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11.1 INTRODUCTION 

Chapter 9 was devoted to the treatment of symmetrical (three-phase) faults in 
a power system. Since the system remains balanced during such faults, analysis 
could conveniently proceed on a single-phase basis. In this chapte_r, we shall 
deal with unsymmetrical faults. Various types of unsymmetrical faults that 
occur in power systems are: 

Shunt Type Faults 

(i) Single line-to-ground (LG) fault
(ii) Line-to-line (LL) fault
(iii) Double line-to-ground (LLG) fault

Series Type Faults 

(i) Open conductor ( one or two conductors open) fault.
It was stated in Chapter 9, that a three-phase (3L) fault being the most severe

must be used to calculate the rupturing capacity of circuit breakers, even though 
this type of fault has a low frequency of occurrence, when compared to the 
unsymmetrical faults listed above. There are, however, situations when an LG 
fault can cause greater fault current than a three-phase fault (this may be so 
when the fault location is close to large generating units). Apart from tl)is, 
unsymmetrical fault analysis is important for relay setting, single-phase 
switching and system stability studies (Chapter 12). 

The probability of two or more simultaneous faults ( cross-country faults) on 
a power system is remote and is therefore ignored in system design for 
abnormal conditions. 
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The method of symmetricar cclmponents presented in chapter 10, is a
powerful tool for study of unsymmetrical faults and witl be fully exploited in
this chapter.

UNSYMMETRICAL FAULTS

Consider a general power network shown in Fig. 11.1. It is assumed that a
shund type fault occurs at point F in the system, is a result of which currenm
Io, 16, /, flow out of the system, and vo, v6, v"are voltages of lines a, b, c with
respect to ground.

Fig. 11.1 A general power network

Let us also assume that the system is operating at no load before the
occurrence of a fault. Therefore, the positive sequence voltages of all
synchronous machines will bc identical and will equal the prefault voltage at F.
Let this voltage be labelled as Eo.

As seen from F, the power system will present positive, negative and zero
sequence networks, which are schematically represented by Figs. Il.2a, b and
c. The reference bus is indicated by a thick line and the point F is identified on
each sequence network. Sequence voltages at F and sequence currents flowing
out of the networks at F are also shown on the sequence networks. Figures
1 1.3a, b, and c respectively, give the Thevenin equivalents of the three sequence
networks.

Recognizing that voltage Eo is present only in the positive sequence network
and that there is no coupling between sequence networks, the sequence voltages
at F can be expressed in terms of sequence currents and Thevenin sequence
impedances as

Unsymmetrical Fault Analysis

Fig. 11 .2 Sequence networks as seen Fig. 11.3 Thevenin equivalents of the
from the fault point F sequence netWorks as seen

from the fault point F

Depending upon the type of fault, the sequence cunents and voltages are
constrained, leading to a particular connection of sequence networks. The
sequence curents and voltages and fault currents and voltages can then be
easily computed. We shall now consider the various types of faults enumerated
earlier.

11.3 STNGIE LINE-TO-GROUND (tG) FAULT

Figure 11.4 shows a line-to-ground fault at F in a power system through a fault
impedance ZI. The phases are so labelled that the fault occurs on phase a.

Fig. 11.4 Single l ine-to-ground (LG) fault  at F
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At the fault point F, the currents out of the power system and the line to ground
voltages are constrained as follows:

Unsvmmetrical Fault Anatvsis 
fffiH

r = E o'at 
(zr * zz * z) +3zr

Fault current /o is then given byI u =  o

I r =  0

vo = zllo
The symmetrical components of the fault currents are

Expressine Eq ,r':l; ,';',.*1;,ij;.*.ar componenrs, we have
Vot * Voz * Voo = ZfIo = 3zflor

As per Eqs. (11.5) and (11.6) all sequence currents are equal and the sum
of sequence voltages equals 3zf lot Theiefore, these equations suggest a series
connection of sequence networks through an impedan ie 3zf ut rrio"*n in Figs.
11.5a anci  b.

la,t= laz = t"o= t h

l"s= I,,1= t t,

(zr * zz * zo) +32
The above results can also be obtained directly from Eqs. (11.5) and (11.6)

by using Vop Vo2 and Voe from Eq. (11.1). Thus
(Eo- IolZ) + (- IorZr) + (- I"&d = 3Zf lot

I (4+  4+ Zo)  +  3z f l lo r=  Eo

Ior =
(zr * zz -t Z) +3zr

The voltage of line b to ground under fault condition is

Vu= &Vor+  aVo2*  Voo

= o,2 (n' - ̂  +)* 4-',+). (-" +)
Substituting for /o from Eq. (11.8) and reorganizing, we ger

3rl2 zr + Z2(& - a) + zo(& - D
( Z r * 2 2 + Z o ) + 3 Z t

be similarly obtained.

(rr.2)
1  1 .3 )

(11 .4 )

(11 .5 )

(11 .6 )

.  (11 .7 )

(11 .e )
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The expression for V, can
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Fig' 11'5 Connection of sequence network for a single l ine-to-ground (LG) fault

In terms of the Thevenin equivalent of sequence networks, we can write from
Fig .  11 .5b .

Fault Occurring Under Loaded Conditions

When a fault occurs under balanced load conditions, positive sequence currents
alone flow in power system before the occurrence of the fault. Therefore,
negative and zero sequence networks are the sanle as without loacl. The positive
sequence network must of course carry the load current. To account for load
current, the synchronous machines in the positive sequence network are
replaced by subtransient, transient or synchronous reactances (depending upon
the time after the occulTence of fault, when currents are to be determined) and
voltages behind appropriate reactances. This change does not disturb the flow
of prefault positive sequence currents (see Chapter 9). This positive sequence
network would then be used in the sequence network conhection of Fig. 11.5a
for computing sequence currents under fault

In case the positive sequence network is replaced by its Thevenin equivalent
as in Fig. 11.5b, the Thevenin voltage equals the prefault voltage Vi atthe fault
point F (under loaded conditions). The Thevenin impedance is th6 impedance
between F and the reference bus of the passive positive sequence network (with
voltage generators short circuited).
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fni, i, illustratecl by a two machine system in Fig. 11.6. It is seen fiom this
figure that while the prefault currents flow in the actual positive sequence
network <lf Fig. 11.6a, the samc do not exist in its Thevenin equivalent network
of Fig' 11.6b. Therefore, when the Thevenin equivalent of positive sequence
network is used fot calculatlng fault eurre+ts, the positive sequenee eurrents
within the network are those due to fault alone and we must superimpose on
these the prefault currents. Of course, the positive sequence current into the
fault is directly the correct answer, the prefault current into the fault being zero.

(c)

Fig. 11.6 Positive sequence network and its Thevenin equivalent before
occurrence of a fault

The above remarks are valid for the positive sequenie network, independent
of the type of fault.

t7.4 LrNE-TO-LrNE (LL) FAULT

Figure I 1.7 shows a line-to-line fault at F in a power system on phases b and
c through a fault impedance Zf . The phases can always be relabelled, such that
the fault is on phases b md c.

b

l6

Fig. 11.7 Line-to-l ine (Lt) fault  through impedance Z/

fault can be expressed as

(b)

The currents and voltages at the

[ 1 " : o
I

I o =  
l I u
lI, : -Ir

The symmetrical components of

I
l ,
t '
_i
the

Vo-  Vr=  IoZf

fault currents are

( 1 1 . 1 0 )

from whlch we get

Io2= -  Io l

1.,0 = 0

The symmetrical components of voltages at F under fault are

Writing the

3voz= v, + (tr + ,l) vo - ull Iu

from which we get

3(va- voz) - (a - &1zrtu - iJi y' to
Now

I v,,f , [t a o'f l ' '  
Il r " , l = i l t  a 2  " l l r ,

LV"o)  L r  1  I  l L " ,  - z r  ra )
first two equations, we have

3vot= vo + (a+ &) vu -  &zf tu

( 1 1 . 1 1 )

( 1 1 . 1 2 )

( 1 1 . 1 3 )

(  1  1 . 1 4 )

16= (& -  a)  Io t  ( :  Ioz= -  Io t ,  1oo = 0)  . r

= -  j J t  I " r  (  11 .15)
Substituting 16 from Eq. (11.15) in Eq. (11.14), we get

Vot -  Voz= Zf Iot ( 1 1 . 1 6 )

Equations (11.11) and (11.16) suggest parallel connection of positive and
negative sequence networks through a series intpedance V as shown in Figs.
11.8a and b. Since loo= 0 as per Eq.(11.12),the zero sequence network is
unconnected.

Vaz

_1
laz

Fig. 11.8 Connection of sequence networks for a l ine-to-l ine (LL) fault

In terms of the Thvenin equivalents, we get from Fig. 11.8b

F

lat

(  1  1 . 1 7 )
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From Eq. (11.15),  we get

- jJi n,
4 + 2 2 + Z l  

\ .

Knowing l,-trwe carl calsqld{e v,,, and, vorfromwhich vsltages at the fault,

I ' - -  !  -  J ' - u o
u  L  

Z , * 2 " + z ft + 2 2 +
(  1  1 .18)

be found.

(1  1 .19)

( r  1 .20)

If the fault occurs from loaded conditions, the positive sequence network can
be modified on the lines of the later portion of Sec. 1r.3.

11.5 DOUBLE LrNE-TO-cRouND (Lrc) FAULT

Figure 1 1.9 shows a doubre line-to-ground fault at F in a power system. The
fault may in general have an impedance Zf as shown.

tra -  a
Y / u = 9

b -  - , . . \ .

_.__ |
r"l t'o z! t'"o| ___ _,__r:]tr"

Fig. 11.9 Double l ine-to-ground. (LLG) fault  through impedance Zl

The current and voltage (to ground) conditions at the fault are expressed as
I o = o  l

ot 
i", + Io, + I"o =o|

V,,= V, = Zf (lt, + Ir) = 37rf 1,,r,
The symmetrical components of voltages are given by

l ! : '1 [r a " ' ] lr. l
l ! : ' l=  * l  '  a2 o l lvu I1"v,, , )  , l_ l  

I  r l l ,ur)
f iom which i t  fol lows rhat

v,,t = V.z = Llv,, + (a + r11V,,1
3 " '

v,,o= 
1"" 

+ 2vu)
From Eqs. (11.22a) and (t I.Z2b)

voo- vot= 
tr, 

- ,r- &1 vu= vt = 3zfloo

(rr.21)

( I l .22a)

(rr.22b\
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or

Voo= Vot  *  3Zf  Ino (  l  1 .23)

From Eqs. (11.19), (l l .22a) and (11.23), we can draw the connection of
sequence networks as shown in Figs. 11.10a and b. The reader may verify this
by writing mesh and nodal equations for these figures.

(b)

Fig. 11.10 Connection of sequence networks for a double l ine-to-ground
(LLG) fault

ln terms of the Thevenin equivalents, we can write from Fig. 11.10b

I . =  
E o

, l - @

En
(11 .24)

zt + z2(zo *3zI )  I  (22 + zo + 3zt )
The above result can be obtained analytically as follows:

Subst i rut ing for  Vut,  Vuz and V,* in terms of  E, , in Eq. (11.1) and
premultiplying both sides by Z-t (inverse of sequence impedance matrix), we
get

I
I
Vss
I

+
I

Vaz

: 1
laz

Ea

Z1

l t ; '  o l [ r , , -z t rut  I
I o z;' o lln,-2,r", I
I o o z; '  l l  E,, - 2,r,,, +3zf I,,nl'=17' 

;, ilt?l l';"1
I o  o  z o t ) L o )  L r , o _ J

(rr.2s)



From Eq. (11.22a), we have
Eo-  Z t lo t=-  Zz loz

Substituting loz= - (Ior + Io) fsee Eq. (11.19)]

Eo- Zr lot= Zz(Ior + Ios)

or

I  ^ =  
E o  - (  z t + z ' \ '' u o -  
, - l  , "  1 " '

Substituting this value of Ioo in Eq. (rr.26) and simplifying, we finally get

f  
" l  

=

If the fault takes place from loaded conditions, the positive sequence network
will be modified as discussed in Sec. 11.3.

r- --- ----- - - li e+tflP.f ;;!utrl,,r|

Figure 1 1.1 1 shows a synchronous generator whose neutral is grounded through
a reactanca Xn.The generator has balanced emfs and sequence reactances X1,
X., and Xu such that X, = Xz > Xo.

406t'l Modern powe1_syglgll 4!g!yg!s

1-.gltiitiUying both sides by row marrix tl 1 1l and using Eqs. (11.19) and
(1I.20), we ger

xn Ea

----l'FJf[\--|  """ .--\"/: : / )
+)- )

b
c

Fig' i i . i  i  Syne hronous generator grounded through neutral reactance

(a) Draw the sequence networks of the generator as seen from the terminals.
(b) Derive expression for fault current for a solid line-to-ground fault on

phase a.

be more than the three-phase fault current.

Fig. 11.12 Sequence networks of synchronous generator grounded through
neutral impedance

(d) Write expression for neutral grounding reactance,
current is less than the three-phase fault current.

Solution (a) Figure 11.12 gives the se-
quence networks of the generator. As stated
earlier voltage source is included in the
positive sequence network only.

(b) Connection of sequence networks for a
solid LG fault (ZI = 0) is shown in Fig.
11.13, from which we can write the fault
current as

ll)rc - 3 l  E , l
zx t+& , *3X , ,

\
O<

lx,
?
i
l .

Negative

such that the LG fault

(i)

(c) If the neutral is solidly grounded

llol LG = = 
3l E"l

2 \ + x c
For a solid three-phase fault (see Fig.

I  Eo l  _  3 lE " ll I ) r r = ; : : t

Comparing (ii) and (iii), it is easy to
l lo l  Lc> l lo l3L

An important observation is made here that,
when the generator neutral is solidly
grounded, LG fault is more severe than a 3I_
fault. It is so because, Xo * Xr = X, in
generator. However, for a line Xo D Xt = Xz,
so that for a fault on a line sufficiently away
frorn generator, 3L fault will be ntore severe
than an LG fault.

lqs= 1131.

F ig .  11 .13  LG fau t t

n
E " ( )  I

f t  l

\ lq l
Xt'4 I

7 i
L _ _  l

Fig. 11.14 Three-phase
fauft

(ii)

1  1 . 1 4 )

(iii)

see that
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(d) with generator neu,tral grounded through reactance, comparing Eqs. (i)

and (iii), we have for LG faurt current to be less than 3L fault
3 l  E , l

24 + Xo +3X,

2X, + Xo + 3Xn> 3Xl

*^, I(xr - xo)
J

F i g .  1 1 . 1 5

Solution (Note: All values are given in per unit.)
Since the two identicar generators operate in paralrer,

Two 11 kV, 20 MVA, three-phase, star connected generators operate in parallel
as shtrwn in Fig '  l l '15,  thc posi t ive,  negat ivc and-zero sequence reactances ofeach being, respectively, j0.1g, j0.r5,7o.10 pu. The star point of one of thegenerators is isolated and that of the other is earthed through a 2.0 ohm resistor.
A single line-to-ground fault occurs at the terminals of one of the generators.
Estimate (i) the faurt current, (ii) current in grounding resistor, and (iii) thevoltage across grounding resistor.

408

(iv)

i;;;ili",i:rl

Xr.o = = i0.0g, Xr"q= t-'# = j0.075

Since the star point cf the second generator is isolated, its zero sequencereactance does not come into picture. Therefore,

Z o " q = 7 O . 1 0  + 3 R n = j 0 . 1 0 + 3 x  4 : +  = 0 . 9 9 +  i 0 . 1
( l l ) ' ,  r -

For an LG fault ,  using Eq. (11.1g), we ger

3E

j 0 . 1 8

Iy (fault current for LG fault) - Io = 3lo, =
Xt"o + Xz"qlZo",

- a . 1 . - . 4 s ^ & g . . . - ' r } . } . * ' * . 3 a - - - } l ! - } - } . } ' Q t p t |

Unsymmetrical Fault Analysis l'i

tltrffi
3 x 1 f

J

= 0.965 = 6 .13  kV

For the system of Example 10.3 the one-line diagram is redrawn in Fig. I 1.16.
On a base of 25 MVA and I 1 kV in generator circuit, the positive, nega"tiue and
zero sequence networks of the system have been drawn already in Figs. 10.23,
10.24 and 10.27- Before the occurrence of a solid LG at bus g, the motors are
loaded to draw 15 and 7.5 MW at 10 kV, 0.8 leading power factor. Ifiprefault
current is neglected, calculate the fault current and subtransient current in all
parts of the system.

(a) Ir=I f  -  
:

J  - ' A A A  r  : A A 4 E ,  . n  rj  0.0e + j0.07 s+ j0.1 + 0.9e 0.99 + j0.26s

= 2.827 - j0.756

(b) Cunent in the grounding resisror = If = 2.g27 _ j0.756

llrl = 2.926 x -:L- = 3.07 kA"  J 3  x l l

(c) Voltage across grounding resisror = * e.g2i - j0.756)
12r

- 0.932 - j0.249

What voltage behind subtransient
sequence network il prefault current

Xo = 0.06 pu Tz e

(H+----
2 . 5 A -  d  ) (  | Xo = 300 fl

Fig.  11.16 one-r ine diagram of the system of Exampre 11.3

solution The sequence networks given in Figs. 10.23, 10.24 and r0.2i are
connected in Fig. 11.17 to simulate a solid LG fault at bus g (see Fig. 11.16).
[ f  n re fo r r l t  n r r f f an fo  a ra  nan lo^+^ . ivu r r v r r lD  q rv  r r vS l vvL ( / \ I

E'l= E',!,t = E',1,2 = vj (prefault voltage at g)

= 1+ = o.eoe pu

reactances must be used in a posit ive
is to be accounted fbr'/
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I

l- io.t+z

------+ -i0.136
-i0.1 36

*_-- - j0.311

.447

i 0.608 11.712

I -p.oo,

Fig. 11.17 Connection of the sequence networks of Example 1 1.3.
Subtransient currents are shown on the diagram in pu for a solid
line-to-ground fault at g

The positive sequence network can now be easily replaced by its Thevenin

e q u i v a l e n t  a s  s h o w n  i n  F i g .  1 1 . 1 8 .

Reference bus

T

r

--'>

0.99 +i0.607

Now

. Unsymmetrical Fautt Anatysir mblT-
Zz= Zr  = j0 .16 pu

Fiom the scquence network connection

Vf
f _ J' o r  -  

7 3 7 ; 4

= q'901 = - jo.Ml pu
j2.032

Ioz= Ioo= Ior = - j0.447 pu

Fault current = 3loo = 3 x (- j0.447) = - jL341 pu

The component of Io, flowing towards g from the generator side is

j0.447 x !: ?:= = - 70.136 puj0.7ss

and its component flowing towards g from the motors side is

- jo.Ml * i,?s?-s= = - j0.311 puj0.7ss
Similarly, the component of Io2from the generator side is - j0.136 pu and

its component from the motors side is -70.311. All of Iosflows towards g from
tnotor 2.

Fault currents from the generator towards g are

I r,1 [ r I rl [-ro.r30l l-i0.2721
l l l . l l l l

I r u l = l a z  G  r l l - i o . r r 6  l = l  7 0 . 1 3 6  l p u
Lr .J  lo  u2 rJL o j  L  jo . r36 j

and to g fiom motors are

[ t . . ]  [ t  I  l l f - ro. l t t1  [ - . r l ,06el
I  t o l -  |  a 2  a  r  l l  - r o . s u  l : l - i o . r 3 6 l p u
l " l l ^ l l " l l ' l '
L/,J la e" I )L- j0.447J L- j0.136_l

The positive and negative sequence components of the transmission line
cunents are shifted -90" and +90o respectively, from the corresponding
components on the generator side of Tr, i.e.

Positive sequence current = - j(-jO.136) - - 0.136 pu
Negative sequence current - j(- j0.I36) = 0.136 pu
Zero sequence current = 0 ('.' there are no zero secluence currents

on the transmission line, see Frg. ll.17)
Line a current on the transmission line

= - Q . 1 3 6 + 0 . 1 3 6 + 0 = 0

Iu and I, can be similarly calculated.



4l:iN Modern power System Anatvsis

Let us now calculate the voltages behind subtransient reactances to be used
if the load currents are accounted for. The per unit motor currents are:

25x0 .909x0 .8
136.86 = 0.66 + j0.495 pu

25x0 .909x0 .8
= 0.4125 136.86'= 0.33 + j0.248 pu

Total cuffent drawn by both motors = 0.99 + j0.743 pu
The voltages behind subtransient reactances are calculated below:Motor 1: tr'^' 

= lllt- r:';:: ="ri;Yilii.il r"
Motor 2: E!"2 

= l.l:t-, l';:::iir:tfi il r"
Generator, E'{ = 0.909 + j0.525 x I.2375136.86"

= 0.52 + j0.52 = 0.735145. pu

It may be noted that with these voltages behind subtransient reactailces, the
Thevcnin equivalent circuit will still be the same as that of Fig. 11.19.
Therefore, in calculating fault currents taking into account prefault loading
condition, we need not calculate EIy E/ft and E(. Using the Thevenin
eqtrivalent approach, we can first calculate currents cauied by fault to which the
load currents can then be added.

Thus, the actual value of positive sequence current from the generator
. ^ - - . ^ - l ^  r l - -  f ^ - - l r  ! -ruw:lrus ule Iault ls

0.99 + -j0.743 -j0.136 = 0.99 + j0.607
and the actual value of positive sequence current from the motors to the fault
l s '

-0.99 -j0.743 -j0.311= - 0.99 -jr.054
In this problem, because of large zero sequence react ance, load current is

comparable with (in fact, more than) the fault current. In a large practical
system, however, the reverse will be the case, so that it is normal practice to
neglect load current without causing an appreciable error.

For Example I1.2, assume that the grounded generator is solidly grounded. Find
f } r o  f ^ " 1 +  n r r * a * #  ^ - J  , , ^ l r ^ - ^  ^ f  e L ^  l - ^ ^ t r r ^ - -  - r -  -  -  -  r  r .  r  a .rrrv rcr lrrL t-tursrr l  auLr vurLi l$tr ul t t l9 lr€art l ly pl lase IOf a l fne-to-l lne laUlt On

terminals of the generators. Assume solid fault (Zf - 0).
Solution For the LL fault, using Eq. (11.I7) and substituting the values of
X,"u and Xr"u from Example 11.2, we get

Unsymmetricat Fault Anglysis 
lll4#hF

F
t u a
t a l  -

x*q* Xr", i0.09 + i0.075

Using Eq. (11.15), we have

1y (fault current) = Io = -i

Now

= _ j6.06

3X- j6 .06) : -10 .496

Vot = Voz = Eo - Iorxleq = 1'0 - (- j6.06)

= 0.455

V o o = -  I ^ / ' o - g

Voltage of the healthy phase,

Vo=  Vo t  *  Vnz*  Voo  =  0 .91

u0.0e)

("' /oo = 0)

3or Example 11.2, assume that the grounded generator is solidly grounded. Find
.he fault current in each phase and voltage of the healthy phase for a double
ine-to-ground fault on terminals of the generator. Assume solid fault (Zf - 01.
)olution Using Eq. (1I.24) and substituting the values of Zp* Zr"rand Z*,
rom Example 1l .2,we get (note Zf  =0, Z0"q=j0.1)

t + 7 0
I _r a l  -

' ' r -  - - ; 7 < ?
10.075 x i  0.10io.oe. {: Yj: 

^ J:: l:- j0.075 + j0. i0

Vot= Vo2= Vo1= Eo-  Ior  Zr .q= 1 -  ( -  j7 .53)  ( /O.09)

= 0.323

_ V o z  -
Zr.,

Voo

Zo.,

0.323I _r a 2 -

t -t a 0  -

- j4.306
j0.07s

0.323 .^ A^
=  t 1  / 1

j0.10

Iu= rllot + alo, + Ioo

= (-0.5 -/0.866) (-j7.53) + (-O.5 + _i0.866) U4.306) + j3.23

= - 10.248 + j4.842 - 11.334 1154.74'

I r=  e l , r ,  +  oz lor*  Ino

= (-0.s + 70.866) (-j7.s3) + (-0.5 -j0.866) (j4.306) + j3.23
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- 10.248 + j4.842 - 71.334125.28"

Voltage of the healthy phase,

Vo= 3Vat = 3 x 0.323 = 0.969

11.6 OPEN CONDUCTOR FAULTS

An open conductor fault is in series with the line. Line currents and series
voltages between broken ends of the conductors are required to be determined,

lc c i c '

Fig. 11.19 Currents and voltages in open conductor fault

Figure 1 1.19 shows currents and voltages in an open conductor fault. The ends
of the system on the sides of the fault are identified as F, F', while the
conductor ends are identified as ua /, bb / and cc'. The set of series currents and
voltages at the fault are

l - l  I  f  v  . l
l ' ,  I  l ' " " ' l

r  - l t ,  l : v : l v . . , l' p  
l - ,  1 ' ' P  I  

o o ' l

L / ,  I  L V , , ,  )
The symmetrical components of currents and voltages are

[ /.' I 1v,,,,,,1
t. = | I^. l: v" :l v^-," I"  l " ' l  |  " " ' l

L/.,, J lVou'o )

The sequence networks can be drawn for the power system as seen from FF/
and are schematically shown in Fig. ll.2O. These are to be suitably connected
depending on the type of fault (one or two conductors open).

Two Conductors Open

Figure lI.2l represents the fault at FF /with conductors
currents and voltages due to this fault are expressed as

Voo '=  0

1 6 = I r - Q

b and c open. The

(rr.27)
(11 .28)

Unsymmetrical Fault Analysis 
| 

,415

Positive sequence
network

Negative sequence
network

Fig. 11.20 Sequence networks for open conductor laull at FF/

[n terms of symtnctrical cotnponents, we can wrlte

Zero sequence
network

F  I F '

I
I
I

c " c '
I

Fig 11.21 Two conductors  open

' t D

Vonl  *  Voo,2* Vno,g = O

I o t =  I o 2 =  I n o -  + 1 "

Fig.11.22 Connection of sequence
networks for two conductors
open



Onc Con-luctor Open

1
V o o l =  V o o r 2 =  V o o r y =  * V o o ,

J

I o t *  I n  +  I o o = 0

Equations (11.33) and (1I.34) suggest a parallel
networks as shown in Fie. 1I.24.

la

F

a

t  c ' ,  c /, c + -
i

Fig. 11.23 One conductor open

tt'6 il Modern Power System Anatysis
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Equations (11.29) and (11.30) suggest a series connection of sequence
networks as shown in Fig. II.22. Sequence currelrts and voltages can now be
computed.

For one conductor open as in Fig. 11.23, the circuit conditions require

V b b , = V r r , = O  ( 1 1 . 3 1 )

Io = O (11.32)

In terms of symmetrical components these conditions can be expressed as

(11 .33)

(11 .34)

connection of sequence

lao

Fig. 11.24 Connection of sequence
networks for one conductor
open

II.7 BUS IMPEDANCE MATRIX METHOD FOR ANALYSIS OF
UNSYMMETRICAL SHUNT FAULTS

Bus impedance method of fault analysis, given for symmetrical faults in
Chapter 9, can be easily extended to the case of unsymmetrical faults. Consider
fbr example an LG fault on the rth bus of a n-bus system. The connection of
sequence networks to simulate the fault is shown in Fig. I1.25. The positive
sequence network has been replaced here by its Thevenin equivalent, i,e.

prefault voltage Vf_. of bus r in series with the passive positive sequence

network (all voltage sources short circuited). Since negative and zero sequence
prefault voltages are zero, both these are passive networks only.

Reference bus
for passive
positive
sequence
network

Fig. 11.25 Connection of sequence networks for LG fault
on the r th bus (positive sequence network
represented by its Thevenin equivalent)

It may be noted that subscript a has been dropped in sequence currents and
voltages, while integer subscript is introduced for bus identification. Super-
scripts o and /respectively, indicate prefault and postfault values.

For the passive positive sequence network

Vr-"us = Zr-nus Jr-"ut
where

V t - u u s  = positive sequence bus voltage vector (1 1.36)

Zr-nus

and

- positive sequence bus impedance matrix

/ 1  1  2 ? \
\ L  r . J  t  )

bus cunent injection vector (l1.38)

( 1 1 . 3 5 )

Z-tr l
: l

Zt-nn )

[/'-' I
l t t . ' |  =  posi t ive sequence
l : l
r l

[--l
t l
I V""'z I

L-'i-- ' ryl

Jr-sus =



t4l8 | todern power Svstem Analvsis
I

Thus the passive positive seguence network presents an impedance Zr_ r, to the
positive sequence current I{_r.

For the negative sequence network

Vz-uus = Zz_sus Jz_nus (11.41)

The negative sequence network is injected with current lfr_, at the rth bus
only. Therefore,

nly at the

(1  1 .3e)

sequence

( 1 1.40)

As per the sequence network connection, current - IJr_, is injected o
faulted rth bus of the positive sequence network, we have therefore

subst i tut ing Eq.(11.39) in Eq. (11.35),  we can wrire the posi t ive
voltage at the rth bus of the passive positive sequence network as

V,-, ' = - Zr-rrlfr-,

0

0

-,i{ ,
0

(1r.42)

The negative sequence voltage at the rth bus is then given by

Y r , = -  z r  r r l f ,  I
Thus, the negative sequence network offers an impedance Zr_rrto the negative
sequence current ltr_,

Sirnilarly, fbr the zero scqucnce network

Vu-uu, = Zo-sus J,,-",r, ( 1 1  . 4 4 )

Jo-sus =

0
0

-r {^  u - r

0

(r  1.46)
Zrr_,.,. to the zero

Jz-sus =

( l  1 .43 )

(  l  l .4s)

and Vo_, = - Zs_,.rlf s_,.,
That is, the zero s.equence network off'ers zrn intpeclance
sequence cuffent l'-*r.

From the Sequence network connection of Fig. 11.25, we can now

-  r f-  t 2 - r

vro-, (rr.47)
2r-,, * zz-,, I Zo-r, +3zf

Zl-rr, Zr-r, and Zo-n

other types of faults can be simila*Seomputed using

in place of  Zr,  Zrand Zoin Eqs. (1I .7) ,  (11.17) and

write

ue

(11.24) with E, - Vi-,.
Postfault sequence voltages at any bus can now be computed by superposing

on prefault bus voltage, the voltage developed owing to the injection of

appropriate sequence current at bus r'.

Foi passive positive^sequence network, the voltage developed at bus i owing

to the injection of - IIr-, at bus r is

Vt-r=-  Zr- ,J f r - ,

Hence postfault positive sequence voltage at bus I is given by

V l - ,=  V i - , -  Z r - , , f r - , ;  i  =  l '  7 '  " ' '  t t

where
prefault positive sequence voltage at bus i

Zr-,, = irth component of Zt-"ut

Since the prefault negative sequence bus voltages

negative sequence bus voltages are given by

V f ' - ' = 0 +  V z - r

- -  -  z r - , r l ' f r - ,

where

are zero, the postfault

l r - , ,  =  i r t l t  co l l lpo l lc l t t  o l '  Z t - t , , t

Similarly, the postfault zero sequence bus voltages are given by

Vd- '  =  -  Zu- ' ' l fu - ' ' ;  j  =  l '  2 '  " ' '  t I

where

= irth component t l f  Z9- sLr.

With postfault sequence voltages known at the buses, sequence currents in

lines can be comPr'rted as:

For line uv, having sequence adrnittarlces yl -ur, Jz',u, and yo-r,

f  , - r r =  l t - u ,  ( V f t - u  -  v [ - r )

I f r - r r=  !2 - , , r ,  (V t - , ,  -  V5- r , )

I i , r -ur= Jo-u,  (Vio-,  -  Vfo-r l

Knowing sequence voltages and currents, phase voltages and currents can be

easily computed by the use of the symmetrical component transformation

Vr, = AV"

Ir, = AI,

( 1 1 . 4 8 )

(  l  r .49)

(  l  r . s0)

(  i l . s  1 )

( r r.s2)
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It appears at first, as if this method is more laborious than computing fault
currents from Thevenin impedances of the sequence networks, as it requires
computation of bus impedance matrices of all the three sequence networks. It
must, however, be pointed out here that once the bus impedance matriceq have
been assembled, fault analysis can be conveniently carried out for all the buses,
which, in fact, is the aim of a fault study. Moreover, bus impedance matrices
can be easily modified to account for changes in power network configuration.

For Example 10.3, positive, negative and zero sequence networks have been
drawn in Figs. 70.23, 10.24 and 10:27. Using the bus impedance method of
fault analysis, find fault currents for a solid LG fault at (i) bus e and (ii) bus
I Also find bus voltages and line currents in case (i). Assume the prefault
currents to be zero and the prefault voltages to be 1 pu.
Solution Figure 11.26 shows the connection of the sequence networks of
Figs. 10.23, 10:24 and 10.27 for a solid LG fault at bus e.

Negative sequence
network iO'345

@ @

i  0.6e

i0.0805

Zero sequence
network

JU.4v+ /U.UUUs v/

Fig. 11.26 Connection of the sequence networks of Example 1 1 .6 for an LG
fault at bus e

Refer to Fig. 11.26 to find the elements of the bus admittance matrices of the
three sequence nefworks. as follows:

@{
@

I Positive sequence 
E"* 

a
network 

10.345

@ @

Unsymmetrical Fault nnarvsis 
liffiffi

l _+  _+^-  =_  j t j .422Yr-aa= 
io.z io.o'os

Yr-re- Yr-a"= 
to;;t 

: jr2-4zz

Yr-n= Yt_,,= 
#* 

.# - - i78.s1e

Yr-"f -- 
*h: 

i6.0s1

Y .  *  I  +  
I  = - i 1 6 . 7 6 9- t-88 j0.085 j0.345 j0.69

vr  I -BUS _
vI 2 _ B U S  _

vr o-dd -

d e f
-t7.422 12.422 0

t2.422 - 18.519 6.097

0 6.097 - 1 8.5 19

0 0 12.422

I
0

0

12.422
-16.769

I
j1.608

= _ j0.62I

v  - Y ,  - - -  1  = - i 1 4 . 4 4 6' o - e e - ' t t - t t -  
j 0 . 0 8 0 5  

'  
j 0 . 4 9 4

1
Y r - r r =  

j t h = - i o ' 5 8 4

Yo-ar= o 'o

-.1
Yo-,r= jofu 

= j2.024

Yo-fs = 0.0

o
6

0
f
0

d e
-0.621 0

vI  O_BUS _ 0 -r4.M6 2.024 0

0 2.024 -14.446 0

0 0 0 -0.584

lnverting the three matrices above renders the fbllowing three bus impedance

matrices

orl
" r r l



Analysis

The fault current with LG fault on

i l=
e

The fault curent with

0

0.07061

0.00989

0

bus c is

3 x 1
j 0J7 636 + j 0.r7 636 + j 0.07 061

LG fault on bus /'is

_ _ 3 x 1
.i0.t82gg + iOlAZgg +/O"O?Gi

0

0.00989

0.07061

0

0

0

0

r.71233

= - j7.086 pu

a)

(i)

Irr

= -  76 .871 pu
Bus voltages and line currents in case (i) can

Eqr. (11.49)-(tI.sZ). Given below is a sample
voltage at bus f and current in line ef
Frorrr Eq. (11.49)

VI-a= Vi_a- Zr_0"- Ifr_"

= t.0 - j0.t2s7s(- '  7'0ttb 
) = 0.703 pu\ "  3  )

Vft-t= Vi-t  -  Z, tu- I f  ,  . ,

= r.o - jo.ns4j (-r, orru 
) 

= o.zzs p,

VJ r - "  =  V"r - "  -  Zr_"o- lJ  r_"

= 1.0 - i0.17638 (- j2.363) = 0.584 pu
vI-r= vi-s - z,-r"-I{-,

= 1.0 - j0.08558 (- j2.363) = 0.798 pu
vfz-f = - zr-.fJfr-"

= - ./0.11547 x (- j2.362) = - 0.272 pu
Vfo-r= - Zo-f"Ifo-, =- j0.00989 x (- j2.362)

= _ 0.023 pu

j0.436s9

(ii)

easily be computcd using
calculation for computing

- - 0.417 pu

VL" = - Zu,,Ifo-, = - j0.0706 x (- j2.362)

- - 0.167 pu

Vfz-r=- 4-r" l l r1 =-j0.08558 x(- j2.362)

= - 0.202 pl

V f u s = - Z u r J f u " = O

Using Eq. (11.52), the currents in various
cornputed as follows:

II+= Yr-p UI+- vI+, )
- - j6.097 (0.728 - 0.s84)

= _ 70.88

I f  ,-0"= Yr4" (Vf ,-a - Vf ,-r)

= - j12.422 (0.703 - 0.584) = - jL482

I,,t= If t-f" * If t-,t, = - 70.88 + (- ,tl .482)

- - i2.362

which is the same as obtained earlier [see Eq. (i)l where If, = 3lut.

IJrsf = YFcf (vf '-, - vf '-)

- j12.422 (-0.798 - 0.728) = - i0.88

Notice that as per Fig. 11.26, it was required to be the same as llr-s".

Iz-f" = Yr-r, (Vfr-r - Vf ,-r)

= -  j6.097 (-  0.212 + 0.417) = -  7O.884

IL- tr.= nt-1a (Vtt-1 - Vfrr,)

= - j2.024 (- 0.023 + 0.167) = - jO.29I pu

Ittn (a) = IJr-f" * It)-r, + {*

= - j0.88 + (- 70.88) + (- j0.291)

- - jz.os
Sirnilarly, other currents can be computed.

A single line to ground fault (on phase a) occurs on the bus I of the system of
Fig. 11.27. Find

parts of Fig. 1I.26 can be
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Ftg. 11.27

(a) Current in the fault.
(b) sc current on the transmission line in all the three phases. :
(c) SC current in phase a of the generator.
(d) Voltage of the healrhy phases of the bus 1.

Given: Rating of each machine 1200 kvA, 600 v with x, = x, = rTvo,
xo = 5vo. Each three-phase transformer is rated rz0o kvA, 600 v - nlgroo
V-Y with leakage reactance of SVo, The reactances of the transmission line are
xr = Xz = 20vo and Xo = 40vo on a base of 1200 kVA, 3300 V. The reactances
of the neutral grounding reactors are 5Vo on the kVA and voltage base of the
machine.

Note: Use Z"u, method.

Solution Figure 11.28 shows the passive positive sequence network of the
system of Fig.l1.27. This also represents the negative sequence network for the
system. Bus impedance matrices are computed below:

I

Unsymmetrlcal Fault Analysis f,r'4l#-T

i t-0.105 0.0451
zr-ws = rLo.o+s o.1o5.J: 

Zz-.sus

sequence network of the system is drawn in Fig. II.29 and its bus
matnx ls ted below.

( i )

Tero

0 .15

0.05

0 . 1 5

0.05

0.05 0.4

Fig.  11.29

Bus 1 to ref'erence bus

Zo-sus = i [0.05]

Bus 2 to bus I

0.05

l-0.0s'Lo.os

.1[0.04s 0.0051
Zo-sus = JZIO.OO5 0.0451

0.05

Bus I to reference bus

Zt_svs = j[0.15]

Bus 2 to Bus I

0.2 0.05

F lg .  11 .28
VO

fr_,

Zr-8r , .= , fo '15, t  -  r lO. tS

Bus 2 to reference bus

zLBr, .= , [o '15rs - "/Lo.rs

o  l 5 t

;;;l

Reference bus

Reference bus

l-0.05 0.051
Zo-nus = /Lo.os 0.451

Bus 2 to reference bus

7zO-BUS -

or

As per Eq. (11.47)

I I - t  =
Z; t r  *  Zz_ t r  *  Zo_r ,  +3Z l

unloaded before fault)But V", = I Pu (sYstem
Then

-j1.0
= - j3.92 pu

,0.105+0.105+0.045

I f r - t = l t r ; = f  - ^ 2 P u

(a) Fault current, I\ = 3If ,-, =

O) Vfvr = Vo r-, = Zt-rr lfr-t

= 1.0 -  70.105 x -  j3.92 = 0.588; Vot;  = |

0.051 ; l-0.051
_ l  l  _ l to .os  o .4s l

0.4s1 0.45 + 0.0s 10.451 
-

(ii)

0.1s1 r l-O.tst
o35J- ** 

"" Lo.rt.l [o'ls o'3s]



Vf t-r= Vor-r- Zr-rJfr-ri Vora = 1.0 (system unloaded before fault)
= 1.0 - j0.M5 x - j3.92 = 0.g24

vtr; = - zr-trfr-t
= -70.105 x - j3.92 = 0.412

V{-z= - Zr-r, Ifr-,

- - j0.045 x - j3.92 = _ 0.176
vfo-t = - zurrlL,

- - j0.045 x - j3.92 = _ 0.176
vt-z= - Zuy IL,

= - 7O.005 x - j3.92 = - 0.02
I{-rz= yvrz (VI_r - Vfr_r)

= -  1-  (0.588 -  0 .824)= j l . r8j0.2

Ifr-rr= !z-n U{-t - Vfr-r)

= * . r -  0 .412 + 0.176)  = i1 .18j 0 . 2 '

If o_r, = lo_tz (Vf u, - Vfur)

= 
;, 

(- 0'176 + o.o2o) = io.3s

I ro_tz= j l .18 + 71.18 + j0.39 _ j2.75

7 f  .  , -  -  i l  t a  . / 1 A I r o  r  . ' 1  - r  o  / 7 ^ f r  .  . n  ^ ^-  D_t .z  _  J  r .  ru  4 -av  _r  
J  r .  ro  z_  tLv  +  Jv .Jy

= _ j07g

If,-rz= jl.18 lI20 + 71.1g lZ4V + il.3g
= j0.79

r l
(c) 4-c = 

,o; 
(1 - o's88) t-33"

- - - 1 . 3 7 - i 2 . 3 8

rLc= .:= to - (- 0.412)) t3o"
j0.1s

r.37 - i2.38

IIo-c= 0 (see Fig' 1I'29)

If o_c= et37 - j2.38) + (1.37 - i2.38)

= _ j4.76

Current in phases b andt:c of the generator can be similarly calculated.

(d) Vfo-r = ZVf vr + Vf ,-, + Vf ur

= 0.588 1240" - 0.4L2 1120" - 0.176

= - 0.264 - j0.866 = 0.905 l- 107"

VIr-t= Vf ,-t + Vfr-, + Vfu'

= 0.588 ll20' - 0.412 1240" - 0.176

- - 0.264 + i0.866 = 0.905 1107"

PROB LEIVIS

11.1 A 25 MVA, 11 kv geaerator has a x"o= 0'2 pu' Its negative and zero

sequence reactances are respectively 0.3 and 0.1 pu. The neutral of the

generatoi is solidly grounded. Determine the subtransient current in the

generator and the line-to-line voltages for subtransient conditions when

an LG f'ault occurs at the generator terminals. Assume that before the

occuffence of the fault, the generator is operating at no load at rated

voltage. Ignore resistances.

11.2 Repeat Problem 11.1 for (a) an LL fault; and (b) an LLG fault.

11.3 A synchronous generator is rated 25 MVA, 11 kV. It is star-connected

with the neutral point solidly grounded. The generator is operating at no

load at rated voltage. Its reactances are Xt' = Xz = 0.20 and Xo = 0'08
r r^r^ i - r^+^ + l^^  - . ,m,-o+einol  or r l r f ronc icnt  l ine et r r re.nfs  for  ( i )  S inSle

pu.  \ -aruula lLE L l ls  DJr luuvl r rv4r  ouvuera - - - -o--

line-to-ground fault; (ii) double line fault; (iii) double line-to-ground

fault; and (iv) symmetrical three-phase fault. Compare these currents

and comment.

ll.4 For the generator of Problem I 1.3, calculate the value of reactance to be

included in the generator neutral and ground, so that line-to-ground fault



11'5 Two 25 MVA, 11 kv synchronous generators are connected to a
common bus bar which supplies a feeder. The star point of one of the
generators is grounded through a resistance of 1.0 ohm, while that of the
other generator is isolated. A line-to-ground fault occurs at the far end
of the feeder. Determine: (a) the fault current; (b) the voltage to ground
of the sound phases of the feeder at the fault point; and r.l 

"orilg" 
bi

the star point of the grounded generator with iespect to ground.
The impedances to sequence currents of each generator and feeder are

given below:

lW:il Mqdern power Syst€m Anatysis

current equals the three-phase fault current. What will be the value of
the grounding resistance to achicvc thc samc conclit ion,l

with the reactance value (as calculated above) included between
neutral and ground, calculate the double l ine fault  current ancl r lso
double line-to-ground faul

t*t. sub-^
prelault current ignored.

7.5 MVA
3.3/0,6 kv
X = 10o/o

fauft X'= Xz= 2oo/o
Xo = 5o/o
Xn = 2'5o/o

Yr6i*

F ig .  P- l1 .8

n.g A double line-to-ground fault occurs on lines b and c at point F in the

system of Fig. i-tf.q. Find the subffansient current in phase c of

machine 1, assuming prefault currents to be zero. Both machines are

rated 7,200 kvA,600 v with reactances of x//= xz=lUvo and xo=

5%. l lac5 thrcc-phirsc trtnslorutcr is rutcd 1.200 kVA. 600 V-A/3.300

V-ts with leakage reactance of 5Vo. The reactances of the transmission

line are X,=X,-=20vo andXo= 4oTo on a base of 1,200 kVA, 3,300V'

The reactances of the neutral grounding reactors are 5Vo on the kVA

base of the machines.

Positive sequence

Negative sequence

Zero sequence

Generator
(per unit)

jo.2

i 0 . 1 5
j0.08

Feeder
(ohms/phase)

j0.4

j0.4

j0.8
rI'6 Determine the fault currents in each phase following a double line-to-

ground short circuit at the terminals of a star-connected synchronous
generator operating initially on an open circuit voltage or i.o pu. The
positive, negative and zero sequence reactance of the generator are,
respectively, 70.35, j0.25 and j0.20, and its star point is isolated from
ground.

11'7 A three-phase synchronous generator has positive, negative and zero
sequence reactances per phase respectively, of 1.0, 0.g and 0.4 ohm. The
winding resistances are negligible. The phase sequence of the generator
is RYB with a no load voltage of I I kV between lines. A short circuit
occurs between lines I and B and earth at the generator terminals.

Calculate sequence currents in phase R and current in the earth return
circuit, (a) if the gencrator neutral is solidly earthecl; ancl (b) i l  the
generator neutral is isolated.

Use R phase voltage as reference.
11.8 A generator supplies a group of identical motors as shown in Fig.

P-11'8. The motors are rated 600 V, 9O%o efficiency at full load unity
power factor with sum of their output ratings being i rrrrW. The motors
a f e  s h a r i n o  e n r r q l l r r  o  l ^ o . l  ^ € . / t  l \ t r r r  ^ t  - ^ . ^ r  - - - ' .s rvsu \^ ' r  lvrvv i l r  laL€u v ' r 'age,  u.6 power tactor
lagging and 90vo efficiency whea an LG fault occurs on the low voltage
side of the transformer.

Specify completely the sequence networks to simulate the fault so as
to include the effect of prefault current. The group of motors can be
treated as a single equivalent motor.

_r_rr* "1_

xl

0.35

Xz xo

0.25
0.30 0.20

0.05
0.04
0.80

i^ vn6l
,_L 

-:

Flg .  P '11 .9

1 1.10 A synchronous machine 1 generating 1 pu voltage is connected through

a Y/Y transformer of reactance 0.1 pu to two transmission lines in

parallel. The other ends of the lines are connected through a YN

transformer of reactance 0.1 pu to a machine 2 generating 1 pu voltage'

For both transformers X, = Xz = Xo'

Calculate the current fed into a double line-to-ground fault on the line
'side terminals of the transformer fed from machine 

'2. The star point of

machine I and of the two transiormers. are soiiriiy grourrded. The

reactances of the machines and lines referred to a common base are

Machine 1

Machine 2

Line (each) 0.40 0.40
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ll'll 
iltr"::,i"il"ti .1T:-Toow.er nerwork with two generators connecred
il"lili 1:' " : : i::, {:,il.: f: " 9,,.* ; ;il;; ; ;".il:i i.H flffi ,:i
:T "tl' : 

j. "."11'::::1.r: 
un i n ri ni te fr u s il; *'' ;ffi # Hffi ff #,f

i,:il".5.T1",ffi,1,iJl.:^::l:l;,-i""i;ffi*"#,J'#::,irfr
fl:f{",,":t' 

The pot+-: q"geEye uno zero seque;r1:#;:"#viltr'om vv'rv\,rerr,-" in pEr fiit *:" 
""*"t-;;;il#,Positive Negative Zero

Generator I  0.15 0.15 0.0g
Generaror 2 0.25 0.25 oo (i.e. neutral isolated)Each rransformer 0.15 0.15 0.15
Inf inite bus 0.15 0.15 0.05
Line 0.20 0.20 0.40

l.] P_-....*,the sequence networks of the power ;;_(b) with borh generarors and infinite bus op"rutinf 
"a 

r.o pu voltage onno road, a rine-to-grouncr faurt occurs at .ne of the terminars of thestar-connected winding of the transformer A. caiculate the currentsflowing (i) in the fauli; and (ii) through rhe transformer A.
6L-_' ,q
\--7 | )r I

I_ ]L I
,  - x l J | l

I t z 2 , H  " . . '/ \  Y -- _ t

Fig .  p -11 .11

rl'r2 A star connected synchronous generator feeds bus bar r of a powersystem. Bus bar I rs connected to bus bar 2 thro'gh a star/crertalt'itnsl0t'ttlcl' ilt scrics with a transmission line. The power networkconnected to bus bar 2 can be, 
"quiuutently' represented by a star_connected generator with equar positive incr ncg.tivc sc(rr.r0rccsrcactances. Alr star pornts are solidry connected to ground. The per unitsequence re:lct*nces of v'rious corrlponents are given berow:

pol;itive Nc,,gutivt: Zt:ro
Generator 0.20 0. l5 0.05
Transfbrmer OJZ 0.12 0.12
Transmission Line 0.30 0.30 0.50
PowerNerwork X X 0.10

Under no load condition with 1.0 go voltage at each bus bar, a currentof 4'0 pu is fed to a three-phase short circ-uit on bus bar Z.Deitrmhethe positive sequence reactance X of the equivarent generator of the,, . power network.

For the same initial conditions, find the faurt current for single line_to-ground fault on bus bar l.

'  
I  lncrr rnmatr ina l  Farr l t  Anahra io lL . 'A+\ l

Generator: Xr = Xz = 0.1 pui Xo = 0.05 pu

X, (Brounding reactance) = 0.02 pu
Transformer: Xr: Xr:Xt = 0J?u

X, (grounding reactance) = 0.04 pu
Form the positive, negative and zero sequence bus impedance matrices.
For a solid LG fault at bus 1, calculate the fault current and its
contributions from the generator and ffansformer.

1 , L 2
_f6l-Y €fff

rTft-YA

Fig .  P-11 .13

Hint: Notice that the line reactances are not given. Therefore it is
convenient to obtain Zt, svs directly rather than by inverting Ir, sus.
Also ro, 

"us 
it singular and zs, BUS cannot be obtained from it. In such

situations the method of unit current injection outlined below can be
used.

For a two-bus case

Injecting unit current at bus 1 (i.e. Ir = tr, !2= 0), we get

Z n =  V t

Zzt = Vz

Sirni lar ly in jcct ing rrui t  currcut  ut  bus 2 1i .c.  / r  = 0,  lz  = l ) ,  we get
Z tz  =  V l

7:tz = Vz

Zou5 could thus bc dircctly obtained by this technique.
ll. l4 Consider the 2-bus system of Example 11.3. Assume that a solid LL

fault occurs on busf Determine the fault current and voltage (to ground)
of the healtlry phase.

11.15 Write a computer programme to be employed for studying a solid LG
fault on bus 2 of the sy'stem shown in Fig. 9.17. our aim is to find the
fault current and all bus voltages and the line currents following the
fault. use the impedance data given in Example 9.5. Assume all
transformers to be YlA type with their neutrals (on HV side) solidly
grounded.

li;,1=17,',7,',)l';,1
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Assume that the positive and negative sequence, reactances of the 
generators are equal, while their zero sequence reactance is one-fourth 
of their positive sequence reactance. The zero sequence reactances of the 
lines are to be taken as 2.5 times their positive sequence reactances. Set 
ail--prefault voltages-= 1 pu. 
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