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Analysis of unsymmetrical faults

Introduction:

The unsymmetrical faults will have faulty parameters at random. They can be
analyzed by using the symmetrical components. The standard types of
unsymmetrical faultsconsidered for analysis include the following (in the order of
their severity):

Fault Analysis

The normal mode of operation of a power system is balanced three-phase AC.
However, there are undesirable butunavoidable incidents that may temporarily
disrupt normal conditions, as when the insulation of the system fails at any point
orwhenaconducting material comes in contactwith abare conductor. Thenwe
say afaulthas occurred. A fault may be caused by lightning, trees falling on the
electric wires, vehicular collision with the poles or towers, vandalism, and so
forth.Faults maybe classifiedintofourtypes. Thedifferenttypesoffaultarelisted
here in the order of the frequency of their occurrence.

¢ Line—-to—Ground (L-G) Fault

e Line—to—Line (L-L)Fault

e Double Line—-to—Ground (L-L-G)Fault and
e Three-Phase—to—Ground (LLL-G) Fault.

Further the neutrals of various equipment may be grounded or isolated, the faults
canoccur atany general point F of the given system, the faults can be through a
faultimpedance, etc. Of the various types of faults as above, the 3-phase fault
involving the ground is the most severe one. Here the analysis is considered in
two stages asunder:

(i)  Faultattheterminals of a Conventional (Unloaded) Generator and
(i) (i) Faults atany point F, of a given Electric Power System (EPS).

Three-Phase Fault Analysis
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Sufficientaccuracyinfaultstudies can be obtained with certainsimplificationsin
the model of the power system. These assumptionsinclude the following:

1. Shunt elements in the transformer model are neglected; that is,
magnetizing currents and core losses are omitted.

2. Shunt capacitances in the transmission line model are neglected.
3. Transformers are set at nominal tap positions.

4. Allinternal voltage sources are set equal to 1.020°. This is equivalent to
neglecting pre-fault loadcurrents.

Three-phase fault calculations can be performed on aper-phase basis because the
power system remains effectively balanced, or symmetrical, during a three-phase
fault. Thus, the various power system components are represented by single-
phase equivalent circuits wherein all three-phase connections are assumed to be
converted to their equivalent connections. Calculations are performed using
impedances per.phase;phasecurrents;andline-to-neutralvoltages.

Consider now the symmetrical component relational equations derived from the
three sequence networks corresponding to a given unsymmetrical systemas a
function of sequence impedances and the positive sequence voltage source in the
form asunder:

V-.m e IJUZU
Vul = Ea = [ulzl
Va= -lnZ

These equations are refered as the sequence equations. In matrix Form the
sequence equations can be considered as:

Vao 0 Zo 0 0 Lo
le = EJ = 0 Zl 0 lJ|
Va 0 0 0 Z| |12

Thisequationisusedalongwiththe equationsi.e.,conditions underfault(c.u.f.),
derived to describe the fault under consideration, to determine the sequence
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current lal and hence the fault current If, in terms of Ea and the sequence
impedances, Z1, Z2 and Z0. Thus during unsymmetrical fault analysis of any given
type of fault, two sets of equations as follows are considered for solving them
simultaneously to get the required fault parameters:

e Equations for the conditions under fault (c.u.f.)
e Equations forthe sequence components (sequence equations)

SINGLE LINE TO GROUND FAULT ON A CONVENTIONAL
(UNLOADED) GENERATOR:

A conventional generator is one that produces only the balanced voltages. Let Ea,
nd Ec be the internally generated voltages and Zn be the neutral impedance. The
fault is assumed to be on the phase’a’ as shown in figure Consider now the
conditions under fault as under:

Is=0 B

c.u.f.;
b =0; 1. =0; and V4 = 0.

Now consider the symmetrical components of the current la with Ib=Ic=0, given
by:
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I.IU l ] l‘ IJ
Li | =(173)]1 a al |0
Iy 1 a° a 0
Solving the equation we get,
la1 = la2 = lao = (1a/3)
Further, using above equation, we get,
Vao 0 ZO 0 0 Ial
Val = Ea - 0 Z1 0 Iaz
Vaz 0 0 0 ZlHg3

Pre-multiplying equation throughout by [1 1 1], we get,
Va1+Va2+Vao = - la1Zo + Ea = la1Z1 —

la2Zz2 i.€., Va5 Ea—=lal (Z1+ Z2 +

Zo) = zero, Or in other words,

lar = [Eal( Z1 + Z2 + Zo)]

The equation (4.7) derived as above implies that the three sequence
networks are

connected in series to simulate a LG fault, as shown in figure 4.2.
Further we have the

following relations satisfied under the fault
conditions: 1. la1 = la2 = lao = (1a/3) = [Ea/(Z1 + Z2 +
Zo)]

2. Fault current If = la = 3la1 = [3Ea/(Z1 + 22

+ Z0)] 3. Va1 = Ea - la1Z1 =

Ea(Z2+20)/(Z1+Z2+20)
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4. Va2 = - EaZol(Z1+Z2+2Z0)
5. Vao = - EaZol/(Z1+Z2+Z0)
6. Fault phase voltage Va =0,
7.Sound phase voltages Vy =
a 2Vai+taVa+Vao; Ve =
aVart+azVa2t+Vao
8. Fault phase power: Vala* = 0, Sound pahse
powers: Vplp* =0, and Vclc* =0,
9.1f Zn =0, then Zo = Zgo,
10 If Z, = a then Z, = a.e., the zero sequence network is open so

that then, then Zo = 10. If Z, = I=15=0.
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Double Line-to-Ground Fault:

A double line-to-ground (2LG) fault involves a short circuit between two phase
conductors b and c and ground. As with the line-to-line fault, there is symmetry
with respect to the principal phase a.

In double line-to-ground fault, the two lines contact with each other along with
the ground. The probability of such types of faults is nearly 10 %. The symmetrical
and unsymmetrical fault mainly occurs in the terminal of the generator, and the
open circuit and short circuit fault occur on the distribution system.

Consider line-to-line fault on phases b and c also grounded as shown in Fig.

7
ﬂ‘a

—_> 1 —

In — 0

Ve — V. — O

Iy, |+ e — I

Van — %( w +— avi, +— a2 Ve )
-

Vaz — 2 (Va + a2VvhL + all)
a

Further
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Vio = 2 (Va +W, + Vo) = 12V,
Hence
Var = Vaz = Voo = £ V2
But
Vo = Ba—Tan 2,
VaQ —'_Ia‘ZZ’.Z
and
Vao — JduoZo Ir Zn
=T (Zo + 82n) = L0 (Zp)

It may be noted that

Ip =h +I;=d’IL, +aly + I +aly +a®ls
= (a+a?) ;1 (a+ a®) 15 + 2@,
=—Ia1—Iaz + 2L30 = La1— Laz— Lap + 31a0
= (LD + L) +8p = 04810 = 3Ly

The sequence network connections are shown in"Fig.

28|14 1% ° l/,o
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E,
Ia,l o 222‘1)
Z+ ]
Z2+Z[)
_ F’a(z‘«H'Z%}
lez+Z;Z&+Z(}Zl
Vaa = Var

. Ial Z2 == Ea" Ial Zl

ST Ezu. I‘dlzl
= (52%)

Ea(Z2+ZE',]'Zl 1
== = 5z s |
AW IZ:ZO 2o 21 7y
-E,7}
22,1 2,2} | 232,

IoZk =—1I2%

— 1Y, 2o

Fip = Tog D8 . =ida |
a0 BT T Ryt 2 2yt 2

= Vox + Vo + Vag
= Ey— I, Z1— 15 Za— 10 (Zy + 3Z,)

— Eﬂ(ZZ‘I_ZO) E.ZyZ> B, -2y (Zo+32,)
=E.— —3z7 41t Tz > 2

— B 322043222y 3 Zz(Zo—I—Z,)

= e Y71 2y = A&\ Ly Zy+ZaZy+Zo 2y

= Vao +a*Vaa + aVe
=—A1,0 (ZU = 3Zn) - a2 [Ea—Ialzl] + a [—Iazz

o Ea(Zz)(Z |3Zn) 2 (EaZQ .
= B&IA 35) (2, +32) +a lEa ~EE

Ea[Zzzo 3ZQZ|1:| I(I,.‘,'E':1 [Z[ZQ | Z+Zg |ZOZ1 ZyZ, ZoZl:
Y72y Zo+all, Zo 2o
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E, lZﬁ 7 +a? Zolytalyle—32y Zn]

A A
W = WA
_ BZn(Getd)\ B354 3E,.57,
LIADLL WG, hhh-DlthZ
| on =0 V=0
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LINE TO LINE FAULT ON A CONVENTIONAL GENERATOR

A line-to-line (L-L) fault involves a short circuit between two phase conductors
that are assumed to be phases b and c. Therefore, there is symmetry with respect
to the principal phase a. A line-to-line fault is illustrated in Fig

Consideralinetolinefaultbetween phase ‘b’ and phase ‘c’as showninfigure, at
the terminals of a conventional generator, whose neutral is grounded through a
reactance.

Consider now the conditions under fault'as under:
c.u.f.:
la=0;Ilb=-Ic;and Vb =Vc (4.8)

Now considerthe symmetrical components of the voltage Vawith Vb=Vc, given
by:

Va0 1 1 1 Va
Val =(1/3)]1 a a° Vi
Vao 1 a a Vi

Solving the equation we get,
Val =Va2

Further, consider the symmetrical components of current la with Ib=-Ic, and la=0;
given by
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luii
lul

lul

=(1/3)

Solving above equation we get,
la0=0;andla2 =-lal

Using equation above equation, and since Vao = 0 ( lao being 0), we get

0 0 Zy 0 0110
Vul = E_x - [0 Z] 0 1‘,1
Vai 0 0 0 Zy| |a

Pre-multiplying above equation throughout by [0 1 -1], we get,
Vai-Vai = Ea — laiZ1 — la1Z2 = 0
Or in other words,
laz = [Eal(Z1 +.22)]

Theabove equation derived implies thatthe three sequence networks are
connected such that the zero sequence network is absent and only the positive
and negative sequence networks are connected in series-opposition to simulate
the LL fault, as shown in figure.Further we have the following relations satisfied
under the faultconditions:

1.1a1 = - laz = [Ea/(Z1 + Z2)] and lao = O,
2.Faultcurrentlf=1p=-1c=[3E4/(Z1+Z2)] (since lb=(az-a)lai =3la1)

3. Va1 = Ea - la1Z1 = EaZo/(Z1+Z5)

4. Va2 = Va1 = EaZol(Z1+2>)

5. Vao =0,

6. Fault phase voltages;Vb =Vc=aVaitazVaz+Vao = (a+az)Var =- Va1

7. Sound phase voltage; Va=Va1+Va2+Vao = 2Va1
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8. Fault phase powers are Vplp * and Vclc*
,9. Sound phase power: Vala* = 0,

10. Since [a0=0, the presence of absence of neutralimpedance does not make
any difference in the analysis.
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Symmetrical components
Introduction

Installment 3 of these notes dealt primarily with networks that are balanced, in
which the three voltages (and three currents) are identical but for exact 120
phase shifts. Unbalanced conditions may arise from unequal voltage sources or
loads. Itis possible to analyze some simple types of unbalanced networks using
straightforward solution techniques and wye-delta transformations. However,
power networks can be come quite complex and many situations would be very
difficult to handle using ordinary network analysis. For this reason, a technique
which has cometo be called symmetrical components has beendeveloped.

Symmetrical components, in addition to being a powerful analytical tool, are also
conceptually useful. The symmetrical components themselves, which are
obtained from a transformation of the ordinary line voltages and currents, are
useful in their own right. Symmetrical components have become accepted as one
way of-deseribing the properties of many types of network-elements such-as
transmission lines, motors and generators

Symmetrical components of a 3 phase system

Ina 3 phase system, the unbalanced vectors (either currents or voltage) can be
resolved into three balanced system of vectors.

They are Positive sequence components

Negative sequence components

Zero sequence components

Unsymmetrical faultanalysis can be done by using symmetrical components.

Positive sequence components
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It consists of three components of equal magnitude, displaced each other by 120°
in phase and having the phase sequence abc.

Ia'. 3 I::/O.
Iy = 1,,2240" = 1,2 — 120"

Ly = 1,4£120°

Negative sequence components

It consists of three components of equal magnitude, displaced each other by 120°
in phase and having the phase sequence acb.

lg = 15207
ha =1,2120"

Iy = 12£240"= I3 2 — 120°

Zero sequence components

It consists of three phasors equal in magnitude and with zero phase displacement
from each other.

Lo=Ivo=Lo

Sequence operator:

In unbalanced problem, to find the relationship between phase voltages and
phase currents, we use sequence operator ‘a’.

a=1,120" == - 0.5+j0.86
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ot = 12240" = -05 - j0.866
1+a+a*=0

Unbalanced currents from symmetrical currents
Let, la, Ib, Ic be the unbalanced phase currents

Let, 1a0, lal, a2 be the symmetrical components of phase a

I, 1 1 1][e0
Lli=|1 a* a |l
I 1 a a*ll,
Determination of symmetrical currents from unbalanced currents.

Let, la, Ib, Ic be the unbalanced phase currents

Let, 1a0, lal, a2 be the symmetrical components of phase a

L. 1 1 13k
I, == 1 a a*l|li,
i 1 a* all,

i ~ ]
I
—

L]

The Symmetrical Component Transformation

The basis for this analytical technique is a transformation of the three voltages
and three currents

In to a second set of voltages and currents. This second set is known as the
symmetrical components.

Working in complexamplitudes:
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The transformation is defined as:

1 i a a?
= a a
3 y i | 1

v,
v,
Vs

where the complex number a is:

(YRR Y
+
<
< NI{"
ol wl

|
~
wl

This transformation may be used for both voltage and current, and works for
variables in

ordinaryform aswell asvariables that have been normalized andarein per-unit
form. Theinverse

of this transformationis:

v.] [1 11
Vi |=|a® & 1
¥, a a1

The three component variables V 1, V 2, V 0 are called, respectively, positive
sequence, negative

sequence and zero sequence. They are called symmetrical components because,
taken separately,

they transform into symmetrical sets of voltages. The properties of these
components can be

demonstrated by tranforming each one back into phase variables.
Considerfirstthe positive sequence componenttakenbyitself:
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- e |
I'L'I‘
Il
o

yields:

Thisis the familiar balanced set of voltages: Phase b lags phase a by 120-, phase c
lags phase

b and phase a lags phase c.

The same transformation carried out on a negative sequence voltage:

RIS <
= N
[
s —

yields:

Vi: =W or vae = V coswt
2%
Vy=aV or vy = V cos(wt + T)

i ) 27
=a”l or ve = V cos(wt — T)

This is called negative sequence because the sequence of voltages is reversed:
phase b now leads

phase a rather than lagging. Note that the negative sequence set is still balanced
in the sense

thatthe phase components stillhave the same magnitude and are separated by
120° . Theonly

difference between positive and negative sequence is the phase rotation. This is
shown in Figure
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lf.\ Va
\

> Va Va

o 4

Positive Sequence Negalive Sequence

The third symmetrical component is zero sequence. If:

L =0
s = 0

I <

N
|

Then:

or v, = V coswt

!
| % or vy = V coswit
!

I

it el

or ve = V coswt

Thatis, all three phases are varying together. Positive and negative sequence sets
contain those parts of the three-phase excitation that represent balanced normal
and reverse phase sequence. Zero sequence is required to make up the difference
between the total phase variables and the two rotating components. The great
utility of symmetrical components is that, for most types of network elements,
the symmetrical components are independent of each other. In particular,
balanced impedances and rotating machines will draw only positive sequence
currents in response to positive sequence voltages. It is thus possible to describe
a network in terms of sub-networks, one for each of the symmetrical
components. These are called sequence networks. A completely balanced
network will have three entirely separate sequence networks. If a network is
unbalanced at a particular spot, the sequence networks will be interconnected at
that spot. The key to use of symmetrical components in handling unbalanced
situations is in learning how to formulate those interconnections.
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Sequence Impedances:

Many different types of network elements exhibit different behavior to the
different symmetrical components. For example, as we will see shortly,
transmission lines have one impedance for positive and negative sequence, but
an entirely different impedance to zero sequence. Rotating machines have
different impedances to all three sequences.

Positive Sequence Negative Sequence

To illustrate the independence of symmetrical components in balanced networks,
consider the transmission line illustrated back in Figure 20 of Installment 3 of
these notes. The expressions for voltage dropin the lines may be written as a
single vector expression:

! ! LT

Y phl = Y ph2 = j"‘":l,h—ph

Where

Vr = [.{.—; ]
Notethatthe symmetrical componenttransformation (4) maybewrittenin
compact form:

&

|—-
If
~
-t

’ ‘
b~

Where
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v,
v, Vo
Yo

T Wy -TWy=3uwL , T,
Then transforming to get sequence voltages:
LJ E L\f o J“’gpxlz_lis

The sequence inductance matrix is defined by carrying out the operation
indicated:

TL.: T+

S =ph=

JIt~
I

which'is:

L-M 0 0
L= o L-M 0
0 0 L+2M |

Thus the coupled set of expressions which described the transmission line in
phase variables becomes an uncoupled set of expressions inthe symmetrical
components:

Vii—-Vie = jwlL-M)I,
Vo —Vy = jw(lL-M)L
Vor =V = jw(L+2M)I,

The positive, negative and zero sequence impedances ofthe balanced
transmission line arethen:

= =l T M)
Z() - _].&(L + 2.\1)
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So, inanalysis of networks with transmission lines, itis now possible to replace
the lines with three independent, single- phase networks. Consider next a
balanced three-phase load with its neutral connected to ground through an
impedance as shown in Figure. The symmetrical component voltage-current
relationship for this network is found simply, byassuming positive, negative and
zero sequence currents and finding the corresponding voltages. Ifthis is done, itis
found that the symmetrical components are independent, and that the voltage
current relationships are:
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