), with %:% =1.885

k(7 =5cycles) = \/1-2e* /185 =1 0
l,«(z=5cycles)=1__k(5cycles) = 324.5A
(d) FromEg. (7.1.1)

300 ) . 300
V(0)=+/2Vsing=300: a=sint sint| == |=49.98°
©)= (\/_V] (ﬁzw]

=324.5A

From Eq. (7.1.4)

ig(t) = —ﬂsn(a f)et'
*/_(277) Sin(49.98° - 62.05°)e /"
0.8535
—95.08e /T
3
where T= =207 o 1045

i (t) =95.98e(5%°) A
72 (3 Z=1+]2=2236,63.43"Q
| =V/Z =4000/2.236=1789 A
(b) 1.__(0)=1789+/3=3098 A
(©) with X/R=2, k(5)=+1+2e%®2 =10
| _(5)=k(B)I, =(1.0)(1789)=1789 A
(d) o=sin"(300/4000V2)=3.04"
X 2

X 2 _5305x10°%s
wR  (27.60)(2)
()= */_2(‘2‘220) n(3.04°— 63.43°)e T

— 2200e*'[/(5.305><10’3) A
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7.3 Z =0.125+ j27(60)0.01=0.125+ j3.77=3.772.£88.1°Q
151 140

| = e =—=A
wms - 23772 2
T =L/R=0.08Sec.

The responseis then given by
i(4)=40sin(wt+o —88.1°) - 40e'/°® sin(or - 88.1°)

(8 Nodcoffset, if switchisclosed when o =88.1°.
(b) Maximum dc offset, when o =88.1°—-90° =-1.9°
Current waveforms with no dc offset (a), and with Max. dc offset (b) are shown below:

40

T T T T T T T T
20 —[‘ [\

=20 4

W

T
0 0.05 0.10 0.15 0.20 0.25 0.30

i(t)

1, sec
(a)
g{] T T T T T T T T T
60
40 4
S 204
0 -
=20 -
»-4{] T T T T T
0 0.05 0.10 0.15 0.20 0.25 0.30
1, sec

(b)

74 (8 For X/R=0,i(t)=v21[sn(et-6,)] «
(b) Thewave form represents a sine wave, with < no dc offset.
For X/R=co,i(t)=v2 1, [sin(at—6,)+snd, | «
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7.5

The dc offset is maximum for (X/R) equal to infinity. «

i)

1,,5(2.8283)
b X/R=0

\

!,.,,,_.(1.4|4|)-/,\
. I \ !: i ’! \ .
o U/ U 4 U\ /\

I - /

I
8.3 ms

_—
Lo
\
-
-‘“‘-..___““‘

Forwt=m/2,t=4.2 ms
Plot -
(c) For(X/R)=0,Asymmetrical Factor =1.4141
For ( X/R) = e, Asymmetrical Factor = 2.8283
Thetimeof peak,t,, ForX/R=0,is42ms| «
and For X/R=0,is83ms

Note:  The multiplying factor that is used to determine the maximum peak instantaneous
fault current can be calculated by taking the derivative of the bracketed term of the
given equation for i(t) in PR.7.4 with respect to time and equating to zero, and then
solving for the time of maximum peak t ; substituting t_ into the equation, the
appropriate multiplying factor can be determined.

V., 132x10°

Vin= = =7621V
L-N \/§ \/§
RMS symmetrical fault current, | = i}/
(0.5% +1.5%)2
=4820A «

X/R Rétio of the system is % =3, for which the asymmetrical factor is 1.9495.

.. The maximum peak instantaneous value of fault current is | =1.9495(4820)

=9397A «

max peak

All substation electrical equipment must be
able to withstand a peak current of approximately » «—
9400 A.
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7.6 (@) Neglecting the transformer winding resistance,

»__E9 __ 10 _ 1
X!+ X, 017401 027

=3.704 pu

The base current on the HV side of the transformer is:

—Saw 100, gaya

T B V3(345)

|”=3.704x1.673=6.198 KA

(b) Using Eq(7.2.1) at t = 3 cycles= 0.05 Swith the transformer reactance included,

1 (008 =1.0][ L - L oo o L _ L \qamo, L
& 027 04 04 16 1.6

=2.851 Pu
From Eq (7.2.5)

g (t) = \/5(3.704) e/01 =5 238e /01 py
The rmsasymmetrical current that the breaker interruptsis

| e (0.058) =12, (0.05) +i2 (0.05)

= J(2.851)" + (5.238)" e 001
=4.269 pu=4.269(1.673) = 7.144 kA

7.7 (a) Using Eqg. (7.2.1) with the transformer reactance included, and with « =0° for
maximum dc offset,

. 1 1 1 1 1. V4

i (t)=v2(L0)|| ———— |eW0S 4| — = |04 _— |gn| wt—=

() =V2( ){(0.27 o.4j (0.4 1.6) 1.6} ( 2)
= \/5[1.204e‘“ 0% 11,8756/ +0.625 s n(a)t —%j pu

The generator base current is

o _Saw 1000 _oga74a

sl =
T VBV V3(20)

i,o (t) = 40.83[ 1.204€ /9% + 1,875 /10 + 0.625] § n(a)t - %J KA

where the effect of the transformer on the time constants has been neglected.
(b) From Eg. (7.2.5) and the results of Problem 7.6,

idc (t) = \/:_3 | 7et/Ta = \/E (3_704) et/ol
=5.238e /%! pu=151.2e /*1 KA

179
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



78 (a) i (t)=10(1+e"*® +6e), tinmsandiinkA.
The plot is show below:

i(kA)

80
41.4 -

13.7 4
10

= [(ms)

]:5 2{11(}
300 (13.8)2
b |, =———=12551A; Z,_=
(b) ®* " 0.0138/3 °
i(k)=0.797(1+ €% +6€ % ) pu

- 1
limi(k)=0.797; .. X,=———=1.255pu
i) ° 0797 P

=0.635Q

limi(t) =8x0.797, . X -1  _o1s7p0
-0 8x0.797

(©) X,=1.255x0.635=0.797Q
X =0.157x0.635=0.996Q

7.9 The prefault and postfault per-phase equivalent circuits are shown below:

jo.1 7 jo.1 F i
i
0.1
/ :
E,
Prefault circuit Postfault circuit
— 145 R
V, = ST 0.967£0°pu, taken as reference
6
Base Current =—2220" 530054
J3x15x10°
3 o
I_MOTOR = 40x10°£36.9° =1991/36.9°A
0.8x+/3x14.5

=0.8621,36.9°pu=(0.69+ j0.52) pu
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7.10

For the generator,
\Z =0.967 + j0.1(0.69+ j0.52) = (0.915+ j0.069) pu
E;’ =0.915+ j0.069 + j0.1(0.69+ j0.52) = (0.863+ j0.138) pu
T 0.863+ j0.138
9 j0.2
= 2309.5(0.69 =] 4.315) = (1593.6 -] 9965.5) A «

=(0.69- j4.315)pu

For the motor:
V, =V, =0.967£0°
E, =0.967- j0.1(0.69+ j0.52) = (1.019— j0.069) pu
7= 1.019-j0.069 _
" jo.1
=2309.5(-0.69- j10.19) =-1593.6 — j23533.8A «

(-0.69-j10.19) pu

Inthefault: 17 =17+17=0.69—j4.315-0.69 j10.19
— —}14.505pu = —14.505x 2309.5
——j33499A «

Note: The fault current is very high since the subtransient reactance of synchronous
machines and the external line reactance are low.

[

The pre-fault load current in puis

Xk

_ S
I, = V—"“z— cos(PF) = %4 —cos*(0.8)=1.0£-36.86°pu

pu
Theinitial generator voltage behind the subtransient reactanceis
E;’ =V +j(X] +X)I, =1.0£0°+(j0.27)(1.0£ - 36.86°)
=1.162+ j0.216=1.182 £10.53° pu
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The subtransient fault current is
1= E;’/j (X +Xz)=1.182.£10.53°/j0.27 = 4.378 £ - 79.47°pu
"= 4.378(1.673) £ — 79.47° =7.326 £ — 79.47°kA
Alternatively, using superposition,
1"=1/+17=1/+1_=3.704£—90°+1.0£ - 36.86°
[From Pr. 7.6 (a)]
1”7=0.8-j4.304=4.378£—79.47° pu
=7.326 £ —T79.47°kA

7.11 The prefault load current in per unit is:

I ¢ 1,j0.505

2

I, =§1— cos!(P.F.) =1;04 —c0s10.95=0.9524 / —18.195° per unit
\Y, 1.05
The internal machine voltages are:

E;’ =V + jxg;’l_L =1.0520°+( j0.15)(0.9524~ —18.195°)
=1.05+0.1429,/71.81° =1.0946 + j0.1358 =1.1030£7.072° per unit

Er: =V- i (XTl + Xijne + Xy + X;)I_L
=1.0520°—( j0.505)(0.9524 £ —18.195°)
=1.05+0.48095£ —18.195° = 0.8998 — j 0.4569 =1.0092 £ — 26.92° per unit

The short circuit currents are;

-, E; 11080/7.072°

”
ly=

=7.353 2 —82.93°per unit

X5 jo.15
== = __100922-26.92°_ ) 998 ,243.1° per unit
J(Xrl + XLine + xrz + Xm) J0505

17 =17+17,=7.353/-82.93°+1.998./243.1° = — |9.079 per unit
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712

Zone 4 Vi, 0= 500kV

j0.40 Jj0.20 Jj0.20 J0.10
0000 —— 0000 —

J0.20

j0.40 % E j0.17

G) Fa

J0.1333

j0.24

£
Zone | Zone 2 Zone 3
Viser = 13.8 12 kV Viyasea = 18 kV Viases = 20 kV
Per Unit Positive Sequence Reactance Diagram
” 1000 . .

X?, =(0.20) 00 ) 0.40per unit X1, =(0.12)(1000/500) = 0.24 per unit

X7, =(0.18)(1000/750) = 0.24Perunit X, =(0.10)(1000/ 750) = 0.1333per unit

X3 = 0.17 per unit X5 =0.10per unit

V.., (500)° 50 .

Lioses = Sboas: = 1000 =250Q Xz = Xiinezs = Kiineza = 250 = 0.20per unit

(@ Xp, =(0.40+0.24)//[ 0.20+(0.20+0.10+0.17)//(0.20+0.1333+0.24) |

=0.64//[0.20+0.47//0.5733] = 0.64//0.4583
=0.2670per unit

b) V. =:T22=1.0540°perunit | See 1000 4 j55ya

o BV s (v3)(500)

7= Ye (L0205 o33per unit = (~3.933)(1.155) = - j4.541 kA

%, 02670 —— Lt

(c) Using current division:
— 0.4583

o= e s

(0.4583+0.64)

X

=(—j3.933)(0.4173) = —j1.641per unit =—1.896 kA

m

- - 0.64 . . . .
17 1, =17 ————— |=(—]3.933)(0.5827) = —j 2.292per unit = —j 2.647 kA
o= s | (- 13939)(05627) = -j2:202peruit =
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713 (8) X =(0.20+0.24+0.40)//(0.20+0.10+0.17)//(0.20+ 0.1333+ 0.24)

X, =0.84//0.47//0.5733= 1 11 7 = 0.1975per unit
+ +
0.84 047 05733
(b) 17 = M _ 1,'0540 =—5.3155per unit
Z, j01975 ———
17 =(-}5.3155)(1.155) = - }6.1379KA
© 1,= 1‘9322 = —j1.25per unit = (—}1.25)(1.155) = — j1.443kA
j084 ——
17 =LO520°_ 15 234 per unit = (~ j2.234)(1.155) = - j2.580KA
j0.47
— 1.05£0° . . . .
I, = =—j1.8315per unit =(—j1.8315)(1.155) =—j2.115kA
a2 i0.5733 J p ( J )( ) |
7.14 (@) Zonel
Vo =10kV
. ONN© ©;
| : |
~ 000 —— 000 ——000
- }/ * j0.576 | j0.20 j0.21
gl !
i 5
- j0.20 j0.10 j0.21
(oo 0
Zone 2 Zone 3
V..., =15kV Vs =138kV
(138)°
o = =190.44Q
100

12\?( 100 .
X7 =(0.20)| == | | == | =0.576per unit
i =( )(mj (50} P

X, = 0.20per unit
Xy = (O.lO)(%j =0.20per unit

X;, =0.10per unit X ine =40/190.44 = 0.21per unit

Line
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(b) X =(0.20)//(0.576+0.20+0.21+0.21+0.10)
=0.20//1.296 = 0.1733 per unit

Ve =1.0per unit
(©) 17 Ve o ,1'040 =—j5.772per unit
Z jorrss I
100
| =290 3840k
base2 15\/§
T7 = (—5.772)(3.849) = — | 22.21KA
(d) ng=1:%42% — —5.0per unit = (~ 5.0)(3.849) = — |19.245KA
j020 —— ——
T = 1_f£6 — —j0.7716per unit = (—j0.7716) (3.849) = —  2.970KA
1296 ———

715 (a) X =(0.20+0.10)//(0.576+0.20+0.21+0.21)
=0.30//1.196 = 0.2398 per unit

—,  1.0£0°

() Tr=—ti
j0.2398

100

| ="
3 1383

17 =(~]4.1695)(0.4184) = —j1.744KA

=—j4.1695per unit

=0.4184kA

© T _1.040°

™ j0.30

- 1.0£0°
3, =~

j1.196

= —j3.333per unit = (- 3.333)(0.4184) = - j1.395kA

— —j0.836 per unit = (—]0.836)(0.4184) = —0.350kA

7.16 Choosing base MV A as 30 MV A and the base line voltage at the HV-side of the transformer
to be 33kV,

Xo1 = 30 x0.15=0.225pu; X;, = %xm: 0.3pU; Xipans =%X0.05= 0.05pu

Gl%

30

Zine =(3+ j15)§ =(0.0826 + j0.4132) pu
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The system with pu-valuesis shown below:

j0.05 00826 j0.4132

The above is reduced to:

j0.1286  0.0826  j0.4632

Z o =0.0826+ j0.5918 = 0.5975./82° pu

Then T-— 19  _674,-87pu
0.5975./82°
6
= _30x10° _ soa8a
,/333x10

- =1.674x524.8=878.6 A
7.17 Choosing base values of 25 MV A and 13.8 kV on the generator side
Generator reactance= 0.15 pu

2
Transformer reactance = (132 0.11=0.101 pu
25\13.8

Base voltage at the transmission line is 13.8><% =72.136 kV
- 25
Per-unit line reactance: 65— =0.312
(72.136)
2
Xy = 0.15><§><(1—3) =0.222 pu
15 138
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The reactance diagram is shown below; Switch SW simulates the short circuit, and Eg and
E. arethe machine prefault internal voltages.

TN
Busl Bus2 kg j0.736
jo.101 j0.312 j0.101 j0.15 ‘.il' Ef ¥
0.222 B E”
SW J0.222 £ . C) E m
E, [
E:a -
(b)
(a) Voltages V- in phase opposition
Using superposition: replace the switch
jo.15 j0.736 j0.15 j0.736
0 IR SR o
IVF,T

Iy

+
wor Or @)

()
Choose V. to be equal to the voltage at the fault point prior to the occurrence of the faullt;
then V. = E;, = E/; prefault currents are neglected; 17, =0; so V. may be open circuited as

shown below:
j0.15 j0.736 j0.15 j0.736
0 0 0 . SIR
Iy =1
a + +
F;l j + T:: ?-‘ “‘m
b C? C?
(d) *
Equivalent impedance between Neglecting prefault currents,
terminalsa& bis Egzﬁr’; =V, =1/0°pu
!0.15>< 1.0.736 —0.1246
j0.15+ j0.736
=T =0 __igoospu

717 770.1246
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7.18 (A)

€Y
@
;(} 08 ;n 06
;UU-I
j0.12 j0.12 J0.08
SW
Rake equivz 1lem
- \7 1040° . .
b) Il === —j8.333per unit
(b) g, Z. " jon ] per
Using Eq (8.4.7):
E=|1- L \A =(1—%)1 0£0° = 0.3333£0° per unit
Z, 0.12 _—
E = 1—_—22 \7 =O
2 Z, F
E, = 1-Za VA =(1—@j10400 0.50£0° per unit
» 0.12
(B)
@
%(_/
j0.1 j0.5
0.4 j0.8 % j1.2

T
0.3

O+ O+ ©

f(sw

Rake equivalent
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(b) 17,=V./Z,=10-0°j0.8=-j1.25pu
Using Eq (7.4.7)

E - _Z v. z(l,_ﬂj(uoﬂ:o.sm Z0° pu
Z, 0.8

E. = _Zn V. = 1—% 1,£0°=0.3752£0° pu
3 0.8
33 -

6.5625 -5 0 0
719 Y= S b ~ |perunit
sl g 5 87037 0 |
0 -5 0 7.6786
Using the personal computer subroutine
0.2671 0.1505 0.0865 0.098
_ .10.1505 0.1975 0.1135 0.1286 .
Z = per unit
0.0865 0.1135 0.1801 0.0739
0.098 0.1286 0.0739 0.214
[6.7361 -5 0 0 0 |
-5 9.7619 -4.7619 0 0
720 Y,.=-j| O -4.7619 95238 -4.7619 0 |perunit
0 0 -4.7619 14.7619 -10
| 0 0 0 -10 15 |
Using the personal computer subroutine
[0.3542 0.2772 0.1964 0.1155 0.077 |
0.2772 0.3735 0.2645 0.1556 0.1037
Z,.=j] 01964 02645 03361 0.1977 0.1318 perunit
0.1155 0.1556 0.1977 0.2398 0.1599
10.077 01037 0.1318 0.1599 0.1733]
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7.21 (@ Theadmittance diagram is shown below:

() Y,=-j05-j5-j5=-j105Y, =—j0.5— j2.5— j5=—j8.0

', =—j05— j5— j10— j25=—}18.0;Y, =—j5— j10— j5=—j20.0
=Y =0Y, =Y, =j50,Y, =Y, =50
=Y, =j25Y,=Y,=i5Y, =Y, =j10.0

[ =<l

o<

Hence the bus admittance matrix is given by
-j105 0 j5.0 j5.0
_ 0 -j8.0 j25 j5.0
YBUS - . . . .
j5.0 j25 -j18.0 j10.0
j5.0 j50 j10.0 -j20.0

(c) The busimpedance matrix Z . =Ygl isgiven by

j0.724 j0.620 j0.656 j0.644
_ |j0620 j0.738 j0.642 j0.660

s j0.656 j0.642 j0.702 j0.676
j0.644 j0.660 j0.676 j0.719

@ (2) ©) (4)

@[ j15 -jo2s 0 0
72 @ 5 _(-j025 j0775 -j04 -j0.125
BT 0 -jo4 j185 —j0.2
(4| 0 -jo125 —jo.2 j0.325
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@ (2 €) (4)
()[j0.71660 j0.60992 j0.53340 j0.58049
(b) - (2060992 j0.73190 j0.64008 j0.69659
BUS ™ (3)] j0.53340 j0.64008 j0.71660 j0.66951
(4)| j0.58049 j0.69659 j0.66951 j0.76310

Note: Z,,s may beformulated directly (instead of inverting Y, ) by adding the branches

in the order of their labels; and numbered subscripts on Z, ¢ will indicate the
intermediate steps of the solution.

For details of this step-by-step method of formulating Z 5, please refer to the 2™
edition of the text.

_10_ 10

723 () (=3 _E:—j4.348pu < Dueto thefault
22 J .

Note: Becauseload currents are neglected, the prefault voltage at each bus
is 1.0£0°pu, thesame as V, at bus 2.

(b) Voltages during the fault are calcul ated below:

- 'Jé)ézs
v, Jo. 0.134
V2 j0.15 0 1oy «
V.| | 1-1=22 7| 0.3478
% j0.23
A . 0.3435
L 10151
j0.23 |

(c) Currentflowinline3-1is
V-V, 0.3478-0.1304

I, =—%= =-j0.8696pu «
2= TF 1025 JREREP
(d) Fault currents contributed to bus 2 by the adjacent unfaulted buses are cal culated below:
From Bus 1: Yl = (_)'1304 =-j1.0432 «
Z, , j0.125
From Bus 3: Y 3= 0,'3478 =—j13912 «
Z_, j025
From Bus 4: Y 4= O'_34§5 =—jL7175 «
2-4 Ju.

Sum of these current contributions = —j4.1519
Which is approximately same as 17 .
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1.24

7.25

7.26

1.27

7.28

7.29

7.30

7.31

For afault at bus 2, generator 5 supplies 1.25 per unit current, generator 6 supplies 1.8315
pu, and generator 7 supplies 1.75 pu. The per unit fault-on voltages are bus 1 = 0.25, bus
2=0, bus3=0.35, bus 4 = 0.3663, bus 5 = 0.55, bus 6 = 0.610, and bus 7 = 0.525.

For afault at bus 1, generator 5 supplies 1.641 per unit current, generator 6 supplies 1.089
pu, and generator 7 supplies 1.040 pu. The per unit fault-on voltagesare bus 1 =0, bus 2 =
0.426, bus 3= 0.634, bus 4 = 0.644, bus 5 = 0.394, bus 6 = 0.789, and bus 7 = 0.738.

For afault midway on the line between buses 2 and 4, generator 5 supplies 0.972 per unit
current, generator 6 supplies 2.218 pu, and generator 7 supplies 1.361 pu. The per unit fault-
on voltages are bus 1 = 0.428, bus 2 = 0.233, bus 3 = 0.506, bus 4 = 0.222, bus 5 = 0.661,
bus 6 = 0.518, and bus 7 = 0.642.

Generator G3 (at bus 7) supplies the most fault current for abus 7 fault, during which it
supplies 3.5 per unit fault current. This value can be limited to 2.5 per unit by increasing the
G3 positive sequence impedance from 0.3 to 1.05/2.5 = 0.42, which would require an
addition of 0.12 per unit reactance.

For athree phase fault at bus 16 (PETEG9), the generators supply the following per unit
fault currents: 14 (WEBERG69) = 0.000 (off-line), 28 (JO345) G1 = 2.934, 28 (JO345),
G2=2.934, 31 (SLACK345) = 5.127, 44 (LAUF69) = 3.123, 48 (BOB69) = 0.000 (off-line),
50 (ROGER69) = 1.987, 53 (BLT138) = 8.918, 54 (BLT69) = 8.958. During the fault a total
of 27 of the 37 buses have voltages at or below 0.75 per unit (one bus has a voltage of
0.74994 so some students may round thisto 0.75 and say 26 buses are BELOW 0.75).

For athree phase fault at bus 48 (BOB69) the generators supply the following per unit fault
currents: 14 (WEBERG69) = 0.000 (off-line), 28 (JO345) G1 = 2.665, 28 (JO345), G2 =
2.665, 31 (SLACK345) = 4.600, 44 (LAUF69) = 2.769, 48 (BOB69) = 0.000 (off-line), 50
(ROGERG69) = 2.857, 53 (BLT138) = 9.787, 54 (BLT69) = 6.410. During the fault atotal of
28 of the 37 buses have voltages at or below 0.75 per unit.

With the generator at bus 3 open in the Example 7.5 case, all of the fault current is supplied
by the generator abus 1. The fault is 23.333 for afault at bus 1, 10.426 for a bus 2 fault,
10.889 for bus 3, 12.149 for bus 4, and 16.154 for bus 5.

(8 Thesymmetrical interrupting capability is:

at 10kV: (90)(%) =13.95kA

i = Vine 155 5.805kV
k 267
at 5kV: I, =k+=(2.67)(9.0)=24.0kA
(b) The symmetrical interrupting capability at 13.8 kV is:

9.0 155 =10.11kA
138

Since the interrupting capability of 10.11 kA is greater than the 10 kA symmetrical fault
current and the (X/R) ratio is less than 15, the answer is yes. This breaker can be safely
installed at the bus.
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7.32 From Table 7.10, select the 500 kV (nominal voltage class) breaker with a40 kA rated short
circuit current. This breaker has a3 kA rated continuous current.

7.33 The maximum symmetrical interrupting capability is k x rated short-circuit
current » 1.21 x 19,000 = 22,990 A which must not be exceeded.

Rated maximumvoltage

K
=25 _6okv

121

Hence, in the operating voltage range 72.5-60 kV, the symmetrical interrupting current may
exceed the rated short-circuit current of 19,000 A, but islimited to 22,990 A. For example,
at 66 kV the interrupting current can be

% x19,000 = 20,871A

Lower limit of operatingvoltage =

7.34 () For abaseof 25 MVA, 13.8kV in the generator circuit, the base for motorsis 25 MVA,
6.9 kV. For each of the motors,

X = O.ZM =1.0pu
5000
The reactance diagram is shown below:

W_O_

j1.0

j1.0 :

j1.0 :
P jl0 :

j0.15 I jo.1

)

For afault at P, V. =1/0°pu; Z, = j0.125pu
17 =120°/j0.125=—j8.0pu
25000

J3x6.9

S0, subtransient fault current =8x2090=16,720A
(b) Contributions from the generator and three of the four motors come through breaker A.

The base current in the 6.9 kV circuit is =2090A

The generator contributes a current of —j 8.0x% =—j4.0pu

Each motor contributes 25% of the remaining fault current, or —j1.0pu amperes each.
For breaker A

17=-j4.0+3(~j1.0)=—}7.0pu or 7x2090=14,630A
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(c) To compute the current to be interrupted by breaker A, let us replace the sub transient
reactance of 1.0 by the transient reactance, say j1.5, in the motor circuit. Then

- _jo.375><o.25_
™ 10.375+0.25

The generator contributes a current of

10 ><0.375
j0.15 0.625

j0.15pu

=—j4.0pu

Each motor contributes a current of 1><_i><E =-j0.67pu
4 j0.15 0.625

The symmetrical short-circuit current to be interrupted is

(4.0+3x0.67)x 2090 =12,560A

Supposing that all the breakers connected to the bus are rated on the basis of the current
into afault on the bus, the short-circuit current interrupting rating of the breakers
connected to the 6.9 kV bus must be at |east

4+4x0.67=6.67pu, or 6.67x2090=13,940A .

A 14.4-kV circuit breaker has a rated maximum voltage of 15.5kV and ak of 2.67. At
15.5kV itsrated short-circuits interrupting current is 8900 A. This breaker israted for a
symmetrical short-circuit interrupting current of 2.67x8900 = 23,760A , at avoltage of

15.5/2.67=5.8kV .

This current is the maximum that can be interrupted even though the breaker may bein
acircuit of lower voltage.

The short-circuit interrupting current rating at 6.9 kV is

% x 8900 =20,000A

The required capability of 13,940 A iswell below 80% of 20,000 A, and the breaker is
suitable with respect to short-circuit current.
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Chapter 8
Symmetrical Components

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS

81 Equal,£120°; equal,£120° 821 Z,+3Z

equal, zero 8.22 Positive sequence, subtransient
82 enw_ L. jﬁ 8.23 Does not

2 2 824 a

83 V,+V +V,;V, +a%V, +av,; 8.25 (i) Can, do; does not, 3

V, +av, +a?V, (i) e’ :1,e3:1

I T _ (iii) Do not
8.4 §<Va +V, +Vc); §<Va +aV, + azvc); 8.26 (i) Short

_ _ i) 3Z

1(Va +a?V, +aV,) () "

3 (iii) Open
85 Zero (iv) Short
8.6 May, Never o
87 a 827 3 Voly +Vil +V, 1,
88 I +I,+1;3l,
89 Zero
810 a
811 a
812 a
813 & +Z4,7Z
814 A'ZA
815 a
816 Z +3Z,
8.17 oo, £ 13,7%4,/3
8.18 Diagonal, uncoupled
8.19 Uncoupled, positive-sequence
8.20 Diagonal, zero
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8.1  Using the identities shown in Table 8.1

@ 2l __ -3 _(DV3£-30° V3
l+a-a® (l+a+a?)-2a® (-1)2£240° 2
@ EAH_ i eass
jata®> a(j+a
j (i+a) (141200)[j—1+JﬁJ
2 2
_ \/54\1/5 - 95441?050 =0.7321 £ 270°
_1+j(3+1J .
2
(©) (1+a)(l+a?)=(-a’)(-a)=a’=1£0°

(d) (a-a?)(a2-1)=(a®-a)(1-a*)=(3£270°)(/3£30°)=3 £ 300°

82 (a) (a)m=a(a3)3:a:_%+j§
® () =(0)" (@) =) (1 (i) ()= -a=2- 12
) (1—6‘)3:(@4—30")3=(J§)34—90°=o_j3J§
=0-j5.196
@ e’ g3

= e_EATradians

=0.6065.49.62° =0.3929 + j0.4620

83 (a [I,|] [1 1 17 52£90° 1./90°+1£320°+1.220°
I |_1]1 a a?|[5£320° =§1490°+1480°+14100°
I,| 3|1 & al[5£220°] ~|1£90°+1.200°+1~340°
0-j0.2856] [0.476 £—90°
_ 5| 0+j2.97 |=| 4.949.£90° |A
31 0+j0.316 | |0.5266 £90°
() [T,] [1 1 11]502£90° 1£90°+1£0° | [23.57 £45°
I|_1]1 a a?| 50£0°|_ 50|1£90°+1£120° |=| 32.2.£105° |A
I,| 3|1 & a] O 3 |1£90°+12240°| |8.627 £165°
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V.| [1 1 1][50£80° 1.80°+2 £0°+1.£90°
V,, |=[1 @ a|[100£0°|=50{1,80°+2 £240°+1./210°
V.| |1 a a?|[50£90°] 1.£80°+2 £120°+1 £330°

8.4

2.174+(1.985] [147.2 £42.4°
=50|-1.692— j1.247 |=|105.1.£216.4° |V
0.0397+j2.217] [110.9 £88.97°

85 Eg. (8.1.12) of text:
g:%(ra+rb+rc)
=%(1240°+64—90°+84150°)=1.69—j0.67=1.824—21.5°A «—

I, :%(I_a +al, +a’l)

_ % (12.£0°+1120°(6.£ - 90°) +1.£240°(8 £150°))

= %(12400 +6£30°+ 84300) =8.04+j2.33=8.37£16.2°A «
T, :%(I_a +a’l, +al,)

=%(1240°+14240°(64—90°) +1/120°(8.150°))

- %(12400 +6.150°+8/~90°) =227~ [1.67=281/-363° «

86 (a) Eq.(8.1.9) of text:
V,=(V,+,+%)
=(10£0°+80£30°+40£—30°) =114 + j20 =116 £9.9°V «
V, =V +atV; +av,
=[10.£0°+1,240°(80.£30°) +1£120°(40£ -30°) |
=(10£0°+80£—90°+40£90°) =10 - j40=41.32£-76° «
V.=V, +av +aty,
=[10.£0°+12120°(80.£30°) +1£240°(40£ - 30°) |
=(10.£0°+80.£150° + 40.£ —150°) = —94 + j20 = 96.1/168° «
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(b) V, =V, -V, =(114+ j20)—(10- j40) =104+ j60=120/30°V «
= (10— j40) - (~94 + j20) =104 - [60 =120/ ~30°V «
' =(-94+j20)— (114 + j20)=-208 + j0 = 208/180°V ¢

%(120430o +120£—-30°+2082180°) =0 «

&
||
2
<I

Vo) =

_ 1, _ _
==(V, +aV, +a?V,)==
Vo), 3( w e+ 8V +1/240°(208.£180°)

1 {120430°+14120°(1204—30°)}
3

(120.£30°+120.£90° +208.£60°) =69.33 + j120 =138.6 £60°V «

1 [1204300 +1£240°(120 £ — 30°)}
3

_ 1,— _ _
==(V, +aV, +a(V,))==
(Vo). 3< otV +a(V)) +1/120°(208.£180°)

=(120£30°+120.£210° + 2084 —60°) =34.67 — j60 =69.3£-60°V «

And (V,,), =V, Vi3 (Y, ), = Vi, =V, We have

\7L—LO =0; \7L—L1 :(\/5430 ) L L2 (\/_4 300)

orV, = i4—30°J\7Ll and V, :(

S

Applying the above, one gets

L AsoOJVLZ

Ne

\71=(i4—30°J(138.6460°) 80£30°=69.3+j40 «

3

v, ={i430°J(69.34—60°) 40£-30°=34.6—-j20 «
3

Phase voltages are then given by

V.=V, +V, =103.9+ j20=105.9210.9°V «

V, =a?V, +aV, =1,240°(80£30°) +1.£120°(40£ - 30°)

=(80£—-90°+40£90°)=—j40=40L-90°V «
V, =a\V, + a2V, =1,120°(80.£30°) +1,240°(40£ — 30°)
=804£150°+40£210°=-104+ j20=105.9£169°V «

The above are not the same as in part (2) <«

However, either set will result in the same line voltages. Note that the zero-sequence
line voltage is always zero, even though zero-sequence phase voltage may exist. So it is
not possible to construct the complete set of symmetrical components of phase voltages
even when the unbalanced system of line voltages is known. But we can obtain a set
with no zero-sequence voltage to represent the unbalanced system.
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87 [I,] 1 1 1 0 1£150° +1.£30°
T =11 a a|1000.150° |- 109011, 2700 +1,270°
L] 31 & al 10002300 | 3 | 1s30°+1.150°
333.3.£90° |
=| 666.7 £ 270° | A
333.3 £ 90° |

Current to ground, 1, =31,=1000 £ 90°A

88 V,=V.-V; V =V -V; V=V -

a

<

ca

o

VoV +V, =0, V=V, =V, =0
Choosing V,, as the reference,

V,, = —(\7ab +aVv, + az\7ca)

<
|
<

QO

J+a(V,-V)+a (v, -V,))

(\7a+a\7b+a2\7c)—(a2\7a+\7b+a\7c)]

(V, +aV, +a?V,)-a? (\7a+a\7b+a2\7c)]

Wik Wk Wk Wk Wl

r—1 r—1 1 ~—/—

(1-a?)(V, +aV, +a2\7C)J =(1-a%)V,

I
&
a<|
o
T

[}
o
N

<
!
<
+
2
<
!
<I
S—"
+
2
<l
!
o<
=

(V, +a?V, +aV,)—(aVv, +\7b+a2\7c)J

(\7a+a2\7b+a\7c)—a(\7a+a2\7b+a\7c)]

Wik Wk WlFE W W

(1-a)(V, +a?V, + a\7c)] =(1-a)V,,

Iéll

- j30°
a2 € «—
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89 Choosing V,, as reference and following similar steps as in Pr. 8.8 solution, one can get

\7ch \7 :\/_V e _J\/_ al’
nd V_, =/3V,,el*" = j/3V,,

810 (a) 280.£0°
\7 1 1 a a2 250/ ~110°
\7 1 a’? a || 290130°

280£0°+250£ -110°+290.£130° 2.696 — j4.257
_1 280£0°+250£10°+290£10° =1270.6+j31.26
280£0° +250£130° 4+ 290£250° 6.706 — j27

5.039 £ -57.65°
=| 2724 2659° |V
27.82£—76.05°

\7 280£0°-250«-110°
V. \7 =| 2504 -110°-290£130°
Yi 290.£130° —-280£0°

(b)

I
m<

cg
365.5+ j234.9 434.5,32.73° |
100.9—j457.1 |=|468.12—-77.55° |V
—466.4 + j222.2 516.6.2154.5° |

g

g I < g<'
— [—|

© [V, 1 1 17 4345,32.73°
111 a a?| 468.12-77.55°
3|1 a2 al s166.1545°

. 4345 £32.73°+468.1 £—T77.55°+516.6 £154.5° 0+j0
=—| 4345 £32.73°+468.1 £42.55°+516.6 £34.5° |=|378.9+ )281.2
434.5 £32.73°+468.1 £162.5° £+ 516.6 £274.5° —13.46 — j46.44

0 0
=| 471.8.£36.58° |V =| 3V, £+30°
48.35 £/—106.2° N

Lg2
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8.11 The circuit is shown below:

10£0°A

rl=
do -

1,=10£180°A

bho

E.:()A

o= %(1040o +10./180°+0)

0

I,= %(10400 +10£180°+120°+0)=5-j2.89=5.782-30°A

T,= 1(1040o +10£180°+240°+0) =5+ j2.89 =5.78.£30° A
Then

I_bOZI_aOZOA; I_cozl_ao:OA

T,,=al, =5.782-150°A; T, =al, =578290°A
T,,=al,=578/150°A; T, =al,=578/-90°A

8.12 Note an error in printing: V,, should be 1840.,82.8° selecting a base of 2300 V and
500 kVA, each resistor has an impedance of 1£0°pu; V,, =0.8; V. =1.2; V_=1.0
The symmetrical components of the line voltages are:

V,, = %(0.8482.8° +1.2/120° - 41.4°+1.0£240°+180°) =0.2792 + j0.9453

al

=0.9857£73.6°

V,, = %(0.8482.8o +1.2£240°-41.4°+1.0£120°+180°) =-0.1790 - j0.1517

=0.2346.£220.3°

(These are in pu on line-to-line voltage base.)
Phase voltages in pu on the base of voltage to neutral are given by

V,, =0.9857.£73.6°—30° = 0.9857.£43.6°

[Note: An angle of 180° is assigned to V_ ]
V,,, =0.2346.£220.3° + 30° = 0.2346.£250.3°

Zero-sequence currents are not present due to the absence of a neutral connection.
I, =V, /120°=0.9857£43.6°pu
I, =V,,/1£0°=0.2346.£250.3°pu

The positive direction of current is from the supply toward the load.
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813 (@ |l

[=Y

11| 10«0°
a? (|15 2-90°
a’ all 20£90°

A0

Q

[10 £0°+15 £—-90°+20 £90° 3.333+j1.667 3.727 £26.56°

:% 10 £0°+15 £30°+20 £330° |=|13.44-j0.8333 |=|13.47 £-3.55°|A
110 £0°+15 £150°+20 £210°| |-6.77-0.8333| | 6.821./187°

() [1.] [T,,-T.] [ 10£0°-20290° | [10-j20] [22.36 £-63.43°

I, 1= 1, =1, |=| 15£-90°-10 £0° |=|-10- j15|=| 18.03 £236.3° |A

T [Ta—To] [20£90°-152-90° j35 35£90°
© [T,] [t 1 1]22.36£-63.43°

T,|-1j1 a a?| 18.03236.3°

T, Sl1 & al| 352900

22.36 £—-63.43°+18.03 £236.3°+35£90°
=% 22.36 £—-63.43°+18.03£356.3°+35 £330°
22.36 £ —-63.43°+18.03 £116.3°+35 £210°

0+j0 0 0
=119.43-j12.89 |=|23.32£-33.56° |A= \/§IA14—30°
—9.43-j7.112| |11.81£217° V31, 2+30°
8.14 A I 2
+ + +

|

Vigo C") Z Vil C") % Vi (“) =

Vi 5.039/-57.65°
°TZ T 20/53.13°

— Vig  272.4 £6.59°
17 Z 7 20453.13°

1

=0.252 £-110.78°A

=13.62 £—-46.54°A

— Vi 27.82./-76.05°
= — = =1. 4_ . °
== 50 o535 150 =1-391£-120.18°A

2
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)

1 1 1]/0.252 £-110.78°
=|1 a a||13.62£-46.54°
1 a a?|[1.391£-129.18°

[0.2520£-110.78°+13.62 £ —46.54°+1.391/-129.18°
=10.2520£-110.78°+13.62£193.46°+1.391 £ -9.18°
10.2520 £-110.78°+13.62 £73.46°+1.391 £110.82°
8.4-j11.2 14 £ -53.13°

=1-11.96-)3.628|=(12.5£-163.1°|A
| 3.294+j14.12 145£76.37°

o

o

Note: The source and load neutrals are connected with a zero-ohm wire.

] [Vao/Z| [ 280.20°20,53.13° ] [14.,-53.13°
[b =V /Z |=|250£-110°/20£53.13°| =|12.5 £ ~163.1°
.| |V,/z| | 290£130°/20.£53.13° 14.5/76.87°

Which agrees with the above result.

8.15 T o

+

v.'__qn C")

? Open neutral
1,=0; From Problem 8.14, 1, =13.62/ - 46.54°A; 1, =1.391/-129.18°A

Il 1 1 1 0
=1 a* a || 13.62£-46.54°
|11 a a®]1.391/-129.18°

[13.62.£ — 46.54° +1.391 —129.18°
=| 13.62.£193.46°+1.391/ —9.18°

| 13.62/73.46°+1.391/110.82°
[ 8.49-j10.96 | [13.86.—52.24°
=|-11.87-j3.392 | =|12.35,195.9° |A
| 3.383+j14.36 | |14.75.76.74°

[}

o

o
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8.16 To=0 T 3

=i
I /;\ ¥
b\:j,‘i
=
)
\_/
o
)JE_ |
=<
I /;\ +
\_/
[ [
I
2| 2

— . 272.4/659°
h=0 L=y
(j453.13°
3
_ 27.82£-76.05°
-
[2;}453.130

1 1 110 41.58£ —-52.24°
=|1 a? a ||40.86£-46.54° |=|37.05£195.9° |A
. 1 a a*?|4.173£-129.18° 44.25.76.74°

o

=40.86£-46.54°A

=4.173£-129.18°A

K

Note: These currents are 3 times thoe in problem 8.15.

_ Vv - °
817 T,=-w0 208925765 4 4006, 1310
Z 3+ )10
- vig’l _21242659° oo 19080A
' Z  7.454/26.57°
T :Vigz _2782£-7605° 5005 100.72°A
2 Z  1.454/2657°

1 1 11[048262-131°
b, |=|1 a? a | 36.54.£-19.98°
| |1 a a|3.732£-102.72°

[0.4826 £ —131°+36.54.£ —19.98° + 3.732.£ —102.72°
=| 0.48262—-131°+36.54.,220.02° +3.732.£17.28°
| 0.4826/-131°+36.54.2100.02° + 3.732.£137.28°
[ 33.2-j16.49 | [37.07£-26.41°

=| —24.74-j22.75 |=| 33.612222.6° |A
|—9.416+j38.15| |39.29/103.9°
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8.18

I

Z, Z,| [11 1
Z, 4 %, |_ 11 a &
Zy Zy %) 31 @ a

(Zon + 2 + 2 ) (Zn + @2y + B2, ) (2 + BEy, + B2,
(Zao + 2o + 25 ) (2o + 82y, + 85 ) (2, +0Fy, + O,

)(Zy + 82+ A2 ) (2 + 85, + A E,)

cC

(Z +2& + 4
+ 2y + 2 )+ 2( e+ L )

aa

Zp+ ek, + a2, )+ 2, (1+a)+ &, (1+a2)+—Z—bc(a+a2):

aa

(Z
AL
(Za + @22, +aZ, ) +2, (1+a%)+Z, (1+a)+ & (a* +a) |
(
(

aa

Zop t&Z, taZ, )+ Z, (32 +1)+Z (a+l)+F (a+a?)

Zp + 82, + 2, )+ 2y (a2 +a)+Z (ata)+ 4, (a2+a4)§
(Zon + & Z, + 322, )+ 2 (82 +82)+ 2, (22)+ (a2+a4)
Zop + 8%, a2, )+ Z (1+a)+ 2 (1+a2)+ & (a+a?)

Zop + &%, +a 2, )+ 2 (28)+ 2, (282 + 2,

aa

(2)
Zop + &2, + A2 )+ 2 (ata?)+ 2 (at+a)+ 7, (a+@?)

aa

:% Z, +aZ, +atZ, —atZ, —aZ, —Z,
Z, +a4, +at, —at, — a2, — %,
| 2o T8, + 8, -8z, - E, —F,
| Zon By + 2y — 2oy — e — o f
V2, et +aiE, 2%, +2a87, + 274, |
Z,, +aty, +at, - &t —at, —2,
Z, +a* 4, +af, +2aZ, +2a*Z, +27,
_Zaa +_Z_bb +"Z_cc __Z_ab __Z_ac __Zbc

(
(
(
{ Z APyt 22, +2F, 2,

819 () I.
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writing KVL equations [see Egs (8.2.1) — (8.2.3)]:
Vo =Z 1, +Z (I, +1,+1,)
Vig =1, +Z, (I, +1,+1,)

2

V,=Zl +Z (1, +1,+],

c

I I (AR
Z (Z+2) % |L|-|%
Z, Z  (F+2) | [V

(3+j5)| i, i, |[T.] [10020°
i, | (3+i5)| i, | T, |=|752180°
i i (3+j5) || I, 50.£90°

] [3+j5)] | i, |7 100200

L=l i, |GB+i5] i 75.,180°

.| i, i, | (3+]5)| | 50£90°

Finally, performing the indicated matrix multiplication:
T, | [17.632£-56.50°+1.964./330.2° +1.309.£240.2°
I, |=]2.618£150.2°+13.22./123.5° +1.309.£240.2°
| 2.618.£150.2° +1.964.£330.2° +8.815£33.5°

[ 10.78 - j16.81 19.97£-57.32°
=(-10.22+j11.19 |=|15.15/132.4° |A
| 6.783+5.191 8.541./37.43°

B
|

o

s s

o

206

Performing the indicated matrix inverse (a computer solution is suggested):

_I_a [0.1763/-56.50° 0.02618.,150.2° 0.02618.150.2°
I, |=| 0.02618£150.2° 0.1763£-56.50° 0.02618.£150.2°
_I_c | 0.02618,150.2°  0.02618.,150.2°  0.1763£—56.50°
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(b) Step (1): Calculate the sequence components of the applied voltage:

Vol 1 1 17 [10020°

\7gl ==|1 a a®|=|75«£180°

_g 11 & a 50£90°

[ 100.£0° + 75.£180° + 50.£90°

1 100.£0° + 75£300° + 50 £330°

3 | 100£0°+75-260° +50£210°
8.333+ j16.667 | |18.63,63.43°

=| 60.27-j29.98 |=|67.32£-26.45 |V

31.40+ j13.32 34.11/22.99°

Step (2): Draw sequence networks:

+

v, Z,=34j4 Q2

Zero sequence Positive sequence Negative sequence

Step (3): Solve sequence networks

Ve _ Vo _1863£6343° 18636343°

° Z, £,+3%Z 3+j7 7.616./66.80°

T,=2.4462—-3.37°A

_ 67.32/-26.45° 67.32/ —26.45°
3+ 4 5/53.13°

o 341222997 o 0n ) 30140
Z 55313

Step (4): Calculate the line currents (phase components):

[ (1 1 1] 2.4462£-3.37°

[, |=|1 a*> a | 13.46£-79.58°

I |1 a @&’ 6.822/-30.14°

[2.446/ —3.37°+13.46./ — 79.58° +6.822./ —30.14°
=|2.446./ —3.37° +13.46.£160.42° + 6.822./89.86°

| 2446/ —3.37°+13.46.£40.42° + 6.822.£209.86°
[10.78—j16.81 ] [19.97/-57.32°
=-10.22+j11.19 |=|15.15/132.4° |A

| 6.773+(5.187 | |8.531,37.45°

<

|t,% '.l‘|““|@ '

t —13.46/-T79.58A

[}

o

o
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8.20 (a) The line-to-line voltages are related to the A currents by
[j27 0 011,
= 0 j27 O be
0 0 271,

53<| S g<|

Transforming to symmetrical components,

o] [27 0 07 [Tao
AV, |=| 0 j271 0 |AT,,
Vab2_ 0 0 127 _I_abz

Premultiplying each side by A,
Vaso

Two | [j27 0 0 [ Tao
Vo, |=i27 AAIT,, |=| 0 j27 0 ||T,,
Vao T,| LO 0 j27]T,,

As shown in Fig. 8.5 of the text, sequence networks for an equivalent Y representation
of a balanced-A load are given below:

E,:U f_!

L
+ + + —
7, Re v pe W, oo
o1 _ : } o |

(b) With a mutual impedance of (j6) Q between phases,

1

abo j27 j6 j6

I_abO
A \7ab1 =| j6 j27 j6 |A I_abl
Va2 6 j6 j27 [

Rewriting the coefficient matrix into two parts,

j27 j6 6 100 111

j6 j27 j6|=j21/0 1 O|+j6/1 1 1

i6 6 27 001 111
208
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and substituting into the previous equation,

Vano 11 17 )| Tano
V., |=1j21A A+ GAY|1 1 1|AYT,,
_ab2 —1 1 1 I_ab2

iz 0 01 [3 0 0| Tao

=l 0o j21 0 [+j6j0 0 Of!T,,

o o j2u] [0 0 o]||T,,

i39 0 07 Tao
I

Il
o
)
[
o

0o 0 j2ulT

Then the sequence networks are given by:

Ty=0 I

. ;
v, n3Q aQ v ] 1Q -—
: } o |

8.21 From Eq.(8.2.28) and (8.2.29), the load is symmetrical.
Using Eq. (8.2.31) and (8.2.32):

1

Z =2, +2Z,=6+j10Q
Z =2 =2,—2Z, —6+110£2
+le 0
Z = 6+110 0 |Q
{ 6+ 10

8.22 Since Z, is diagonal, the load is symmetrical.
Using Eq.(8.2.31) and (8.2.32):
Z,=8+j12=2_+2Z,

Z=4=2%,-Z,
Solving the above two equations

_ 1 . 1 . 4
Z ==(8+(12-4)==(4+]12)=—+j4Q
:—Z—ab+4=—1:+14£2

EEPM
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E+j4 i+j4 i+j4
3 3

It
Il
|
+
:
+
:

i+j4 Q
3

—+j4 i+j4 E+j4
3 3 3 i

8.23 The line-to-ground voltages are

L =ZL A E L B+ E]
V, =Z L+ &l + &I +Z],
V,=Z L +Z& 1, +Zl +Z],
Since I, =1_+1, +1_, it follows
V.| | &Z+2, Z+2 Z,+Z |1,
\7b = —Z_m+_z_n _s+_n _z_m+—z_n I_b
V. | |Zntd Zatd &+ L
phase impedance matrix%p
or in compact form V, = Z 1
Form Eq. (8.2.9) Z = A'Z A
11 1 1] &+% &, +2% Z,+Z|[1 1 1
.-.—2—3:51 a a||&,+2% Z+Z Z,+% |1 & a
1 & al|&+28 &, +2& Z+Z |1 a @&
Z, +3Z +2Z 0 0
= 0 Z -z, 0
0 0 Z-Z

Sequence impedance matrix

When there is no mutual coupling, Z, =0

Z+3Z 0 0
“Z=| 0 Z o
0 0 Z
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8.24 (a) The circuit is shown below:

In matrix form:

j12-j4 —(j12-j4) 0 .1 [v.z30°
0 (j12-j4) —(j12—ja)||T, |=|V, 290°
1 1 1 T 0

whereV, = 1004/3

Solving for I, 1,,1_, one gets I, =12.5/-90%1, =12.5/150° | _=12.5/30°A
(b) Using symmetrical components,

0 j12+2(j4) o0 0
V.=|100 ;Z = 0 j12-j4 0
0 0 0 jl2-j4

From the solution of Prob. 8.18 upon substituting the values

1 1 1
I,=Z7"V,andl = Al whereA=|1 a* a
1 a &

which result in
I_a =12.5/-90°% I_b =12.5,150° I_c =12.5/30°A

which is same as in (a)
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1 1 1 . 1 1 1
825 (a) Z=A"ZAA=|1 & a ;A*lzg 1 a a
1 a & 1 a> a

The load sequence impedance matrix comes out as

8+ 32 0 0
Z=/ 0 8+j20 0 |Q
0 0 8+j20
see the result of PR. 8.18
200£25° 1 1 1
(b) \7p: 100£ —155° ;\7S:A-1\7p;A—1=% 1 a a
80.£100° 1 a2 a

Symmetrical components of the line-to-neutral voltages are given by:
V, = 47.7739457.6268°; V, =112.7841/-0.0331° V, =61.6231,45.8825°V

() V.=2Zl_l =Z"V,, which results in
I =1.4484 ~ —-18.3369°; I_l =5.2359/-68.2317°; I_2 =2.8608~2—22.3161° A
1 1 1
d T,=Al;A=|1 & a
1 a &
The result is:
I =8.7507£ —47.0439°; I =5.2292/143.2451°; I =3.0280£39.0675° A
8.26 G+iHa T G+ T, BG+iHQ T
V:r](l) é?“ "nl(h) é Vu(:) é
— Lgo _ 5.039£-57.65°  5.039£-57.65°

Iy =

=0.2016£-110.78°A
3+j4+2Z  (3+j4)+(12+ 116) 25/53.13°

- Vg 272.4/659°
' 3+j4+Z&  25/53.13°
r_ Vi _27.82£-76.05°
2 3+j4+Z 25./53.13°

=10.896£ —46.54°A

=1.11282-129.18°A
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[1 1 11][0.2016£-110.78°
=1 a® a || 10.896«£—46.54°
|11 a a’]|1.1128,-129.18°

[0.2016.£-110.78°+10.896 £ — 46.54° +1.1128 £ —129.18°
=10.2016£-110.78°+10.896.£193.46° +1.1128 £ - 9.18°
10.2016£-110.78°+10.896.£73.46 +1.1128.110.82°

[}

o

o

6.72—-}8.96 11.2/£-53.13°
=1 -9.57-j2.902 |=| 10 £-163.1° |A
2.635+ j11.297 11.6£76.87°

Also, since the source and load neutrals are connected with a zero-ohm neutral wire,

] | Ve/(3+i4+Z) 280.£0°/25./53.13° 11.2/-53.13°
T |=| Vi, /(3+j4+Z) |=| 2504 -110°/25,53.13° | =| 10/-163.1° |A
T |V, /(3+j4+2)| | 2902130°/25/53.13° 11.6./76.87°

Which checks.

827 (a) KVL:V, =Z. T +Z,1, +Z,1 +2Z,]

an' n

+Vy
~(Zl + Zal e + 2y + 2l )

Voltage drop across the line section is given by

Vao Vo = (Za = Zao )T (Zo = 2 ) (1o + 10+ (Zn = 2 )T,

Similarly for phases b and ¢

\7bn__b'n (gaa _z )I_ +<_ab_2an)(_a+|_c)+(2an__znn)l_n
_cn __c'n :( _aa_—zan)l_(:+(—zab_%an)(l_a—i__b)_*_(%an_%nn)ln
KCL T=—(T,+T,+1,)

Upon substitution

V, Vi = (2o + 2oy = 22 )T+ (2 + 2o =220 )Ty + (2 + 2o — 220 )T,
Vin = Voo =(Z + Zon = 22 ) 1o +(Zoa + 2o = 225 ) 1y + (B + 2o — 225, ) 1.

Vo Ve =(Zap + Zin = 220 )W+ (Zap + Zon = 220 )1, + (Zoa + B — 220 ) 1,

The presence of the neutral conductor changes the self- and mutual impedances of the
phase conductors to the following effective values:

ZAZ,, +Z, —2Z, 2 NE + 2, - 2F,,

S—"aa
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Using the above definitions

\7aa’ \7an _\7a1’n' _zs _zm _zm I_a
_bb’ = \7bn _\7b’n' = _zm 25 _zm I_b
\7c:c’ _cn - _c’n’ _zm —zm _zs I_c

Where the voltage drops across the phase conductors are denoted by V.,

and V_,.

N 3H~u 3|~14|

I&,—I%

Vbb !

The a-b-c voltage drops and currents of the line section can be written in terms of their

IaO
Al
I

(b)
symmetrical components according to Eq. (8.1.9); with phase a as the reference phase,
one gets
\7aa'0 %s __zm * * _zm —Z_m
A \7aa’l = * —Z_s_—z_m * + _Z_m —Z_m
\7aa’2 ¢ * %s __zm _m _m
Multiplying across by A
V. | 1« 111
Vo [=AN(Z-Z)| s 1 «|+Z,[1 1 1}A
_\7aa,2_ e o 1 111
_Vaa’O_ Z _Z%m * * I_aO
or Vaa'l = * _zs__zm * I_al
_Vaﬁ'z i ¢ ¢ —Zs _%m I_az
Now define zero-, positive-, and negative-sequence impedances in terms of Z,
and Z, as
Z =Z+2Z =2 +2Z, +3Z —6Z,
2-2-2,-2,-2,
_ZZ __zs __zm __Zaa _zab

Now, the sequence components of the voltage drops between the two ends of the line

section can be written as three uncoupled equations:

aa’0 :VanO “Vano ~ I
aa'lzvanl_ an'l =_Z|a1
a2 =V =V =51
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8.28 (a) The sequence impedances are given by

(b)

Z =2, +2Z, +3Z, —6Z, = 60+ 40+ j240 - j180 = {160
Z =2 =2,—2Z,=]60—j20=j40Q

The sequence components of the voltage drops in the line are

et 'V, -V, (182.0-154.0)+ j (70.0—28.0)
Vo |= AN, -V, |= At|(72.24-44.24) - [ (32.62—74.62)
V... Vi ~(170.24-198.24) + | (88.62 — 46.62)
[28.0+)42.0] [28.0+42.0
= A1 28.0+ 420 |= 0 kV
28.0+42.0 0

From PR. 8.22 result, it follows that

V., =28,000+ j42,000 = j1601 ; V.., =0=j401_;V_, =0=j40l ,
From which the symmetrical components of the currents in phase a are
T, =(2625-j175)A;T,, =T, =0

The line currents are then given by

=T, =T, =(2625-j175)A

Without using symmetrical components:
The self- and mutual impedances [see solution of PR. 8.22(a)] are

Z =2, +Z,-2Z,=]60+]80—j60=j80Q
Z =Z, +2, —2Z, =j20+(80—j60=j40Q

3

So, line currents can be calculated as [see solution of PR. 8.22(a)]

V.| [28+j42 j80 ja0 jao|[T,
V,, |=|28+j42 |x10°=| j40 80 j40||T,
V.. | |28+]42 j40 j40 j8o|T,
T.] [j80 j40 j407]'[28+j42
T,|=|j40 j80 j40| |28+ j42|x10?
.| |j40 j40 j8o| |28+ 42

[262.5-j175

=|262.5- j175|A

262.5- 175

215

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



8.30

i
I

Z, = j0.5%200 = j100Q

.= j2x200 = j400Q

=Y, = j3x10°° x200%x10° = j6x10* S
Y, = j1x107°x200x10% = j2x10™*S

<1 N
[T

Nominal- z sequence circuits are shown below:

7100 Q 7400 Q
o IR o o o0 ©
. 3x107s e ORI - J1x107s _iIx107s
o o o ]
Positive-sequence circuit Zero-sequence circuit
and negative-sequence circuit
— \V/ 480«£0°
@ To=—" = =23.31£-29.05°A
(18 + JlO) 20.59,29.05°

_ V.  480£120°

| = =
° (18+j10) 20.59.29.05°

=23.31£-149.05°A

. —T,, =23.31/-149.05° - 23.31/ — 29.05°
I, =-40.37 - j0.6693 = 40.38.£180.95° A
T. =T, =23.31/30.95°A
T,] 1 1 17[2331£-29.05°
© |1, =%1 a a’ | 40.38.£180.95°
Ll |1 & al[2331/30.95°

[ 23.31/ —29.05° + 40.38.£180.95° + 23.31./30.95°

— 112331/ 20.05° + 40.38./300.95° + 23.31./270.95°

| 23.31/-29.05° + 40.38.£60.95° + 23.31./150.95°
0+j0 0

=[13.84—j23.09 | =| 26.92/ —59.06° | A
6.536+j11.77| | 13.46.260.96°
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8.31 .

T 2} ine )
Iiineo =%

0.5£80° Q

Zero sequence T

T;.mr 1 i{.mr I

0.5280° Q)
7, = 200 s90° 2 10z 0
V3 v =

—  Positive sequence

Zline 2

Piine2

Jl0 £ 0.5£80° Q

% =10 a0

Negative sequence

_ 200 gge

T Vgl \/§

Linel — = -
Z .+ iA 05/80°+ 130 £40°

_ 115.47290°  115.47./90°
2.64+)2.635 3.73£44.95°

Z0 Ziineo 1.0=0 Zo

it

=30.96£45.05°A

8.32

0.5280° Q

Zero sequence

Z, Ziine Tt
— o AT
jlsQ g 05800

E, G) Vo Vo =20 200

Positive sequence -

Za Ziine2 Ia=0 Z
— T AAA T ———————— T —
J108 0.5£80° Q Jlo

Negative sequence
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\7gan :\791 :\7ml +_z_|_ine1| mi
— 5000Z£co0s*0.8

= =18.04./36.87°A
™ 200/3(0.8)
V., =29 /004 (0.5.280°)(18.04..36.87°)
MRVE]

=115.47+(—4.077 + 8.046)

=111.39+ }8.046
=111.7£4.131°V

V, =+/3(111.7) =193.5V (Line to Line)

g

8.33 Converting the A load to an equivalent Y, and then writing two loop equations:

_|b

[2(Z +Z) | -(z@Y)]{.—c }:[\709_‘&9]

__(—Z_L +_z_v) ‘ 2(_2_L+_z_v) I,

{29541150 —277£0° }

[ 21.46.,43.78° |—10.73443.78° I,
277£0°-260£-120°

—10.73£43.78° | 21.46£43.78° || I

1 [ 21.46.243.78° | ~10.73.£43.78° ' [482.5./146.35°
—-10.73£43.78° | 21.46£43.78° 465.1.28.96°

T _0.062134—43.78°|0.031074—43.78° 482.5.,/146.35°
0.03107£—-43.78° | 0.06213£—-43.78° || 465.1/28.96°

T, | [29.98£102.57°+14.45,-14.82° [7.445+ [2557
14.99.2102.57°+28.90.£ ~14.82° | | 24.68+ j7.239

I ] [26.62£73.77°
| 25.71/16.34°

|
=2

|
=2
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[}
o
o

1, =(24.68+ j7.239)— (7.445+ | 25.57)
1,=17.23- j18.33=25.15/ — 46.76°
T.| [25.15/-46.76°

I, |=|25.71£196.34° | A

.| |26.62473.77°

which agrees with Ex. 8.6. The symmetrical components method is easier because it avoids
the need to invert a matrix.

8.34 The line-to-ground fault on phase a of the machine is shown below, along with the
corresponding sequence networks:

a

- e+ a
= f:rl
%
: ir";rll
EHH
- REE. o
Pos. seq. network
+ a
Erz
Z Var
Unloaded generator =
REF. N
Neg. seq. network
- *+ a
— "n’[}
-Z.lf"
L % V.o
32’]
REF.

Zero. seq. network

With the base voltage to neutral 138 kv,

3
V.=0; V, =1.013/-102.25° V. =1.013./102.25°pu.
=(-0.215-j0.99)pu =(-0.215+ j0.99)pu

(13.8)° j2.38 j3.33

with 2, = —952Q,Z =22 j0.25,Z, = = j0.35;
9.52 9.52

- _Jj09% .. S 5 .
%gO—E—JO.l,ﬁ—O,—ZB—jO.lpu
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8.35

The symmetrical components of the voltages at the fault point are
vV, 1 1 1 0 —0.143+j0
V,|==|1 a a?| -0.215-j0.99 |=| 0.643+j0 |pu

V. 1 a® a||-0.215+j0.99| [-0.500+ jO

_ V, (-0.143+0)

| =— =—j1.43pu
20 0 jo.1 AP
_ E -V 1+j0)-(0.643+j0
[ —EnVa _(1+i0)~( J )=—j1.43pu
Z j0.25
_ -0.5+j0
[, =—=2 =—(,—J)=—j1.43pu
Z, j0.35
- Fault current into the ground I, =1, +1,, +1,, =3I, =—j4.29pu
With base current M =837 A, the subtransient current in line a is
J3x1358

|, =4.29x837=3590A

Line-to-line voltages during the fault are: (on base voltage to neutral)

V,=V.-V = 0215+J0 99 =1.01./77.7°pu =8.05£77.7°kV
V=V, -V, =0-j1.98=1.98£270°pu =15.78 £270°kV
V. =V, -V, =-0.215+ j0.99 =1.01.2102.3° pu = 8.05.2102.3°kV

Phasor diagrams of line voltages before and after the fault are shown below:

Prefault Postfault

V,, =13.8230°kV V,, =8.05£77.7°kV

V,, =13.8£270°kV V,, =15.78.£270°kV

V_, =13.84150°kV V_, =8.05£102.3°kV
(Balanced) (Unbalanced)

Base MVVA =100

G :X= le@—OSG X= 015><@—037SG X= 015><@—0375
20 40 40

Reactors: X, =0.05x %—0 25; X, =0.04x %—OZSp
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Per-phase reactance diagram is shown below: (Excluding the source)

[in pu]
%jﬂ.ﬁ % j0.375 %ﬂ].i?ﬁ =5 g_m_s g‘m.z}u
AR AR AR
F j0.25 j0.25 F o j025

[j0.5]1j(0.25+0.2344) | with respect to f =] 0.246

.. Fault MVA=£=406.5MVA —
0.246
6
Fault Current = M =17,780A
J3x13.2x10°
=17.78kA

8.36 Line-to-ground fault: Let V, =0;1, =1,=0 «

a

ral=%(ra+arb+azrc):§r

I, =%(I_a+azl_b+al_c)=%l_

a

sothat I, =1_=1_, =%|_a:\730 +V, +V, =0 «

Sequence network interconnection is shown below:

I - - - K

W - |0= 1= ZZ_ZT

% v, o T At E,
ﬁ_ O+ 1+V2:0 B

el T - 3E,

— a — — —
+ 2 o tE TS
&) ?

;_ v

7 B 173
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8.37 (a) Short circuit between phases band c: I, +1,=0;1,=0 (Open Line);V, =V,
then I, =0;

T =5 (0+al, +aT,) =3 (af, -aT,)

~(a-2),

[ :%(O+azl_b +al_c)=%(azl_b —alb):g(a2 -a)l,
sothat I, =-1,

From V, =V,, one gets V., + a2V, +aV,, =V, +aVv,, +a?V,,
so that V, =V,

Sequence network interconnection is shown below:

% .T[] =0 ;’| ‘Tl I )
00 o + SR 00

(b) Double line-to-ground fault:
Fault conditions in phase domain are represented by 1, =0;V, =V_ =0

Sequence components: V,, =V, =V,, =%\73

Io+1,+1,=0
Sequence network interconnection is shown below:

7

4
+
+

838 (a)
T j0.12PU Tyo

+0 000 s o o+
Per unit
ZE10 Vi Vxa
sequence

= o
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Tm JjO.12 PU Iy
+ 000 o+
Per unit
positive Vi Vxi
sequence
= . & —
&30
Tﬂz JjO.12 PU sz
+o 00 s o+
Per unit
negative Vi, Vi
sequence
6 . & -
eI30% ]
(b) ~ B
T J0.12 PU Iy
- O———0 +
Per unit
zero Vio Vo
sequence
~E o
T j0.12 PU Iy
+o 00 o+
Per unit
positive Vi Vi
sequence
~E o
T j0.12 PU I
+o 000 7
Per unit
negative Vi Vya
sequence
~E o
8.39
J0.09 PU J0.09 PU
+ o——o0+ + +
L]
Vio vy Vvoru  Vineu ‘ ‘ Vyipu
-0Cr 0 - -0 Q -

Zero sequence
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P!
Positive sequence
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+

V.H' 2PU

j0.09 PU

+

V"(Z Fu

-0

e

Negative sequence

O -



8.40

8.41

8.42

X punew = (0. 09)(345J (100} 0.02755 per unit

360 300
j0.02755 j0.02755
35
Vioru  Vineu ‘ ‘ Vxi pu
i =
Zero sequence. e 30
Positive sequence
@ J.01333 j.048 J.01333
000 o—o—— 000 —o—0—— 000 —
401333 J.03 403 J.01333
E ;0054 J.006667 J
@ .
0.003333

Per unit zero sequence reactance diagram

Xos (oos)@ij Gggj 0.0054= X,

Xos0 = (0. 05)(1150000j 0.003333

X, = (0. 06)(;?)} =0.0486 3X,, =0.1458
V,, =1£45°+30° =1.75° = 0.2588 + 0.9659
V,, =0.25.£250 —30° = 0.25.£220° = -0.1915 — j0.1607
V, =V, +V,, =0.0673+ j0.8052 = 0.808.£85.2°
V., =a?V, =1/315° =1/ —45°=0.7071— j0.7071
V., =aV,, =0.25.£340° = 0.25.£ — 20° = 0.2349 — j0.0855
V, =V, +V,, =0.942 - j0.7926 =1.02£ — 40.1°
v, = a\7 =1,£195°=—0.9659 — }0.2588
V., =a?V,, =0.25/100° = —0.0434 + 0.2462

=\, +V., =—1.0093 — j0.0126 =1.009.£180.7°

224

J0.02755

Vinpu

&30
Negative sequence

0054

1458
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Line-to-line voltages are given by: [in pu on line-neutral voltage base]

Y/

AB

V, -V, =-0.8747 + j1.5978
=1.82/118.7° «
V. =V, -V, =1.9513-j0.78
=21/-21.8° «
V., =V, -V, =-1.0766—j0.8178
=1.352/217.2° «
Load impedance in each phase is 1.20° pu.
oy =V, inpu; T, =V, inpu

Note: Divide by J3
if the base is
line-to-line voltage

Thus 1, =V, in pu
=0.808.£85.2° pu
~1.02/-40.1°put «
=1.009.£180.7° pu

IA
IB
le

843 ()

V.\-.r )

Vo
i, S~
Per Unit Zero Sequence eior elo ;|
xl=x2=x3=%(o.1+o.1—o.1) @ :0) (@ i)
= 0.05 per unit Per Unit Positive Sequence

(Per Unit Negative Sequence)

(b)

{e:1)
Per Unit Zero Sequence Per Unit Positive Sequence
(Per Unit Negative Sequence)
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(©)

jo.10 j0.10
+o0—e —20o+ + o \..Q_Q.,Q_Q_/ o+
L] L]
v-‘ﬂ] 1‘7,‘(!] l"_!J'.H % || % ?XI
-0 o — -0 o —
Per unit Zero Sequence el2340
(e—j23.40 : |)

Per Unit Positive Sequence
(Per Unit Negative Sequence)

8.44
%
@ j0.05
+o—o00— 000 —
ey —
V.\l:
?m Jj5.0 E ®o+—
"_"rn
Per Unit Zero Sequence Network
'@‘Q‘: -
@ j0.05
+e 000 ,
JO'O'J» ~
- @ Vs
Ve j5.0 E 2
Vi
Per Unit Positive (or Negative) Sequence Network (Phase Shift Not Shown)
p-primary
s-secondary
t-tertiary
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845 §,

P, =ReS,, =6751W
Qs

8.46 (a)

() T,

=V 1 +V, I +V, 1
= (280.£0°)(14 £53.13°) +(250£ —110°)(12.5.£163.1°)
+(290.£130°)(14.5£ — 76.87°)

=3920./53.13° + 3125/53.1° + 4205 /53.13°
=6751+ j8999

_ delivered to the load.
=ImS,, =8999vars

=
()
\_/
ad

=<
)
\_/

Ml
B

1

Zero sequence Positive sequence

Z,=Z,+3Z, * _ -
- Z ZA
=2+j2+j3 vl(") ' 3

=2+ j5=5.385.,68.20° =

Negative sequence

_ Vo 10260°
° Z 5.385.68.20°
|, =1.857£-8.199°A
=  ZA .
Z =Z, 1= =(2+]2)ll(2+]2) =1+ ] =2245°.Q
T, N 1002077671, 4s0a
Z 2,450
Z, =Z =~2/45°Q
[ _Yy I5L200°_ 1569 15500
. 22450
S =V,I; =(10£60°)(1.857.£8.199°) = 6.897 + 17.24
S =18.57./68.199°
S =V,I;" =(100.£0°)(70.71£45°) = 5000 + j 5000
S =7071/45°
S =V,I; =(15£200°)(10.61£ —155°) =112.5+ j112.5
S =159..45°
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8.47

8.48

© S,=3($+5+S)=3(5119+ j5129)
S,, =15,358.+ j15,389.

S, =21.74x10° £45.06° VA

Sqﬁ =\7a0 I_;O +\7al I_.—:l +\7aZ I_;Z
Substituting values of voltages and currents from the solution of PR.8.8,

S,, =0+(0.9857.£43.6°)(0.9857 £ — 43.6°) + (0.2346.£250.3°) (0.2346 £ — 250.3°)

=(0.9857)" +(0.2346)°
=1.02664 pu
With the three-phase 500-kV A base,
S,, =513.32kW

To compute directly:
The Equivalent A-Connected resistors are
R, =3R, =3x10.58=31.74 Q
From the given line-to-line voltages
Vo[ v ML
ANENA

A A A
(1840)° +(2760)° +(2300)*
31.74
= 513.33kW

Sy

The complex power delivered to the load in terms of symmetrical components:
g¢ = 3(\7a0|_a*0 +\7al|_a*1 +V,,l )

a2 a2

Substituting values from the solution of PR. 8.20,
% = 3[47.7739457.62680(1.4484418.3369") +112.7841/ — 0.03310(5.2359468.2317")

+61.6231.£45.8825°(2.8608.£22.3161°) |
=904.71+ j2337.3VA

The complex power delivered to the load by summing up the power in each phase:
S, =V,I, +V,I, +V,I."; with values from PR. 8.20 solution,

= 200£25°(8.7507 £47.0439°) + 100/ —155°(5.2292 / —143.2431°)

+80.£100°(3.028.£ - 39.0673°) ]
=904.71+ j2337.3VA
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8.49 From PR. 8.6(a) solution:
V, =11629.9°V;V, =41.3£-76°V;V, = 96.1/168°V
From PR.8.5, T, =12/0°A; T, =6.£—90°A; T, =8./150°A
(&) Interms of phase values
S=VI;+VI; +VI’
=116.,9.9°(12£0°) +41.3£-76°(6.£90°) +96.1168°(8£ —150°)
=(2339.4+ j537.4)VA «

(b) In terms of symmetrical components:
V, =10£0°V;V, =80£30°V;V, =40/ -30°V From PR. 8.6(a)

T,=1.82/-215°A;T, =8.37./16.2°A; T, = 2.81.2—36.3° From PR. 8.5 Soln.
- 8=3(V,I; + VT + 1)
3[10.£0°(1.82.£21.5°) +80.£30°(8.37.£ ~16.2°) + 40.£ —30°(2.81£36.3°) |

=3(779.8+j179.2)
(2339.4 + j537.4)VA «
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Chapter 9

Unsymmetrical Faults

ANSWERSTO MULTIPLE-CHOICE TYPE QUESTIONS

91 a
92 a
9.3 Positive

9.4  Singleline-to-ground, line-to-line, double line-to-ground, balanced three-phase faults
95 I, and I,; zero; zero

9.6 Inseries; 3Z;; al equal

9.7 Inpardld; 1; zero

9.8 Inparale; 3%

99 a
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9.1 Calculation of per unit reactances
Synchronous gener ators:
Gl X, =X/ =0.18 X,=X]=0.18 X, =0.07

G2 X, =X/=020 X,=X/=020 X,=0.10

2 2
co xox-omZE[[H0) oo (1m0)

15 15 ) | 500
=0.2539 =0.08464
X, =X} =0.2539 3X, =3X,=0.2539
2
G4 X =X} = 0.30(%j (@j
15 750
=0.3386
2 2
i -oa{ 2] (120 o[ 238 10)
15 750 15 750
=0.4514 =0.1129
Transformers:

1000
X;,; =0.10 X;, =0.10 X3 =012 ——
T1 T2 T3 [ 500 j

X;, = 0.11(@J =0.1467 =0.24
750
Transmission Lines:
(765)°
baseH = =585.23Q
000
Positive/Negative Sequence Zero Sequence
150
X =—2 __ 008544 2~ 58523
12 M .
585.23 — 0.9563
40 100
X.=X,=—— X .= =
B 7% 58523 B 7% 58523
=0.06835 =0.1709
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9.2

n=1(Bus 1= Fault Bus)
Thevenin equivalents as viewed from Bus 1:

= Iy
7‘1} —
000 5 o+
J0.07114
Vo

o —

!

Per unit zero sequence

Zero sequence Thevnin Equivalent:

@

1709

®

|

009 s
2563 (2) 1709

Z . L
000/ o+ 000/ o+
J.1068 j0.1097
7, G) 7, 7,
0 — o —
V. =1.0£0° per unit Per unit negative sequence
@ 1709 ®

000/
8652
000/

g0

5063

E 3376

= 10 % 5063

% 3376

(Using Y — A conversion)

X, =.10//.5063// (.1427 +.3376)
X, =0.07114 per unit

Negative Sequence Thevenin Equivalent:

©)

06835

®

g s

000 5

08544 (2) .06835

30

5981 E,df)f’-'} =

©

.04902

®

€ o

7605

ST

00

1872

O

{06835

®

000 s
1733

000

E'zg %,?ms 6083 % 2705

Similarly, X, =.28//.7605//(.04902 + .1745) = 0.1068
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9.3 Three-phasefault at bus 1.

Using the positive-seguence Thevenin equivalent from Problem 9.2:

% =5
\.Qﬂ.lﬂ.J fl I — SDaSE3¢
+ j0.1068 baseH \/gvbaSEH
Ve =1020°( ~
' CD = 1000 67547k
. J3(765)
I, :VTF = _1'040 =—)9.363per unit
Z j0.1068
To=1,=0
7] 1 1 170 9.3632—90°
I_'B' =1 a® a ||—)9.363|=|9.363£150° |per unit
_I_é_ _1 a a’|lo0 9.363.230°
171 [9.3632£-90° 7.067.£ —90°
I_'B' =19.3632150° |x0.7547=| 7.067.£150° |KA
_I_é_ _9..363430o 7.067.£30°
924 (@
® ®
j0.40
000 s j0.24
j0.10 @ 000 —
000
j0.60 | j0.40
000 000/ j0.1467 J0.0846
j0.07 :
J0.10 oo 01129 j0.2539
Per unit zero sequence network
® ®
j0.16 j0.24
_ 000 5 000
8 ®
j0.20 j0.16 _ E 03386
000 s 000 —— J0.1467
e 219 0.3386
j0.25
E‘:I .’_";' ’ E.l:-l "?.:5

Per unit positive sequence network
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j0.16
000 s j0.24
j0.10 000 s
(000 ©,
j0.20 | j0.16
(00 1000 - J0.1467
E j0.3386
E A3 j0.10
j0.4514
j0.25
Per unit negative sequence network
(b) n=1(Busl=fault bus)
Thevenin equivalents as viewed from bus 1.
Al T[] ey —_ = Y
% — % 1 % I
000 o+ 000 o+ 000
j0.08158 j0.1223 j0.1247

V= 1.0.£0° per unit

Zero sequence thevenin equivalent:

® 0.40 @ @ 0.40 @
000/ ' 000 s
34
000 5
E 0.10 = 0.1 0.85 0.56667

(Using Y — A conversion)

o) ® X, =0.1/|0.85]|(0.3579+ 0.5667)
| o X, = 0.08158 per unit
= E 0.1 0.85 E 0.5667

Negative sequence thevenin equivalent:

@ 16 ® @ 16 ©)
000 s 000 5
20 () .16 4514
000 /
E o 35 5981 E i E 2 9875 198 2041

(Using Y — A conversion)
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® s O X, =0.25||0.9875]| (0.1181+ 0.2143)
000
=0.1247 per unit

= E 25 % 9875 E 2143

Similarly Z, = 0.1223 per unit

(c) Three-phase fault at bus 1.
Using the positive sequence thevenin equivalent from Problem 9.2:

. . Seess 1000
7 T | = = =1.155kA
000 —— P BV V/3(500)

0.1223 _

lo=1,=0
. T =Ye _LOLO" _ o197 perunit
Z 01223

=l

1.0£0°

F

1140 8.177£-90°
a ||—j8.177|=|8.177£150° |perunitx1.155
az |0 8.177 £30°

9.441 2/ —-90°
=19.441,150° |kA
9.441./30°

NEVIENN
|

[N

o

o
=
o))

9.5 Calculation of per unit reactances

Synchronous gener ators:
1 X =x=(02) )04 x,=(010) 2%
500 500
X,=X]=0.4 =0.20
G2  X,=X/=018 10001 _ 5.4 X, =0.09 1000
750 750
X, = X[ =0.24 =012
G3  X,=017 X, =0.20 X, =0.09
(20)° 3(0.028) .
pasez = ——=0.4Q 3X, =——==0.21per unit
1000 04
Transformers:
X;, = 0.12(@j =0.24
500
X;, = 0.10(@j =0.1333 X, =0.10
750
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Each Line

(500)*
paset = ——— = 250Q
1000
50 .

X =%=> per
X, = 50 0.60per unit

250

® @ ®
024 | j0.6 ‘ 06 | j0.10
J0.09
E Jj0.2 Jj0.6
@ jo.12
o j0.21
j0.1333 0—\_0_0_0_/—l
Per unit zero sequence network
® @ ®
j0.24 | jo.2 ‘ 02 | 0.10
000 5 000 s 000 5 | 000 s
0.4 @ J0.17
j0.1333
+ +
Ey j0.24 Egs
E%,
®
j0.24 ‘
000 s

E Jj0.4
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9.6 n=1(Busl=FaultBus)

Thevenin equivalents as viewed from Bus 1:

= Iy = / = 2
fﬂ - f] —_— 7-‘2 -
000/ o+ 000 o+ 000/ o+
J0.1919 + j0.267 J0.27
Vo V=10 £0° C—-) Vi v
0 — 0 — " 0 —
Per unit zero sequence Per unit positive sequence Per unit negative sequence

Zero Sequence Thevenin equivalents:

X, =0.24//[ .6+(.7333//.7) |
X, =.241/.9581=0.1919per unit

E 7333

o0
9

Positive Sequence Thevenin equivalent:

00, X, = 641I[ 2+(5733/1.47)]

é X, =.64//.4583
5733 |5 47 _
X, =0.2670per unit

SN

Negative Sequence Thevenin equivalent:

X, =.641/[ .2+(.5733//.50) |
050 X, =.64//.4671=0.270per unit

E 5733

SR
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9.7 Three-phasefault at bus 1.
Using the positive-seqguence Thevenin equivalent from Problem 9.5:

Z I
000
" j0.267 _ 1000
baseH — _~~ [~
Ve =1.0£0° <~> 500‘/§
8 =1.155kA
I, = Ve _ 1_'040 = 3.745/ — 90° per unit
Z  jo.267
lo=1,=0
711 1 1o 3.745/ - 90°
I71=|1 a® a || 3.745£-90° |=|3.745£150° |per unit
_I_é' |11 a a’|lo 3.745£30°
[T7] [3.745£-90° 4.325/ —90°
Ig |=]3.745/150° |x1.155=| 4.325/150° |KA
T2 | |38.745230° 4.325./30°

9.8 Calculation of per unit reactances

Synchronous gener ators:
2 2
1 x=x=02[2] (¥ x -(oy(L] (2
10 50 10 50
X, =0.576 per unit X, =0.288 per unit
X, = X, =.576 per unit
G2 X, =X]=02 X,=0.1
X,=0.23
Transformers:

100 .
X.. =0.1 — [=0.2per unit
w01 2|02

X;, =0.1per unit
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Each line:

_ (138)°
= =190.440Q
100

baseH
=X, -0 __ 0.210per unit
190.44
X, = 10 _ 0.5251per unit
190.44
O] ©) ® ® ®
. | j.5251 | j.5251 | jil
[ e +

Per unit zero sequence network

| j2 | §.21 i j21 | Jil |
e (T N e B
J.576 Jj2
+ +
Fyi EGa
Per unit positive sequence network
| j.2 | j21 | j21 | jil |
A G L
E J.576 E J23
Per unit negative sequence network
9.9 n=1(Busl=Fault Bus) Thevenin equivalents as viewed from Bus 1:
5 Io % Iy - L
% i %) — % —_
000 s © + 1000 s o+ 000 s o+
j1.3502 o 3542 J.3386
Vo ¥ = 1.020° C—) v, Vs
o — 0 — g —
Per unit zero sequence Per unit positive sequence Per unit negative sequence
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9.10

Zero Sequence Thevenin equivalent:
®

Z, = j1.3502 per unit

j1.3502

Positive Sequence Thevenin equivglent:

Z =.576// |.92 = j0.3542per unit

Z, = j.576// j.95= j0.3586 per unit

Three-phase fault at bus 1.
Using the positive-sequence Thevenin equivalent from Problem 9.9:

+

100
| poes =—==D5.774KA
== 1043
I, _Ye 1_'040 = 2.8234 —90° per unit
Z 3542
To=1,=0
1771 1 170 2.823/ - 90°
I7]=|1 a®> a | 2.823£-90°|=|2.823,150° |per unit
1z |1 a a0 2.823/30°
177 [2.8232-90° 16.30£ - 90°
17 |=|2.8232150° |x5.774=|16.30£150° |kA
12| [2.823230° 16.30.£30°
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9.11 (a) The positive sequence network and stepsin its reduction to its thévenin equivalent are
shown below:

G,

j0.26
J0.0738

.33
/ 1£0°

F

-

Qoo O+
T j0.0738

j0.2672
1.£0° C:)

SO0 P00 o+
j0.1839 j0.0738

1200 C)

F
00 o+
J0.26
e ;
-
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The negative sequence network and its reduction is shown bel ow:

J0.16 j0.35 J0.27
CoF
Ref.
O
Jj0.565
00—
J0.12 j0.22
A1
Jj0.16 J0.62
F

j0.02  j0.0672 j0.26 jo.
j0.0738
F
LA AL
j0.1872 j0.48
j0.0738
F

F
Uul O+
T j0.0738
J0.48
E
00 00 o+
J0.1347 J0.0738
F
T o+
j0.2085
7,
o —
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The zero-sequence network and its reduction are shown below:

j0.2 j0.3 j0.225
l LU0 LU0 SO0

T, L, T, ‘:L

j0.16 j0.6 j0.27
AR 00 AR
J__ T l L, T, __L
= ” s
l Ref.
00
j0.725

=
000 F
j0.87 L o
00
J0.16
o
F
00 o+
j0.14
F[]
D
(b)
IR 4
j0.26 +

+
1.£0° C) % #=j0.05

For a balanced 3-phase fault, only positive sequence network comesinto picture.

T =T =T, = X0 _353, qp
j (0.26+0.05)
I, =3.23pu
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9.12 The zero-,positive-, and negative sequence networks are shown below:

4 J005 Jj0.3 J0.05 J0.05
i =1
00 =
Zero sequence. ’J
Ref,

1.20° 1207

j0.2 4 J0.05

Negative sequence.

I
Ref.
Using delta-wye transformation and series-parallel combinations, thévenin equivalents
looking into bus 3 are shown below:
I

——— 00 —=——o0+ 3
J0.199

Vo

J0.175

1207
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For a bolted 3-phase fault at bus 3,

7 V. =0;Also V, =V, =0
V0 _ _
i j0.175 % l,=0;1,=0
o (5) ;
T - 1£0° _
' joa7s
The fault current is5.71 pu.
L] 11 170 5.71/ - 90°
I, |=|1 a® a| -j5.71|=|5.71.£50°
I, 1 a a?||0 5.71£30°

o

9.13 For abalanced 3-phase fault at bus 3, we need the positive sequence impedance network
reduced to its thévenin’s equivalent viewed from bus 3. The development is shown below:

j0.15 j0.15

jo.1

jo.12s  Jo.1

(55

j0.035714 70.059524

j0.071428

3

Convert the A formed by buses 1, 2 and 3 to an equivalent Y
_ j0.125)(j0.15
(U0125)(1015) _ ;1 0357143

X j0.525

_ (j0.125)(j0.25

- _10129)(1025) _ 1 (eorrag
10.525

_ (jo.15)(jo25

U002 _ 16 0714985
10.525
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Using series-parallel combinations, the positive sequence thévenin impedance is given by,
viewed from bus 3:

(j0.2857143)(j0.3095238)
j0.5952381
= j0.1485714+ j0.0714286 = j0.22

+]0.0714286

3
— 00 ——o +
j0.22

O W

With the no-load generated EMF to be 1.20° pu, the fault current is given by (with
Z. =j0.1)

T -7 = 1.0£0°

@ % jo22+ 01

=—j3.125pu=820.1~ - 90°A

%
120° C

jo.1

Thefault current is 820.1 A.

9.14 Bolted single-line-to-ground fault at bus 1.

Io —

: T _T_T Ve
J07114 v o=h=l,=F%F——%
! L tEt+%
_ 1.0£0°
’ j (0.07114+0.1068 + 0.1097)
e " = 1929 __j3.4766per unit
/0.2876
j1097 T F:
] M 1 1]-j3.4766] [-j10.43 _j7.871
I7|=|1 a> a||-j34766|=| 0O |perunit=] O |kA
7| |1 a a2 -j34766 0 0
247
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Using Eq (9.1):
'V, | 0 jo.07114 0 0 —j3.4766
V, |=|10£0°|-| O j0.1068 0 || -j3.4766
V,| | O 0 0 j0.1097 || —j3.4766
V,| [-0.2473

V, |=| 0.6287 |perunit

,| |-0.3814

_A

_B

_C

g 1 1 1| -02473 0
=1 a®> a || 0.6287 |=|0.9502,247.0° |per unit
1 a a?|-0.3814 0.9502£113.0°

9.15 Single-Line-to Ground Arcing Fault at Bus 1.

Iy
\-O-Q-Q-J_ +
j07114 7,

E+
+ j.1068 1

Vi = 1.020° C-) Vi é = 01538

j1097 b
(765)°
= =585.2Q
1000
Z = 3020°_ 4 05106200 per unit
585.2
o vA
ly=h=l,=0—=—= >
Zy+4+724,+3%
1040
0.1538+ j0.2876
= L020° 30630, —61.86°perunit
0.3262./61.86°
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1 1 1| 3.0659«-61.86° 9.198/ - 61.86°

5 |=|1 a? a ||3.0659£-61.86° |= 0 per unit
2| |1 a a?| 3.0659/-61.86° 0
6.942./ —61.86°
= 0 kA
0
'V, | 0 jo.o7114 0 0 |[3.0659£-61.86°
V, |=|1.0£0°|-| O j0.1068 0 || 3.0659~ -61.86°
Vv, | 0 0 0  j0.1097 || 3.0659/ — 61.86°
'V, | [ 0.2181,208.14°
V, |=| 0.7279£ —12.25° | per unit
V, | | 0.33632208.14°
V| [1 1 17[02181,20814°] [0.4717/-61.85°
Vo |=|1 @ a || 0.72794-12.25° |=| 0.9099/244.2° |per unit
Ve | |1 a a2 || 0.3363£208.14° | | 1.0105,113.52°

9.16 Bolted Line-to-Line Fault at Bus 1.

V. =1.0£0° - V.
[ =—T,=—F_
Zit+7
_1.0/0°
j.2165
To=0 =—]4.619per unit
111 1 0 0 0
T7|=|1 @ a| —j4.619|=|8.000£180° |per unit = | 6.038./180° |KA
2] |1 a a?|[+j4619] | 8.000£0° 6.03820°
V| [ o jor114 0 o I o 0
V,|=|1£0°|-| O  j0.1068 O || —j4.619 | 0.5067 |per unit
V,| | © 0 0  j0.1097 || —j4.619 || 0.5067
Vol 1t 1 1 o 1.013/0°
Vo, |=|1 a® a || 0.5067 |=|0.5067.£180° | per unit
V,,| |1 a a] 05067] |0.5067.2180° |
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9.17 Bolted double-line-to-ground fault at bus 1.

V. =1.020° h

+ I 1

V=V, /1097 j07114

T Ve
L E+E I
_ 1.0£0°
j (:1068+.1097//.0711)

_1.040°
/0.14995
= 6.669.2 — 90° per unit

I,=—I, _—Z_O_ :je_segw
Z,+74, .18084

1, = j2.623per unit

|—0 =—|_1( _—Z_Z_ ]: j&ﬁﬁg(ﬂj = j4.046 per unit

Z +Z 18084
7] 1 1 17 jaod6 0 0
I7]=|1 a a ||-}6.669|=|10.08.143.0° |per unit =| 7.607.£143° |kA
I_é' 1 a a?| j2623 10.08£37.02° 7.607£37°

A 0 jo.o7114 0 0 j4.046 7 [0.2878

v, |=l1z0°|-| 0 j0.1068 0 || —j6.669|=|0.2878 |per unit

__2 0 0 0 j0.1097 || j2.623 0.2878

V| 1 1 17028787 [0.8633

Ve, |=|1 @ a ||0.2878|=| 0O |perunit

V. 1 a a?|/0.2878 0
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9.18 0] 10.06835 ® 0.24

|
.10 000 - 000 5
000 s

f.08544 @ f0.06835 0. 1467
J T

j0.2539

70.3386

jos e

" E HE %m E HE

12 @30 s @0

Per unit positive sequence network
@ JOD6E3S @ J0.24
j0.10 000 s 000 -

J008544 ©;'[}.le835 J0.1467

j0.2539

L1
LI
TR

j0.4514

t,;.‘n ‘1 (,,_kr A1

Per unit negative sequence network

The zero sequence network is the same asin Problem 9.1.

The A-Y transformer phase shifts have no effect on the fault currents and no effect on the
voltages at the voltages at the fault bus. Therefore, from the results of Problem 9.10:

71 [-j10.43 ~j7.871 Vg 0
Io|=| O |perunit=| 0 |kA |V, |=|0.9502£247.0° per unit
(1 0 0 V| [0950221130°

Contributions to the fault from generator 1:
From the zero-sequence network: I, , =0

From the positive sequence network, using current division:

— . 1727
| Gl1 = (—] 34766) (W

=1.326/ —120° per unit

j4—30°

From the negative sequence network, using current division:

_ . 1802 )
IGl—Z = (—j 34766)(mj4 +30

=1.36152 - 60° per unit
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Transforming to the phase domain:

aal (11 1 0 2.328/-89.6°

lep s |=|1 @ a|/1.326£-120° |=|2.328489.6° |perunit

o1 c 1 a a?|| 1.326£-60° 0.036.£180°
1.757/-89.6°

=|1.757£89.6° |kA
0.027.£180°

9.19 (a) Bolted single-line-to-ground fault at bus 1.

hh=her e
L tEt2,
~ 1.0£0° 1040
~j(.08158+.1223+.1247)  j0.3286
et =—)3.043 per unit
] 1 1 17[-j3.043] [-j9.130]
Ig|=|1 a® al/—j3.043|=| 0O |perunit
] |1 a a?|[-j3.043] | 0O |
[—j10.54]
= 0 kA
L O .
Using Eq. (9.1):
V1T o j08158 0 0 [-j3.043
V. |=|1.0£0°|-| O j1223 0 || -j3.043
V,| | 0 0 0  j.1247||-j3.043
[—0.2483
=| 0.6278 |perunit
| -0.3795
Vel [1 1 172483 0
Vi, |=|1 a® a || .6278 |=|0.9485./246.9° |per unit
Vo, | [1 a a?||—.3795| | 0.9485/113.1°
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(b) Single-line-to-ground arcing fault at bus 1.

% (500)°
. Z o =2 =250Q
j0.08158 7, 1000
: 15 . .
Z: =——=0.06.£0° per unit
250
— S P I S
V= 1.0£0 018 _Z_O +‘Z‘1+‘Z‘2 +3_Z_F
10400 1040°
> 0.18+j0.3286 0.3747.61.29°
miay @ =2.669 2 —61.29° per unit
7] [1 1 1][2669£-61.29°| [8.007/£-61.29°
Ig|=|1 a a| 2669£-61.29°|= 0 per unitx1.155
I_é' 1 a a?||2669«-61.29° 0
9.246 £ —61.29°
= 0 kA
0
\70 0 j-08158 0 0 2.669 /- 61.29°
\71 =11.0£0° |- 0 j.1223 0 2.669 £ —61.29°
V,| | O 0 0 j.1247 || 2.669 £ —61.29°
0.2177 £208.71°
=| 0.7307 £ —12.9° | per unit
 0.3328.£208.71°
_Ag 1 1 1].2177£208.71° 0.4804 £ - 61.29°
_Bg =1 a? a | .7307«£-12.4° |=|0.9094 £244.0° |per unit
_Cg 1 a a?|.3328£208.71°| |1.009.£113.6°
© 5. B
000/ o—o—=— 000, v
e j0.1223 j0.1247 T =_T = F
1 2 = =
Ve = 1.020° V=V, —Z_l +—Z_2
5 __ 1.0£0 (40486
oo j(0.1223+0.1247)
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77 1 1 1 0 0
I |=|1 a> a | —j4.0486 |=|7.012£180° |per unitx1.155
12 1 a a?|+)4.0486 7.01220°

00
=|-8.097 |kA
8.097
\70 0 j.08158 0 0 0
V |={1020°|-| 0 j1223 0 |-j4.0486
V,| | o 0 0 j.1247| +]4.0486
0
=1 0.5049 | per unit
 0.5049
Vo] [t 1 17 o ] [1oto0°
Vg [=|1 a2 a ||.5049 |=| 0.5049.£180° | per unit
_Cg 1 a a?|.5049 0.5049 £180°
(d) B
; _
\—Q—Q—Q—} J + I_l = _\/+
" j0.1223 I 7 Z +ZlZ
Vr = 1.020° C”) " j.1247 j08158  =-— 1020
) j(.1223+.1247//.0816)
3 1.0£0°
j0.1716
=—] 5.827 per unit
I,=—1, _—Z_O_ = j5_827[Mj
Z +Z, 2063
1, = j2.304 per unit
Iy=-1, % |- j5.827('12ij = j3.523 per unit
Z+Z, 2063
I_Z 1 1 1] j3523 0

=|1 a* a ||-]5.827|=|8.804.£143.1° | per unitx1.155
1 a a?| j2304 8.304.£36.9°
0°
=[10.17£143.1|kA
10.17.£36.9°

X @

(@]
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A 0 j0.08158 0 0 j3.523
V, [=/1.0£0° |- 0 j.1223 0 |[-j5.827
V, 0 0 0 j.1247|| j2.304
0.2874
=[0.2874| per unit
0.2874
_Ag 1 1 11.2874| |0.8622,0°
s |=|1 @ al|.2874|= 0 per unit
V. 1 a a?|.2874 0
Cg
(e)
® s O,
010 000 -
W j0.20 ® jo.16
J0.1467
J015 0.10 j0.3386
| ElE g ||,
Eq _ 5, p H 5 EY <
|:{,H.HI l:',,j_!(.'l
Per unit positive sequence network
® j0.16 ® j0.24
. 000 5 1000 5
J0.10
000 @
j0.20 j0.16 j0.1467
é _— 000 s 000 5 000 5 j{],338(}§
JO.
H j0.10
E 000 s é j0.4514
j0.25 H
301 301

Per unit negative sequence network
The per unit zero sequence network is the same asin Problem 9.1
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The A-Y transformer phase shifts have no effect on the fault currents and no effect on
the voltages at the fault bus. Therefore, from the results of Problem 9.19(a),

7] [-}9.130 _j10.54]  [Va 0
Igl=| O perunit= 0 | kA|V,, |=|0.9485,246.90| per unit
(14 0 0 V.| L09485/113.1°

Contribution to the fault current from generator 1:
From the zero-sequence circuit: 1, , =0

From the positive sequence circuit, using current division: {h=-A0
= : .2393 o
lera =(—1] 3.043)(mj4 -30

=1.488/-120° per unit Transformer
phase shift

2393

From the negative sequence circuit, using current division:
- , .2487 R
lero =(=i 3.043)(mJ4 +30

=1.518/—-60° per unit Transformer
phase shift

j.2487

Transforming to the phase domain:
I ”

S R 0 [2.603£-89.7°
12,6 |=[1 a® a|1.488£-120° 2.603£89.7° | per unit
12 .| |1 a a?| 1.5182-60° 0.03,/180°

[3.006..87.7°
=13.006.87.7° | KA
_0.0354180O
_ i I
9.20 j0.10 Iy j0.10 _'.. j0.10 s
o 000 ——o+ 000 o+ 000 o+
jo.2
E j0.05 Vo + V, E j0.2 Vs
Vi
O — B o — 0 —
. Zero sequence Positive sequence Negative sequence
Vet V3(500)
Three- phasefault:
T =T,=0 T,=—e_10£0
Z  j030
=—]3.333per unit

256
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



9.21

17=1, =—j3.333per unit
— —j1.925kA

Single line-to-ground fault:

- V. _ 10/0

lo=1,=1 =—j1.429per unit
LT T Z Y Z+Z, j(01+03+03) . i

17 =37 =—j4.286per unit =—j2.474KA

Line-to-linefault:

l,=0 1,=-I,= Ve _ 1020 —j1.667 per unit

2" Z+2Z, j(03+03)
T7=(a?-a)T, = (a? — a)(~1.667) = 2.887./180° per unit
17 =1.667.£180° KA

Doubleline-to-ground fault:
— \A 3 1.0£0° 1.0
+Z[Z i(03+03J0.1) j0375

Z ] 12667(

% ] 12667( j j2.0per unit
Z

. +al +al, =20£90°+ 2.667£150° +.667.2210° = 4.163./134° per unit

—]2.667 per unit

iy

= j0.667 per unit

Bolted single-line-to-ground fault at bus 1.

| 0.1919 Ty T o7 T = \VA
! oTh=h=- = =

_ 1.0£0°
j (0.1919+0.267+0.27)

1 1 1]|-j1372
=1 a? a ||—-j1.372
1 a a*||-j1372

jo2e70 1)

=—j1.372per unit

1.0£0°

§Im§>§

(@]

jo210 R

7] [-j4.116 -j4.753
. 0 per unit = 0 kA
17 0 0
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Contributions to the fault current

Z€ero uence:

— I
Transformer: 1., =—j1.372 9581 o
.24+ .9581 7 ;
=~ j1.097 per unit B s
o4 j24 79581
LineT,_,=-j1.372| —<° |=—j0.2748
.24 +.9581 |
Positive sequence:
Transformer: 1., =-j1.372 483 + h
64 +.4583 i i
=-j0.5725 tr t
j64 j4583

Line:l,_, =—j1.372 __6 =-j0.7994
.64 +.4583

Negative sequence:

Transformer: 1., :—j1.372(ﬂJ {7
.64+ .4671 B B
=—j0.5789per unit Ir-2 Iz
. . .64 . ) 64 4671
Linel , = J1.372(—j= —]0.7931per unit
.64+ .4671
Transformer: !
7,1 (11 1 -jro97 | [ -j2.248 —j2.596
17 51=|1 a®> a||—j0.5725|=|.521/—-89.4° |perunit=| .602£ —89.4° kA
Ifc| [1 a @& -j05789| |.521/-90.6° 6022 —90.6°
Line:
7,1 11 1-jo.2748] [ —j1.8673 —j2.156
I” 5 1=[1 a® a | —j0.7994 |=|.5212/90.6° |per unit =|.602£90.6° kKA
7] [1 a &) -j07931] |.521,/89.4° .602.89.4°

9.22 Bolted line-to-linefault at bus 1.

Vp=1.020° _ 1.0£0°

j(.2670+.270)
=—j1.862per unit
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11 1 0 0

A

I7|=|1 a a ||-j1.862|=|3.225,180° |per unit
I_g 1 a a?||+jL862 3.225./0°

(14 0 0

I_'B' =|3.225,180° |x1.155=| 3.724,180° |kA

I_é 3.225/0° 3.724.0°

Contributions to the fault current
Z€ero uence:
=0

I o=10

Positive sequence:

.64 +.4583
=—]j0.7770 per unit

Transformer: |_T_1=—j1.862( 4583 j

j.64 4583
Line: 1, , = —j1.862(ij =—j1.085per unit
64+ .4583 i
Negative sequence:
Transformer 1., = j1.862('46ij =
.64 +.4671 _ _
— j0.7856 per unit % i
j.64 j4671

Linel, ,= j1.862(ij

.64+.4671

= j1.076 per unit
Contribution to fault from transformer:
] 11 170 j.0086 0.0099./90°
I_;'_B =|1 a*> a || —j.777 |=|1.353£180.2° | per unit =| 1.562.2180.2° kA
7] |1 a @785 |1353£-0.2° 1.562£—0.2°
Contribution to fault from line:
.1 1 o —j0.0086 0.0099./ —90°
_f_B =1 a® a ||—j1.085|=|1.871£179.9° |perunit=| 2.160£179.9° |kA
] [1 a & j1076 | | 1.871£0.1° 2.160£0.1°
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9.23 Bolted double-line-to-ground fault at bus 1.

7o+ ] £ Jo T VF
g R
— 1.0£0°

= = e 1=

j(-267+.27|.1919)

_1.0£0°
j0.3792
=—]2.637per unit

M= =2 |- j2.637(—'1919 ]
Z,+7Z 27+.1919

I, = j1.096 per unit
Toh| -2 |- j2.637[LJ
L+,
= j1.541per unit
1 1 1] j154 0
=1 a? a ||—)2.637|=| 3.975£144.3° | per unitx1.155
1 a a?| j1.096 3.975,35.57°
0

=|4.590144.3° |kA
4.590£35.57°

o

§|)> §I

X @

(@]

Contributionsto the fault current
Zer o sequence: + Ip=j1.541
.9581
.24+.9581J
= j1.232per unit
.24
.24+ .9581

It fio

Transformer: 1, _, = j1.541(

j24 9581

Line: 1, ,= j1.541( j = j0.3087 per unit

Positive sequence:

T, =(-j 2.637)[

+ T, =—j2.637

~j1.100

4583
.64 +.4583

_ 64 . - _
L= (—J 2637) (mJ —11537 per unit j.64 JA583
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Negative Sequence:

(jl_ogﬁ)[ﬂ
64+ .4671
T,_,=(j1.096) ———
2= )(.64+.4671

Contribution to fault from transformer:

It =

j = j0.4624

J: j0.6336

I_;QA 1 1 1]j1232 j0.5944
I_;’_B =/1 a*> a | —-j1L10 |=|2.058£131.1°
I_;’_c 1 a a?|j0.4624 2.058.248.90°
[ 0.6864.,90° |
=|2.376/131.1°
| 2.376.£48.90°
Contributions to fault from line:
I_f_A 1 1 1| j3087 —j.594
I_[QB =|1 a®> a ||—j1.5637|=|2028,158.0°
I_ffc 1 a a?| j.6336 | 2.028,22.0°
[0.686.2 — 90°
=| 2.342/158°
| 2.342,22°
9.24 Bolted single-line-to-ground fault at bus 1.
\7,: =1.0£0° 000 s - b
j1.3502 7,
:;;; :I_ +
+ j0.3542 1,
O,
.
j03s86 L g
I_: 1 1 1| -j4847 —j1.454
I7|=|1 @ a||-j4847|=| O |peru
1] |1 a a?| —j.4847 0

Contributions to fault current
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+1—3=jl_{)96

per unitx1.155

KA

per unitx1.155

kA

_ 1.0£0°
~ j(1.3502+0.3542 + 0.3586)
=—]0.4847 per unit

100

103

=5.774kA

basel —

~j8.396
0
0

nitx5.774 = kA



Z€ero uence:

Generator G1 I, ,=0
Transformer T1 I, , =—j0.4847 per unit + T a—
1=
Positive sequence: _ _
!( 1-1 ff]—l
- : 92 : :
Generator G1 |, , =—).4847| —— 576 j92
92+ .576
=—j0.2981per unit i
- : 576 . :
Transformer T1 |, , =—].4847| —————— |=—]0.1866 per unit
92+ .576
Negative sequence:
Generator G1 T, , = ].4847 — 2> f 7= isser
.95+.576 - B
=—j0.3017 per unit lor-2 n-2
_ j.576 j.95
Transformer T1 |, , =—].4847 _o16
576+.95
=-j.1830
Contribution to fault from generator G1.
1.1 1 12 170 —j0.5998
12, 61=|1 @ a| —j.2981|=|0.2999./89.4° |per unitx5.774

Z.| |1 a a?|-j.3017| |0.2999./90.6°

[3.4632—-90°
=| 1.731£89.4° |kA
| 1.731.£90.6°
Contribution to fault from transformer T1:
7.1 1 1 17][-j4847] [ -j.8543
17 .1=|1 a a | —j.1866|=|0.2999/ —90.6° | per unitx 5.774
17, c 1 a a?|[-j.1830] [0.2999/-89.4°
[ 4.932/-90°
=|1.731£-90.6° |kKA
| 1731/ -89.4°
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9.25 Arcing simple-line-to-ground fault at bus 1.

\7': = 10400 \,Q.Q_Q.J o i(_)
j1.3502 v

II+
j0.3542 1
; . _*f
jO._%SS(} 2 ],72

<

— F
2 Z+E+E 32
~ 1.0£0°
0.15+ j(1.3502+.3542 +.3586)

1oz
2.068485.84°
=0.4834 2 —85.84° per unit

1 1 1.4834.£85.84°| |1.450£85.84°

X

A
I7]=|1 a® a || .4834485.84° |= 0 per unitx 5.774
I_é 1 a a?||.4834.85.84° 0
8.374./85.84°
= 0 kA
0

Contributions to fault current

Zero uence.

Generator G1: 1, , =0
Transformer T1: 1, , =0.4834/ —85.84° per unit

Positive sequence:

_ 92 + T, = .4834/-85°
Generator G1: |, , =.4834/-85.84°| ———
.92 +.576 7 ;
Gl-1 T1-1
=0.2973£ -85.84°
j.576 j.92
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576
.92+ .576
=0.1861~/ — 85.84° per unit

Transformer T1: 1, ,

=.4834/ - 85.84‘{

)

Negative sequence:

Generator G1: I, , =.4834/ —85.84° _ % + T, =.4834£-85°
576+.95
=0.3009~£ —85.84° I Iri
Transformer T1: T, , =.4834./ —85.84° _S7 J-576 795
576+.95
=0.1825/ —85.84° per unit
Contribution to fault from generator G1.:
oAl [T 1 1 0 5982/ —85.84° |
12,.61=|1 @ a| 0.2973£-85.84°|=| .2991,93.56° |perunitx5.774
12, ¢ 1 a a?][03009£-85.84°| | .2991,94.76° |
3.454/ —85.84° |
=| 1.727£93.56° |kA
| 1.727/94.76° |
Contribution to fault from generator T1:
17, [1 1 1]/.4834£-8584°] [ 0.852/-85.84° ]
17, .|=|1 a a ||.1861/—85.84° |=| 0.2991/ —86.44° | per unitx 5.774
17, c 1 a a®][.1825/-85.84°| |0.2991/-85.24°
4,919/ —85.84°
=|1.727/-86.44° |kKA
| 1.727£-85.24°
9.26 Bolted line-to-line fault at bus 1.
.. T %
+ . 1 2 52 =
+ /3586 Z+7Z
V= 1.0£0° 7 7 _ 1.0£0°
j (.3542+.3586)
o =—j1.403per unit
Iy=0
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1 1 1 0 0
o |=|1 a®> a ||—j1.403|=|2.430£180° |perunitx5.744

B
[ 1 a a?|+j1403 2.430£0°
0
=114.03£180° |KA
14.03£0°
Contributions to fault current.
Zer o sequence:
Generator G1: 1, , =0
Transformer T1: 1., ,=0
Positive sequence:
Generator G1: 1, , =—j1.403 92 T
eneraor GLilg, ; =—J4L. 92+ 576 + T, = j1.403
=—)0.8628 per unit T Tt
- , 576 , - -
Transformer T1:1;, , =—j1.403| ———— |=—-j0.5402 #0 492
576 +.92
Negative sequence: |
- , .95
Generator Gl IGl—Z =(J1403)(mJ + "—2 = +/1.403
= ]0.8734 per unit Taics R
Transformer T1: 1, , =(j1.403) _576 J:576 j95
576+.95
= j0.5296 per unit
Contribution to fault from generator G1.
[ 11 1 0 j0.0106
12, 61=|1 @ a| —j.8628|=|1.504,—179.8° |perunitx5.774
121 |1 a a*| j.8734 1.504/-0.2°
0.0612.290°
=18.6832£-179.8° |KA
8.683£-0.2°
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Contribution to fault from transformer T1.;

.l 1 1 0 —j0.0106
17 .1=|1 & a | —j.5402|=|0.9265,179.7° |per unitx5.774
7.l |1 a a’| j529% 0.9265.20.33°
0.0612£ —90°
=| 5.349./179.7° |kA
5.349./0.33°

9.27 Bolted double-line to-ground fault at bus 1.

I
L.'Q'QjQ’) + - + — + | = I_l = _\/+
i| 8 I I Z+25|Z,
Ve=1.040° (") v % iasss OB j1asez - 1.0£0°
- j (.3542+.3586]|1.3502)
_10z0°
j0.6375
=—j1.569 per unit
Iy=-1, _—Z_Z_ = j1_569(ﬂJ
S+ 72 .3586 +1.3502
= j0.3292 per unit
I,=-1, __Z_O_ = j1.569(&]
o+ 7% 1.3502 +.3586
= j1.2394 per unit
7] [1 1 1703292 0

=|1 a®> a ||—j1.569 |=|2482,168.5° |perunitx5.774
1 a a?|j123% 2.482,11.48°

0
=(14.33£168.5° kA
14.33211.48°

X T

O

Contributions to fault current.
Zero uence.

Generator G1: 1, , =0
Transformer T1: 1, , = j0.3292 per unit
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Positive sequence:

— _ 92 .
Generator G1: I, , = —jl.SGQ(WJ + T, = —j1.569
= —J09646 per unit TGt Ty
Transformer TL: T, , =—j1.569) —210_ 4830 o
576+.92
=—]0.6039per unit |
Negative sequence: + T, = 12394
Generator G1: 1, , = j1.239%4 B Tor T
.95+.576 - N
= j0.7716 per unit e e
- . 576 : \
Transformer T1:1,, , = j1.2394 ————— | = j0.46/5per unit
576+.95
Contribution to fault from generator G1.

11 1 o -j0.193
175 |=|1 @ a| —}.9646 |=|1.507.£176.3° |per unitx5.774

17| |1 a a?|| j7716 | | 1.507.£3.67°

1.114/-90°
=|8.701£176.3° |kA
8.701£3.67°
Contribution to fault from transformer T1:
[N 1 1 1] jo.3292 j0.1931

7,5 |=|1 a® a ||—j0.6039|=|1.010£156.8° |perunitx5.774
Zo| |1 a a?| j04678 | |1.010,2317°

1.114.290°
= 5.831/156.8° |kKA
5.831£23.17°

928 1,=(I,+1,+1,)=0 I, =(Ty+I,+1,)=0

Vo] 11 V] [V
Vll' :§ 1 a 8.2 O = \783' /3
V,, 1 a al 0 V. /3
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Which gives V,, =V,, =V,, =0

22

T
Zero sequence [ [
I

Pos. sequence

2 | | Iy
+ Vo -

Negative sequence

929 I,=1.=0, or
I_0 11 1 I_a _a/3
11 _ _
I1 =-|1 a a|0|= a/3:>o=|1:2
_ 3 _
[ 1 a alo0 .3

Sim“arly I_O» zl_lr = |2r AlSO \78&' :(_OO' +\711» +\722r):0

1q ‘0 "__0_
Zero seq. \ /

I T,
Pos. seq.

- + Viye = -

Neg seq.

9.30 (a) For asingleline-to-ground fault, the sequence networks from the solution of Pr. 9.10
are to be connected in series.

J0.26 J0.2085 JO.14
+

e

The sequence currents are given by
= 1

[ =1.=1= =1.652-90°pu
° "t % j(0.26+0.2085+0.14) P
The subtransient fault current is
I_a = 3(1.654 - 90°) =4.95/-90°pu
T.=T.=0
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The sequence voltages are given by Eq. (9.1.1):
1£0°-1,7 =120°-(1.65£—90°)(0.26£90°) = 0.57 pu
, =—1,Z, =—(1.65£—-90°)(0.2085290°) =—-0.34pu

T,

<l
non

A Z, =—(1.652—-90°)(0.14290°) =—0.23pu
The line-to-ground (phase) voltages at the faulted bus are

Vol 11 17[-023 0
Vi |=|1 @ a || 057 |=|0.86£-113.64° |pu
vV | |1 a a?|/-034| | 0.86,113.64°

cg

(b) For aline-to-line fault through a fault impedance Z. = j0.05, the sequence network
connection is shown below:

j026 T, j0.05 7, j0.2085

1.20°

) - 0 =1.934-90°pu
0.5185,90°
l,=0
The phase currents are given by (Eq. 8.1.20 ~ 8.1.22)
1,=0; 1,=—I,=(a?-a)l,=3.34£-180°pu
The sequence voltages are
V, =1£0°- 1,7 =120° - (1.93£—90°)(0.26£90°)
=0.5pu
V, =—1,Z, =—(-1.93£-90°)(0.2085290°)

The phase voltages are then given by
V,=V,+V, +V,=09pu

V, =a?V, +aV, +V, =0.46£ -169.11°pu
V. =aV, +a%V, +V, =0.46£169.11°pu
Check: V, -V, =1,2Z =0.17£-90°
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(c) For adouble line-to-ground fault with given conditions, the sequence network
connection is shown below:

7 j0.26 j0.05
e -+ 1 ,_I}.U.U._
iz — —
1.£0° % #p
7. j0.2085 j0.05
- "0'9"0"‘ f'@'b'“
% Z
L, Jo.14 j0.05 j0.1
o — s -
% Z 3%

The reductions are shown below:

1.20° 1.20° = 1.£0°

: = 02 G =
__O & J0.31 I B " J0.31 B L Jjo.45 I
T J0.2585
I = =
Ty j0.29 Jjo.14
- IR 000

o1, =1/0°/0.45290° = 2.24£ — 90°
=T, [ 0.29
0.29+ 0.2585
I,=-1.06£-90°
The sequence voltages are given by
1£0°- 1,7 =1£0°—(2.24£—90°)(0.26£90°) = 0.42
-(-1.18£-90°)(0.2085£90°) = 0.25
A Z, =—(-1.06£-90°)(0.14290°)=0.15
The phase currents are calculated as
1,=0; 1,=a%l, +al, +1,=3.36£15177°,
I, =al,+a%,+1,=336,2823.
The neutral fault currentis I, +1_=3l, =-3.184-90°.
The phase voltages are obtained as
V.=V, +V, +V,=0.82
V, =a?V, +aV, +V, =0.24/ -141.49°
V. =aV, +a?, +V, =0.24,141.49°

J =-1.18/-90°

=

<
1l
NI
1l

2

2 _Iz
_|0
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9.31 (@ Forasingleline-to-ground fault at bus 3, the interconnection of the sequence networks
is shown below.

(See solution of Pr. 9.12)

j0.199

Iy=1,=1,=- 120 =—j1.82
J (0.199 +0.175+0.175)

] M1 1 1-j182] [-j546

I,|=|1 & a|-jL82|=| 0

I.] |1 a a*|-j1.82 0

Sequence voltages are given by
V, =—j0.199(-j1.82) =-0.362; V, =1- j0.175(—j1.82) = 0.681;
V, =-j0.175(—j1.82) =-0.319
voltages are calculated as
Vv, 1 1 1| -0362 0
V, |=|1 a® a || 0681 |=|1.022,238°

V. 1 a a?|-0.319 1.022.£122°

c

The phase

(b) For aline-to-line fault at bus 3, the sequence networks are interconnected as shown

below:
T —e—o0
Jo199 I, o+
FG
- o
Ih=0
- - 1,0°

l,=—l,=——————=-j2.86
j0.175+ j0.175
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Phase currents are then
1 1 1 0 0
=1 a®> a||—-j286|=|-495
. 1 a a?| j2.86 4.95
The sequence voltages are
V,=0; V, =V, =1,(j0.175)=0.5
Phase voltages are calculated as
11 10 1.0
V. |=|1 a? a| 05|=|-05
V.| |1 a a?||05| [-05

(c) For adouble line-to-ground fault at bus 3, the sequence network interconnection is

e

<

o

shown below:
—— 0 ——o———y
j0.199 I, *
Yo
—_——
: s T O+
1 £0° Jjois T

—@TW\—H%—

jo17s L *
Vs
Sequence currents are calculated as
T=- L0 . —-j373
j0.175+[ j0.175(j0.199)/(j0.175+ j0.199) |
=219 (373 j1.99
0.175+0.199

T = 0.175 (

® 0.175+0.199

Phase currents are given by

[} 1 1 1] j1L75 0

=|1 a®> a | —-j3.73|=|56-152.1°
1 a a| j199 5.6£27.9°

j3.73)= j1.75

)

o |

o

The neutral fault currentis I, +1_ =3I, = j5.25
Sequence voltages are obtained as
V, =V, =V, =—(j1.75)(j0.199) = 0.348
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Phase voltages are then

1 1 110348 1.044
=1 a> a|0348|=| O
1 a a?|/0.348 0

(d) In order to compute currents and voltages at the terminals of generators G1 and G2, we
need to return to the original sequence circuits in the solution of Prob. 9.12.

Generator G1 (Bus 4):
For asingle line-to-ground fault, sequence network interconnection is shown below:

o<| o I m<|

joos t j0.3

Zero sequence

j0.05

J09 j0.09

Vo

jo.1

Positive sequence

1207

jo.1

Negative sequence

[

From the solution of Prob. 9.31(a), I, =—j1.82
From the circuit above, 1, =1, = %I_f =-j0.91

Transforming the A of (j0.3) in the zero-sequence network into an equivalent Y of (j0.1),
and using the current divider,

0.15

0 =50, o5 ("i182)=-j0.62
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Phase currents are then
1 1 1| -jo62| |244£-90°
=1 a®> a||—-j091|=| 0.29490°
. 1 a a?||-jo91 0.29490°
Sequence voltages are calculated as
V, =—(-j0.62)(j0.14) =-0.087; V, =1- j0.2(—j0.91) = 0.818;

V,=-j0.2(-j0.91)=-0.182

i

Phase voltages are then
V. 1 1 1| -0087 0.549.0°

<

V, |=|1 a® a || 0818 |=|0.956,245°

V. 1 a a?||-0182 0.956/115°

Generator G2 (Bus 5):

From the interconnected sequence networks and solution of Prob. 9.31,
T ——j1182 r1=r2=%rf —_j09L T,=0

Recall that Y — A transformer connections produce 30° phase shiftsin sequence
guantities. The HV quantities are to be shifted 30° ahead of the corresponding LV
guantities for positive sequence, and vice versa for negative sequence. One may
however neglect phase shifts. Since bus 5 isthe LV side, considering phase shifts,

I, =0.91/—90° - 30° = 0.9/ - 120°;
1, =0.91/-90° + 30° = 0.91/ — 60°
Phase currents are then given by

I, 11 1 0 1.582 -90°
I,|=|1 a a || 0.91L-120°|=|1.58£+90°
I, 1 a a?| 091£-60° 0

o

Positive and negative sequence voltages are the same as on the G1 side:
V, =0.818; V, =-0.182; V, =0;

With phase shift

V, =0.8184-30°

V, =0.182,210°

Phase voltages are calculated as

V1111 0 0.7444£ - 42.2°

V,|=|1 a? a||0818£-30°|=| 0.744£222.2°

V.| |1 a a?| 01822210° 1.00£90°
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9.32 (@) Refertothe solution of Prob. 9.13.
The negative sequence network is the same as the positive sequence network without
the source.

00 o+
j0.22

=

o —

The zero-sequence network is shown below considering the transformer winding

connections:
j0.25 j0.25 j0.25
j0.05 j0.05

- j0.05

j0.077064 j0.156881

JO.183026

ST o+
j0.35
Vo
For the single line-to-ground fault
At bus 3 through a fault impedance Z. = j0.1,
T o 1/0°
lo=1,=1,=-
j(0.22+0.22+0.35+0.3)
=-j0.9174
Fault currents are
1.20° 3;,.§J-{1_3 L] 11 a1]1,] [-j27523
l,|=|1 a a|l,|= 0
I.| |1 a a|l, 0
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(b) For aline-to-fault at bus 3 through afault impedance of jO.1,

;ﬂ ! | 7?!.' E %2
—— T ——o— T —o—a—TTT—
j0.22 + 0 jo + j0.22

l,=0
_ 1 )
I, =—1,=- =-j1.8519
j(0.22+0.22+0.1)
Fault currents are then
1 1 1 1 0 0

[}

=|1 a? a ||-j1.8519|=|-3.2075
1 a a?| j1.8519 3.2075

| o

o

(c) For adouble line-to-ground fault at bus 3 through a common fault impedance to ground

3Zp=j0.3
7 : s
T 100
v j0.22(j0.35+j0.3)
10.22 + - - -
]0.22+j0.35+ 0.3
=-)2.6017
— 1-(j0.22)(-j2.6017
I, = U )( ) ):j1.9438
j0.22
— 1-(j0.22)(-j2.6017
lo=— (J_ )( _J )=j0.6579
j0.35+j0.3
Fault phase currents are then
I, 1 1 1) jo.6579 0

=1 a®> a ||—-j2.6017 |=|4.058£165.93°
1 a a?| j1.9438 4.058.14.07°

| o

c

Neutral fault current at bus3=1, +1_=3l,=1.9732290°
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9.33 Positive sequence network of the system is shown below:

® ©) ® ®
| j0.04 70.04 | j0.15 | j0.04 j0.04 |
E j0.2 % j0.2
+ +
1@ O
- Ref. -

Negative sequence network is same as above without sources.
The zero sequence network is shown below:

j0.04 j0.04 j0.5 j0.08 j0.04
) j0.12
L 2004 (=3 %j0.04)

Ref. ‘

Using any one of the methods/algorithms, sequence 2, can be obtained.
@ 2 ©) (4)
(D] j0.1437 jO.1211 jO.0789 j0.0563
- (2)| j0.1211 j0.1696 j0.1104 0789
Bust = Zaus2 = . . . .
(3)] j0.0789 j0.1104 j0.1696 j0.1211
(4)| j0.0563 j0.0789 j0.1211 j0.1437
@ @ 6 @
®(joe o0 0 0
- (2 0 joos joos8 O
Zouso = - :
(3] 0 jo.o8 jos58 O
@ O 0 0 jO.16
Choosing the voltage at bus 3 as 120°, the prefault current inline (2) — (3) is
T - P-jQ 0.5(0.8—j0.6)
23~ \7; - MOO
Line (2) — (3) has parameters given by
Z =2,=)0.15 Z =j05

=0.4-j0.3pu
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Denoting the open-circuit points of thelineasp and p’, to simulate opening, we need to
devel op the Thévenin-equivalent sequence networks looking into the system between points

pand p’.
Tul ,_uD
—— T ——o P —— T ——o P
= + =z +
- Zy1 20
C“‘) Tm” ipp" _u] ?‘,0
o 2 P N 28
Pos. seq. Neg. seq. Zero. seq.

Before any conductor opens, the current 1 in phase a of the line (m) — (n) is positive
seguence, given by

_Z_pp’l _Z_Tn

_ -2—12 _ __2_22 3 __2_02

—, w25 5 o = 5
Z Zinme =% Zn

1 ,mn,0 —Z_O

To simulate opening phase a between points p and p’, the sequence network connection is
shown below:

Lo p

7l

mnpp’

To simulate opening phases b and ¢ between points p and p’, the sequence network
connection is shown below:

+ 00 ——o
- = Z gl !fil P t
L zf-Wq L Va
P
Tt )
Z 3 !f T T
-f” - @ "_’(D \ "u] = "'HE e ,(fc
r
0 —e—+ =
'Z}JP'O '!(fU i o
V(!O
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In this Problem

s _z _ _Z? ~ ~j(0.15)°
LT P, — 2y, — 2 ]0.1696+ 0.1696—2(0.1104) — j0.15

221 331
= j0.7120
- 22 ~(jos)’

Zpo=——S == =- . : .
P Zo + By — 272 — 2, ]0.08+j0.58-2(j0.08)- 0.5

Note that an infinite impedance is seen looking into the zero sequence network between
pointsp and p’ of the opening, if the line from bus (2) to bus (3) is opened. Also bus (3)
would be isolated from the reference by opening the connection between bus (2) and bus (3).
(@) One open conductor:

2.7, j0.712)(j0.712
Vao =V =V = ls 5 e :(0-4_j0-3)(.J )(J )
A j(0.712+0.712)
=0.1068+ j0.1424
_ _ Zyi—Zaie —ij
AV, =AY, = T _Taag _ JOAI047 01690 ) 1560, 10 1424)

Z jo.15

=-0.0422 - j0.0562

AV, = Fi20 ~Fan v, —1008-]0.58 (0.1068+ j0.1424)
Z, jo.5
=-0.1068- j0.1424
AV, = AV, + AV, + AV, =-0.1068— j0.1424 - 2(0.0422 + j0.0562)
=-0.1912 - j0.2548

Since the prefault voltage at bus (3) is 1.£0°, the new voltage at bus (3) is
V, +AV, =(1+ j0)+(-0.1912 - j0.2548)

=0.8088-j0.2548=0.8482-17.5°pu

(b) Two open conductors:
Inserting an infinite impedance of the zero sequence network in series between points p
and p’ of the positive-sequence network causes an open circuit in the latter. No power
transfer can occur in the system. Obviously, power cannot be transferred by only one
phase conductor of the transmission line, since the zero sequence network offers no
return path for current.
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9.34

Fault conditions

V=0V, =V; T, +1,=0
Sequence currents are given by

R R o _ _
=3l Ilzg[la+(a—a2)lb]; L=2[T,+(a>-a)T, |
One can concludethat 1, +1, =2l

Sequence network connection to satisfy the above:

Sequence voltages are obtained below:

V- [(a+a)%,]=-%

_ 1, -
vozg(zvb)zgvb
Thus V, =V, and V, +V, +V, =0

The sequence network interconnection is then given by:

o[}

= [

-
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9.35 (@ Following Ex. 9.2 of the text:
I,

— 00 —o—=— +

j0.15

T A%
' j0.15

=-j6.67, 1,=0; 1,=0

Vo=V, =V, =0
T, =6.67£-90° T, =6.67.£150° T_=6.67£30° «

V, =V, =V, =0 (Bolted 3-phasefault) «
(b) Following Ex. 9.3 of the text
[P P p—— el
° % j(015+0.15+0.2) ¥
: Vo
=—]2 b
I,=3(-j2)=-j6, 1,=1.,=0 « Z
+
v, 0 jo2 0 0 |[-j2 +
V, |=|1£0°|-] 0 jois 0 | -j2 L£0° G) 7,
V, 0 0 0 jois|-j2 i
-0.4 _ [
%z
=| 0.7 "
-0.3 v,
V.| [1 1 1]-04 0
V, [=|1 & a|| 0.7 |=1.11£233° | «
V.| |1 a a*|-03]| |1.11/125°
(c) Following Ex. 9.4 of the text:
[ o 00
' % j(0.15+0.15)
=-j3.333
1,=0
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I

(—jx/§)(—j3.333)=—5.773} -

[ =5773 T,=0

V.=V, =T,(j0.15)=05, V, =0

V] 11 1707 [10

V, |=|1 a> a||05|=|-05| «
V.| |1 a a?||05| [-05

(d) Following Ex. 9.5 of the text:
I

PO ——o0 + —
) j0.15 + r* 7 |
o ~ v v 7
e () 015 “jo2 "o
- 02 _
I, =(j4.242)| —=—
- =] )(o.2+o.15]
= j2.424
- 0.15 :
I, =(j4.242)] ——— |=j1.818
o =] )[o.2+o.15j J
T, ] [ 1 17 jisis 0
I,|=|1 & a| —-j4242|=|55-1182°| «
T |1 a a?| j2424 5.5/61.8°
V,=V, =V, =—1.818(j0.2) = 0.364
V.1 [1 1 17[0364] [1.092
V, [=|1 @ a|[0364|=| O | «
V.| |1 a a%|0.364 0

Worst fault: 3-phase fault with afault current of 6.67 pu

9.36 The positive-sequence per-phase circuit is shown below:
j0.1 jo.1 jo.1
+ "_Hmh f_'r’“"‘;
E <~> V,=1£0° '/ Rypua=0.9612

o =L 1o =1.022-10° prior to the fault

3

E=1,0°+ j0.1(1.02£-10°) =1.02325.64°
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0.15+0.2
—j4.242

|
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With a short from bus 2 to ground, i.e. with switch closed,

- 1.023/5.64° .
[poir = oz " 5115/ -84.36° «

937 (8 E =1/0°+(1£0°)(j0.1)=1+jO.1
E, =1/0° - (1£0°)(j0.15)=1- j0.15

With switch closed,

==t o
j0.1 j0.1

= Ez ~1-j0.15

g = = =-1-)6.67
j0.15 j0.15

[=T,+1,=-j16.67 «

(b) Superposition:
Ignoring prefault currents

E =E =10

L=t 10 T, = 50— 667
j0.1 ]0.15

T=T,+T,=—(16.67

Now load currents are superimposed:

|_1 = I_:I.FAULT +I—1LOAD =-j10+1=1-j10

I, =leaur + loopp =—16.67+(-1) =-1-j6.67
I

I_FAULT +_LOAD =-j16.67 «

Sameasinpart (a) <«

938 I,,= Ve _ 1j0400 = —(8.333per unit
. 012
] 1 1 170 8.3332/ - 90°
I |=|1 a a ||8.333£-90°|=|8.3334£150° |per unit
()¢ 1 a a0 8.333£30°

Using Eq (9.5.9) withk=2and n=1:

Vv,,]To]fo o o 0 0
V,,|=|1£0°|-|0 jo08 0 ||-j8.333|=|0.3333 |perunit
V,,| [ o]0 o joos| o 0
V| T1 1 17 o 0.3333.,0°
Ve |=|1 @ a || 0.3333 |=| 0.3333£240° | per unit
V.| [1 a @ o 0.3333.2120°
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030 T,,=T,=l,=o % _ - 100
1-0 1-1 1-2 .
Zyo+tZu.+tZ, ((010+0.12+0.12)
=—]2.941per unit
7] 1 1 10[-j2941] [-j8.824
I |=|1 & a|[-j2941|=| 0 |perunit
] (1 a a-jeoea 0
Using Eq (9.5.9) withk=2and n=1:
V,,| [ o 0 0 0 [-j29%41 0
V,, |=1£0°|-|0 j.08 0 | —j2941|=| 0.7647 |perunit
__272_ | 0 0O 0 j.08|—-j2.941 -0.2353
V| T2 1 17 o 0.5294./0°
Vo |[=|1 @ a || .7647 |=|0.9056£253.0° | per unit
_ch |1 a a?|-.2353 0.9056£107.0°
040 T .- - Ve _ 1020
—Z_1171+—Z_1172 J('12+'12)
=—)4.167 per unit
w11 0 0
I |=|1 & a||-j4.167|=|7.217£180° |per unit
_I_fc 1 a a*| +j4.167 7.217£0°
Using Eq (9.5.9) withk=2and n= 1:
v, 0 0 0 0 0 0
V,,|=|120°|-|0 jo.08 0 | —j4.167|=|0.6667 |perunit
V., o | |0 o0 joos| ja167| |0.3333
Voo | T2 1 17 0 1.0
Vo |=|1 @ a ||.6667 |=| 0.5774.£210° |per unit
_2cg 1 a a?|.3333 0.5774£150°
om T oo V% 100
Zat2, A, 1(012+0.12//0.10)
=—]5.729per unit
— . 0.10) . .
l,_, =(+]5.729)] —— |= ] 2.604 per unit
2 =(+] )[o.zzj j per

= (+j5.729)(%j = j3.125per unit
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1 1 17 j312s 0
17 |=|1 a® a || —j5.729|=|8.605,147.0° |per unit
7| [1 a a|+j2604] | 8.605/33.0°

Using Eq (9.5.9) withk=2and n= 1.

a

e

=
o

(VAR 0 0 0o 0 j312s 0
V,,|={10£0°|-|0 j.08 O |[-j5.729 |=|0.5417 |perunit
V.| | O 10 0 j.08] j2.604 | |0.2083

Vol 1 1 1 0 0.750

Vaoy |=|1 @2 a |-| 5417 |=| 0.4733£217.6° | per unit

V| 1 a @] [2083] [04733/142.4°

[Note: For details on “formation of -Z, . one step at atime”, please refer to edition 1 or 2 of the text.]
942 (@) Zero sequence busimpedance matrix:

Step (1): Add %, = j0.10 from the reference to bus 1(type 1)

Z,.o = j0.10per unit

Step (2): Add Z, = j0.2563 from bus 1 to bus 2 (type 2)

5 T010| 0.10 )
Zis0 =11 510 [ 0.3563 | P

Step (3): Add Z, = j0.10 from the reference to bus 2 (type 3)

5 01| 01 [ 40 1 asgl | 07808 02192
Zos0 = 1101 70.3563 |~ 2563 3563 [-10:3563] = j| ‘5195 T 07808

Step (4): Add Z, = j0.1709 from bus 2 to bus 3 (type 2)

[0.07808 0.02192 0.02192
0.02192 0.07808 0.07808 |per unit
10.02192  0.07808 0.24898

Step (5): Add Z, = j0.1709 from bus 1 to bus 3 (type 4)

07808 02192 02192
Zioo=i| 02192 07808 .07808
02192 07808 .24898

[ 05616
—— )| _ 05616 |[.05616 —.05616 — .22706]
42 20706
007114 002887  0.05
Z..0=]|002887 007114 005 |perunit
005 005 013545

Z =

“bus-0

[S—

285
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Positive sequence bus impedance matrix:
Step (1): Add Z, = j0.28 from the reference to bus 1 (typel)

Z,..1 = ] [0.28] per unit
Step (2): Add Z, = j0.08544 from bus 1 to bus 2 (type 2)

_ 28| 28

Zhe1 = 1| 57 36544 [P UL

Step (3): Add Z, = j0.3 from the reference to bus 2 (type 3)

16218 | .12623
12623 | .16475

- _[28 287 j [ .28 T
Zis 1 = | B—— [28 .36544]= |
.28 36544 66544 .36544

Step (4): Add Z, = j.06835 from bus 2 to bus 3 (type 2)

[0.16218 0.12623 0.12623
Z,., =] 012623 0.16475 0.16475 |per unit
10.12623 0.16475 0.2331

Step (5): Add Z, = j.06835 from bus 1 to bus 3 (type 4)

(16218 .12623 .12623]  [+.03595
Z..=]j|.12623 16475 .16475 —ﬁ — 03852
12623 16475 2331 —.10687
0359503852 —.10687]
(15606 13279 .14442]
13279 15772 .14526 |per unit
14442 14526 17901 |

—

p—

—

—%bus—l =

Step (6): Add Z, = j(.4853//.4939) = j0.2448 from the reference to bus 3 (type 3)

(15606 13279 .14442]  [.14442
Z._.=j|.13279 15772 .14526 —ﬁ 14526
14442 14526 17901 17901

[.14442 .14526 .17901]

[ 0.1068 0.08329 0.08342
Z,.,=1]/0.08329 0.1079 0.08390 |per unit
10.08342 0.08390 0.10340
Negative sequence bus impedance matrix:

Steps (1) — (5) arethe same as for Z,

us-1 *
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9.43

9.44

Step (6): Add Z, = j(.5981//.4939) = j0.2705 from the reference bus to bus 3 (type 3)

(15606 .13279 .14442]  [.14442
Z.,=il.13279 15772 .14526 —ﬁ 14526 |[.14442 14526 17901]
14442 14526 17901 17901

[ 0.1097 0.08612 0.08691
0.08612 0.11078 0.08741 |per unit
10.08691 0.08741 0.10772

—

Z

Zhus2 —

—

(b) From the results of Problem 9.42(a), %, , = j0.07114, Z, , = j0.1068, and

%, , = }0.1097 per unit are the same as the Thevenin equivalent sequence impedances

at bus 1, as calculated in Problem 9.2. Therefore, the fault currents calculated from the
sequence impedance matrices will be the same as those calculated in Problems 9.3 and
9.14-9.17.

I, = YF =1'_OZOO=5.OL—9O° per unit
Z,, 020
]l 11 170 5/ —90°
I |=|1 a® a ||5£-90°|=|5-150° |per unit
Il |1 a a?|o 5£30°
Using (9.5.9) with k=2 and n=1
V,,] [o 0 0 0 0 0
V,, |=/1.0£0°|-|0 j0.10 O —j5.0 |=| 0.50 | per unit
v, ,| |0 0 0 j0.10 |0 0
Vo | [1 1 170 0.50.£0°
Vi, |=|1 a2 a || 0.50|=| 0.50.£240° | per unit
_ch 11 a a0 0.50 £120°
Lo=l,=1,== YF = =- 10207 =—j2.0 per unit
ZiotZitZ,, 1(010+0.2+0.2)
] 11 17[-j2] [6.0£-90°
=1 a a ||-j2|= 0 per unit
|1 a af-j2 0
V,,] [0 0 0 0 -j2] [o
V,, |=|10£0°|-|0 j0.10 O —-j2|=/0.80 |per unit
V] |0 00 j0.10 | -j2| |-0.20
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Vi | [1 1 170 0.60j0
Vo |=|1 @ a ||0.80 |=|-0.30-j0.866 | per unit
V,, | |1 a & ]|-020] |-03+0866
945 | ,=-1,== VF_ =- 1020 =2.5/—90° per unit
Zia+Z., 1(02+02)
]l 11 170 0
17 |=|1 a2 a ||-j25|=|-25/3]per unit
7| (1 a @& +j25] |+25/3
L] [ 0 7o
V,, |=[1.0£0°|- jO 10 0 ~j2.5|=|0.75 | per unit
__2_2_ j0.10|| +j25] |0.25
Voag
Vong |= 0.75|= —050—10433 per unit
Ve 0.25| |-0.50+j0.433
946 T, ,=— Ve . 1020 = 3,75/ —90° per unit
Z +Z M2, j 0.0, (0:20)(010)
0.30
T,,=(375£+90°)| == 0101 _ 1 25./90° per unit
0.30
T, o= (3754 +90°)| == 0-201_ 5 50 00°
0.30
] 11 17j250 0
7 |=|1 a® a ||-j3.75|=|-4.330+ j1.25 | per unit
1] |1 a a|j125 +4.330+ j1.25
V,,] [0 0 0 0 j250 1 [0
V,, |=]10£0°|-|0 jO.10 O —j3.75 |=| 0.625 | per unit
V,,| [0 00 jo.10|| jr.25 | |0.125
Vo] 11 170 0.75
Vo [=|1 @ a || 0.625|=|-0.375-0.433 | per unit
V,, | [1 a @ 0125] |-0375+)0.433
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9.47 Zero sequence bus impedance matrix:
Step (1): Add Z = j0.10 from the referenceto bus 1 (type 1) Z,

Step (2) : Add Z, = j0.60 from bus 1 to bus 2 (type 2)
_ _ {0.10 0.10

= j0.10 per unit

us—0

= er unit
w0 =11 010 0.70}IO

Step (3): Add Z, = j0.10 from the reference to bus 2 (type 3)

[0.10 0.10} j [0.10}[0.10 0.70]__[0.0875 o.0125}

Zbus—o =] A on J
10.10 0.70] 0.80{0.70 0.0125 0.0875

Step (4): Add Z, = j0.40 from bus 2 to bus 3 (type 2)

[0.0875 0.0125 0.0125
0.0125 0.0875 0.0875 | per unit
10.0125 0.0875 0.4875

Z

Shus0 —

—

Step (5): Add —Z—b = j0.40 from bus 1 to bus 3 (type 4)

[0.0875 0.0125 00125 [ 00757[0.075 -0.075 -0.475]
Z..,=j| 00125 00875 0.0875 —ﬁ ~0.075

100125 00875 04875| |-0475

[0.08158 0.01842 0.050

=j|0.01842 0.08158 0.050 | per unit

10050 0050  0.250

Positive sequence Bus Impedance Matrix:
Step (1): Add —Z—b = j0.25 from the reference to bus 1 (type 1)

Z .= j0.25 per unit

Step (2): Add —Z—b =j0.20 from bus 1 to bus 2 (type 2)
_ .10.25 0.25 :

1= 110 25 .45 PO UM

Step (3): Add Z = j0.35 from the reference to bus 2 (types)

5 _.[025 025] j [025][0.25 0.45_[0.1719 0.1094
w1 =10 25 0.45]70.8]0.45 “10.1004 0.1969

Step (4): Add —Z—b =j0.16 from bus 2 to bus 3 (type 2)

[0.1719 0.1094 0.1094
Z..,=]0.1094 0.1969 0.1969| per unit
10.1094 0.1969 0.3569
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9.48

9.49

Step (5): Add Z = j0.16 from bus 1 to bus 3 (type 4)

[0.1719 0.1094 0.1094] [ 0.06257[0.0625 —-0.0875 —0.2475]
Z. . .=i|0.1094 0.1969 0.19690_—£i7—0.0875
01094 0.1969 0.3569|  |-0.2475

[0.1636 0.1210 0.1423]
=j|0.1210 0.1806 0.1508| per unit
10.1423 0.1508 0.2266

Step (6): Add -Z, = j(0.57860.4853) = j0.2639 from the reference to bus 3 (type 3)

[0.1636 0.1210 0.1423]  [0.1423][0.1423 0.1508 0.2266|
_ . _ i
Z,,,,=0.1210 0.1806 0.1508|- 5 c-=(0.1508

0.1423 0.1508 0.2266 0.2266

[0.1223 0.0773 0.0766]
= j|0.0773 0.1342 0.0811| per unit
0.0766 0.0811 0.1219]

Negative Sequence Bus Impedance Matrix: Steps (1)—(5) are the same asfor —Z—buH. Step (6):
Add —Z—b =j(0.5786]|.5981) = j0.2941 from the reference to bus 3 (types 3).

0.1636 0.1210 0.1423  [0.1423][0.1423 0.1508 0.2266]
_ . _ i
Z,.1=0.1210 0.1806 0.1508|~ ;=5 0.1508

0.1423 0.1508 0.2266 0.2266

0.1247 0.0798 0.0804
=j10.0798 0.1369 0.0852
0.0804 0.0852 0.1280

From the results of Problem 9.47, Z, ,=j0.08158, Z,,=j0.1223 and 7, , = j0.1247
per unit are the same as the thevenen equival ent sequence impedances at bus 1 as cal cul ated
in Problem 9.4(b). Therefore the fault currents calculated from the sequence impedance
matrices will be the same as those calculated in problems 9.4(c) and 9.19(a) through 9.19(d).
Zero sequence bus impedance matrix:

Step (1): Add Z, = j0.24 from the reference to bus 1(type 1)
Zie o = §[0-24] per unit
Step (2): Add Z, = j0.6 from bus 1 to bus 2 (type 2)

- 1024 024
024 0.84

Zhus-0 — J

}per unit
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Step (3): Add Z, = j0.6 from bus 2 to bus 3 (type 2)

[0.24 024 0.24
Z.,=i/024 084 0.84 perunit
1024 084 144

Step (4): Add Z, = j0.10 from the reference to bus 3 (type 3)

(24 24 247  [.24
Z._ .=il24 84 84 —ﬁ 84 |[24 84 1.44]
(24 84 144] T7|144

[ 0.2026 0.1091 0.01558
Z,..o=]| 01091 0.3818 0.05455 |per unit
0.01558 0.05455 0.09351

Step (5): Add Z, = j0.6 from bus 2 to bus 4 (type 2)

[ 02026 0.1091 0.01558 0.1091
Z o 0.1091 0.3818 0.05455 0.3818
=0 0.01558 0.05455 0.09351 0.05455
| 0.1091 0.3818 0.05455 0.9818

Step (6): Add Z, = j0.1333 from the reference bus to bus 4 (type 3)

(2026 .1091 .01558 .1091 1001
|.1001 .3818. .05455 .3818 j | .3818
I 01558 05455 00351 05455 | 1.1151| .05455
1091 .3818 .05455 .9818 9818

[ 01919 0.07175 0.01024 0.01304
. 0.07175 0.2511 0.03587 0.04564 o Uit
S0 = | 0.01024 0.03587 0.09084 0.006521 P

10.01304 0.04564 0.006521 0.1174

Positive sequence bus impedance matrix can be obtained as:

Zieo = [.1091 .3818 .05455 .9818]

0.2671 0.1505 0.0865 0.0980
- /01505 01975 01135 0.1286
b1~ | 0.0865 0.1135 0.1801 0.0739
0.0980 0.1286 0.0739 0.2140

Negative sequence bus impedance matrix:

per unit
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Steps (1)—(4) are the same asfor Z,

us—1
Step (5): Add Z, = j0.3 from the reference bus to bus 3 (type 3)

64 64 64 64 64
64 84 84 84| | |84
64 84 104 84| 134|104
64 84 84 104 84

[.3343 .2388 .1433 .2388
5 _ 2388 .3134 .1881 .3134 o Unit
Zoue2 = | 1433 .1881 .2328 .1881 P

|.2388 .3134 .1881 .5134
Step (6): Add Z, = j0.3733 from the reference to bus 4 (type 3)

Zoes =] [64 .84 104 .84]

[.3343 .2388 .1433 .2388 .2388
A 2388 .3134 .1881 .3134 0 3134
Foue-2 = | 1433 1881 .2328 .1881| .8867|.1881

1.2388 .3134 .1881 .5134 5134

[ 0.2700 0.1544 0.09264 0.1005

_ | 0.1544 0.2026 0.1216 0.1319 .
Zis2 =) per unit
0.09264 0.1216 0.1929 0.07919

| 0.1005 0.1319 0.07919 0.2161

9.50 From the results of Problem 9.49, Z

[.2388 .3134 .1881 .5134]

= j0.1919,Z, , = j0.2671,and Z, , = j0.2700 per

11-0

unit are the same as the Thevenin equivalent sequence impedances at bus 1, as calculated in
Problem 9.6. Therefore, the fault currents cal culated from the sequence impedance matrices

are the same as those calculated in Problems 9.7, 9.21-9.23.

9.51 Zero sequence bus impedance matrix: Working backwards from bus 4:
Step (1): Add 2, = j0.1 from the reference bus to bus 4 (type 1)

4
Z, o =[10.1]4per unit

Step (2): Add Z, = j0.5251 from bus 4 to bus 3 (type 2)

3 4
_ _ [o06251 0.1]3 o unit
S0l 91 01/4P
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Step (3): Add Z, = j0.5251 from bus 3 to bus 2 (type 2)

2 3 4
11502 0.6251 0.1|2

Zioo=i06251 06251 0.1|3perunit
01 01 o014

Step (4): Add Z, = j0.2 from bus 2 to bus 1 (type 2)

1 2 3 4
1.3502 1.1502 0.6251 0.1]1
z 11502 1.1502 0.6251 0.1[2 o uit
S0~ eo51 06251 06251 0.1]3"

| 01 0.1 01 014
Step (5): Add Z, = j0.1 from the reference to bus 5 (type 1)

[1.3502 1.1502 0.6251 0.1 O
11502 1.1502 0.6251 0.1 O
Zso=1/06251 0.6251 0.6251 0.1 O |perunit
0.1 0.1 01 01 O
| 0 0 0 0 01]
Positive sequence bus impedance matrix can be obtained as:
[0.3542 0.2772 0.1964 0.1155 0.0770]
0.2772 03735 0.2645 0.1556 0.1037
Z,s1=1/01964 0.2645 0.3361 0.1977 0.1318 |perunit
0.1155 0.1556 0.1977 0.2398 0.1599
10.0770 0.1037 0.1318 0.1599 0.1733|
Negative sequence bus impedance matrix:

Steps (1) — (5) arethe same as for Z,

us—1

Step (6): Add Z, = j0.23 from the reference bus to bus 5 (type 3)

576 576 576 576 .576 [ 576
576 .776 776 776 .776 | 776
Zie,=| 576 .776 986 .986 .986 —ﬁ 986 |[.576 .776 .986 1.196 1.296]
576 776 .986 1.196 1.196| ~ |1.196
|.576 .776 .986 1.196 1.296 1.296 |

293
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



9.52

9.53

[0.3586 0.2831 0.2038 0.1246 0.08682]
0.2831 0.3814 0.2746 0.1678 0.1170

Z.,=]| 02038 02746 03489 02132 0.1486 |perunit

From the results of Problem 9.51 Z

0.1246 0.1678 0.2132 0.2586 0.1803
10.08682 0.1170 0.1486 0.1803 0.1953 |

= j1.3502, Z, , = j0.3542, and Z,, , = j0.3586 per

11-0

unit are the same as the Thevenin equivalent sequence impedances at bus 1, as calculated in
Problem 9.9. Therefore, the fault currents cal culated from the sequence impedance matrices
are the same as those calculated in Problem 9.10, 9.24-9.27.

(@ & (b)  Either by inverting Y, or by the building algorithm 2, can be obtained as

(©)

@® (2 ©) (4) )
(1)[j0.0793 j0.0558 j0.0382 j0.0511 j0.0608]

(2)| j0.0558 j0.1338 j0.0664 j0.0630 j0.0605
Z..=(3)] j0.0382 j0.0664 j0.0875 j0.0720 j0.0603
(4) j0.0511 j0.0630 j0.0720 j0.2321 j0.1002
(5)| j0.0608 j0.0605 j0.0603 j0.1002 j0.1301]

Thevenin equivalent circuits to calculate voltages at bus (3) and bus (5) due to fault at
bus (4) are shown below:

Bus 1 Voltage Magnitudes

o

0.6 4

0.2 / —O— Phase A

—0— Phase B
—#— Phase C

Voltage Magnitude

(=]
B

0 & T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Bus 1 Fault Reactance

Simply by closing 8, the subtransient current in the 3-phase fault at bus (4) is given by

=10 __ 4308
j0.2321

The voltage at bus (3) during the fault is
V, =V, —17Z, =1-(-j4.308)(j0.0720) = 0.6898
The voltage at bus (5) during the fault is
V, =V, - 17 Z, =1-(-j4.308)(j0.1002) = 0.5683
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Currentsinto the fault at bus (4) over the line impedances are

From bus (3): (_)'6898 =—-j2.053
j0.336

From bus (5): (_)'5683 =—j2.255
j0.252

Hence, total fault current at bus (4) = —j4.308pu

9.54 Theimpedance of line (1)<(2) is Z, = j0.168.

Z,,s isgiven in the solution of Prob. 9.53.

The Thévenin equivalent circuit looking into the system between buses (1) and (2) is shown

below:
- % | %, | g
T T —
J0.0235 j0. I
Vp =1£0°

s - J0.078

ZH=#

21;0_05 ;é Line @— @ open before fault

_ _ o (&E- 2
Zumn = Zut B - ———=
Zm,n— %

During the fault, S closed

(j0.0235)(~j0.09)
j(0.0235-0.09)

Zyomn = 10168+ +j0.0558 = j0.2556

. Subtransient current into line-end fault 17 =1/ j0.2556 = —(3.912pu
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955 (@

(b)

j0.04 j0.04

jo.2

J0.04

Positive-sequence network
Ref.

j0.04

Negative-segquence network is same as above without sources.

JO.04 I J0.04 | 0.5 | J0.08 | J0.04
i LI i T i L T | LI
Zero-seq. network ‘
Ref.
@ (2 (©) (4)
(1| j0.1437 j0.1211 jO.0789 j0.0563
— = (2)] j0.1211 j0.1696 j0.1104 0.0789
Bust = Zausz = . . . .
(3)| j0.0789 j0.1104 j0.1696 j0.1211
(4)] j0.0563 j0.0789 j0.1211 j0.1437
@ @ (4)
®»]jo19 o 0 0
— 2| O j0.08 j0.08 O
Zayso = . .
3 O j0.08 j058 O
4@ O 0 0 j0.19
For the line-to-line fault, Thévenin equivalent circuit:
. . ® O _ |
Zy Iy, | | Ty #n
01696+ | | + 01696
Z0° FL—\ 1 F:.-1 2
- Ref. -
Upper case A is used because fault isin the HV-transmission line circuit.
- - 10°

Ty =- : =—j2.9481
j0.1696 + j0.1696
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-+ Base current in HV transmission lineis M =167.35A

J3x345

Symmetrical components of phase-A voltage to ground at bus (3) are
Vopo =0; Vgu, =Vya, =1-(j0.1696)(—j2.9481) =0.5+ jO
Line-to-Ground voltages at fault bus (3) are

Vor =Vauo +Vany +Var, =0+0.5+0.5=1,0°

3A0 3A1 3A2
Vs =V, + 3%V, +aV,,, = 0.52180°
V,. =V,, =0.5-180°
Line-to-line voltages at fault bus (3) are

- oo 345
V, o =Vop — Vs =1.520° =1.5x == = 209./0°kV
3,A 3A 3B \/§

V, e =Vig —Vie =0

V, 0 =V —V,, =1.5£180° = 299./180° kV

3,CA

Avoiding, for the moment, phase shiftsdueto A—Y transformer connected to machine
2, sequence voltages of phase A at bus (4) using the bus-impedance matrix are
calculated as

V, ~Z, 4o =0

4A0 430 " fA0 T
Vi =V, —=Zgy Ty =1—(j0.1211)(~[2.9481) = 0.643
Vipo = —Za 1o = —(10.1211)(}2.9481) = 0.357

Accounting for phase shifts
V,., =V, ,,£—30°=0.6432 — 30° = 0.5569 - j0.3215

4al 4A1

V4a2—V4A243O° 0.357£30°=0.3092 + j0.1785
V =V, +V, +V,

4a0 4al 4a?2

=0.8661—- j0.143=0.8778£-9.4°

Phase-b voltages at terminals of machine 2 are
\74b0 :\74a0 =0

V,

4b1 —

\74b2 = aVlla2 =0.357£120° + 30° =—-0.3092 + j0.1785
V =V, +V, . +V

4b0 4b1 4b2

=a?V

o = 0.6432240° —30° = -0.3569 - j0.3215
=-0.8661— j0.143=0.8778«£ —170.6°
For phase C of machine 2,

V,.o=V,.,=0

4c0 — Y4a0 —

V,., =aVv,,, =0.643290° V,_ , =a?V,,, = 0.357.£ — 90°
=V, ., +V,, +V,_, = j0.286

4><|

C
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Line-to-line voltages at terminals of machine 2 are given by

V.V, =1.7322+ j0 =1.7322x 22 = 20,0°kV

N

V4o =V —V,, =—0.8661— ]0.429 = 0.9665./ —153.65° = 11.2kV £ —153.65°

V.. =V, —V, =-0.8661+ j0.429 = 0.9665./153.65° = 11.2KV /153.65°

(c) For the double line-to-line fault, connection of Thévenin equivalents of sequence
networks is shown below:

Zun ?{a] @ Zy» ?m @ Z410 -’__,-(,(; @

j0.1437

Vi

1£0°

Ref.

Tt = 120 =—]4.4342

. j0.1437(j0.19)
]0.1437 + -
j(0.1437+0.19)

Sequence voltages at the fault are
Vi =Viwo =V, =1—(—]4.4342)(j0.1437) = 0.3628

T —jaszae— 10 57
j(0.1437+0.19)

T —jaazar— 017 4 o505
j(0.1437+0.19)

Currents out of the system at the fault point are

I I faO I fal I fa2 — O

,+a%l,, +al,,=-6.0266+ j2.8642=6.6726,154.6°
I, =1, +al,,+al,,=6.0266+]2.8642=6.6726./25.4°
Current I, into theground is

T,=T,+T1,=3T,=(57285

a-b-c voltages at the fault bus are
V. =Vyo + Vi +V,., =3V, = 3(0.3628) =1.0884

a 4al
_4b:_40:0
v, , =V, —V,, =1.0884; V,, =V, —V, =0,
V, . =V, -V, =-1.0884
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100x10°
J3x%20
~T, =0T, =19.262/154.6°KA; T, =19.262 £25.4°kA

Base current = =2887A

I, =16.538290°kA
Base line-to-neutral voltage in machine 2is 20//3kV

oV, =12.56820°KV; V,, =0V, _ =12.568/180°kV

956 (a) 2y ad Z,,, aresameasin the solution of Prob. 9.51. however, because the

transformers are solidly grounded on both sides, the zero-sequence network is changed
as shown below:

j0.04 | j0.08 | j0.s | j0.08 | j0.04

E;‘(),IS %j&]ﬁ

Zero-seq. network
Ref.

For the single line-to-ground fault, series connection of the Thévenin equivalents of the
sequence networks is shown below:

@ 2 (€©) (4)
(1)[j0.1553 j0.1407 j0.0493 j0.0347
~ _(2)]j0.01407 j0.1999 j0.0701 j0.0493
BUS0 T (3)] j0.0493  j0.0701 j0.1999 j0.1407
(4) j0.0347 j0.0493 j0.1407 j0.1553

®
(0) Tio=lm =1 x Jm, T : +
o ki
~j(0.1696+ 0.1696+ 0.1999)
=-j1.8549 ol T ¥ ,
T, =31, =—]5.5648=931/270° A e |
- Base current in HV trans. lineis ———
100,000 _ oy j0.1999 Ty - :
J3x345 =

Phase-a sequence voltages at bus (4), terminals of machine 2, are

Vino = ~Zio | po = —(0.1407) (~ 1.8549) = ~0.2610

Vi =1-(j0.1211)(~]1.8549) =0.7754 [ =V, = Z5, T, |

V.o =—(10.1211)(~1.8549) = -0.2246 [=—Z,;, Ty, |
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Note: Subscripts A and a denote HV and LV circuits, respectively, of the Y-Y connected
transformer. No phase shift isinvolved.

V. 1 1 1] -0.2610 0.2898+ j0O 0.2898.0°
V,, |=|1 a® a||+0.7754 |=|-0.5364- j0.866 |=| 1.0187./ —121.8°

Vv, 1 a a?||-0.2246| |-0.5364+j0.866| |[1.0187,£121.8°
Line-to-ground voltages of machine 2 in kV are: (Multiply by 20/ J3 )

V,, =3.346/0°kV;V,, =11.763 £ —121.8KV; V, =11.763£121.8°kV

Symmetrical components of phase-a current are
- _h ~0.2610

a0 === _ =-]6.525
X, ]0.04

— V.-V _

M- £ ”m:l.o .0.77542_1.1.123
JX j0.2

T, =—va 02240 _ 4 153
X, j0.2

The phase-c currentsin machine 2 are calculated as
I, =1,+al,+al,
=-j6.525+a(-j1.123) +a?(—j1.123)

=-j5.402
3
Base current in the machine circuit is M =2886.751A
J3(20
s 1, =15594A

9.57 Using equations (9.5.9) in (8.1.3), the phase “a” voltage at busk for afault at busnis:
Via =Vio T Via + Ve
=V;: —(Zolno + Zwal na + Zinol 2
For asingle line-to-ground fault, (9.5.3),

VF
In—O = In—1: In—2 =
Znn—O + Znn—1 + Znn—2 + 3ZF
Therefore,
V. =V._|1- an—o + an—l + an—z
ka F

z +3Z,

Theresultsin Table 9.5 for Example 9.8 neglect resistance of all components (machines,
transformers, transmission lines). Also the fault impedance Z. is zero. As such, the
impedance in the above equation all have the same phase angle (90 ), and the phase “a’
voltage V,, therefore has the same angle as the prefault voltage V. , which is zero degrees.

+Z . +Z

nn-0 nn-1 nn-2

Note also that pre-fault load currents are neglected.
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9.58

9.59

9.60

9.61

9.62

9.63

Note, the PowerWorld problemsin Chapter 9 were solved ignoring the effect of the A—Y
transformer phase shift [see Example 9.6]. An upgraded version of PowerWorld Simulator is
available from www.powerworld.com/gloversarmathat (optionally) allows inclusion of this
phase shift.

During a double line-to-ground fault the bus 2 voltage on the unfaulted phase rises to 1.249
per unit.

14
1.2 =
L ™ e ] (A "y
1
0.8 —
—&—Bus 2 Phase A Voltage
0.6 =fli—Bus 2 Phase B Voltage
Bus 2 Phase C Voltage
0.4
0.2
0 —j, T T T T T T T 1

0 0.05 0.1 015 0.2 0.25 0.3

For aline-to-line fault the magnitude of the per unit fault currents are 32.507 for abus 1
fault, 15.967 for abus 2 fault, 49.845 for a bus 3 fault, 38.5 for abus 4 fault, and 30.851 for
abus 5 fault. All values are lower than for the single line-to-ground case, except at bus 2 it
is slightly higher.

For adouble line-to-ground fault the magnitude of the per unit fault currents are 59.464 for
abus 1 fault, 11.462 for abus 2 fault, 72.844 for a bus 3 fault, 75.908 for abus 4 fault, and
51.648 for abus 5 fault. All values are higher than for the single line-to-ground case, except
at bus 2 the DL G current is somewhat |ower.

For the Example 9.8 case with a second line between buses 2 and 4, the magnitude of the
per unit fault currents for a single line-to-ground fault are 46.302 for abus 1 fault, 18.234
for abus 2 fault, 64.440 for abus 3 fault, 56.347 for abus 4 fault, and 42.792 for abus 5
fault. All values are higher than for the Example 9.8 case since the extra line decreases the
overall system impedance. However, the change isreally only significant for the bus 2 fault.

For the Example 9.8 case with a second generator added at bus 3, the magnitude of the per
unit fault currents for asingle line-to-ground fault are 48.545 for abus 1 fault, 14.74 for a
bus 2 fault, 119.322 for abus 3 fault, 73.167 for abus 4 fault, and 46.817 for abus 5 fault.
All values are higher than for the Example 9.8 case since the extra generator provides an
additional source of fault current. The change is most dramatic for the bus 3 fault since the
fault current is not limited by the step-up transformer. Of course, if a second generator were
added at alocation, undoubtedly a second step-up transformer would also be added.
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9.64 For afault at the PETEG9 bus the magnitude of the per unit fault current is 15.743.
The amount supplied by each of the generatorsis given below. During the fault 18 buses
have their “a’ phase voltages below 0.75 per unit. None of the “b” or “c” phases are below

0.75 per unit.
Number of | Name of Bus Phase Cur Phase Cur Phase Cur Phase Ang | Phase Ang | Phase Ang
Bus A B C A B C
14 WEBER69 0.00000 0.00000 0.00000 0.00 0.00 0.00
28 JO345 1.73423 1.01826 1.91003 —49.26 —145.70 98.75
28 JO345 1.73423 1.01826 1.91003 —49.26 —145.70 98.75
31 SLACK345 3.02473 1.63361 3.02777 —62.98 -168.53 85.71
44 LAUF69 2.20862 0.31806 0.32153 -98.18 -150.41 —6.48
48 BOB69 0.00000 0.00000 0.00000 0.00 0.00 0.00
50 RODGER6G9 1.04501 0.34603 0.39853 -73.47 -133.62 83.58
53 BLT138 2.60139 1.11685 2.31735 -76.81 166.12 77.78
54 BLT69 7.55322 3.56570 1.81247 -95.61 -108.37 —99.90

9.65 For afault at the TIM69 bus the magnitude of the per unit fault current is 10.298.

The amount supplied by each of the generatorsis given below. During the fault 11 buses
have their “&’ phase voltages below 0.75 per unit. None of the “b” or “c” phases are below

0.75 per unit.
Number Name of Bus Phase Cur Phase Cur Phase Cur Phase Ang | Phase Ang | Phase Ang
of Bus A B C A B C
14 WEBER69 0.00000 0.00000 0.00000 0.00 0.00 0.00
28 JO345 1.69709 1.05349 1.87390 —46.74 —144.43 99.41
28 JO345 1.69709 1.05349 1.87390 —46.74 -144.43 99.41
31 SLACK345 2.99146 1.66554 2.99366 -61.53 -167.62 86.15
14 LAUF69 2.05014 0.51165 0.36353 -98.23 -131.93 —45.64
48 BOB69 0.00000 0.00000 0.00000 0.00 0.00 0.00
50 RODGER69 0.75872 0.38021 0.37731 -64.33 -134.86 87.71
53 BLT138 1.95108 1.25207 1.88933 -62.05 -173.73 79.94
54 BLT69 4.01092 2.66657 0.88044 -86.90 -114.05 -108.19
302

© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.




Chapter 10

System Protection

10.1 Using Eq. (10.2.1):

3
v =ty 235X10 15y inetodling
n' T 3000  —
S, 600.x10°

=1004 A

J3v, (V3)(345x10%)
From Eq. (10.2.2), | = O for zero CT error. Then, from Figure 10.7:

741, =1"+0="1} =(ij(1004)
n 1200

I"=4.184 A

102 (a) Step(1)—-1"=10A
Step (2) — From Figure 10.7,
E'=(Z&+%)!’=(0.082+1)(10)=10.82V
Step (3) —From Figure 10.8,1_ = 0.6 A
Step (4) — From Figure 10.7,
| = (%)(10+ 0.6)=212A

(b) Step (1) —1"=13A
Step (2) — From Figure 10.7,
E'=(Z+72)!"=(0.082+1.3)(13)
=18.0V

Step (3) —From Figure 10.8, 1 = 1.8 A
Step (4) — From Figure 10.7,

| = (%0)(1& 1.8)=296 A
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(©)

I’ 5. 8. 10. 13 15
I 105. 168. 212. 296. 700.
15.
Z 10.-
5.
0 T L I T T T I
0 100. 200.  300. 400.  500.  600.  700.
1(A)

(d) With a5-A tap setting and a minimum fault-to-pickup ratio of 2, the minimum relay trip
current for reliable operationisl’, =2x5=10A. From (a) abovewith I’ , =10 A,
lin =212 A . That is, the relay will trip reliably for fault currents exceeding 212 A.

10.3 From Figure 10.8, the secondary resistance Z2°=0.125Q for the 200:5 CT.
(@ Step()-1I"=10A
Step (2) - E=(Z+7)!"'=(0.125+1)(10)=11.25 V
Step (3) —From Figure 10.8, | _= 0.18 A

Step (4) - | = (?j(lm 0.18) = 407.2A

(b) Step(1)-1I"=10A
Step (2) - E=(Z+2)!"=(0.125+4)(10)=41.25V
Step (3) —From Figure 10.8,1 = 1.5A
Step (4) =1 = (%)(10+1.5) =460 A

(c) Step(1)-1"=10. A
Step (2) - E=(Z+2;)1'=(0.125+5)(10)=51.25 V
Step (3) —From Figure 10.8,1 =30 A

Step (4) — | = (%}(10+ 30) =1600 A
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10.4 Noteerrorin printing: VT should be PT.

(@ N,/N, =240,000/120 = 2000/1

-V, =230,000£0°/2000 =115.0°
V,, =230,000£ —120°/2000 =115/ - 120°

V., =—(V, +V, ) =—(115£-60°) = 1152 +120°

(b) V, =11520° but now V, =-115/-120°=115/60°
=V, =—(V,, +V, ) =199.2150°
The output of the PT bank is not balanced three phase.

10.5 Designating secondary voltage as E,, read two points on the magnetization curve (1, E)) =
(1, 63) and (10, 100).
The nonlinear characteristic can be represented by the so-called Frohlich equation
E,=(Al,)/(B+]1,), using that

63:i and 100:&
B+1 B+10

Solvefor Aand B: A= 107 and B = 0.698
For parts (a) and (b), Z =(4.9+0.1)+ j(0.5+0.5) =5+ j1
=5.099/11.3°Q

(@) TheCT error isthe percentage of mismatch between the input current (in secondary
terms) denoted by 1, and the output current 1, in terms of their magnitudes:

- =
I2_|2|
'

2

E, =1}Z =4(5.099) = 20.4

CT error = x100

|, = 20.4/ \/25+ [1+107/(0.698+ |E)]2 =0.163 (by iteration)

From Frohlich’s equation

0.163(107)
,=————J -203
0.698-0.163
BBy
Z.  5.099

T

CT error = % =0.7%
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10.6

10.7

(b) For the faulted case
E; =12(5.099)=61.2 V;1,=0.894 A (by iteration)
E,=60.1V;1,=60.1/5.099=11.78 A

CT error = %xloo =1.8%

(c) For the higher burden, Z =15+ j2=15.13/7.6°Q
For the given load condition, E; =4(13.13) =60.5V

|, =0814AE, =57.6 V; 1, =0 _381A
15.13

-.CT eror= O%gxloo =4.8%

(d) For thefault condition, E; =181.6 V; 1, ,=9.21A;

E,=99.5V; I2:%=6.58A

- CT error = Si—;leoo =45.2%

Thus, CT error increases with increasing CT current and is further increased by the high
terminating impedance.

Assuming the CT to beideal, I, would be 12 A; the device would detect the 1200-A primary
current (or any fault current down to 800 A) independent of Z .

(@) Inthe solution of Prob. 10.5(b), I,=11.78 A.
Therefore, the fault is detected.
(b) InProb. 10.5(d), I,=6.58 A.

The fault is then not detected. The assumption that the CT wasideal in this case would
have resulted in failing to detect a faulted system.

(@ The current tap setting (pickup current) isl = 1.0 A.

L = 1—10 =10. From curve ¥2in Figure 10.12
p
toperaling = 0=08 S
(b) II_ = % =5. Interpolating between curve 1 and curve 2 in Figure 10.12, t . =0.55s
p
(© 19 5 Fromaurve 7ot g =3
I 2 operating
p
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(d) i = 10 =3.33 Fromcurve7,t . =52s
Ip 3 operating
1”10 _ : .
(e T = o < 1. Therelay does not operate. It remainsin the blocking position.

p

10.8 Fromtheplot of I” vs| in Problem 10.2(c), I’=14.5A. Il_zﬁz

p

2.9

n

From curve 4 in Figure 10.12, t =37

operating
109 (a) 7=RC=1s
Vo=2(1-e');at=T,,,V,=1
s1l-eTe =0.50r e =2
Thus Ty, =IN2=0.693 s
(b) 7=RC=10s
Vo=2(1-e");at=T,,V,=1
cew/0=20r Ty, /10=In2
Thus Ty, =6.93s
The circuit time response is sketched below:

V( 1

r - -
v O [ R N R e S g e

Voltage

10.10 From the solution of Prob. 10.5(b), I, =1, =11.78 A

|l 1178
|

=2.36 corresponding to which, from curve 2, T, i, =1.2'S
pickup

10.11 (a) For the 700. A fault current at bus 3, fault-to-pickup current ratios and relay operating
times are:

B3 | it _ 700/(200/5) _ 175 _583

TS3 3 3
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From curve 2 of Figure 10.12, t ___. .= 0.10 seconds. Adding the breaker operating
time, primary protection clears thisfault in (0.10 + 0.083) = 0.183 seconds.

|5 700/(200/5) 17.5

B 2 . 2 fault — 3 5
- TS2 5 5
From curve 2in Figure 10.12, t . .= 1.3 seconds. The coordination time interval

between B3 and B2 is (1.3 — 0.183) = 1.12 seconds.
(b) For the 1500-A fault current at bus 2:
4 B 1500/(200/5) 375

B 2_ 2 fault
T2 5 5

From curve 2 of Figure 10.12,t__ . .= 0.55 seconds. Adding the breaker operating
time, primary protection clears thisfault in (0.55 + 0.083) = 0.633 seconds.

BL: (I _ 1500/(400/5) _1875_ ..

TSL 5 5

From curve 3 of Figure 10.12,t___. . = 1.8 seconds. The coordination time interval
between B2 and B1is (1.8 — 0.633) = 1.17 seconds.
Fault-to-pickup ratios are all > 2.0

Coordination time intervals are all > 0.3 seconds.

75

10.12 First select current Tap settings (TSs). Starting at B3, the primary and secondary CT currents
for maximum load L3 are:

6
= o I 5564
VA3 345x10%/3
11, =200 _a77a
(200/5)

From Figure 10.12, select 4-A TS3, which isthe lowest TSabove 3.77 A.

9.0+9.0)x10°
|L2=(S“+SL3)=( AL YPIN
V,+/3 34.5x10°/3

, 3012 =3.77A

"2 (400/5)

Again, select 4-A T2 for B2.
9+9+9)x10°
| :SLl+SLZ+SL3—( )X =451.8A

- V,\/3 34.5%x10°/3
,_ 45L8 4o
(600/5)
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Again select a4 A TSL for B1. Next select Time Dial Settings (TDSs). Starting at B3, the
largest fault current through B3 is 3000 A, for the maximum fault at bus 2 (just to the right
of B3). Thefault to pickup ratio at B3 for thisfault is

|5 3000/(200/5)

= =18.75
TS3 4
Select TDS= % at B3, in order to clear thisfault as rapidly as possible. Then from curve %2
inFig. 10.12,t . .= 0.05s. Adding the breaker operating time (5 cycles=0.083 s),

primary protection clearsthisfault in 0.05 + 0.083 = 0.133 s.

For this same fault, the fault-to-pickup ratio at B2 is
| ot B 3000/ (400/5) 375

TS2 4 4

Adding B3 relay operating time, breaker operating time, and 0.3 s coordination interval,
(0.05 + 0.083 + 0.3) = 0.433 s, which isthe desired B2 relay operating time. From Figure
10.12, select TD2 = 2.

Next select the TDSat B1. The largest fault current through B2 is 5000 A, for the maximum
fault at bus 1 (just to the right of B2). The fault-to-pickup ratio at B2 for thisfault is

| 5000/(400/5) 625
TS 4 B B

From curve 2 in Fig. 10.12, the relay operating time is 0.38 s. Adding the 0.083 s breaker
operating time and 0.3 s coordination time interval, we want a B1 relay operating time of
(0.38+ 0.083 + 0.3) = 0.763 s. Also, for this same faullt,

|/ s 5000/(600/5) 41,66

94

15.6

= 104
TSL 4 4
From Fig. 10.12, select TDS1 = 3.5.
Breaker Relay TS TDS
Bl CO-8 4 35
B2 CO-8 4 2
B3 CO-8 4 Y

Solution Problem 10.7

10.13 For the 1500-A fault current at bus 3, fault-to-pickup current ratios and relay operating times
are:

B3 | 3 tauit _ 1500/(200/5) _375_
- T3 4 4
From curve 2 of Figure 10.12, t . .= 0.08 s. Adding breaker operating time, primary
relaying clears this fault in 0.08 + 0.083=0.163 s.
|3 1500/(400/5) 1875

Bz_ 2fault_ 47
T2 4 4 '

9.4
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From curve2in Fig. 10.12, t = 0.85s. The coordination time interval between B3 and

‘operating2

B2is(0.85— 0.163) = 0.69 s.

/s 1500/(600/5) 125

B1: 1fault — 3.1
R S 4 4
Fromcurve 3.5inFig. 10.12,t . . = 2.8 s. The coordination time interval between B3 and

Blis(28-0.163)=26s.
For the 2250-A fault current at bus 2, fault-to-pickup current ratios and relay operating times

are:
Bo: 12 it _ 2250/(400/5) _2813__
-T2 4 4 '
From curve 2in Fig. 10.12,t,_ . .=0.6s.
Adding breaker operating time, primary protection clears thisfault in (0.6 + 0.083) = 0.683
S.
BL: L ot _ 2250/(600/5) _1875 _47
- Tl 4 4 '
From curve 3.5in Fig. 10.12,t, . . = 1.5s. The coordination time interval between B2 and
Blis(1.5-0.683)=0.82s.
Fault-to-pickup ratios are all > 2.0
Coordination timeintervalsareal > 0.3 s
10.14 Theload currents are calculated as
6 6
- 4x10 _ 200.95A; 1, = 2.5x10
J3(11x10°) V3(11x10°)
6
=131.22 A; 1, __6/x10° 354.28 A
V3(11x10°)

The normal currents through the sections are then given by
l,,=1,=209.95A;1,=1,+1,=34L16 A; | =1,,+1,=695.44 A
With the given CT ratios, the normal relay currents are

= 209.95 _525A;0, = 341.16 _853Ai 695.44
(200/5)

= =869 A
(200/5) ° (400/5)

310
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Now obtain CTS (Current Tap Settings) or pickup current in such away that the relay does
not trip under normal currents. For thistype of relay, CTS availableare 4, 5, 6, 7, 8, 10, and
12 A. For position 1, the normal current in therelay is5.25 A; so choose (CTS), =6 A.

Choosing the nearest setting higher than the normal current. For position 2, normal current
being 8.53 A, choose (CTS), = 10 A. For position 3, normal current being 8.69 A, choose
(CTS,=10A. Next, select the intentional delay indicated by TDS, time dial setting. Utilize
the short-circuit currents to coordinate the relays.

The current in therelay at 1 on short circuit is iy, :% =62.5A expressed asa
multiple of the CTSor pickup value,

o 825 10.42

(CTs), 6

Choose the lowest TDSfor thisrelay for fastest action.
1
Thus (TDS) =5

Referring to the relay characteristic, the operating time for relay 1 for afault at 1 is obtained
asT,=015s

To set therelay at 2 responding to afault at 1, allow 0.15 for breaker operation and an error
margin of 0.3 sinadditionto T,.

ThusT,=T,+01+03=0.55s
Short circuit for afault at 1 asamultiple of the CTSat 2is
iy 625

2=2-6.25
(CTs), 10

From the characteristics for 0.55 s operating time and 6.25 ratio,
(TDS),=2
Now, setting therelay at 3:

For afault at bus 2, the short-circuit current is 3000 A, for which relay 2 respondsin atime
T,, calculated as

i, _ 3000
(CTS), (200/5)10

For (TDS), = 2, from the relay characteristic, T,,= 0.5 s. Allowing the same margin for relay

1 22

3torespond for afault at 2, asfor relay 2 responding to afault at 1,
T,=T,+01+0.3=09s
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The current in the relay expressed as a multiple of pickup is

i, 3000

(CTS), (400/5)10

Thus, for T, = 0.9 s, and the above ratio, from the relay characteristic

(TDS), =25

Note: Calculations here did not account for higher load starting currents that can be as high
as5to 7 timesrated values.

10.15 (a)

(b)

(©)

Three-phase permanent fault on the load side of bus 3.

From Table 10.7, the three-phase fault current at bus 3 is 2000 A. From Figure 10.19,
the 560 A fast recloser opens 0.04 s after the 2000 A fault occurs, then recloses Y2 slater
into the permanent fault, opens again after 0.04 s, and recloses into the fault a second
time after a2 sdelay. Then the 560 A delayed recloser opens 1.5 s later. During this
timeinterval, the 100 T fuse clears the fault. The delayed recloser then recloses 5 to 10
s later, restoring serviceto loads 1 and 2.

Single line-to-ground permanent fault at bus 4 on the load side of the recloser. From
Table 10.7, the IL-G fault current at bus 4 is 2600 A. From Figure 10.19, the 280 A fast
recloser (ground unit) opens after 0.034 s, recloses ¥z s later into the permanent fault,
opens again after 0.034 s, and recloses a second time after a2 s delay. Then the 280 A
delayed recloser (ground unit) opens 0.7 s later, recloses 5 to 10 s later, then opens
again after 0.7 s and permanently locks out.

Three-phase permanent fault at bus 4 on the source side of the recloser. From Table
10.7, the three-phase fault at bus 4 is 3000 A. From Figure 10.19, the phase overcurrent
relay trips after 0.95 s, thereby energizing the circuit breaker trip coil, causing the
breaker to open.

4000

10.16 Load current =———=66.9A ; max. fault current = 1000 A; min. fault current = 500 A

(@)

(b)

10.17 (a)

(b)

\/3(34.5)

For this condition, the recloser must open before the fuse melts. The maximum clearing
time for the recloser should be less than the minimum melting time for the fuse at a
current of 500 A. Referring to Fig. 10.43, the maximum clearing time for the recloser is
about 0.135 s.

For this condition, the minimum clearing time for the recloser should be greater than the
maximum clearing time for the fuse at a current of 1000 A. Referring to Fig. 10.43, the
minimum clearing timeis about 0.056 s.

For afault of P, only breakers B34 and B43 operate; the other breakers do not operate.
B23 should coordinate with B34 so that B34 operates before B23 (and before B12, and
before B1). Also, B4 should coordinate with B43 so that B43 operates before B4.

For afault of P,, only breakers B23 and B32 operate; the other breakers do not operate.
B12 should coordinate with B23 so that B23 operates before B12 (and before B1). Also
B43 should coordinate with B32 so that B32 operates before B43 (and before B4).
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(c) Forafault of P,, only breakers B12 and B21 operate; the other breakers do not operate.
B32 should coordinate with B21 so that B21 operates before B32 (and before B43, and
before B4). Also, B1 should coordinate with B12 so that B12 operates before B1.

(d)

Fault Bus Operating Breakers
1 B1and B21
2 B12 and B32
3 B23 and B43
4 B4 and B34

10.18

Zone 1

O—gEHH

X

b —————

4
I
I
I
I
I
I
I
I
I
——————t—

(a) For afault at P, breakersin zone 3 operate (B12a and B214).
(b) Forafault at P, breakersin zone 7 operate (B21a, B21b, B23, B24a, B24b).

(c) Forafaultat P, breakersin zone 6 and zone 7 operate (B23, B32, B21a, B21b, B24a,
and B24b).
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10.19 (a)

| Zone | Line 1
_________ T A T
B4 T /B2 1 p
L | | losgaf
1 I !
\-\.EJ__: ____________ _:.__L__I./ Zone 2
Line 4 1 1 Line 2
- I } =
I I
Zone 4 5 pe
/ B34 i B23
| | L 11
e R N Y
__________ I____/ '\.____i_________.
| i |
| Line 3 [
I I
| Zone 3 :
I I
Ring bus
{ Zone 5 p
: Bus | Py :
| EE Lo pha ]
| g Y { Y I
] | I
_______________ L | Bl BI3 | T
Zonel  Line I S I e ettt e -’ Line3  Zone3
- 1 | -
___________________ N I | e T T R T e T e e e e
! [] te B34 | [] !
Zone2  Line2 N _ T o I Line4  Zone4
A !
————— ——tm—m -
————————————————— -,-':\ 1 | ,";——‘—————*——*——-“—
! | B22 B24 | [
| s__J__71 A !
! Bus 2 :
|
'\ Zone 6 |
r
R a0 e e T o e T e e ST Sl it i
R T e e e s e i e T P o T o e P R S e v S S 5
: Bus | Zone 5 Py !
| I
I e S e T e e it ~ ekt e ~ e R e Ao mieming
I | Vo ‘I / ‘I l’ I \
. [ Jsuy [ sz 1 [Jen O LI
[ S I [ T P L1 S B ——— K N N — - !
| Linel ! Line2 o Line3 11 Lined |
| || ——————— | R 1
i
| Zonel | il Zome2 | :__" _________ Zone3 :_i N Zoned |
| { h T i N |
l | BZIJ' : B2 | ! B23 | B24 I :
\\____i ________ B O I 73 e e ¥ i\___ _______ _:____.1
I I
I 1
\ Bus 2 Zone 6 i

Double-breaker Double-bus
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(b)

(©)

(d)

10.20 (a)

(b)

Scheme Breakersthat open for fault on Line 1

Ring Bus B12and B14

Breaker- and %2, Double Bus B11 and B12

Double Breaker, Double Bus B11 and B21

Scheme Lines Removed for a Fault at P1

Ring Bus LinelandLine?2

Breaker- and Y2, Double Bus None

Double Breaker, Double Bus None

Scheme Breakers that open for aFault on Line
1 with Stuck Breaker

Ring Bus B12, B14 and either B23 or B34

Breaker- and Y2, Double Bus B11, B12 and either B13 or B22

Double Breaker, Double Bus B11, B21 and all other breakers on bus
1orbus?.

%’—ﬂ— Vi, /(4500/1) _[vﬂj 1

T, 1, /(1500/5) 15

IL
z-Z
15

Set the B12 zone 1 relay for 80% reach of line 1-2:
Z,=08(6+ j60)/15: 0.32+ j3.2 Q secondary

Set the B12 zone 2 relay for 120% reach of line 1-2:
Z,,=1.2(6+j60)/15=0.48+ j4.8Q secondary

Set the B12 zone 3 relay for 100% reach of line 1-2 and 120% reach of line 2-3:
Z,,=1.0(6+j60)/15+1.2(5+ j50)/15=0.8+ j8.0Q secondary

The secondary impedance viewed by B12 during emergency loading is:

500 .,

%'z(v_ﬂJ( 1 J: _ 3 | _is7msn

I \15) | 1.42-cos'09 |15

Z exceeds the zone 3 setting of (0.8 +j8.0) = 8.04 £84.3° Q for B12. Hence, the
impedance during emergency loading lies outside the trip region of this 3-zone mho
relay (see Figure 10.29 (b)).
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10.21 (a) For the bolted three-phase fault at bus 4, the apparent primary impedance seen by the
Bl2relay is:

= = V.
_Zapparent = %12 + I—_Z
12
using V,=Z,l,, and I, =1, +1,,:
_ Z (I_12 + I32) T,
Zperent = =Z +I—_—Z— +Z, + T Z,, which isthe desired result.
12 12
(b) The apparent secondary impedance seen by the B12 relay. For the bolted three-phase
fault at bus4 is:
(3+ 140) + (6+ j80)+(|_32](6+ i80)
%’ apparent _ I12
RO (n,/n,)
{ :|+]{120 +80£I H
I12 Q
apparent (n\/ /n| )

wheren, isthe VT ratio and n, isthe CT ratio. Also, the B12 zone 3 relay is set with a
secondary impedance:

5 _(3+]40)+12(6+i80) 102+ 136

= = Q secondary
’ (n,/n,) (n,/n,)
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Comparing Z, With Z/ o+ Ziopwen €Xceeds Z;, when (T,,/1,,)>0.2. Hence
Z e li€s oUtside the trip region for the three-phase fault at bus 4 when

(T /T,,)>0.2; remote backup of line 24 at B12 is then ineffective.

2 2
10.22 R =(1)—2 =0.431p.u.; X =M =0.1724 p.u.
(22+0.8%) (22+0.8%)
The X-R diagram is given below:
X
‘ 5 6, ,
04724 F————————— oo -
J 4 K‘ i
z, 90-6, |
1
. 6~ i
1 S R . TR E P ;
Z E :
| I
I |
{ :
LB !
0.1 0.531 R

Based on the diagram, Z can be obtained analytically or graphically:

Zs =7 +Z =(0.1+0.431)+ j(0.3+0.1724)
=0.7107.£41.66°

0.1724
0.431

5=6,—6 = 41.66°—tan‘1[

=41.66°-22°
=19.66°

10.23 (a) Given thereaches,
Zone 1: Z =0.1x80% = 0.08;
Zone 2:0.1x120%
=0.12
Zone 3:0.1x 230%=0.25
In the view of the system symmetry, all six sets of relays have identical settings.
(b) It should be given in the problem statement that the system is the same as Prob. 9.11.

230 100

VLNbase=ﬁ=133 kV, ILbasezm

=251A
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The equivalent instrument transformer’ s secondary quantities are

115 5
V,. =133 == |=115V; |, =251 — |=3.14A
base [133} base (400}

2. =115/3.14=36.7Q

.. The settings are (by multiplying by 36.7)
Zone 1: 2.93 Q; Zone 2: 4.40 Q; Zone 3: 9.16 Q

(c) The operating region for three zone distance relay with directional restraint as per the
arrangement of Fig. 10.50 is shown below:

£ Line

impedance locus

Normal

2 operating point
L]
/ 7 2
1) .

Locate Point X on the diagram.
Comment on line breaker operations:
B31: Fault in Zone 1; instantaneous operation
B32: Directional unit should block operation
B23: Faultin Zone 2; delayed operation
B31 should trip first, preventing B23 from tripping.
B21: Fault duty islight. Faultin Zone 3, if detected at all.
B12: Directional unit should block operation.
B13: Faultin Zone 2; just outside of Zone 1; delayed operation

Line breakers B13 and B31 clear the fault as desired. In addition, breakers B1 and B4
must be coordinated with B13 so that the trip sequence is B13, B1, and B4 from fastest
to slowest. Likewise, B13, B31, and B23 should be faster than B2 and B5.

10.24 For a20% mismatch between 1] and |, select a1.20 upper slopein Figure 10.34. That is:

2+k -1.20

2-k
Solving, k= 0.1818
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10.25 (a) Output voltages are given by

= jX,T4=j5(~j13) =65V
-V, =V, +V, +V, +V, =80+ 35-180+65=0

Thusthere is no voltage to operate the voltage relay VR. For the external fault on line 3,
voltages and currents are shown below:

Protected bus
1 2 3

[ ] L] [

1
= = + = =
80V ERRY 180V 65V e
Vo=0V GR/‘
| L I | | I

T T T
—j16 kA T 7 kA f —j36 kA l /13 kA T
X
10 kAT

(b) Moving the fault location to the bus, as shown below, the fault currents and
corresponding voltages are indicated. Now V, =80+ 35+50+65=230 V and the

voltage relay VR will trip all four line breakers to clear the fault.

4
50V 65V N
Vy=230V G’R
\_%J' \_/. " i
™ Yl

Protected bus
1 2 3

] [

T 'y

16 kAT J1xkat —j]OkAf 13 kAT
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(c) By moving the external fault from line 3 to a corresponding point

(i) OnLine2
The case is displayed below:
I 2 3 3
[ ] [ ] L] L]
= ¥ = - 2
80V 195V 50V 65V B ~
oL, | L B L I Yo G,R/'
:
—j16 kA T —j39 kA l —j10 kA 1‘ —j13 kA 1‘
7 kA f

Here V, =80-195+50+65=0
VR would not operate.

(ii) OnLine4
This caseis displayed below:

1

mi = I
| j{]\«" \;- jﬁ v | f(]\"‘ | 165V 7 G

/16 kA T —iTkA 1 10 kA T 33 kA l

2/

~j13 kAT
Here V, =80+35+50-165=0
VR would not operate.

10.26 First select CT ratios. The transformer rated primary current is:

5x10°
=22 -5
traed — 20%10°

From Table 10.2, select a 300:5 CT ratio on the 20 kV (primary) side to give
. =(250)(5/300)=4.167A at rated conditions. Similarly:

0 A

_ 5x10°
2rated 8 66%10°

Select & 600: 5 secondary CT ratio so that | =(577.4)(5/600)=4.811 A at rated
conditions.

774 A
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Next, select relay taps to balance currents in the restraining windings. The ratio of currents
in the restraining windingsis:

l_f _A811 ) 15
[, 4.167

The closest relay tap ratiois T,/T/=1.10.

The percentage mismatch for this tap setting is:

‘(4.167) _(4.811}
<100|\L 5 55

G

10.27 Connect CTsin A onthe500 kV Y side, and in Y on the 345 kV A side of the transformer.
Rated current on the 345 kV A sideis

6
| = 00XI0 e

345.x10°/3

%Mismatch=|(|1/Tl),_(I,Z/TZ) x100
‘ (|2/T2) ‘

=4.7%

Select & 900:5 CT ratio onthe 345 kV A sideto give 1] =(836.7)(5/900) =4.649 A at
rated conditionsin the CT secondaries and in the restraining windings.
Similarly, rated current on the 500 kV Y sideis

6
| =200 o a A

500x10°/3
Select a 600:5 CT ratio on the 500 kV Y sideto give |, =(577.4)(5/600)=4.811A inthe
500 kV CT secondariesand 1/, =4.8114/3=8.333 A in the restraining windings.

Next, select relay taps to balance currents in the restraining windings.

Vo 833 _,
1, 4.649

The closest tap ratiois T, /T, =1.8
For atap setting of 5:9. The percentage mismatch for thisrelay tap setting is:
V! Trg)— (11T,

%Mismatch—|( o/ Tre)—(1a/T)

oaumy
0.4%

(8.333/9) - (4.649/5)|

| (4649/5) |><100

x100 =
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10.28

10.29

10.30

15x10°

The primary line current is ————
Py J3(33x10°)

=262.43A (say |,)

The secondary line current is 262.43x3=787.3 A (say |,)
The CT current on the primary sideis i, = 262.43(3—2()} =437 A

The CT current on the secondary sideiis i, = 787.3(2#.500}/5 =341A

[Note: J3is applied to get the value on the line side of A-connected CTs\]
Therelay current under normal load is
I, =i, —i;=4.37-3.41=0.96 A
With 1.25 overload ratio, the relay setting should be
i, =1.25(0.96)=1.2 A

6
The primary linecurrent is | | = _ 30107 =524.88 A

J3(33x10°)
Secondary line currentis |, =3l , =1574.64 A

The CT current on the primary sideis |, = 524.88(5—20j =525A

And that on the secondary sideis |, =1574.64(%JJ§ =6.82 A

Relay current at 200% of the rated current isthen
2(1,-1,)=2(6.82-5.25)=3.14 A

6
Linecurrentsare: |, = _ 1A 262.44 A

J3(33x10°)

6
|, =10 _2g730

Y J3(1x107)

If the CT'son HV-side are connected in Y, then the CT ratio on the HV-side is
787.3/5=157.46

Similarly, the CT ratio on the LV-side s 262.44(5/+/3) = 757.6
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Chapter 11
Transient Stability

111 (@) @, = 2760 = 377rad/s
2 2
O = Oy = (377) =188 Srat's

(b) KE=HS,,, =6 (500x10°) =3.0x10° joul

(c) Using (11.1.16) Z—pru (1)< (1) = Pa,, (1)
a)wn
a2 2760

o =——rpun _ 500 = 31.416rad/s?
2Haw,, (2)(6)(2)

a :% a= %(31.416) = 15.708 rad/s?

m

112 Using (11.1.17)
2)(6)(500x10°
J= ZHZS*ated _206 ; )_1 6886%10° kgm?
. (188.5) —

11.3 (&) Thekinetic energy inft-lbis:
1 (WR2

KE ==
2 322

jw;ﬁJb
. 2
(b) Using @, :[G_gj (rpm)
2 2 .
KE - E[WR j [z_zé(rpm)} f i » 1:356 joules

21322 ft-1b
KE =2.31x10*(WR?) (rpm)? joules
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Then from (11.1.7):

2.31x10)(WR? ?
:( . )( )(rpm) per unit-seconds
Sated
(2.31><10‘4)(4><106)(3600)
= = 14.97 per unit— seconds
800x10° E—

11.4 Per unit swing equations
@y, (t) d®5(t)
=

D,

2H

I:)rmu t- Pepu t= I:>e1pu ()

2H d?5(t) _

Assuming @, (t) =1— e

Papu (t)
syn
2
ﬁiz(t) =0.7-(0.40)(0.70) =0.42 (i.e. a60% reduction to 0.4)
2760 dt

ds(0)

Initial Conditions: §(0) =12° =0.2094 rad; =0

Integrating twice and using theabove initial conditions
do(t) _ 15.83t+0
dt
S(t)=7.915t2 + 0.2094
At t =5 cycles= 0.08333 seconds
J(5 cycles) = 7.915(0.08333)% + 0.2094
(5 cycles) =0.2644 rad =15.15°

1 Ja?
115 H="27" @ -2 2rf)
Sated " p
502 5\
SO H50 = H6OW= H60 (EJ

116 (8 @,,=2 7 60=377 rad/s

a, =Ea) (126}%77 47.125rad/s

o op "
() H=1.5p.u.-s

3 d2s(t) B
% wp,u_ (t) dtz - pmpu (t) pepu (t)
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ds(0)

at 0

(c) 6(0)=10°=0.1745rad;
3 d%o(t)

(2760) dt?

do(t) _ (2760
gt —(—6 jt+0

=0.5fort=>0

S(t) = (%jﬂ +0.1745

At t =3 cycles = 0.05 seconds

5(0.05) = (%J (0.057 +0.1745

=0.0960 rad =5.5°
117 KEg=H S,.=(3)(100x10°)=3x10° joules
For amoving mass W, ;. = % MV2

To equal the energy stored in the generator

KEgen = Vvkinetic
2(KEy)
N~
2(3x108 joules i
_ (230 joules) oo M _ 15 75 MileS
80,000kg s hour
11.8 e
Xd L0 JX I
— 00 —o 000 s
N jo3 j0.22 M

E' /5 CD V,= V.48, GD Vs = 1.0£20° per unit

(P)(x) _(08)(0-22)

_VtVbus : 5': : 5t_ —
@ Peest = S T s)wo)

St=sn"(0.167619) = 9.65°

e 1.05./9.65°-1.0£0°
X j0.22

_ 0.03514+ j0.1760

j0.22

T V-V

=0.81579/-11.291°

=0.167619

S=V, 1" =(1.05£9.65°)(0.81579 £11.291°) = 0.85658./20.941°
S

=0.80+j0.306 Q=ImS=0.306 per unit
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E'=V,. + (X} + X)T =1.0£0° + j (0.3+0.22)(0.81579./ —11.291°)
E'=1.0.£0°+0.4242./78.709°
E’=1.160/21.01° per unit

(b)

_E'V,, (1.160)(1.0)Sin
©  (X,+X)  03+022

P =2.231sin¢ per unit

11.9 Circuit during the fault at bus 3:

o000 — j0.20
j0.40 .

= ~ e | 1.0£0°
E'=1.160£8 ) j0.10 j0.20 C)

where E'=1.160/6 is determined in Problem 11.8.
The Thevenin equivalent, as viewed from the generator internal voltage source, shown here,
isthesameasin Figure 11.9

00000 ——
0.4666 N

- C_) G) V= 0.333.£0°

o
Thevenin Equivalent

_ BV 5 (1160)(0:333)

P 0=——">"——"5in¢ =0.8279sinJ per unit
X 0.4666 —_—
11.10
5 4
i g6 j0.025

@ E'/&

@ | LR j0.05 | j0.01 ’TTW‘
SR | SLDR
2

Xrp = Xaq + [X45 (X2 + Xzs)} + X5
=0.01+[0.025|(0.01+0.05)|+0.02
=0.0514Q
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11.11 ' 4

| j0.01 |
N T 0.10 7000 |
ST
1.£0° Coo) j0.02 g é j0.025 | E'£B
_ j0.05
5
Kip = Xgq + [X45 [ (X42 + Xzs)}
=0.01+[0.025|(0.05+0.10)]
=0.03143Q
11.12
————00000 ——
i j0.40 00000 s 5
j0.30
E =1.281228 ~> GD Vgys = 1.0£0°
E'V 1.2812)(1.0) . i
P BUS 6—wsn6=1.83035m6
Xeq 0.70
IJ
2.4638 sind
1.8303 sind
1.0
A
t + + a
& & &
o, =sin* =0.4179rad
2.4638
o, =sint 1 0.5780rad
1.8303

5,=05780

A= (L0-18308sind)ds =" (1830386 -1)d5 = A,

(0.5780— 0.4179) +1.8303(c0s0.5780 - cosO.4179) = 1.8303(c0s.5780— c0sd, )
- (6, —-0.5780)

1.8303cos0, + J, = 2.0907

Solving iteratively (Newton-Raphson) &, = 0.7439rad = 42.62°
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11.13 P
2.4638 sind (prefault)

-
=]

“‘28:)2(’ (L.0) ind =2.1353 sind (postfault)
.6

AN

WL\

% 8

0, =0.4179rad
0, = 0.4964rad (From Example 11.4)

2 1353sind—1.0)ds

6,= 04964
A= j -04179 1.0do = I
0.4964 —0.4179) = 2.1353( c0s0.4964 — cos o, ) — ( 0, — 0.4964

> >

2.1353c0sd, + 0, = 2.2955
Solving iteratively using Newton Raphson with ¢, (0) = 0.60rad

8,(i+1)=6,(i) +[-2.1353sin 4, (i) +1] " [2.2955 - 2.1353c056, (i) — 6, (i)]

i 0 1 2 3 4
3, 0.60 0925 |0.804 |0.785 0.7850

5, =0.7850rad = 44.98°

11.14 Referring to Figure 11.8, the critical clearing time occurs when the accelerating area, A , is
equal to the decelerating area, A, in which the maximum value of d is determined from the
post-fault curve.

1-2.1353sin6,,, =0 &, =2.654rad=152.1°

To determine the clearing time, first solve for the critical clearing angle. The post fault
curveisthesameasin problem 11.13, so we have

O o =2.61
A&:J‘50=0.4179' 0dd = .[ 213535m5 10)d5

(6, —0.4179) = 2.1353(0055Cr —co0s (2.654)) - (2.654- 4, )
0.3496 = 2.1353¢0s5,, — &, =1.4063rad = 80.58°

Then we can solvefor t, asin Example 11.5

t, = L(1.4063— 0.4179) = 0.1774 sec = 10.6 cycles
(27760)(L.0)
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11.15 If gen 3 X =0.24 on a800 MVA base, then it is 0.03 on a 100 MVA base.

| j0.02 j0.025 ®
000/ 000 s
| j0.01 | j0.03
000, 000 5
1 £0° (,,) j0.05 (? jo.1 |
000 5 | 000 E'Z3§
(@) Xq=0.02+ [0.025] 0.15]+0.04=0.0814
I=(%j =340 E’=1.0+j0.0814.3£0
E'=1+j0.2442=1.0294/13.7°
(b) The faulted network is
o _
| Jjo.oz2 J0.025 J0.01 | J0.03

| 000/ 000/ 00 s ‘

1.£0° <~> E'£G
j0.05 jo.1

Xo =0.03+0.01+{0.1/[0.025+(0.02(| 0.05)}

I
=0.0682

0.0357 0.1
0.0557 0.125

V,, =120 =0.5130£0

j0.0682 1.0294.0.513 .
000/ =—
Pe=""0.0682 "9

0.571420° Cn-) C..) EZS =7.742sino

Oncethefault is cleared, the network becomes

O _ _ .
0.02 0.025 j0.01 j0.03
120° ‘ J0.L E' £
J0.085
000 s 1.0294-1 .
P.= sind

" 0.085

1.£0° C—-) (‘D E'Z§ =12.11sindé
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11.16 The system has no critical clearing angle because

¥
J' P_—P,sind =Accelerating area
60

8° =13.7°=0.239 rad
=3( - 0.239) - P, cosJ|

K

0.239

with P, =7.742
—>3(2.9026) +7.742-(~-1-0.971) = -6.551

isless than zero

11.17 % =—x, x(0)=10, At=0.1
e OX()

(@ x(t+At)=x(t)+ It At

x(0.1) =10+ (~10)(0.1) =9

x(0.2)=9+(-9)(0.)=8.1

x(0.3)=8.1+(-8.1)(0.1) = 7.29

x(0.4) = 7.29+(~7.29)(0.1) = 6.561

x(0.5) = 6.561+(~6.561)(0.1) = 5.9049
(b) %(0)=x(0)+ d’é(to) At=10+(~10)(0.1)=9

dx(0) _

at 9
X(t+ At) = x(t) + & 5 * At
(-10+(-9))

X(0.1) =10+ (0.1)=9.05

t 0 0.1 0.2 0.3 0.4 05

X 9 8.145 7.371225 | 6.670959 | 6.037218 | 5.463682

X 10 9.05 8.19025 | 7.412176 | 6.7080195 | 6.0707577
dx,

1118 —t=%  %(0)=10 At=0.1
dx, _ _
G- %0=0
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@ %(0.9=x(0)+ dxéfo) At=1.0+0(0.1)=1.0

%,(0.1) = x,(0) + dxéfo) At=0-1.0(0.1)=-0.1

% (0.2)=1+(~0.1)(0.1)=0.99

%,(0.2) = (~0.1) + (~1)(0.1) =-0.2

% (0.3)=0.99+(~0.2)(0.1) = 0.97

X, (0.3)=—0.2+(~0.99)(0.1) = —0.299
¢ 0 1 2 3
X 10 10 0.99 0.97
X, 0 0.1 02 | -0.299

~ d d ~ dx (t) + dx, (t)
(b) x1:x1+(d—)f[1JAt —)f[lzx2 xl(t+At):x1(t)+[—dt 5 At

() | d%@0)

o _ d_X2 %__~ _ dt dt
x2—x2+[dtJAt T xz(t+At)—x2(t)+[ > JAt

%(0)=1.0+(0)(0.)=1.0
%,(0)=0+(~1.0)(0.1)=-0.1

dx (0) + d% (0)

=1.0+(%j(0.1)=0.995
x2(0.1)=0+(wj(0.1):—0.1
dx,(0) _
=i =-01
dx,(0) _
T— 1.0
t 0 0.1 0.2 0.3
%, 1 0.994 0.978428 0.956936
%, |-01 |-01995 |-0.25773 ~0.31753
X, 1 0.995 0.980025 0.95915
X, 0 0.1 ~0.159725 ~0.22161
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11.19

X, =j0.0375 ’igo{’];\ Vius
E £8 O 00 j0.09 1.0£0°
00
H = 20 secp.u.
D=01pu
100 MVA base

(@) X =0.0375+ (0.0910.09) = 0.0825

(400)
P 100
l=—— /—cos}(pf)=——~£—/0°=4.0£0°

E' = E'ZL8 =V + [ Xl
=1.0 £0°+ j0.0825(4.£0°)
=1+j0.33
=1.053/18.2629°

ds,

(b) W = - C()
dé

dwt Papu®. :wwn_ @t
dt 2pru 2 H

ap.u.

1 )(ds,

P,,10-0- _tj

*® [ synj( dt

ds,
© &, = d—ttm 5, +At(q - o)
099t
_ Ay s~ G
ahm—a%+7ﬂﬁﬂ—aﬁ+At—3FEa:—
At=—% =0.01667s
“60

o, =, = 2760 =377
5, =18. 2629° 0.3187 rad from (a).
8y onee7 = 0-3187+(377-377)(0.01677) = 0.3187

Oy 01667 =377+ (0'01667) {3727(2_7())(2:_()@} =377.015711

0p 0333 = 0.3187+(0.01667)(377.015711-377) =0.334411 rad = 19.16°

377-0.1(0.015711)
2(20)(1)

@ g3 = 377.015711+10.01667[ }z 377.1728 rad
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11.20 Thecritical clearing time for a sold fault midway between buses 1 and 3 is about 0.18
seconds. Below is aplot of the generator rotor angle with the fault cleared at 0.18 seconds.

f ' ' i
T T T T

— o —rtr =
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
=

Rotor Angle_Gen '4''T’ l

11.21 Thecritical clearing time for a solid fault midway between buses 1 and 2 is about 0.164
seconds. Below is aplot of the generator rotor angle with the fault cleared at 0.164 seconds.

U I
] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

[E] Rotor Angle_Gen '4''1" l

11.22 (a) By inspection:

[-30 20 10 0 0

20 -30 0 10 0

.| 10 0 -50 0 40

w=d g 10 0 50 40
40 40 -100 20

0 0 0 0 20 -20

o O o o
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i 0 0
1, . -j5 0 0
() Y,=| 0 ~— 0 |5 0 -j10 0 |p.u.
172 . 0 0 -j10
0 0 —
L des_
_‘% 0 0
X5, _ i
j50 0 0
-1 '
0 — 0 0O j1o o
1Xq,
Y,=| 0 0O 0 |= 0 0 0.
o 0 © 0 oo o
0 © 0 0o 00
L L 0 0 j10
0o 0 —
L IR,
3.0-j2.0 .
Yload3: 12 :3_.]2
2-j0.9 .
IOad4=1—2=2_JO'9
Yioes, =1 0.3
[—j35 j20 j10 0 0 0]
j20 —j40 0 j10 0 0
v | 110 0 (3-j2 0 j40 0
0 j10 0 (2-j50.9) j40 0
0 0 j40 j40 (1-j100.3) j20
|0 0 0 0 j20 —j30,

11.23 (a) By inspection with line 3-5 open:

(<30 20 10 © 0 0
20 -30 0 10 O 0
10 0 -10 O 0 0

0O 10 O -50 40 O
0 0 0 40 -60 20
0 0 0 0 20 -20

Ybus = J
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_30-j20

= =3.0-j2.0p.u.
Lo, =1 o2 J2P
2.0-j0.9 .
s (1.0)2 1P
1.0-j0.3 .
Y , = —"-10-j0.3p.u.
oads (1.0)2 J5-=P

[-j35 j20 j10 0 0 0 ]
20 —j40 0 j10 0 0

Yu=| j10 0 (3-j12) 0 0 0
0 j10 0 (2-j50.9) j40 0

0 0 0 j40 (1-j60.3) j20

| 0 0 0 0 j20  -j30]

u(ix,) o 0 j50 0 0

Y,=| 0 1(iXs,) 0 |= 0 =j10 0 |perunit
0 o u(jx)|L° ©° -0

[i5 0 0]

0 j10 ©
0 0 O

Y, = er unit
2510 o0 0 p
0 0 O
|0 0 j10]
(b) Y, issameas11.22.

—j35 j20 j10 0 0 0]
j20 —j30 0 j10 0 0
j10 0 —j50 0 j40 0 _

A ) ) i per unit
0 j10 0 (2-j50.9) j40 0
0 0 j40 j40 (1-j100.3) j20
0 0 0 0 j20 —j30]

Y, and Y,, arethe same as Problem 11.22 and 11.23 ().

11.24 Thecritical clearing timeis 0.383 seconds using atime step of 0.01 seconds for the
simulation.
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11.25 Thecritical clearing time for afault on the line between buses 44 and 14 for the Example
11.9 case with the fault occurring near bus 14 is about 0.584 seconds. Below isaplot of the
generator angles with this clearing time.

—8{]—5
—l{}[]—f
—12(]—5
—14(]—5

'
'
'
'
'
'
'
'
I
T

35 4

-
[
A
]

0 0.5 1 1.5

] — Rotor Angle_Gen'14''l' ] — Rotor Angle_Gen'28' '1' & — Rotor Angle_Gen '28' '2'
] — Rotor Angle_Gen 31" '1' ¥1 — Rotor Angle_Gen '44' 'I' ¥l — Rotor Angle_Gen '48''1'
¥l — Rotor Angle_Gen'50' '1' ¥1 — Rotor Angle_Gen'53' 'I' ¥l — Rotor Angle_Gen'54''l’
1.0
1.0)(L.0)

11.26 (a) | £0°=1.0£°
V, =1.0£0°+ j0.22(1£0°)
=1+j0.22
=1.0239 £ 12.4070°

E =1.0239.,12.407° + j(2.0)(1£0°)
=1+j2.22
=2.4166.65.556° & =65.556°

Vy| [0.9104 -0.4138][1.07 [0.8194

V,| 10.4138 0.9104 |0.22] |0.6109

l4] [0.9104 -0.4138][1.0] [0.9104

l,| 10.4138 0.9104 || 0] |0.4138

E/ =V, + R/l + X4l 4 = 0.61409+(0)(0.4138) +(0.3)(0.9104)
=0.88721

E, =V, +Rl, - x|, =0.8194+0—(0.5)(0.4138)
=0.6125
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dE
Ew=Ty (d_tq}_(xd - Xi) 4 +Ey

=0+(2.1-0.3)(0.9104) +0.88721

=2.5259

(b) Thecritical clearing time is 0.228 seconds using atime step of 0.01 seconds for the
simulation.

11.27 Using atime step of 0.01 seconds for the simulation, the critical clearing timeis 0.340 sec.
Thisisfaster than the critical clearing time of Problem 11.24 by 0.043 seconds.

0.17)(3.8
11.28 X'=Xa+ﬂ=0.067+w=0.2297p.u.
X, + X, (0.17+3.8)
X=X_+X_=3.867p.u.
X +X, (017+38

T, = = =0.85

°“"w,R  (2760)(0.0124) >
1.0 o

= ToagL® =140

V, =1£0°+(j0.22)(16°) =1+ j0.22
Vi =E =Rl +XI,
= 0.8475-(0.013)(0.8433) +(0.2297)(0.7119) = 1.0

Vi =E-RIi =X,
=0.4230-(0.013)(0.7119) +(0.2297)(0.8433) = 0.22

d dEt' = (2760)(~0.0129)(0.4230) —%(0.8475— (3.867-0.2297)(0.7119) =0

dE/ 1
d—'? = —(2760)(-0.0129)(0.8475) ~ 5 +=(0.4230+(3.867-0.2297)(0.8433)) =0

(b) .

0.95

0.90

0.85
0.80
0.75
0.70
0.65
(.60

0.55

0.5

0 0.2 0.4 0.6 0.8 I 1.4 1.4 1.6 1.8 2

B ——— Rotor Angle_Gen '4''l"
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1

1129 pf=——= 09766
1 +0.22°
P 1.0
| = /—cos™(pf)=——>__/—cos?(0.9766
Vo (p1) £ 008 (PN =1 50,9766 < 05 (09769)

V, =1.0+(j0.22)(1- j0.215)
=1.0473+j0.22
=1.0702/11.863°

Ve (1.0473+ 022)

_I—jxeq—(l—j0.215)+ 0.8

=1.275- j1.524

|+ 1, =(1.275~ j1.524) (L2 - 11.863°)
=1.987./(~50.084-11.863)

=1.987£-61.947°
=0.934-j1.754

E, =1 Xeq =(1.754)(0.9)
=1.403
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Chapter 12
Power-System Controls

12.1 (&) The open-loop transfer function G(S) is given by

G(S)= kakekf
( )_(1+TaS)(1+TeS)(1+TfS)

Ae 1 (1+T,8)(1+T,S)(1+T,S)
AV, 14G(S) (1+T,9)(1+T,9)(1+T,S)+kkk,
For steady state, setting S=0

(b)

Ae$=(AVr—ef)55, where k =Kk k.k;
1+k ae

or 1+k=(AV,, )SS/A%
For the condition stipulated, 1+ k >100
or k>99

© A\/t(t)zgf{ c(8) A\/ref(S)}

1+G(S)
The response of the system will depend on the characteristic roots of the equation
1+G(S)=0
(i) IftherootsS, S, and S, arereal and distinct, the response will then include the
transient components Ae¥', A,e>', and A,e™'.

(ii) If thereareapair of complex conjugateroots S, S, (=a+ jw), then the dynamic
response will be of theform Ae®sin(at +¢).

12.2 (&) The open-loop transfer function of the AVR systemis
KA
(1+0.1S)(1+0.4S)(1+ S)(1+0.05S)

3 500K ,
S +33.5S +307.5% + 7755+ 500

KG(S)H(S) =
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The closed-loop transfer function of the systemis

V,(S) 25K , (S+20)
V4 (S) S'+335S +307.5% + 7755+ 500+ 500K ,

(b) The characteristic equation is given by

500K , 0
S* +33.5S8° +307.5S + 7755+ 500
Which results in the characteristic Polynomia Equation

S* + 33,58 +307.55* + 775S+ 500+ 500K , =0

1+ KG(S)H(S) =1+

The Routh-Hurwitz array for this polynomial is shown below:

s 1 307.5 500 + 500K,
s 335 775 0

S 284.365 500 + 500K, 0

) 58.9K,- 7161 O 0

S 500 + 500K,

From the S row, it is seen that K, must be lessthan 12.16 for control system stability;

aso from the S’ row, K, must be greater than —1. Thus, with positive values of K, for
control system stability, the amplifier gain must be

K,<12.16.

For K = 12.16, the Auxiliary Equation from the S row is
284.365S* +6580=0 or S=+j4.81
That is, for K = 12.16, there are a pair of conjugate poles on the jw axis, and the

control systemis marginally stable.
(c) From the closed-loop transfer function of the system, the steady-state responseis

— KA
1+K,

For the amplifier gain of K,= 10, the steady-state responseis

10
Ms=T0

And the steady-state error is
(Ve)Ss =1.0-0.909=0.091

=0.909

12.3 System becomes unstable at about K, = 277. Anything with +/—about 10 of this answer
should be considered correct.
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12.4 Theinitial valuesare V, =1.0946 pu, and E,, = 2.913. Thefinal valuesare with K, =100,
V, =1.0958, E, =2.795 with K, =200, V,=1.0952, E, =2.793; with K, =50,
V,=1.0969, E, =2.799; with K, =10, V, =1.1033, E,, =2.827. The steady-state
relationship from Figure 12.3is E,, = (K,/K,)* (V,, -V, ) where V,, is determined by the
pre-fault conditions:

125 (&) Converting the regulation constantsto a 100 MV A system base:

R, e =0.03 1007 _ 0.015

200

R,y = o.o4(%j =0.0133

100
=0.06| — |=0.012
S

Using (12.2.3):

p= 1 + 1 + 1 = 225.0per unit
0.015 0.0133 0.012) =—

(b) Using (12.2.4) with AP, =0 and AP, =%p.u.=—1.5p.u.
_1.5=—2250Af
Af = _;;;0 .. = 6.6666x10-° per unit = (6,666 10°*)(60) = 0.3999Hz
(c) Using (12.2.1) with AP, =0:
AP = {ﬁ}(a.%esxlo—a) = 04444 per Uit =~ 44.44MW
AP = —(0.011 33)(6.6666x103) — ~0.5012per unit = —50.12MW
AP =—(W112j(6.6666x103) _ _0.5555per unit = —55.55MW

126 (a) Using(12.24) with A =0 and Apm=%p.u.:

1.0=-225.0Af
Af = —4.4444 10" per unit = —(4.4444x10-%)(60) = —0.2667Hz
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(b) Using (12.2.1) with A =0:

AP_ = _(ﬁj(—4.4444x103) =0.2963per unit = 29.63MW

AP, =—| = |(~4.4444x10-*) = 0.3333 per unit = 33.33MW/
0.0133 —

1

AP, = _(m](—4.4444x 10°*) = 0.3704 per unit = 37.04MW

12.7 Using (12.2.1) with AP, =0: Af =0.005p.u.

AP, =—[ —1 |(0.005) = - 0.3333per unit = ~33.33MW/
0.015 e

AP, =-— L (0.005) = —0.3759 per unit = —37.59MW
0.0133 —

AP, =-— (O (:)L 2}(0 005) = —0.4166 per unit = -41.66 MW

12.8 Using (12.2.1) with AP, =0: Af =-0.005p.u.

AP, =— 1 (—0.005) = 0.3333per unit = 33.33MW
0.015 —

AP,, = —(Lj(—O.O%) = 0.3750per unit = 37.50MW
0.0133 E—

AP ;= —(LJ (—0.005) = 0.4167 per unit = 41.67MW
0.012 —

129 (a8 Using R, =R —2"= Shesirm
Snase(old

& —004@—008p R2 —005@=0067p
500 750

The area frequency-response characteristic is given by

1 1 1
——+——=27.5pu
p= Z R2 008 0.067 P

(b) The per-unit increasein load is 250/1000= 0.25

(Apm )TOTAL :kZ:;AP ZA ref k (Z Rk JAf ref total ) ﬁAf

k=1
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12.10

12.11

12.12

With AP

ref (total

=0 for steady-state conditions,

Af=—2aAP =—_1 (0.25)=-9.001x10pu
275

ﬂ m
or Af =-9.091x10-*x60=—-0.545Hz.

Convert the R'sto acommon MVA base (say 100 MVA). R =100/500* 0.04 = 0.008,
R, =100/1000* 0.05=0.005, R, =100/750* 0.05=0.00667. Thenthetotal S=1/R +
VR, + VR, =474.9 per unit. The per unit change in frequency isthen (—250/100)/
474.9=-0.00526 per unit =—-0.316 Hz. Then changesin the generator outputs are

Pg, =0.00526/0.008* 100=66 MW, Pg, =0.00526/0.005*100=105MW, while
Pg, =0.00526/0.00667*100 =79 MW.

Since all the R’s are the same, the total S isjust the sum of the on-line generators MVA

values (neglecting the contingency bus 50 unit) divided by 100 MV A*0.05 which gives
1035/(100*0.05) = 207 per unit. The expected change in frequency for the loss of 42.1 MW
is (—42.1/100)/207 = — 0.00203 per unit or — 0.1218 Hz, which closely matches the actual
(simulated) final frequency deviation of —0.124 Hz. The reason the simulated is larger
because of a0.5 MW increase in the system losses. With this loss changed included (i.e., a
loss of 42.6 MW) the analytic value becomes — 0.123 Hz. The plot of the bus frequency is
given below, with the lowest frequency occurring at about 59.652 Hz at about 3.2 seconds.

60
59.98
59.96
59.94
59.92

59.9

59.88 ,/" T

59.86
59.84
59.82

59.8

59.78
59.76
59.74
59.72

59.7
59.68

59.66

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Changing the H values has no impact on the final frequency. The impact is the higher
system inertia causes a slower decline in system frequency. The plot of the bus frequency is
given below, with the lowest frequency now occurring at about 59.714 Hz at about 4.6
seconds.
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12.13 Using a 60 Hz base, the per unit frequency changeis —0.12/60 =—-0.002 p.u. Since al the

governor R values are identical (on their own base), the total MV A of the generation is
given by AP* R/Af =(2800* 0.05)/0.02= 70,000 MW.

60

59.98
59.96]
59.94
59.92

59.9
59.88
59.86 /
59.84 /
59.82

59.8 /
59.78
59.76 /
59.74 \ /

L

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

59.72

12.14 Adding (12.2.4) for each areawith AP, =0:

AP, + AP, =—(f, + f,) Af

400 =—(600+ 800) Af = Af =%O%O=—O.2857H z

AP, = AP, =—f3,Af =—800(~0.2857) = 228.57TMW
APy, =—APR,,, =—228.57MW
12.15 In steady-state,
ACE, = AP,_, + B,,Af =0 and AP, =AP,
AP, = AR, =—B;,Af
and AP, = -/ Af
Also AP, + AP, , = 400MW
Solving the equations:
—(B,+B,,)Af =400
-0 _ _g2857Hz
600+ 800
344
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AP,

ti

> =—(800)(—0.2857) = 228.57TMW

=-APR,, =-228.5TMW

tie2 —

AP,

tiel

Note: The results are the same as those in Problem 12.14. That is, LFC is not effective when
employed in only one area.

12.16 In steady-state:
ACE, = AR, + B,Af =0

ACE, = AP,_, + B,,Af =0

Adding (AP, + AR, )+(B,, +B,)Af =0

tiel
Therefore, Af =0; AP,,, =0 and APR,,, =0.

That is, in steady-state the frequency error is returned to zero, area 1 picks up its own 400
MW load increase.

12.17 (a) (12.15) LFCinarea2 aone.
In steady-state
ACE, =AP,,, + B;,Af =0

AP = AP,_, =—B, Af
and AR, =—fAf
Also AP, + AP, =-300
Solving: — (3, + By, ) Af =-300
Af = 202142tz
AR, =—(600)(0.2142) = -128.52MW
ARy, = —AR,, =128.52MW
(b) (12.16) LFC empvedin both areas 1 and 2.
ACE,=AP,_, + B, Af =0

ACE, = AP,_, + B,,Af =0

Adding: (AP, +AR,,)+(B, +B,,)Af =0
Thus Af =0 AP, =0 and AP, =0
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12.18 (&) The per-unit load changeinarealis

AP, = 1875 _ 0.1875
1000
The per-unit steady-state frequency deviation is
AW = -AP _ —-0.1875 —_0.005

(é+Dlj+(é+D2j (20+0.6)+(16+0.9)

Thus, the steady-state frequency deviationin Hz is
Af =(-0.005)(60) =-0.3Hz

and the new frequency is f = f, + Af =60-0.3=59.7Hz.
The change in mechanical power in each areais

Ap =AW __Z0005_ 41 5u—100Mw
R 005

AP, - AW __-0005
R, 00625

=0.08pu=80MW

Thus area 1 increases the generation by 100 MW and area 2 by 80 MW at the new
operating frequency of 59.7 Hz.

The total change in generation is 180 MW, which is 7.5 MW less than the 187.5 MW
load change because of the change in the area loads due to frequency drop.

The changeinarealloadis AW D, =(-0.005)(0.6) =-0.003pu or —3.0MW, and the
changein area2 load is AW D, =(-0.005)(0.9) = -0.0045pu or -4.5MW. Thus, the
changeinthetotal areaload is—7.5MW. The tie-line power flow is

AP, = Aw[é + DzJ =-0.005(16.9) = ~0.0845pu

=-84.5MW

That is, 84.5 MW flows from area 2 to area 1. 80 MW comes from the increased
generation in area 2, and 4.3MW comes from the reduction in area 2 load due to
frequency drop.

(b) With theinclusion of the ACE;, the frequency deviation returns to zero (with a settling
time of about 20 seconds). Also, the tie-line powerchange reduces to zero, and the
increasein area 1 load is met by the increase in generation AP, ;.
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12.19 £=15+0.1P1=2
dr,

1

9C, _204+008R, =1
dP

2

R+ P, =1000

01 0 -1][R] [-15
0 008 -1| P, |=|-20
11 of| 2| [1000

P=472.2 MW, P, =527.8 MW, 1 =62.2 $/MWh
Total cost = $41,230/hr

12.20 Since the unlimited solution violates the P, limit constraint, P, =500 MW, which means

P, =500 MW. The system lambda is determined by the unlimited unit =15+ 0.1* 500 =
$65/MWh. Tota cost is $41,300/hr.

12.21 £=15+ 01P =41
dr,

1

9C, _ 0.95(20+0.08P,)= 1
dP,

R+ P, =1000

01 0 -1[Rr] [-15
0 0076 -1|/P,|=|-19
1 1 0] 4] |1000

P, =4545MW, P, =545.5 MW, 4 = 60.5 $MWh
Total cost =$41,259/hr

oo S| 1| 15+0.1P, 600
dR |1 R | 1-(4x107*R -4x10"R,)
o
dc,| 1 20+ 0.08P,
dP, |1 9P | 1-(6x10°P,~4x10"R)
9P,
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Rearranging the above two equations gives
(0.1+0.024) P, — (0.024)P, = 45
(0.08+0.036) P, — (0.024)P, = 40
Solving gives P,= 447.6, P,= 437 .4, B« = 19.15 MW, B_,, = 865.85 MW,
Total cost = $34,431/hr
12.23 For N =2, (12.4.14) becomes:

R=22RB -=ZP(B.1P1+B.2P2)

I
M
g LM

X
1N

RI. BIZRI.PZ + BZIRI.PZ + B22P22

oy

1
Assuming B, =B,,,
R = BllRLZ +2B,RP+ B22'322
oP, oP,

aF’ (811P+812 ) a_|3:=2(812|31+822P2)

Also, from (12.4.15):
oP,
i=1 a_P ZZBhP 2(811 +812P2)

1

i=2 gi 2_23 P =2(B,P, +B,P,)
=

2

= 2( BlZPl + Bzzpz)
which checks.

12.24 Choosing S, as 100 MVA (3-Phase),
0 =(Sy ) 0:01=100; @, =40

= (Syypae ) 2.00=200; S, =260
7, =100 ; 7,=80

In per unit, 0.25< P, <1.5/0.3<P,,<2.0,0.55< P, <35

Gl —

4 =95 _200R,, +200, 4, =252 —80R,, + 260
a Gl aF)GZ
Calculate 4, and A, for minimum generation conditions (Point 1, in Figure shown below).
Since 4, > A, , in order to make A’sequal, load unit 1 first until A, =284 which occurs at

284 - 200

P. =
et 200

=0.42 (Point 2 in Figure)
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Now, calculate A4, and A, at the maximum generation conditions:

Point 3 in Figure, now that A4, > 4, , unload unit 1 first until 4, is brought downto A, =420

which occurs at

P

_ 420-200
200

=1.10 (Point 4 in Figure)

Notice that, for 0.72<P,_<3.1, it ispossible to maintain equal A's. Equations are given by

A =A,; 200PF;, + 200 =80F;, +260; and P, + P, =R,

These linear relationships are depicted in the Figure below:
For P =282MW =2.82pu, P,, =2.82-P,;

P, =0.4P,,+0.3=1.128-0.4P,, +0.3

1.4P,, =1.428or P, =1.02=102MW

P, =2.82-1.02=1.8=180MW

Results are tabul ated in the table given below:

4 3
200 we [—
£ 150 ,f”
2 Unit2 7
S 1o pac
‘% /” Unit 1
- 2 =
5 0% T
0.25
0.55 0.72 310 350 "
Total System Load - P in per-Unit
Table of Results
POI nt PGl PGZ I:)L //{1 //{2
1 0.25 0.30 0.55 250 284
2 0.42 0.30 0.72 284 284
3 1.50 2.00 3.50 500 420
4 1.10 2.00 3.10 420 420
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12.25 (To solve the problem change the Min MW field for generator 2 to 0 MW). The minimum
value in the plot above occurs when the generation at bus 2 is equal to 180MW. This value
corresponds to the value found in Example 12.8 for economic dispatch at generator 2
(181IMW).

Total Hourly Cost ($/hr)

6700

6600 J\

6500 -3&)’\
6400

6300 \ba

6200 ey

6100 ‘%\

6000 V%“

5900 0000-‘

5800 M
5700

5600 T

0 50 100 150 200
Generation @ Bus 2 (MW)

250

12.26 To achieve loss sengitivity values that are equal the generation at bus 2 should be about 159
MW and the generation at bus 4 should be about 215 MW. Minimum losses are 7.79 MW.
The operating cost in Example 12.10 is lower than that found in this problem indicating that
minimizing losses does not usually result in a minimum cost dispatch. The minimum loss
one-lineis given below.

29 Mar

1.00 pu

25. gIMV
5 MV A 0 0000 24 MV

215. OffMV
-0.0003
OFF AGC

5 MV
1.04 pu > " > \l7| 0.96 pu
2
39 MV 159. OfjMV 127 MW
20 Mar -0. 0001 39 Mar
OFF AGC
Total Hourly Cost: 6437.97 $/h Load Scal ar: 1.00§
Total Area Load: 392.0 MW MN Losses: 7.79 MW

Margi nal Cost ($/ MM): At Mn Gen $/ MM
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12.27 To achieve loss sensitivity values that are equal the generation at bus 2 should be about 230
MW and the generation at bus 4 should be at its maximum limit of 300 MW. Minimum
losses are 15.38 MW. The minimum loss one-line is given below.

110 MW
41 MWar

1.00 pu

300. OFMV
-0. 0055
OFF AGC

53 Mw
5 MV

1.04 pu \ R 0.92 pu
2
55 MV 230. Pmw 178 MW
27 Mar 0. 0000 55 Mvar
OFF AGC
Total Hourly Cost: 9404.56 $/h Load Scalar: 1.40§
Total Area Load: 548.8 MV MWV Losses: 15.38 MW

Marginal Cost ($/MM): At Mn Gen $/ M\

12.28 The line between buses 2 and 5 reaches 100% at aload scalar of about 1.68; above this
value the flow on thisline is constrained to 100%, causing the additional load into bus 5 to
increase the flow on the line between buses 4 and 5. Thislinereachesitslimit at aload
scalar of 1.81. Since both linesinto bus 5 are loaded at 100%, no additional load can be
brought into the bus without causing at least one of these lines to be overloaded. The plot of
the bus 5 MW marginal cost is given below.

Bus 5 Marginal Cost (S/MWHh)

45
40

35 /
30

25 /

20 /

15
10
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12.29 The OPF solution for this case is given below, with an operating cost of 16,091.6 $/hr. The
marginal cost at bus UIUC69 is 41.82 $/hr. Increasing the UIUC69 MW load from 61 to 62
MW increases the operating cost to $16,132.80, an increase of $41.2, verifying the margina
cost. Similarly at the DEMARG9 bus the marginal cost is 17.74 $/hr; increasing the load
from 44 to 45 MW increases the operating cost by $17.8. Note, because of convergence
tolerances the manually calculated changes may differ slightly from the marginal cost

values.

Total Cost: 16091.6 $/h “0 jrvses o) T

:::::::

sssss

LLLLL 38 02 pul savoves 02P! 38 uw
2 Mvar

N E 30345
101pu (1) suckviss ) ?\
avovim ® |som

- L0100

12.30 The Hannah69 LMP goes above $40/MWh when the areaload multiplier is 1.48. The
associated one-line for this operating condition is shown below.

Hannah69 LMP:
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Chapter 13

Transmission Lines: Transient Operation

13.1 From the results of Example 13.2:

V(x,t)=%U_1[t—5j+gu_l(t+§—21j
v v

i(xt) :%u_l(t—fj—%u_l(uf—%)
- % v

C

Fort=r/2=|—:
2v

I——x x—§I
V(Xéj=§U1 2 L Ey |2
% 2 %

——X x—§l
i(x,zJ: Eu 2 |- Ey |2
2) 22 v | 22

s
I

]
b=
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I
Fort=7r=—:
Y

L e e G L e e e ey

T

o]~

2 v 2 % 2Z v 2Z, %

+ -5 | + + - X
0 2 I 0 12 1

132 FromExample13.2T,=1and I';=0
E

B

Then from Egs (13.2.10) and (13.2.11),

V(s[5 ] gj{eﬁ +e%:—zfj}
1(x9)-(£ ) %{ _;(M}

Taking the inverse Laplace transform:

V(x,t):%Uz t—f}rguz(uf—zrj
\ V

i(xt)=—U,, [t—%}—iuz (t+§—2¢j

For aramp voltage source, E; (S)=

2Z 2Z

C C
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At the center of theline, where x=1/2,
V(I—,tszU_z(t—zj+EU_2 (t—ﬁj
2 2 2) 2 2

(L) (-2 Eu (i)
2") 2Z 2) 2% 2

E/2 /
4

133 FromEq(13.212) with Z, =S, and Z, =Z:

STE)
sl
tdid

T
2

Le 1 g%
Me(S)=at—=—it  Ty(9)=0

—R+1 S+—=

C R

Then from Eq (13.2.10) with E, () :%

Using partial-fraction expansion

1 2 S[Lzr)
- + [ e \"

S S S+ ée

Lr

Taking the inverse Laplace transform:

-1 1_ T
V(x,t)zgu_l(t—§j+§{—1+ 2eLR'7'-Lc[t v )}U_l(Hf—er

e

<le

V(x,S):%

\"
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At the center of the line, where x= % :

-3¢
2

%
u_l(tﬁ]

vl e)=Eu [t-Z]+E| 1426
2" ) 2 2)" 2

1 0.632E
E
2
3t/2
+ + + + [

0 % T ].. __.I
= T'=Ly#
E
134 T,=0; EG(S)=§
From Eq (13.2.10)
X
V(x5)=2 i_;e [e‘v}
S S+—=
G

Using partial fraction expansion:

54

V(x,S):Eé— e
S+ Zc
+|_G

Taking the inverse Laplace transform,

V(xt)= E[l— e[i;zqul(t _5]

\'

At the center of theline, where x=1/2:
I _(t-7/2)

v(-mj: E{l—e Lo/ 2 ]Ul(t—r/2)
2

E

0.632FE

-

T=Lgl#
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{esv( + 0_6e{§_2,]}

1-(0.6)(-0.5)e>

[ = 3(5,2,)_
3E| e v +0.6e'V
4S 1+0.3e?¥

x X o) |-
V(x5)="E|e ¥ rosels? j} 1-03e2% +(03) e . |

V(x8)=Elev s 066t ) 036 107 _g 1867
4s

—+4r
\

+o.09e‘S(x ) + 0.054e{$_67) . }

V(xt) =%{U_l(t —§j+0.6U_1(t +§—21j
\4 v

—0.3U_1(t X 21) - 0.18U_1[t + X 4rj
\Y \Y;

+O.09U1(t _§_4rj+o.054ul(t J_GTJ”}
\Y \Y;
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At the center of the line, where x —|—2
\Y I—,t =3—E U, t—— +0.6U t—Er
2 4 2
-0.18U , (t—7—27)+009u (t—%)+0054u (t—l—;j }

0.948E

1.2E _ .
0.775E S4E 0.9075E

0.75E

V,, = 0.92308

t

;
mid"__
~3
rqi
o
f\)!

I
2

1 1 =3.0x10°m/s

Jie \/@xloej@xlomj

3
| _30x10° 1 1045-01ms

v 3x10°
2 _
Z 100
(b) FS:_ZC =O EG(S)Z?
< +1
Z

R(SL) RS 100S
%R<S):s_(+F)<: R~ S+50,000.
L

S+

_Z_R(S) S
1Sy
I (8)=—2e - S*50,000 ~_ 50,000
(9 S 2S5+ 50,000
+1 o enntl
z S+ 50,000

358
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part



(c) Using (13.2.11) with x=1 (receiving end)

1+(9) =1 <|,S)=[%}|:e—sr +ﬂeﬂ

200 S+ 25000

IR(S)_E 14_& e =1|:1 1+_—1:|eST
2| S S(S+ 25000) 2

_+_
S S S+25000
|R(s):1 2,1 les
2|5 S+25000

: 1,
ip(t)= > 2—e00sa0® \U_ (t—17)A

} ] f(ms)
0.1 0.2

6
137 (a) -z-cz\/hz\/ﬂzmog
C Vi1.25x10™t

1 1
W=

m

- = 2.0x10°—

JLC (2x10°)(1.25x10") s
| 100.x10°

T _=5x10*S=0.5ms
v 2x10°

L, =100x10°H

C,=1x10°F
Z,(S
R%< )1 S;+ SCl—Z— -t
FR(S): = (CS) — Lc R™c
R\ 41 SR+ +1
Z Z Lz
Sz—é8+ !
r.(9) Lo~ LCh S —4x10°S+1x10
R - T o 3 7
g.Bg, 1 S+4x10°S+1x10
LR LRCR
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(c) Using (13.2.10) with x=1 (receiving end)

2 3 7
VR(S):@(4—OOJ oS S —4x108S+1x10 o
S | 400+ 400 S +4x10°S+1x107

(1 (S—2000-+ 2449.5)(S— 2000 j2449.5)
Vi (S) =50 = : ; oS
'S S(S+2000+ 2449.5)(S+2000— | 2449.5)
V.(5)=50 1,1, 163 . +j1633 -
|'S''S' S+2000+ 24495 S+2000— 24495
I _3.266(2449.5
Vo (S)=50| 2 + (24495) | o
S (S+2000)° +(2449.5)

~(t-7)
Vi (t)= 50{2 —3.266e°540° sin| (2449.5)(t - r)}}ul (t-7)

100
;:: 50
: v - - = f(ms)
0 0.5 1.0 1.5 2.0 2.5 3.0
—6
138 (a) %C:F - /Mzzgg.ng
Cc Vill2x10tn —/—=
We = L =3.0x10° "
JLC /(0.999x10°)(1.112x10 1) s
_1 _80XI0° ) 9998%1045=0.2ms
v 3.0x10° =
?:;G_l E
(b) To=%—=0 EG(s)z§
—S+1
Z,
1
RR[SCJ 1/C =
% _ R _ ( R) RR_]'SOQ
R™ - _ -6
R+ 1 g 1 C,=1x10°F
S O R.Cr
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Z-C
c R _1

LR -
1—* __Zc — RRCR
Q= =
é+1 1
% ZCr
S+1/RCq

o 1 1
RC: ZCr) -S-3.330x10°

Ty= = -
( 1 1 J S+1.0003%x10
S+

per unit

+
RCr  ZCx

(c) Using (13.2.10) with x=0 (sending end)
_Q_ 3
V(O,S):VS(S):E 1 1+ —S=333x10° e
2 S+1.0003x10*
_Q_ 3
v(s)=E[ L, —S-33d0°
2| S (S+1.0003x10¢)
. . -5 -5 7
Vy(S)= E[ 1 (0.333 6.67x10° 6.67x10 jez&

- -
2| & S S S+1.0003x10*

(d) Vs(t)

—(t-27)
= %{tu_l (t)- {0.333(t —27)+6.69x10°° —6.67x10°€0x10° |U_, (t— 27)}

Hms)
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139

Voltz
[=—0.5 Voltage .
=0.6
X 3 k
| _J5E -0
S
T T
Va($) =6V, =%
27 1 T2t
Vy(S) = -5V, = —_‘2355
i = L3t
|
|
! Vi($)=.6 '.»'3=—-‘%€
41 1 I - 14t
Vi(S) =—.5V, = -%55
511 5T
6T 8 Lot
1.2E
| 975E : 9075E D48E
R P B4E
~n
=
| ] | ] | | |
I I I I I ]
0 T T 2t K s 4t 5t 61
3
o 0.975E
oy
z | }-0.135E
-
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13.10

Voltage
- T5E
¥ 1
e s . Ip=06
0 i = 75E | _ .5 0
Tt t T
V() = .6 V, (5)
2T 2t
Vy(S) = -5 V5 (5)
IR VR | [ R S S 3¢
Vi(S) = 6 V3 (S)
4t 14t
Ve(§) = -5 V, (5)
5t + 5T
Vi(S) = .6 Vs (S
6T o 5 ) 16t
| s
cufes 4SE
=
067SE 0405E
- : - : —t——— — ¢
0 T 2 Ll 3t —135E 4t 5t 6t

Vix, 31)

9 1
- — -X
0 L_#

}—135E

-225E
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1311

Voltage
Tap=-3/5 Tpp=3/5
Ts=-3/5 Fewidd
Tpy=2/5 Typ=8/5 5
— ! (Ia+1p)
t(ms) OX 4.E A
‘ 5.5
0.1 T, % =01
bk % (T4+7) = 0.2
0.3 31, (t4+215) =3
0.4 41y (14+31p) = 4
3288.E
0.5 5Tat vy s ~—1932.E Vii§)=: 1 (tqtd1p) = .5
1009) = T5625.5 15625.5
0.6 61, (T4+515) = .6
g
(35) £
= 3288.
S %) E
8 |
0.4
N i + = f(ms)
0 0.1 0.2
_48.
(G25) £ V=0
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13.12

Voltage

Ig=0 Ty =3/5 Tgg=-3/5 Tr=1/3

Position X —»=

(g +1g)

0.1 ms

(T4+15)=0.2

0.3 ms

(214+215) (Ty+315) = 0.4
0.5 ms
(21, +d1g) (T4+515) = 0.6 ms
i 1
) 0.8E L 0.8853E
4
+ - - + Hms)
0.1 0.2 0.3 0.4 0.5 0.6
13.13 vi
[9]
Line Section A Ry Line Section B

7 #

C “C

7

For avoltage wave V," arriving at the junction:
KVL: V,+V,=Vy (1)

KCL: I;+I;\=Ig+V—B
J
A/ A 1 1 \Al
S A= B BV |=22 2
zZ z Z R °\Z R) Z,
R,Z
where Z, =——-
R +Z;
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Solving (1) and (2):

_Zeq -1 2 é
V, = ——Z_C Vi=T,V} Vi = ——Z_C Vi=T_V;
AT % A T AAYA B — % A T - BAYA
— 41 4
Z Z
Since Line Sections A and B have the same characteristic impedance 2., 'y, =I",, and
g =Tgs-
¢ 100x10° 1
w  3x10®8 3
Voltage
;‘Lw =
o r=0 &% " . iR g = 2000 S
* V] AA =—]a‘r. FBB——]!.
0 el 0.1 Ta=+23 2 [yp = +2/3 N
-3V,
113 T
49V,
213 A ISR e
4127V,
3/3 np——— |
—4/81 V,
413 wp— |
A4S 21243 V,
5/3 npee———— |
! ’ 41729V ik
|
6/3 of}— |

%
7 333
ciles
-
o M6 46 S 66 6 86 96 106 116 1206
- + t - + + + t — =t (M5
[ == Z 027
s 206 0 T 247 0.82
2222
A
5
-
g
:«;
}
0.3/ 0.1372 o)
+ i i - ms
—0.2743 0.7 I
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13.14 For avoltage wave V; arriving at the junction from line A,

KVL V; +V, =V (1) i
A
Ve =Vg (2 J_L_. Line B, Z,
Ve =Vg ©) :
Line A, %,
KCL Ii+l,=15+I1l+1]
¥ _ + + i Line C, #¢
ViVE_Ve Ve,
Z L L 2 o
Line D.?‘ED
Using Egs (2) and (3) in Eq (4):
Vi Vioy i, 1) Ve
Z, Z, Z L ) 2y
1
Where Z,, =Z, I Z. £, = 1 1 1
—ZB —Z_C %D
Solving Egs (1) and (5):
Z
T _q
22,12
V= N (VAT AAVASER VA 2(ZalZ) V5 =T,V,*
(Zy/24)+1 (Zg/24)+1

Also A/ WA Vo =T paV," Fea=Tpa=T5a

% _ 1 1
Z, S-ZIL 4 - -3
1315 Ty(S)=g*—=2 1% Ta=1—=¢
G +1 (o G + 1
- 4
E[ & 1 1
VJS):%LWJ: S o2
G c S+ —¢
Ls
Voltage
T (s) Ip==3/5
1(s) )é:n F (S X=:}
) Vi(s) T
T Va(8) = =315 V|(S) v
2 V3(8) = =3/5 T V,(8) 12t
3t Vy=925T Vi(S) I
4t Vo(85) = 9125 T V() 4t
5t st
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13.16 (a)

For 0<t<b57:

3 -3 9
V(1,S)=|1-= [V (S)e¥ +| —+— [T5(S)V,(S)e )
1:9=(1-2 (e 2+ 2 ru(9u(s
V(|,5)=E 1 1_2_ e&—ﬁ(lj(s__z_cll-e}( Z /L JeS(?,r)
5|S ¢, % 25\ S| S+Z /L, | S+ 2 /L
LG
V(LS):E =- 1-z- e 1—2—_2_Z_C/I_G2 -S(30)
5[ o, % 5|s o, Z [5+%°j
L
G G G

Taking the inverse Laplace transform:

—(t-7) —(t-37) 2(t -3 —(t-37)
v(l,t)=2?E[1_eLef%c]u_l(t_r)+2_';[1_etef%c 203 ]U_l(t—Br)

L./ Z

Vo

16 .
w == E
o™

' + >
T 2t It 4t 41
Z;
AN

+

Vs=(N=EU_ () C)

Z 12 200
Vl(t)=EU71(t) %— =100(mj Ufl(t)
7°+—Z—G

V,(t)=66.67U_, (t)kV
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Z =400Q
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Z.12 00
-5t
s 41 24 3
(-Z—C / 2) 200
(C) Line AorB
Voltage
[g=-1/3 [p=-1
¢ (as) ﬁ: 0 — @ X= !:_[(é(] kim
* -
0333 14 v3(51=“”"% T=1/3ms
0.667 2t/ 12t
1.0 3t+4 3t
1.333 411 1 4t
1.667 514 5t
2.0 [ 1ot
(d)
66.67k/V
gi:j 22.22k1V
7.407kIV
]l t ; + 1 + = f{ms)
0 /2 312 5112 T1/2 91/2 111/2 2.0
400 _ 100 _
200 1 300 1
13.17 (a) I'g= = Q= -_=
400 +1 3 100 +1 2
200 300
300_, 2( 300}
r - ﬁ _ l _ 200 :§
AA BA
300 +1 0 300 +1 O
200 200
200, z(zooj
r - 300 1 _\300) 4
BB — - AB — —
200 +1 0 200 +1 0
300 300
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(b) Voltage

_ 1 _ 1 _ 1 _ 1
I'g==T py==Tp=—= I'n=—
3 5 5 2
6 4
Fgn=— Ipg==—
5 5
0 km
f (ms) 0 0 =
{ a=Tg
0.1 Loy =01ms
0.24 0.2
0.3 { +0.3
0.4+ 0.4
0.5 A + 0.5
0.6 1 0.6
0.7 1 T+ 0.7
0.8 1 0.8

Cable A Overhead line B

Att=0, the 10 kA pulsed current source at the junction encounters 200//300 =120 Q.

Therefore the first voltage waves, which travel on both the cable and overhead line, are
pulses of width 50 us and magnitude 10kAx120 Q =1200kV ,

E

Vl(S) =§(1— e*TS) E=1200.kV T =50.us
© 1.333E
= 1600.kV
- 0.0867E
g = 104.kV
= T

05 06 07 08

! } E ! I I I Hms)
0 01 02 03 04 U U

-0.5142E  -0.2423E
=—017kV =-291kV
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13.18 i)

100Q —=

l“J’JJ{ r)

(¢

+

Vv, (0 S o001H

[
i (1) i (1)
+ +
10U o (4 100Q V(0 100 ((§ -2 1,¢-2 (4 100Q V, () @Lman ( § ) 02
o® ¢ gwoa (1) D ¢ g aum (1)
Source Line Inductor

Nodal Equations: Note that T = 0.2 msand At = 0.02 ms
0.02V, (t)=10-1,(t-0.2)
0.011V,, (t)=1,(t-0.2)-1 (t-0.02)
Solving:
V, (t)=50.0[10-1,(t-0.2)] (@)
V,, (t)=920.909] I, (t-0.2)— 1 (t-0.02)] (b)
Dependent current sources:

2
Eq (12.4.10) I (t)=I_(t-0.2)——V_(t

2
Eq (12.4.9 I (t)=1(t-0.2)+—V,(t d
q(1249)  1,(t)=1,(t-02)+ 2V, (1) @

V_(t
Eq(12.4.14) 1 (t)=1_(t-0.02)+ gcgo) (e)

Equations (a) — (e) can now be solved iteratively by digital computer for time
t=0, 0.02, 0.04---ms. Notethat I,( ) and I ( ) ontheright hand side of

Eqgs (a) — (€) are zero during the first 10 iterations while their arguments () are negative.

371
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



13.19

eq
400

—_—

eq(r)

eq (1N =100[U_; (n-U

i (0

L (=0.1)]

+

1) % 400Q V, (n % 400 Q ({)

!I
(t-1667)

5L
(1-.166T7)

Source

Nodal Equations:

E_EU (
4

Vi (t)= 200[4

i (1)

+

(}) §4(mn Vi (0 éqm Q Vi § 400 Q <})

Line section A

ig (0

! CD %400:2 Vs

4
(1-.1667)

+

S ——

Line section B

V, (t)=133.33[ I, (t-.1667) - I, (t—.1667)]

V.,
V,

3<t)=

4(t):0

V.

Dependent current sources:

Eq (12.4.10) 1, (t) =1 (t—1667[ j

;Y_)

Receiving end

~0.2)-1,(t- .1667)}

Eq (12.4.9) 1,(t) =1, (t-.1667)+ (400jv( )

Eq (12.4.10) 1,(t) =1, (t-.1667) ( j (t)

Eq (12.4.9) 1,(t)=1,(t—.1667) + (400Jv( )
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I
(t—.1667)

;V_)\_Y_/

Ry

Line section B

(@

(b)
(©)
(d)

()

(f)

(9)

(h)
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13.20

Equations (a) — (h) can be solved iteratively for t =0,At,2At... where At =0.03333ms.
L().1,( ), 15( ) and1,( ) ontheright hand side of Egs (&) — (h) are zero for thefirst 5

iterations.

EZ; (D

E =100.kV

At=100us (2L,/At)=2000.Q [2?; J:so.

Nodal equations:

Z, =Z =400.Q

=500.us

R

i + i 0 0
400 400
1 1 -1
0 +
( 400 2000] 2000
-1 1 1
0 — —t—
2000 (50 ZOOOJ
Solving:

1

Vi (t)= 200{2— I (t— 500)}

MR

373

(2Lg/A)

Q

V(1) %—Ik(t—SOO)
V,,(t)|=|1,,(t-500)-1, (t—100)
V,(t)| |1, (t=100)+ I (t—100)

l,,(t=500) -1, (t—100)
I (t-100)+ |C(t—1oo)}

Iy (1=Ar)

: 0 Ie(r-Ary
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Current sources:

(12.4.9) Im(t)zlk(t—500)+(%JVk(t)

2
12.4.10) I, (t)=1_(t—500)—-| — [V_(t
(1241001, () =1, (1-500) - 25 ]V (1)
1
12.4.14) 1, (t)=1, (t—-100)+——| V_(t)—-V.(t
(124.30) 1, (1)=1, (t-100)+ [V, () -Ve (1]
(12.4.18) |C(t)=-|c(t-1oo)+%jvc(t)
t Vk Vm VC Im Ik IL IC
HS kv kv kv kA kA kA kA
0 50.0 0 0 025 |0 0 0
100 50.0 0 0 025 |0 0 0
200 50.0 0 0 025 |0 0 0
300 50.0 0 0 025 |0 0 0
400 50.0 0 0 025 |0 0 0
500 50.0 | 8368 | 2034 | 0.25 | 0.2398 | 0.0816 | 0.0814
600 50.0 | 57.69 0.25
Vi
50 kV o . . o . .
0 : } } } } } - (s}
100 200 300 400 500 600
Vim
100 kV
S50 kV +
0 s o ¢ + . | f(us)
0 100 200 300 400 500 600
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13.21

+ +
17!: Cf) § 2 W § #e <¢> (-1 1 (1) Cf) VY § Ry (A2Cg) Cl) I (t=Ar)
\ J “ v “
" o ~
Sending end source Line Receiving end load

E=100.kV Z, =Z =299.73Q R, =150Q
At=50.us T=200.us | Al =25.Q
2C,

Writing nodal equations:

0 t

— 1 {v t}: 2.9973
(_Jr N j n(t)

e | (t—200)+1_ (t—50
299.73 " 150, 25. n )+1¢(t-50)

1 N 1
299.73 299.73

~1,(t-200)

0

Solving:
V, (t)=50.t—149.865I, (t —200)
V,,(t)=19.999[ I (t—200)+1.(t-50)]

Current sources:

(12.4.9) Im(t):Ik(t—200)+(29§.73jvk(t)

12410) 1 (t)=1,(t —200)—(29;73jvm(t)

(12.4.18) Ic(t)z—lc(t—50)+(?15jvm(t)

t |V, Vv, . I I
“s | kv kv kA KA KA
0 |00 0 0 0 0
50 | 0.0025 0 1.66x10°° 0 0
100 | 0.0050 0 3.33x10°5 0 0
150 | 0.0075 0 5.0x10°5 0 0
200 | 0.0100 0 6.67x10° 0 0
250 | 0.0125 | 3.32x10* | 8.34x10° | 1.43x10° | 2.66x10°
300 | 0.0150 | 1.20x10° | 10.0x10° | 253x105 | 6.94x10°
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13.22

100 Q

1000 U, (1)

Lossless line
lumped line losses

0.01 H

60 iy (1) iz (0 6L
O—ANAN—O— DA
+ + + +
oo o JoaDy o Dt no o gD,
° :\___ - ° I (1=02)
Source Lumped Lossless line Lumped Inductor
line losses line losses
Nodal Equations:
'v,(t)] [01767 |-01667]'[ 10 (a)
V,(t) || -0.1667 | 0.1767 | | -1,(t-02) (b)
V,(t)] [ 01767 | -0.1667]"[ I,(t-02) ©)
V,(t)| |-0.1667 | 0.1677 | |-l (t-0.02) (d)
Dependent current sources:
2
Eq (13.4.10) Iz(t)=l3(t—0.2)—(mJV3(t) G
2
Eq (13.4.9) I3(t)=I2(t—0.2)+(mjV2(t) ()
Vv, (t
Eq (13.4.14) IL(t)=IL(t—0.02)+$ (9)

Equations (a) — (g) can be solved iteratively for t =0,At,2At--- where At=0.02ms. I,( )
and 1,( ) ontheright hand side of Eqgs (a) — (g) are zero for the first 10 iterations.

13.23 (&) The maximum 60-Hz voltage operating voltage under normal operating conditionsis
1.08(115/\/5) =71.7kV From Table 13.2, select a station-class surge arrester with 84-
kV MCOV. Thisisthe station-class arrester with the lowest MCOV that exceeds
71.7kV, providing the greatest protective margin and economy. (Note: where additional
economy isrequired, an intermediate-class surge arrester with an 84-kV MCOV may be
selected.)
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(b) From Table 13.2 for the selected station-class arrester, the maximum discharge voltage
(also called Front-of-Wave Protective Level) for a 10-kA impulse current cresting in

0.5 usrangesfrom 2.19 to 2.39 in per unit of MCQOV, or 184 to 201 kV, depending on
arrester manufacturer. Therefore, the protective margin varies from

(450 - 201) = 249KV to (450—184) = 266KV .

Note. From Table 3 of the Case Study for Chapter 13, select avariSTAR Type AZE
station-class surge arrester, manufactured by Cooper Power Systems, rated at 108kV
with an 84-kV MCOV. From Table 3 for the selected arrester, the Front-of-Wave
Protective Level is 313kV, and the protective margin is therefore (450-313) = 137kV or
137/84 = 1.63 per unit of MCOV.

13.24 The maximum 60-Hz line-to-neutral voltage under normal operating conditions on the HV
side of the transformer is 11(345/ \/5) =219.1kV . From Table 3 of the Case Study for
Chapter 13, select aVariSTAR Type AZE station-class surge arrester, manufactured by
Cooper Power Systems, with a 276-kV rating and a 220-kV MCOV. Thisisthe type AZE
station-class arrester with the lowest MCOV that exceeds 219.1 kV, providing the greatest
protective margin and economy. For this arrester, the maximum discharge voltage (also
called Front-of-Wave Protective Level) for a 10-kA impulse current crestingin 0.5 usis
720kV. The protective margin is (1300 — 720) = 580 kV = 580/220 = 2.64 per unit of
MCOV.
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Chapter 14

Power Distribution

141

14.2

14.3

144

145

14.6

See Figure 14.2. Yes, laterals on primary radial systems are typically protected from short
circuits. Fuses are typically used for short-circuit protection on the laterals.

The three-phase, four-wire multigrounded primary system is the most widely used primary
distribution configuration. The fourth wirein these Y -connected systemsis used as a neutral
for the primaries, or as a common neutral when both primaries and secondaries are present.
Usually the windings of distribution substation transformers are Y -connected on the primary
distribution side, with the neutral point grounded and connected to the common neutral
wire. The neutral is also grounded at frequent intervals along the primary, at distribution
transformers, and at customers' service entrances. Sometimes distribution substation
transformers are grounded through an impedance (approximately one ohm) to limit short
circuit currents and improve coordination of protective devices.

See Table 14.1 for alist of typical primary distribution voltagesin the United States [1-9].
The most common primary distribution voltage is 15-kV Class, which includes 12.47, 13.2,
and 13.8 kV.

Reclosers are typically used on (@) overhead primary radial systems (see Figure 14.2) and on
(c) overhead primary loop systems (see Figure 14.7). Studies have shown that the large
majority of faults on overhead primaries are temporary, caused by lightning flashover of line
insulators, momentary contact of two conductors, momentary bird or animal contact, or
momentary tree limb contact. As such, reclosers are used on overhead primary systemsto
reduce the duration of interruptions for these temporary faults. Reclosers are not used on
primary systems that are primarily underground, because faults on underground systems are
usually permanent.

See Table 14.2. Typical secondary distribution voltagesin the United States are 120/240 V,
single-phase, three-wire for Residential applications, 208Y/120V, three-phase, four-wire for
Residential/Commercial applications; and 480Y/277V, three-phase, four-wire for
Commercial/Industrial/High-Rise applications.

Secondary Network Advantages

Secondary networks provide a high degree of service reliability and operating flexibility.
They can be used to supply high-density load areas in downtown sections of cities. In
secondary network systems, aforced or scheduled outage of aprimary feeder does not result
in customer outages. Because the secondary mains provide parallel paths to customer loads,
secondary cable failures usually do not result in customer outages. Also, each secondary
network is designed to share the load equally among transformers and to handle large motor
starting and other abrupt load changes without severe voltage drops.
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Secondary Network Disadvantage

Secondary networks are expensive. They are typically used in high-density load areas where
revenues justify grid costs.

14.7 Asstated in Section 14.3, more than 260 cities in the United States have secondary
networks. If one Googles “secondary electric power distribution networks United States,”
one of the web sites that appearsin the Googlelist is:

Interconnection of Distributed Energy Resources in Secondary...

File Format: PDF/Adobe Acrobat. Electric Power Research Institute and EPRI are
registered service marks of the Electric ... SECONDARY DISTRIBUTION NETWORK
OVERVIEW. Power System Design and Operation ... Printed on recycled paper in the
United States of America ... mydocs.epri.com/docs/public/000000000001012922. pdf

Thefollowing is stated on Page 2-5 of the above-referenced publication:

“Major cities, such as New Y ork, Sesttle, and Chicago have extensive distribution network
systems. However, even smaller cities, such as Albany or Syracuse, New Y ork, or
Knoxville, Tennessee, have small spot or grid networks in downtown areas.”

14.8 (@) At the OA rating of 40 MVA,

40
loa, =——— =1.673 kA per phase
OAL (13.8><\/3) Perp
Similarly,
50
| =—>"  =2092KA per phase
AL (13.8xV3) Perp
65
| =— 22 =2719KA per phase
FoAL (13.8x3) PP

(b) The transformer impedance is 8% or 0.08 per unit based on the OA rating of 40 MVA.
Using (3.3.11), the transformer per unit impedance on a 100 MV A system baseis:

=0.08 (Q] =0.20 per unit
40

transformerPUSystem Base

(c) For athree-phase bolted fault, using the transformer OA ratings as the base quantities,

N 1.0 _
Isc3p = L = =12.5per unit =(12.5)(1.673
ZtransformerPu (008) ( )( )
=20.91 kA/phase

Note that in (c) above, the OA rating is used to calculate the short-circuit current,
because the transformer manufacturer gives the per unit transformer impedance using
the OA rating as the base quantity.
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14.9 (a) During normal operations, al four transformers are in service. Using a 5% reduction
to account for unequal transformer loadings, the summer normal substation rating is
1.20x (30+ 33.3 + 33.3+ 33.3) x 0.95 =148 MVA. With al four transformersin
service, the substation can operate as high as 148 MV A without exceeding the summer
normal rating of 120% of each transformer rating.

(b) The summer allowable substation rating, based on the single-contingency loss of one
of the 33.3 MVA transformers, would be 1.5 x (30 + 33.3 + 33.3) x 0.95= 137 MVA.
Each of the three transformers that remain in service is each allowed to operate at
150% of its nameplate rating for two hours (reduced by 5% for unequal transformer
loadings), which gives time to perform switching operations to reduce the transformer
loading to its 30-day summer emergency rating. However, from the solution to (c),
the 30-day summer emergency rating of the substation is 119.3 MVA. Sinceit is
assumed that a maximum reduction of 10% in the total substation load can be
achieved through switching operations, the summer allowable substation rating is
limited to 119.3/0.9 = 132.6 MVA. Note that, even though the normal summer
substation rating is 148 MVA, it isonly allowed to operate up to 132.6 MV A, so that
in case one transformer has a permanent outage: (1) the remaining in-service
transformers do not exceed their two-hour emergency ratings; and (2) switching can
be performed to reduce the total substation load to its 30-day emergency rating.

(c) Based on the permanent loss of one 33.3-MVA transformer, the 30-day summer
emergency rating of the substation is 1.3 x (30 + 33.3 + 33.3) x 0.95=119.3 MVA. When
one transformer has a permanent failure, each of the other three transformers can operate
at 130% of their rating for 30 days (reduced by 5% for unequal transformer loadings),
which givestime to replace the failed transformer with a spare that isin stock.

14.10 Based on a maximum continuous current of 2.0 kA per phase, the maximum power through
each circuit breaker at 12.5kV is 12.5 x 2.0 x V3= 43.3 MVA. The summer alowable
substation rating under the single-contingency loss of one transformer, based on not exceeding
the maximum continuous current of the circuit breakers, is43.3 x 3x 0.95=123.4 MVA.

Comparing this result with the summer allowable substation rating of 132.6 MVA
determined in Problem 14.9(b), we conclude that the circuit breakers limit the summer
allowable substation rating to 123.4 MVA.

14.11 (a) The power factor angle of the load is 6, = cos™(0.85) = 31.79°. Using Figure 2.5, the
load reactive power is:

Q,=Ssin(g)=10xsn(31L.79°)
= 5.268 Mvar absorbed

Also, thereal power absorbed by theload is § x p.f.=10x 0.85=8.5MW

Similarly, the power factor angle of the sourceiis 6, = cos’(0.90) = 25.84°. The real
power delivered by the source to the load is 8.5 MW, which is unchanged by the shunt
capacitors. Using Figure 2.5, the source reactive power is:

Q=S sn(6)= {%}m (6) :[%}sin (25.84°)

=4.117 Mvar ddlivered
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(b)

(©)

14.12 (a)

The reactive power delivered by the shunt capacitorsis the load reactive power minus
the source reactive power:

Q.=Q —Q,=5.268-4.117=1.151 Mvar

The power factor angle of the load is § = cos’(0.90) = 25.84°. Using Figure 2.5, the
load reactive power is:

Q. = SLsin(eL):loxsin(25.84°)
= 4.359 Mvar absorbed

Also, thereal power absorbed by theload is § x p.f. =10x 0.90 = 9.0 MW

Similarly, the power factor angle of the sourceis 6,= cos’(0.95) = 18.19°. The real
power delivered by the sourceto the load is 9.0 MW, which is unchanged by the shunt
capacitors. Using Figure 2.5, the source reactive power is:

QS=S§sin(95)=[%}xsin(95) ={%}sin(18.19°)

=2.958 Mvar delivered

The reactive power delivered by the shunt capacitorsis the load reactive power minus
the source reactive power:

Q.=Q — Q,=4.359 - 2958 = 1.401 Mvar

Comparing the results of (a) which requires 1.151 Mvar to increase the power factor
from 0.85 to 0.90 lagging; and (b) which requires 1.401 Mvar (22% higher than 1.151
Mvar) to increase the power factor from 0.90 to 0.95 lagging; it is concluded that
improving the high power-factor load requires more reactive power.

Without the capacitor bank, the total impedance seen by the sourceis:

: 1
ZTOTAL = RLINE + JXLINE + 1 1
+-
RLOAD JXLOAD
. 1
ZioraL =3+]6+ E
40" j60
: 1 .. 33.333
ZioraL =3+]6+ W=3+ 16+W
-33.69°

Zrora =3+]6+27.74+[18.49 = 30.74 + | 24.49 :% Q/phase

(al) Thelinecurrentis:

Lo (15)'3?)/00 0.2129
LINE — S5 =— S kA/phase
Zromat 39.30 ~38.54
38.54°
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(a2) Thevoltage drop acrossthelineis:

Vorgs =0 = (3.4 ( Oézlsi]
LINE 0

_( 6.708 \( 0.2129
63.43° )\ —38.54°

1.428
24.89°
Voropl = 1.428 kV

(@3) Theload voltageis:

kV

13.8 1.428
VLOAD :VSLN _ZLINE ILINE =1.05 @ _m
OO
=8.366 — (1.295 +] 0.60010) =7.071- j0.6010
7.096
= kV
-486°

IV, onpl = 7-096V3 = 12.29 kV, |

(a4) Thereal and reactive power delivered to the three-phase load is:
_ 3(Moaoin)® _ 3(7.096)

Rooss =5 o =37eMW
AD
_ 3 (Mooaou)? _ 3(7.096)2 _
Quonpsy = 2N === == 2518 Mvar

LOAD

(@) Theload power factor is:
p.f.= cos[tan‘l (%ﬂ = cos[tan‘l (gﬂ =0.83 lagging

(a6) Thereal and reactive line losses are:
PLINELOSS3¢7 =3l |_|NE2 Rine = 3(0.2129)?(3) = 0.408 MW

Quinerosssp = 3lune” Xune = 3(0.2129)%(6) = 0.816 Mvar

(a@7) Thereal power, reactive power, and apparent power delivered by the distribution

substation are;
Peourcese = Ploase T PlineLosssp = 3.776 + 0.408 = 4.184 MW

QSOURCECB(/; = QLOAD3(/J + QLINELOSS3(/J =2.518 + 0.816 = 3.334 Mvar
%OURCEs(p = (4.1842 +3.334%) =5.350 MVA
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(b) With the capacitor bank in service, the total impedance seen by the sourceis:

1
Ziotar = Rune T 1X e 1 1 1
Roap  1Xioap IXc
. 1

Zigra, =3+ 6+ 1 1 1

40 ' j60 j60

1 . 43.42

= +—— _=43+i6=

ZiotaL =3 +j6 0075 =43 +j6 = ~ o1 Q/phase

(b1) Thelinecurrentis:

13.8
1. 05( j /
Van V3 _0.1927 Iphase

e =7 43.42 —7.94°
7.94°

(b2) Thevoltage drop acrossthelineis:

6.708 ) (0.1927 1.293
Voror = ZiinelLine = (63.43"} (—7,94°j ~55.49° kv

[Voropl = 1.293 kV
(b3) Theload voltageis:

13.8 . 1293
VLOAD :VSLN - ZLINEILINE 105( \/3 ] 10°— 55.49°

=8.366 — (0.7325 +j1.065) = 7.633 — j1.065

7.707
=~ kV
-7.94° ™

IV oap | = 7.707V3 = 13.35 kV,
(b4) Thereal and reactive power delivered to the three-phase load is:

_ 3V omon )? _ 3(7.707)? — 4455 MW

P
LOAD3g R oxo 40

_ 3Vouon)? _ 3(7.707)2
Quonsay =~y 20 = S = 2970 Mvar

LOAD

(b5) Theload power factor is:
p.f. = cos {tanl(%ﬂ = cos[tanl[%ﬂ = 0.83 lagging

(b6) Thereal and reactive line losses are:
PLINELOSS3¢7 = 3' LINE2 RLINE = 3(01927)2(3) = 03342 MW

Quinerosssy = 3 Tune” Xine = 3(0.1927)%(6) = 0.6684 Mvar
(b7) Thereactive power delivered by the shunt capacitor bank is:

2
Q, = Mioon)® _ 371002 _ 5 g76 g
Xc 60
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(b8) Thereal power, reactive power, and apparent power delivered by the distribution
substation are:

P, =P oapsp t PlineLosss, = 4455 +0.3342 = 4.789 MW

SOURCE3¢p

QSOURCEIS(/J = QLOAD3¢7 + QLINELOSSS¢7 - QC =2970+0.6684 — 2.97
= 0.6684 Mvar

Ssourcezp = \ (4.7892 + 0.66842) = 4.835 MVA

Comparing the results of (a) and (b), with the shunt capacitor bank in service, the real
power delivered to the load increases by 18% (from 3.776 to 4.445 MW) while at the
same time:

e Theline current decreases from 0.2129 to 0.1927 kA/phase

e Thereal linelosses decrease from 0.408 to 0.334 MW

e Thereactive line losses decrease from 0.816 to 0.668 Mvar

e Thevoltage drop across the line decreases from 1.428 to 1.293 kV

e Thereactive power delivered by the source decreases from 3.334 to 0.6684 Mvar
e Theload voltage increases from 12.29 to 13.35 kV,

The above benefits are achieved by having the shunt capacitor bank (instead of the
distribution substation) deliver reactive power to the load.

14.13 (a) Using all the outage datafrom the Tablein (14.7.1) — (14.7.4):

(b)

342 + 950 + 125 + 15 + 2200 + 4000 + 370

SAIFI =
4500
=1.7782 interruptions/year
(14.4x 342) + (151.2x 950) + (89.8x125)
SAIDI = +(654.6 x15) + (32.7x 2200) + (10053 4000) + (40x 370)

4500
SAIDI = 8992.966 minutes/year =149.88 hours/year

SAIDI _ 8992.966

CAIDI = = = 5057.34 minutes/year = 84.289 hours/year
SAIFI 17782
8760 % 4500 —[(14.4x 342) + (151.2x 950)
+(89.8x125) + (654.6 x15) + (32.7x 2200)
ASA[ = + (10053 x 4000) + (40x 370)]/60

8760x 4500
ASAI = 0.98289 = 98.289%

Omitting the major event on 11/04 2010 and using the remaining outage data from the
tablein (14.7.1) — (14.7.4):
salp) = 342+ 950+ 125+ 15+ 2200+ 370 _ ; a59 interruptionslyear
4500
(14.4x 342) + (151.2x 950) + (89.8%x125)
+ (654.6 x15) + (32.7x 2200) + (40x 370)

4500
SAIDI = 56.966 minutes/year

SAIDI =
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SAIDI _ 56.966
SAIFI  0.889

8760x 4500 —[(14.4x 342) + (151.2 x 950)

A = T (89.8x125) + (654.615) + (32.7 2200) + (40x 370)]/60

8760x 4500

CAIDI =

= 64.079 minutes/year

ASAI =0.99989 = 99.989%

Comparing the results of (a) and (b), the CAIDI is 84.289 hour gyear including the major
event versus 64.079 minutesyear or 1.068 hour glyear excluding the major event.
14.14 Using the outage data from the two tables, and omitting the major event:
200 + 600 + 25 + 90 + 700 + 1500 + 100
+ 342 + 950 + 125 + 15 + 2200 + 370
2000+ 4500
SAIFI = 1.110 interruptions/year
SAIDI =[(8.17x 200) + (71.3x 600) + (30.3x 25) + (267.2x 90)
+ (120 700) + (10x1500) + (40x100) + (14.4x 342)
+ (151.2x 950) + (89.8x125) + (654.6x15)
+ (32.7x 2200) + (40% 370)]/[2000 + 4500]
SAIDI =428,568.3/6500 = 65.934 minutes/year
SAIDI _ 65.934

CAIDI = = = 59.400 minutes/year
SAIF 1.110

ASAI =[8760x 6500 — 428,568.3/60]/[8760x 6500] = 0.99987 = 99.987%

SAIFI =

14.15 The optimal solution space is rather flat around a value of 0.066 MW for total system losses.
The below system solution represents an optimal (or near optimal) solution.

1_TransmissionBus
138 kV 1.00 pu
1.050%tap 1.0503tap
@ 3.3 MW ® ® 3.2MW
13 8 kV 2 -0.4 Mvar 3 0.3 Mvar
. 1.050 pu 1.044 pu
Case Losses: 0.066 MW
4com e ) i 9com
0.55 MW 1.048 pu Residential: 0.60@ 1.041 pu 0.55 MW
G222y Commercial: 0.55(Y O 27y
1.047 pu Sind Industrial: 0.80%] 10res Y 1,038 pu
1.1 Mvar—) 50 MW —| ¢ oomwar

0.60 MW
@ 0.48 Mvar 0.18 Mvar

11res
1.1 Mvar 0.0 Mvar

0.55 MW

1.037 pu 0.60 MW
0.27 Mvar

0.18 Mvar

—|_1.035 pu 1.036 pu

— timvar
12res
0.80 MW

0.48 Mvar

0.60 MW
0.18 Mvar

0.80 MW
0.18 Mvar 0.48 Mvar
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14.16 Initial losses are 0.082 MW. When the bus tie breaker is closed the losses increase to
0.124 MW. Thisincreaseis due to circulating reactive power between the two transformers.
The losses can be reduced by balancing the taps; opening some of the capacitors can also
help reduce losses. The below system solution has reduced the losses to 0.053 MW. Again
the solution space isflat so there are a number of near optimal solutions that would be

acceptable.
1_TransmissionBus
138 kV 1.00 pu
1.025%8tap 1.0258tap
@ 2.9 MW @ 2.8 MW
o A -0.2 Mvar
13 8 kV 2 0.2 Mvar 3
. 1.024 pu 1.024 pu
Case Losses: 0.053 MW
4com Cb ) i 9com
0.55 MW 1.022pu  Residential: 0.60y 1.022 pu 0.55 MW
0.22 Mvar Commercial: 0.55% 0.27 Mvar
1:021 pu Sind Industrial: 0.80% 10res ¥ 4022 pu
1.0 Mvar% > .50 MW veons —| % 0.0 Mvar
6com e 0.48 Mvar o N 0.18 Mvar 11res
0.55 MW . lvar .1 Mvar y
0.27 Mvar sorelpy JJ R g.:: :vwar
1.018 pu 7res  jo17pyl 1.023 pu
1.0 Mvar % —| % 0.0 Mvar
13ind 12res
0.60 MW 0.60 MW

0.80 MW 0.00 MW
0.18 Mvar 0.48 Mvar 0.00 Mvar 0.18 Mvar

14.17 Because of the load voltage dependence, the total load plus losses are minimized by
reducing the voltages to close to the minimum constraint of 0.97 per unit. Again, the
solution spaceis quite flat, with an optimal (or near optimal) solution shown below with
total load + losses of 9.882 MW (versus a starting value of 10.644 MW).

1_TransmissionBus

138 kV 1.00 pu
0.981%tap 0.987%tap
4.9 MW ® 4.9 MW
-0.2 Mvar 0.4 Mvar
2 3
13.8 kV 0.979 pu 0.980 pu
4com Total Load+Losses: 9.882 MW 9com

0975pu  Residential: 1.00% 0.98 MW

0.97 MW ! 0.975 pu

0-39 Mvar Commercial: 1.00% 0.49 Mvar
0.972 pu 5ind Industrial: 1.008 10res 0.972 pu

0.0M
0.9 Mvar% 0.97 MW 0.97 MW _| E van
6com G 0.58 Mvar 0.29 Mvar 11res
0.9 Mvar 0.9 Mvar
0.97 MW 0.971 pu 0.97 MW

0.49 Mvar QLR (I \L P 0.29 Mvar
0.971 pu é 0.971 pu

0.9 Mvar % E 0.9 Mvar

0.97 MW

0.58 Mvar 0.29 Mvar
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