10.10. What reactance must be placed in the neutral of the generator of Problem 9
to limit the magnitude of the fault current for a bolted double line-to-ground fault
to that for a bolted three-phase fault?

The generator base impedance is

— % =18 2
From (10.86) the positive sequence component of fault current is
Fi — 1 _ 0.2 43X,
“ 025+ (0-150)_(20:.}?;33(1:) 0.0575 + 1.2X,,

and from (10.86) the zero sequence component of fault current is

25)(0.24+3X,
1- SSeies 0.0075 + 0.45X

0.05 + 3X, T 3.6X2+0.2325X + 0.002875

0= —
The double line-to-ground fault current is

Ifpra = 3I%
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Since the magnitude of the fault current is to be equal to 4, we get
4

% ==
l(}.l 3

Substituting for /2, we have

4 0.0075 + 0.45X
3 3.6X2+0.2325X + 0.002875

which results in the following second-order polynomial equation

14.42% — 0.42X — 0.011 =0
The positive root of the above polynomial is X = 0.0458333 or

Xn = (0.0458333)(18) = 0.825 Q2



10.14. The zero-, positive-, and negative-sequence bus impedance matrices for a
three-bus power system are

020 0.05 0.12
70 =005 010 008 | pu

0.12 0.08 0.30

0.16 0.10 0.15
pu
0.156 0.12 0.2

Ih =T =] lo.m 0.20 012

Determine the per unit fault current and the bus voltages during fault for
(a) A bolted three-phase fault at bus 2.

(b) A bolted single line-to-ground fault at bus 2.

(c) A bolted line-to-line fault at bus 2,

(d) A bolted double line-to-ground fault at bus 2.



(a) The symmetrical components of fault current for a bolted balanced three-phase
fault at bus 2 is given by

? 0 0
IEOIE(F) =|zL | = JTI‘E'(_] = | —jd
0 0 0

The fault current is

111 0 5/-90°
*F)=|1a a||-j5|= 5.150°
1 a a 0 5/30°

For balanced fault we only have the positive-sequence component of voltage. Thus,
from (10.98), bus voltages during fault for phase a are

Vi(F) =1 - ZLIh(F) =1 - 50.10(=355) =
Vo(F) = 1= Zg,Io(F) = 1 - 50.20(—j5) =
Va(F) =1 - ZLI(F) = 1 - j0.12(-45)

(b) From (10.90), the symmetrical components of fault current for a single line-to-
ground fault at bus 2 is given by

1.0
Zyo+ Z3y + 23,

B 1.0 B
~ 4020+ j0.20 + j0.10

11 17[-52 6/-90°
1 a a -j2 | =1 040°
1 a a2 | -52 0£0°

From (10.98), the symmetrical components of bus voltages during fault are

I}(F) = I(F) = B(F) =

~j2
The fault current is

I (F) =

0-2%19 [0—30.05(—72)1 [ -0.107
VPR(F) = | V(0) = Zipl; 1~ j0.10(-52) 0.80
0-Z4LI3 | 0—30.10(-352) | [ -0.20 |
0- 251 [0-50.10(-52)]7 [-0.20]
VRF) = | V}0) - 24,13 1 - j0.20(—352) 0.60
0— Z3,13 | 0-50.20(—352) | [ —0.40 |




0— ZH13
V3 (0) = Z3, 13

e

0 — j0.08(—352) —0.16
- {1 o j{].12(-—j2)] = l 0.76 ]

0 — 50.12(—32) —0.24

Bus voltages during fault are

(11 17[-0107 T 0.50£0° 1
VP(F)=|1 a® @ 0.80 | = | 0.9539/—114.79°
|1 a a? ] | —0.20 ] | 0.9539/+114.79° |
[1 1 17[-0207 T 0.0£0° |
VRe(F)=|1 a® a 0.60 | = | 0.9165/—109.11°
[ 1 a a*] | —040] [ 0.9165/+109.11° ]
11 17[-0167 T 0.36£0° T
V&#(F)=|1 a? a 0.76 | = | 0.9625/—115.87°
|1 a a2 ] | =024 ] [ 0.9625/+115.87° |

(c) From (10.92) and (10.93), the symmetrical components of fault current for line-
to-line fault at bus 2 are

R=0
V5 (0) _ 1 _
Zy, +Z2,  j0.20 +50.20

D=-I3= —j2.5

The fault current is

11 1 0 0
Igbc(F) =11 a2 a —752.5 | = | —4.33
1 a a? 32.5 4.33

From (10.98), the symmetrical components of bus voltages during fault are

0 0
= | 1-j0.10(-j25) | = | 0.75
0 — 50.10(j2.5) 0.25

0
ViH(0) = Zi, I3

WHF) =

0 0 0
VI12(F) = [ V2 (0) — 23,13 ] = l 1 — 50.20(—752.50) ] = [ 0.50 ]
0-— Z3,I% 0 — j0.20(52.5) 0.50



0 0 0
VSPR(F) = | V4(0) = Z1} | = llmjo.m(—;ﬂb) =1 0.70
0— Z%,12 0 —50.12(52.5) 0.30

Bus voltages during fault are

11 1 0 1£0°
VE(FY=|1 a? a 0.75 | = | 0.6614/—139.11°
1 a a*] [02 0.614/+130.11°

1 1 1 0 120°
VzabC(F) =11a%2 a 0.50 | = | 0.50/180°
' 0.50 0.50£+180°

ngm(F) —

& 0.30 0.6083£+145.285°

11 1 0 1£0°
1 a? a 0.70 | = | 0.6083/—145.285°
1 a a

(d) From (10.94)—(10.96), the symmetrical components of fault current for a double
line-to-ground fault at bus 2 is given by

V2(0) 1 ,
I} = =— e = —3§3.75
Z2.(ZY. . 70.20(50.10)
Z3 + ?éj—g__égr} 70.20 + 555610
2o Y@ -Zhl} 1-5020(-4375) _ ) o
2= 3 - — =1l.
Z5, 70.20
10— _Va(0) = Z3, 13 _1-;0.20(—53.75) _ 2.5
’ Z3, 7020 -

The phase currents at the faulted bus are

11 1 j2.5 0
1 a? a —43.75 | = | 5.7282/139.11°

Ig.b(;(F) -
1 a a® 71.25 5.7282/40.89°

and the total fault current is
IS + I = 5.7282/139.11° + 5.7282/40.89° = 7.5/90°

From (10.98), the symmetrical components of bus voltages during fault are

0— Z%H19 0 — j0.05(52.5) 0.125
VPR(E) = | VN0) -~ 213 | = =
0 — 72,13

1 — j0.10(—43.75) 0.625
0 — j0.10(j1.25) 0.125
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[ 0-2%I8 7 [ 0-—340.10(25) 1 [0.25]

VRR(F) = | V(0) — 23,1} | = | 1 - j0.20(—33.75) | = | 0.25
0—-22,15 | | 0 —30.20(51.25) | | 0.25 |
[ 0—-2%19 1 [ 0-35008(;2.5) 1 [0.20]

VI(F)= | V4(0) - ZL,I3 | = | 1 - 50.12(~53.75) | = | 0.55
0-2%12 | | 0-30.12(j1.25) | |0.15 |

Bus voltages during fault are

I 1 1 0.125 0.875/0°
Vlab(:[F): 1 a2 a 0.625 | = | 0.50/—-120°

1 a a? 0.125 0.50£+120°

142 1 0.25 0.7520°
Ve (Fy= |1 a? a}lo.z‘s]:l 0 ]
1 a a? 0.25 0
i 3 1 0.20 0.90£0°
VER(F) = [1 a? a J [0.55} = [0.37754—113.413‘*}
1 a a2 0.15 0.3775/+113.413°



(d) For a bolted double line-to-line fault at bus 1, we have
1
]

[ A 59TE TRy “j30276? pu
30.2275 + +; 5
1 - (0.2275)(—j3.02767

(O 2 DTION IS O00E) i ooy

j0.1875
I(F) = 3I% = 4.979/90° pu

10.16. For Problem 10.15, obtain the bus impedance matrices for the sequence net-
works. A bolted single line-to-ground fault occurs at bus 1. Find the fault current,
the three-phase bus voltages during fault, and the line currents in each phase. Check
your results using the zbuild and Igfault programs.

First, we obtain the positive-sequence bus impedance matrix. Add branch 1, 235 =
40.1 between node ¢ = 3 and reference node 0. According to rule 1, we have
VAR

bus

= Z3z = z30 = j0.1

Next, add branch 2, z49 = 70.1 between node ¢ = 4 and reference node 0

Z(Q) _ Zag 0 _ 70.1 0
bus ™ 0 Zu - 0 j0.1
Add branch 3, z94 = j0.25 between the new node ¢ = 2 and the existing node
p = 4. According to rule 2, we get

o [30.35 0 ;,o.ll

bus —

0 jo1 0
jO.1 0§01

Add branch 4, z;3 = j0.25 between the new node ¢ = 1 and the existing node
p = 3. According to rule 2, we get

4035 0 4501 0
Zh 0 4035 0 301
bus = | 50.1 0 401 0
0 401 0 j0O.1
Add link 5, zj2 = j0.3 between node ¢ = 2 and node p = 1. From (9.57), we have
70.35 0 701 0 |—70.35
0 j0.35 0 j0.1| j0.35
. j0.1 0 701 0 | =50.1
bus ™ 0 70.1 0 j0.1] 50.1

-j0.35 j0.35 —j0.1 jO.1| 41



From (9.58)

i —j0.35

AZAZ 1] j0.35

S = 5 i‘jg‘i [—j0.35 j0.35 —j0.1 j0.1]
0.1

§0.1225 —350.1225  50.0350 —30.0350
—j0.1225  j0.1225 —;0.0350  50.0350
§0.0350 —350.0350  50.0100 —30.0100
—50.0350  50.0350 —30.0100  j0.0100

From (9.59), the new positive-sequence bus impedance matrix is

rj0.35 0 ;0.1 0 §0.1225 —50.1225 50.0350 —;0.0350

zi — | 0 4035 0 jO.l| |-j0.1225 j0.1225 —j0.0350 j0.0350
us = | 501 0 0.1 0 50.0350 —3j0.0350 0.0100 —;0.0100
0 jo1 0 jo.1] [-j0.0350 30.0350 —;j0.0100 50.0100

r50.2275 j0.1225 j0.0650 50.0350
40.1225 50.2275 j0.0350 ;0.0650
40.0650 §0.0350 ;0.0900 50.0100

| j0.0350 j0.0650 50.0100 50.0900

Next, we obtain the zero-sequence bus impedance matrix. Add branch 1, z;9 =
70.25 between node ¢ = 1 and reference node 0. According to rule 1, we have

Z) = 7)) = 210 = j0.25
Next, add branch 2, 299 = 50.25 between node ¢ = 2 and reference node 0

72 _ Zpn 0 ] _[5025 0
bus ™ 0 Zy |~ 0 70.25

Add link 3, z;2 = 70.5 between node ¢ = 2 and node p = 1. From (9.57), we have
70.25 0
73 _ 0 70.25

bus

—50.25 T
70.25

—j0.25 j0.25| jl

From (9.58)
AZ AZT 1 [—jo.za
Zw Gl j0.25

[ j0.0625 —j0.0625
= | —j0.0625  j0.0625

] [—j0.25 j0.25]



From (9.59), the new positive-sequence bus impedance matrix is
70 j0.25 0 [ 70.0625 —350.0625
L 0 450.25 —50.0625  §0.0625
70.1875 40.0625
70.0625 350.1875

For a bolted single line-to-ground fault at bus 1, from (10.90), the symmetrical
components of fault current is given by

1.0
Zh + ZHh + 23,
1.0

= = —41.5564
70.2275 + j0.2275 + j0.1875 ¢

11 1 —351.5564 4.6693/-—90°
1 a2 a —71.5564 | = 0L0°

1 a a? —71.5564 0£0°

RF)=1(F)=I}(F) =

The fault current is

Ig(F) =

From (10.98), the symmetrical components of bus voltages during fault are

T 0-2%19 1  [0-40.1875(—51.5564) 1 [ —0.2918 ]
VP2(F) = | Vi{(0) - Z1,I} | = | 1—50.2275(—51.5564) | = | 0.6459
0-2z3I% | | 0-30.2275(—51.5564) | | —0.3541 |
' [© 0—=Z& I} [0 — 50.0625(—751.5564) ] [ —0.0973
VRB(F) = | V{(0)—ZL 1] | = | 1—30.1225(—51.5564) | = | 0.8093
0-2317 | | 0 — 70.1225(—51.5564) | | —0.1907 |
[ 0—-Z%IY 1 [ 0-3j0(—jl5564) 1 [ 0 ]
VHF) = | V3(0) = Z3, I} | = | 1-0.0650(—j1.5564) | = | 0.8988
0-2z413 | | 0-30.0650(—351.5564) | [ —0.1012 |
[ 0-2919 1 [ 0-40(—j15564) 71 [ 0 ]
VOI2(F) = | V}O0) = ZhI} | = | 1 —30.0350(—351.5564) | = | 0.9455
0-2z4#I1¢ ]| [0-350.0350(—51.5564) | | —0.0545 |

Bus voltages during fault are

11 1 ~0.2918 0/—180°
Ve(F)y=|1 a® a 0.6459 | = | 0.9704/—116.815°

1 a a? —0.3541 0.9704/+116.815°



11 171[-009737 [  0.52140°
Vi(F)=11a* a 0.8093 | = | 0.9567/—115.151°
11 a o®] [ -0.1907 | | 0.9567/+115.151° |
11 137 0 1 [ 07977.0° )
Vik(F)y=1|1d® a 0.8988 | = | 0.9535/—114.727°
L1 a o®] [ -0.1012 ] | 0.9535/+114.727° |
11 1 0 0.8911/0°
V*(F)=|1 a® a 0.9455 | = | 0.9739/-117.223°
1 a a®] | —0.0545 0.9739/+117.7223°

The symmetrical components of fault currents in lines for phase a are

VRE)=V(F) ] o
:i_;;?;_;_ 0'09?33-0{_5 0.2918) 0.3891/ —90°
1912 = 2(']: Gl 044-8093}5_?;54*9 = | 0.5447/-90°
VE(F)-V2(F) -n,1gn7;}(—n,3541) 0.5447/—90°
L 12 g o
[ V2(P)-V(F) ] 0—(—0.2918) i
Z18 o0
VPV .
92 = Vi (F}z ‘Vl ) | _ 0'898?5,3'564dg) = | 1.0117/-90°
V2(F)~V2(F) ~0.1012—(=0.3541) 1.0117/—90°
i —z]ga__— | 70.25
pillei=ricv iy 0—(—0.0973) 0
) 2 (F B
192 = Vi (F}z Vo (F) | _ 0,94‘:;{358093) = | 0.5447/-90°
V2(F)2V2(F) —~0.0545—(~0.1907) 0.5447/—90°
| A= | — j0.25

The line fault currents are

I T | 0.3891/—90° 1.4784/—90°
1 a2 a 0.5447/-90° | = | 0.1556/90°
1 a a? 0.5447/—90° 0.1556/90°

Igie(F) =

b =

1 1
IZ(F)=|1@a® e
1

0 2.0233/-90°
1.0117/90° | = | 1.0117/90°
(4] G2

1.0117290° 1.0117/£90°



1

{L(Lz'

1 1
IZ(F)=|1 a? a 0.5447/—90°
1 : 0.5447/—90°

0

|

To check the result we use the following commands

zdatal = [0 3 0 0
0 4 0 0
1 3 0 0
1 2 0 0
2 4 0 0
zdata0 = [0 3 0 0
0 4 0 0.05
0 1 0 0.25
0 2 0 0.256
1 3 9999 9999
1 2 0 0.50
2 4 9999 9999]
Zbusl = zbuild(zdatal)

Zbus0 = zbuild(zdata0)
zdata2 = zdatal;
Zbus2 = Zbusl;

2140
410
.25
e
.25];
.05

lgfault(zdataO, Zbus0O, zdatal, Zbusl,

which result in

Zbusl =
0 + 0.22751 0+0
0 + 0.1225i 0+0
0 + 0.06501 0+0
0 + 0.03501 0+0
Zbus0 =
0 + 0.18751 0+ 0
0 + 0.0625i1 0+ 0
0 + 0.0000i 0+0
Q0 + 0.00001 0+ 0.

Line-to-ground fault analysi
Enter Faulted Bus No. -> 1

Enter Fault Impedance Zf = R + j*X in
complex form (for bolted fault enter 0). Zf = O

.122531
.22751
.03501
.06501

.06251
.18751
.00001

00001

=]

cocoo
+ + 4+ +
cocoo

C O OO0

Single line to-ground fault at bus No.

Total fault current =

+ o+ o+ o+
cooo

1

4.6693 per unit

0.5447/90°
0.5447 /90°

{1.08951——90O

|

zdata2, Zbus?2)

.06501
.03501
.09001
.01001

.00001
.00001
.05001
.00001

[eNoRoNol

OO 00
+ + 4+ o+

+ + 4+ +

.03501
.06501
.01001
.09001

loNeoNoNol

.00001
.00001
.00001
0.05001

o OO



Bus Voltages during the fault in per unit

Bus  -=-——--- Voltage Magnitude-------
No. Phase a Phase b Phase ¢
i} 0.0000 0.9704 0.9704
2 0.5214 0.9567 0.9567
3 0.7977 0.9535 0.953b
4 0.8911 0.9739 0.9739

Line currents for fault at bus No. 1

From g meess Line Current Magnitude----
Bus Bus Phase a Phase b Phase c
1 F 4.6693 0.0000 0.0000
2 1 1.4786 0.1556 0.1556
3 1 2.0234 1.0117 1.0117
4 2 1.0895 0.5447 0.5447



