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ECL 4340

POWER SYSTEMS

LECTURE 16
SYMMETRICAL FAULTS, FAULT CURRENT

[EnY

© Bereading Chapter 7.

® HW 9is uploaded, due November 11, Friday.

Exam Il is on November 8, Tuesday.
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where |I| = steady-state current, rms value
I'| = transient current, rms value excluding dc component
|1”| = subtransient current, rms value excluding dc component
X, = direct-axis synchronous reactance

Xy = direct-axis transient reactance
X; = direct-axi$ subtransient reactance

| E,| = rms voltage from one terminal to neutral at no load
0a, ob, oc = intercepts shown in Fig. 10.3.
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o A 500 MVA, 20 kV, 3¢ is operated with an internal
voltage of 1.05 pu. Assume a solid 3¢ fault occurs
on the generator's terminal and that the circuit
breaker operates after three cycles. Determine the
fault current. Assume

X, =0.15 X,=024, X,=1.1 (all per unit)
T, =0.035 seconds, T; = 2.0 seconds
T, =0.2 seconds

~

Substituting in the values

_1
(L)

1.1 1024 1.1

(L)oo
0.15 0.24

1,.(0) = 1-050.15 =7pu

I.(t) = 1.05

. 500x10°
e 320x10°

1)
Ipe(0) =101 kA x+/2 02 143k A T (0) =175 kA

=14,433 A I,.(0)=101,000 A

(o)

Evaluating at t = 0.05 seconds for breaker opening

1 1 1) -0.05
e et A
1.1 (024 1.1

( 1 1 j—o.os
e 0.035
0.15 0.24

1,.(0.05) = 70.8 kKA

1,.(0.05) = 1.05

—0.07
I5(0.05)=143 xe /02 kA=111k A

Tays(0.05) =70.8% +1112 =132 KA

©



o To simplify analysis of fault currents in networks
we'll make several simplifications:

1. Transmission lines are represented by their series
reactance

2. Transformers are represented by their leakage reactances

3. Synchronous machines are modeled as a constant voltage
behind direct-axis subtransient reactance

4. Induction motors are ignored or treated as synchronous
machines

5. Other (nonspinning) loads are ignored

10

For the following network assume a fault on the terminal of the
generator; all data is per unit except for the transmission line reactance

X=0s 1l JI95 R X=0.]
| !— AT =a Tk |
generator has 1.05
R terminal voltage &

(x"/l( e () supplies 100 MVA Protor (leo met)
Xe' = 0-15  with 0.95 lag pf X= 0.2

Convert to per unit: X, = 13182/5 =0.1 per unit
100

11

X=o-l  jqcn 0.l

AR ESLTE ST

Cr e otor- (o mva)
A ] K= 0.2
Jo.IS qgo-l g0l go.t J4o.9.
T,
+
(&) «— T

e

To determine the fault current, we need to first estimate

the internal voltages for the Generator and Motor.
For the generator V; =1.05, S; =1.0£18.2°
_ (1 .0£18.2
Gen 1.05
E} =1.05£0°+(0.9044 - j0.2973)x j0.15=1.103£7.1°

) =0.952/-18.2°=0.9044 - ;0.2973

12
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DAL g0l god go. yo.9.
b T

=1.008£—26.6°
We can then solve as a linear circuit:
I =1, +1, :1.10347.1 +1.0084—26.6
g j0.15 j0.5
=7.353/-82.9°+2.016£-116.6°= j9.09

® Circuit models used during the fault allow the
network to be represented as a linear circuit

® There are two main methods for solving for fault
currents:
1. Direct method: Use pre-fault conditions to solve for the

internal machine voltages; then apply fault and solve
directly

2. Superposition: Fault is represented by two opposing
voltage sources; solve system by superposition
first voltage just represents the prefault operating point
second system only has a single voltage source

Faulted Condition
301§ Jos

S EI:M‘ Em
{

Eq

Exact Equivalent to Faulted Condition
301 oS

by two equal and
To=D_ TS E: opposite voltage
E‘;} Sl JLF Em sources, each with
& ! a magnitude equal
to the pre-fault voltage

Fault is represented
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Pre-fault (1) component equal to the pre-fault
power flow solution

pre-fault

is zero!
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Since this is now a linear network, the faulted voltages
and currents are just the sum of the pre-fault conditions
[the (1) component] and the conditions with just a single

voltage source at the fault location [the (2) component]

301 s Jos Obviously the

“fault current”

16

Fault (2) component due to a single voltage source
at the fault location, with a magnitude equal to the
negative of the pre-fault voltage at the fault location.

1 2 1 2

I, = 1;’+1§> L, = 19+12
— D@ g @
Ip= I +177 =0+17

17

3015

Te™>  + — T,
v,
[ e ( < T

Before the fault we had E; =1.05.£0°,
1M =0.952/-18.2° and IV = —0.952/ ~18.2°
4

Jo:l  god yo. go.9

Solving for the (2) network we get JolI¥ 305
[ ﬂ><-,
E, 105200 [} T
P = L =2 =—j7 E €3)
g jo.15  j0.15 YT
@ = B 105200,
i0.5 j0.5 This matches
19 = —j7-j21=-j9.1 what we
4 s / calculated

1,=0952/-18.2°— j7=735/-82.9°  carlicr

18
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The superposition approach can be easily extended

to larger systems. Using the Y, we have
Yy, V=1

For the second (2) system there is only one voltage

source so I is all zeros except at the fault location

0 However to use this
I =|-I, approach we need to
first determine I,

=
O

Define the bus impedance matrix Zy,, as

-1
Zbus = Ybus V= ZbusI

Vl(2)
le . Zln 0 V2(2)
Then | : |. 1 ||-I/|=] :
an . Znn 0 V,,(E])
i-th V(z)
n

For a fault at bus i we get -1,Z; =-V, = —Vl-(l)

20

Hence
0 s Z 4
I = - V-()=Z-l-(—1 ):_JVI_()
Zi ! o Zi
Where
Z; = driving point impedance
Zy(i#j) = transfer point imepdance

Voltages during the fault are also found by superposition

v, = yO4y@ V) are prefault values
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For simplicity assume the system is unloaded
before the fault with

Eg = Egp = E,3=1.05£0°

Hence all the prefault currents are zero.

-15 10 !
Zys = j| 10 =20 5
0 5 -9

0.1088 0.0632 0.0351
= j|[0.0632 0.0947 0.0526
0.0351 0.0526 0.1409

1.05

For a fault at bus 1 we get I, = =—j9.6=1
TR S

[0.1088 0.0632 0.03517[ /9.6
v = 00632 0.0947 0.0526| 0
10.0351 0.0526 0.1409 || ©
[ —1.0520°
=| -0.602£0°
| -0.337.£0°
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1.05£0° -1.05£0° 0£0°
V = |1.05£0° [+| -0.606£0° | =| 0.444£0°
1.05£0°| |-0.337£0° 0.713.£0°

T e S e
@ = VO otttlo -
@

J0.2 JO.2§

1-05(0

One Five Four Three

0.724 pu
0.000 deg

27



current.

T, T ,
1
% f f 3
100 Mv4 106 MVA Xine = 20 Q0 100 MVA
138K 13.8kVA/138 KVY 138 kVY/13.8 kVA
X" = 0fi6 = 0.10 X =0.10

The synchronous g¢gnerator in Figure 7.3 is operating at rated MVA, 0.95 p.f.
lagging-and at 5%/above rated voltage when a bolted three-phase short cit-
cuit occurs ‘at bus 1. Calculate the per-unit values of (a)_subtransient fault
current; (b) subtransient generator and motor currents, neglecting prefault
current; and (c) subtransient generator and motor currents including prefault

100 MVA
13.8 kV
X' =020

28

j0.1 j0.1080

jo.1

j0.20¢ X5
o ©

100 MVA Xine = 20 O 100 MVA
13.8 kV A/138 kVY 138 kVY/13.8 kVA
X =0.10 X = 0.10
A 1
JXine  Xr2 2 4

(a) Three-phase short circuit

(b) Short circuit represented by
two opposing voltage sources

100 MVA
13.8kV
X" =020

jo.2

.
Qe

[ Xine

X
jo.1 jO.1080 jO.1
swW

(a) Three-phase short circuit

/51

ghort circuit represented by
two opposing voltage sources

I52

{c) Application of superposition

30
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j0o.15 | + j0.505

I I L

j0.508

(d) V set equal to prefault voltage at fault

31

(d) Vi set equal to prefault foltage at jault

Figure 7.4(d), the Thévenfn impedgnce as viewed from the fault is

- (0.15)(0.505)

Zm = Xt = J (515 1 0.505)

= j0.11565 per unit

and the prefault voltage at the generator terminals is

Ve =1.05/0° per unit

The subtransient fault current is then

o Ve 105/ _
= Zm  jO.11565

—j9.079  per unit

32

Thévenin impedance as viewed from the fault is

(0.15)(0.505)
/1015 +0.505)

Zry = jXm = = j0.11565 per unit

and the prefault voltage at the generator terminals is
Vg =1.05/0° per unit
The subtransient fault current is then

y_ Ve LSO i
Ig _Z-;h—jo.11565_ j9.079  per unit

Using current division in the first circuit of Figure 7.4(d),

" 0.505 " _ . _ .
= (0—‘505_'”0.15 I = (0.7710)(—/9.079) = —7.000 ’ per unit

" 0.15 " _ i — i
Ly = (0.505+0‘15 I = (0.2290)(—/9.079) = —j2.079  per unit

33
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j0.508

c. The generator base current is
I __ loo
base, gen —( /3)(138)

and the prefault generator current is

=4.1837

100 o
=— [ 0.95 = 3.9845/—18.19° kA
t f)(105x138)/ = /L

3 98‘251;3178 19° =0.9524/—18.19°

=0.9048 — j0.2974 per unit

The subtransient generator and motor currents, including prefault current,
are then

I = I + I, = —j7.000 +0.9048 — j0.2974
= 0.9048 — j7.297 = 7.353/=82.9° per unit
Il =1 — I, = —j2.079 — 0.9048 + j0.2974
= —0.9048 — /1.782 = 1.999/243.1°  per unit

34

JXn jXr 2

JXine

j0.1050  j0.1

j0.20

jo1

An alternate od-of ing Example 7.3 is to first-calculate the
internal voltages E; and E, using the prefault load current I.. Then, instead
of using superposmon, the fault currents can be résolved directly from the
cireuit in Figure 7.4(a) (see Problem 7.11). However, in a system with many
synchrondus miachines; the superposition method has the advantage that all
-machine voltage sources are shorted, and the prefault voltage is the only
“source reqmred to calculate the fault current, Also, when calculating the con-
‘tributions to fault current from each branch, prefault currents are usually
small, and hence can be neglected. Otherwise, prefault load currents could
be obtained from a power-flow program. ; |

35

JXu P Xine

jO.1 j0.1080 j0.1

SW

(a) Three-phase short circuit

Generator:
o vltspe pedird #5 sublbansiont reactm,
Ej=V,+jlI, X, JY}ZJuéf}/ﬁnJ’f@)‘t Tnternal 1/9@2‘/
Ey=V,+jI.X, Vorfage behind 2 Cransient yeactane,

o Cransent mferral wvelfe 3%
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/‘M: /)\zftld 47( )’fo/f an#{/f/’{enel?}!o(_
Bl =V, —jI.X! = acls ar a_}ovefafar
E, =V, —jlL.X;
36
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Admittances rathef than impedances Mqye been marked In per unit W this
diagram. If EJ, E;,|EZ, and V; are short-cidquited, the voltages and currents are
those due only to |~ V;. Then the only curreRt entering a node from a source is
that from — ¥ anfl is —1I% into node 4 (I7 frompode 4) since there is no current
in this branch untl the insertion of — V;. The no¥g equations in matrix form for
the network with [V the only source are

—1233 00 40 Vi
off | oo -1w08 25  su||
of|TM 40 25 —wmss soN e| (010
e 50 50 80 —180]| ¥,
38
07 [-1233 00 40 507 )
0 00 -1083 25  sof| w
=j (10.11)
0 40 25 —1783  so|| we
~17] 50 50 80 —180)|-V

By inverting the bus admittance matrix of the network of Flg 10.12 we
obtain the bus impedance matrix. The bus voltages due to —V} are given by
. -1
[ ] [0 Zous = Yous
143 0 Zy Zun Zyy Zy
ya [= %] g Zy, - Zy Zy Zy Zy
-V I _I}JI Zy Iy Iy Zy
and so = Zy Zy Zy @
v,
= _f/ (10.13)
' 2
and
Z Zl4
Vi=—-17Zy = _—Z;Vf
Zz Z34
Vi= -2y, vi= -2y, (10.14)
P Zw T T Zu !

39
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Ve b, 4 V=Y, ~ 2,
Vo=V, + VA=V, = 1 Zys
Vi=Vi+ V3=V, =172y,
V=¥, =0

These voltages exist when subtransient current flows and Z,,, has been formed
for a hetwork having subtransient values for generator reactances.
In general terms for a fault on bus k, and neglecting prefault currents,

(10.15)

17
I,==L (10.16)
4 Zkk
and the postfault voltage at bus # is
V= v, - Loy, (10.17)
Z

40

Using the numerical values of Eq. (10.11), we invert the square matrix Yious
of that equation and find

Zis = Yo 0.1488 00651 0.0864 0.0978
7 | 00651 01554 00799 0.0967

v =) 10,0864 00798 01341 o403

00978 0.0967 0.1058

Usually ¥} is assumed to be 1.0/0° per unit,
faulted network

(10.18)

with this assumption for our

1

17 =m —j6.386 per unit

Vi=1- % = 0.3755 per unit
V,=1-— jg(l)ggz = 0.3825 per unit
Va=1- jgigzi = 0.3244 per unit

41

Currents in any part of the network can be found from the voltages and
impedances. For instance, the fault current in the branch connecting nodes 1 and
3 flowing toward node 3 is

, _Vi—V; 03755-03244
13775025 j0.25
—j0.2044 per unit

From the generator connected to node 1 the current is
E; -V, _1-03755

jo.3 jo.3
= —j2.0817 per unit

" _
I;=

Other currents can be found in a similar manner, and voltages and currents
with the fault on any other bus are calculated just as easily from the impedance
matrix.

42
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+ This equivalent network is drawn in the manner adopted in J. R. Neuenswander, Modern
Power Systems, Intext Educational Publishers, New York, 1971, which refers to the bus impedance
matrix equivalent network as the rake equivalent.

Z22

Figure 10.13 Bus impedance matrix
equivalent network with four indepen-
dent nodes. Closing switch S simu-
lates a fault on node 4. Only the
transfer admittances for node 4 are
shown.

43

@ _j7.037

—j5.952.

Figure 10.14 Admittance
diagram for Example 10.4.

The network with admittances marked in per unit is shown in Fig. 10.14
from which the node admittance matrix is

—22.889 5952 0.0 0.0 7.937
5952 —13.889 7937 00 0.0
Yo =J 0.0 7937 —23.175 2976 4.762
0.0 0.0 2976 —6.944 3.968
7937 0.0 4762 3968 —16.667

44

The network with admittances marked in per unit is shown in Fig. 10.14
from which the node admittance matrix is

—22.889
5.952
0.0
0.0
7.937

You =J

matrix

0.0793
0.0558
0.0382
0.0511
0.0608

Ly =]

5952

—13.889

7.937
0.0
0.0

0.0558
0.1338
0.0664
0.0630
0.0605

0.0
7.937

—23.175

2976
4.762

0.0382
0.0664
0.0875
0.0720
0.0603

0.0 7937
0.0 0.0
2976 4.762
-~ 6.944 3.968
3968 —16.667

0.0511
0.0630
0.0720
0.2321
0.1002

This 5 x 5 bus is inverted on a digital computer to yield the short-circuit

0.0608
0.0605
0.0603
0.1002
0.1301

45




00793 00558 00382 00511 0.0608
00558 0.1338 00664 0.0630 0.0605
Z,, =j | 00382 00664 00875 00720 0.0603
00511 00630 00720 £0232D 0.1002
00608 0.0605 0.060¥ (@.1002) 0.1301

ig. 10.J3 will help in finding the

Visualizing a network like that of 2
desired currents and voltages.
The subtransient current in a thyée-phase ffult on bus 4 is

i 10
j0.2321
At buses 3 and 5 the voltages are
V3 = 1.0 — (—j4.308)(j0.0720) = 0.6898 per unit
Vs = 1.0 — (—j4.308)(j0.1002) = 0.5683 per unit
Currents to the fault are
From bus 3: 0.6898(—j2.976) = —j2.053
From bus 5: 0.5683(—j3.968) = —j2.255
—j4.308 per unit

From the same short-circuit matrix we can find similar information for
faults on any of the other buses.
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