CONTENTS

CHAPTER

18

TI TE TI
]

77

Unsymmetrical Fault Calculations

18.1 Usymmetrical Faults on 3-Phase

System

18.2 Symmetrical Components Method

18.3 Operator ‘&

18.4 Symmetrical Componentsin Terms

of Phase Currents

18.5 Some Facts about Sequence Currents

18.6 Sequence Impedances

18.7 Sequence Impedances of Power

System Elements
18.8 Analyss of Unsymmetrical Faults
18.9 Single Line-to-Ground Fault
18.10 Line-to-Line Fault
18.11 Double Line-to-Ground Fault

18.12 Sequence Networks

18.13 Reference Bus for Sequence Networks

CONTENTS

Introduction
n the previous chapter, attention was confined
I totheanaysisof symmetrica faultse.g. all three
lines short-circuited (L — L — L) or &l three
lines short-circuited with an earth connection at the
fault (L —L — L — G). When such afault occurs,
it givesriseto symmetrical fault currentsi.e. fault
currents in the three lines are equal in magnitude
and displaced 120° electrical from one another.
Although symmetrical faults are the most severe
and impose heavy duty on the circuit breakers, yet
the analysis of such faults can be made with afair
degreeof ease. Itisbecausethe balanced nature of
fault permitsto consider only one phasein calcula-
tions; the conditionsin the other two phases being
similar.

The great majority of faults on the power sys-
tem are of unsymmetrical nature; the most com-
mon type being a short-circuit from one line to
ground. When such afault occurs, it givesrise to
unsymmetrical currentsi.e. the magnitude of fault
currentsin the three lines are different having un-
equal phase displacement. The calculation proce-
dure known as method of symmetrical components
is used to determine the currents and voltages on
the occurrence of an unsymmetrical fault. In this
chapter, we shall focus our attention on the analy-
sisof unsymmetrical faults.

422
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18.1 Unsymmetrical Faults on 3-Phase System

Those faults on the power system which give rise to unsymmetrical fault currents (i.e. unequal fault
currentsin the lines with unequal phase displacement) are known as unsymmetrical faults.

On the occurrence of an unsymmetrical fault, the currentsin the three lines become unegual and
soisthe phase displacement among them. 1t may be noted that theterm ‘ unsymmetry’ appliesonly to
the fault itself and the resulting line currents. However, the system impedances and the source volt-
ages are always symmetrical* through its main elements viz. generators, transmission lines,
synchoronousreactorsetc. Therearethreewaysinwhich unsymmetrical faults may occur in apower
system (see Fig. 18.1).

(i) Singleline-to-ground fault (L —G)

(if) Line-to-linefault (L —L)

(iii) Doube line-to-ground fault (L —L —G)

R—— Re—7———— R
Y —mMmmm Y——o— Y———¢—
B B———mmeo— B——m¢——
L-L Fault
L-G Fault L-L-G Fault
(@) (i) (iif)
Fig. 18.1

The solution of unsymmetrical fault problems can be obtained by either (a) Kirchhoff’slaws or

(b) Symmetrical components method. The latter method is preferred because of the following

reasons:

(i) Itisasimple method and gives more generality to be given to fault performance studies.

(i) It providesauseful tool for the protection engineers, particularly in connection with tracing
out of fault currents.
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Electronic earth fault indicator

18.2 Symmetrical Components Method

In 1918, Dr. C.L. Fortescue, an American scientist, showed that any unbalanced system of 3-phase
currents (or voltages) may be regarded as being composed** of three separate sets of balanced vectors
viz

*  Inother words, no piece of equipment ever hasared phaseimpedance which differsfrom ayellow phaseimpedance.

** This has come to be known as symmetrical component theory. Thisisageneral theory and is applicable to
any three vector system whose resultant is zero.
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(i) abaanced * system of 3-phase currents having positivet (or normal) phase sequence. These

are called positive phase sequence components.

(if) a balanced system of 3-phase currents having the opposite or negative phase sequence.

These are called negative phase sequence components.
(i) asystem of three currents equal in magnitude and having zero phase displacement. These
are called zero phase sequence components.

The positive, negative and zero phase sequence components are called the symmetrical compo-
nents of the original unbalanced system. The term ‘symmetrical’ is appropriate because the unbal-
anced 3-phase system has been resolved into three sets of balanced (or symmetrical) components.
The subscripts 1, 2 and 0 are generally used to indicate positive, negative and zero phase sequence

components respectively. For instance, Q indicates the zero phase sequence component of the
currentinthered phase. Similarly, m impliesthe positive phase
sequence component of current in the yellow phase.

Illustration. Letusnow apply the symmetrical components \
theory to an unbalanced 3-phase system. Suppose an unsym-

/ |
metrical fault occurson a3-phase system having phase sequence \

IY
RYB. According to symmetrical components theory, the result-

ing unbalanced currentesi 2, T, and T, (see Fig. 18.2) can be s
resolved into : Fig, 18.2

(i) abaanced system of 3-phase currents, G , '71 and E
having positive phase sequence (i.e. RYB) asshown in Fig. 18.3 (i). These arethe positive

phase sequence components.
IB x> ' o~
120° T Iyz 120° In,
R Iro
240° 240 I
YO
Igp

Ly4
(i) (i) (iii)

Fig. 18.3

(i) abalanced system of 3-phase currents T, , T, and T, having negative phase sequence
(i.e. RBY) as shown in Fig. 18.3 (ii). These are the negative phase sequence components.

(iii) asystemof threecurrents T, T, ad T, equal inmagnitudewith zero phase displacement
from each other asshown in Fig. 18.3 (iii). These arethe zero phase sequence components.

* A balanced system of 3-phase currents implies that three currents are equal in magnitude having 120°
displacement from each other.

T Positive phase sequence means that phase sequence is the same as that of the original 3-phase system.
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Thecurrent in any phaseisequal to the vector sum of positive, negative and zero phase sequence
currentsin that *phase as shown in Fig. 18.4.

Ig =1Igs + Iy + Igg

Iy =ly; +Iyp +Iyg

Ig = Iy ':IBZ +1Igg

Fig. 18.4

l

_ e —_—
I+ 1ro +1Ro

Py
|

l

o — —
=l + 1y + 1y

_<_

l

L — — —
= Iy tlg +lg

B

The following points may be noted :
(i) Thepositive phase sequence currents (Q , m and Q ), negative phase sequence currents

(E, @and E) and zero phase sequence currents (Q, mand E) separately form
balanced system of currents. Hence, they are called symmetrical components of the
unbalanced system.

(if) The symmetrical component theory applies equally to 3-phase currents and voltages both
phase and line values.

(iif) The symmetrical components do not have separate existence. They are only mathematical
components of unbalanced currents (or voltages) which actually flow in the system.

(iv) Inabalanced 3-phase system, negative and zero phase sequence currents are zero. Thisis
demonstrated in example 18.7.

18.3 Operator ‘a’

As the symmetrical component theory involves the concept of 120° displacement in the positive
sequence set and negative segquence set, therefore, it is desirable to evolve some operator which
should cause 120° rotation. For thispurpose, operator ‘@’ (symbolshor A are sometimes used instead
of ‘a’) isused. Itisdefined asunder :

The**operator ‘@’ isone, which when multiplied to a vector rotates the vector through 120°in
the anticlockwise direction.

Consider a vector | represented by OA as shown in Fig. 18.5. If this vector is multiplied by
operator ‘a’, the vector isrotated through 120° in the anticlockwise direction and assumes the posi-
tion OB.

O al | 0120°

| (cos 120° + j sin 120°)

*  Star connected system being considered in Fig. 18.4.
**  Just asthe operator j rotates a vector through 90° in the anticlockwise direction.
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= |1 (-05+]j0-866) B
O a = -05+j0866 . (i)
If the vector assuming position OB is multiplied by operator

‘a’, the vector isfurther rotated through 120° in the anticlockwise
direction and assumes the position OC.

O all = | 0240°
= | (cos 240° + j sin 240°)
= | (- 05— 0-866)

O a? = -05-]0-866 .. (ii)

Thusthe operator ‘a® will turn the vector through 240°in the
anticlockwise direction. This is the same as turning the vector

through 120° in clockwise direction. Fig. 18.5
0 a’l = |3 120°
Similarly, a’l = | 0360°
= | (cos 360° + j sin 360°)
0 a=1 ... (iii)

Properties of Operator ‘&
(i) Adding exps. (i) and (ii), we get,
a+a’ = (-05+j0866) + (- 05— 0-866) = -1
O l1+a+a’ =0
(i) Subtracting exp. (ii) from exp. (i), we get,
a-a’ = (-05+j0:866) - (-0-5-j 0-866) =j 1.732
O a-a’ =jJ3
18.4 Symmetrical Components in Terms of Phase Currents

The unbalanced phase currentsin a 3-phase system can be expressed in terms of symmetrical com-
ponents as under :

B T
Ig = Ilgtlg tlgo
—_ > = —
Iy = Iy t+lys +1yg
—

L — — —
= g tlg g

o)

y=alg, & >
Iry Lp,=alg, &

120° 120° lro ‘\
I

120° 120° 120° 120° RO
IYO

//VV Igo
@) (if) ()
Fig. 18.6

Igp= a2 Ir2

Iy;=a Igy
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Fig. 18.6 showsthe vector representation of symmetrical components. Itisusualy profitablein
calculations to express the symmetrical components in terms of unbalanced phase currents. Let us

express the symmetrical components of R-phase in terms of phase currents ﬁ , W and E . For this
purpose, expressall symmetrical components of Y and B phasesin terms of the symmetrical compo-
nents of R-phase by means of operator ‘a’ as shownin Fig. 18.6.

Note that the positive sequence set shown in Fig. 18.6 (i) can be expressed in terms of E by
means of operator a. Thus positive sequence current Q in phase B leads Q by 120° and, therefore,
g =aly, - Similarly, positive sequence current in phase Yis 240°ahead of T, sothat T, = a? T, -

In an exactly similar manner, the negative sequence set can be expressed in terms of E by means of
operator ‘a’ as shown in Fig. 18.6(ii). It isclear from Fig. 18.6 that :

— _— —  — .
IR = lmtlre *lro (1)
— —_ — —
Iy = Iy +1ya +lyo
2 — —_ — ..
= a' Iy talg +lg (i)
—

RN —
lg = lg +1g *1gg

= alg+aileg +lng ...(iiii)
(i) Zerosequencecurrent. By adding exps. (i), (ii) and (iii), we get,
Tp+ly +Tg = Ty (1+a% +a) + 1, (1 +a +a2) +31q,

= Tn (0 +T (0) +31g = 3T (v1+a+a’=0)

—_— 1 b rd —_—

O I'ro :§(|R+IY+IB)
Asthered phaseisawaystaken asthereference phase, therefore, subscript Risusually omitted.

— 1 — — —

0 I :§(|R+|Y+|B)

(i) Positive sequence current. Multiply exp.(ii) by ‘a’ and exp. (iii) by ‘a” and then adding
these exps. to exp. (i), we get,

— 2 —
lpraly+a Ty = Tg@+a’+a)) +T5 (L+a° +a%) +1g (1 +a +a°)

= 3lg + gy (0%) + 1o (0) = 31

— _ 1/~ — 2—>

D I = 3(R+aly +a’g)
Omitting the subscript R, we have,

- _ 1/~ — 2—>

L = §(|R+a|Y+a Ia)

(iii) Negative sequencecurrent. Multiply exp. (i) by ‘a® and exp. (iii) by ‘@ and then adding
these exps. to (i), we get,

— 2—
IY

L+a’ly +aly = Iy @+a®+a’) +1g, (L +a° +a°) +Ig (L +a° +a)

= Tn0+TR @ +Tr (0) = 375

N 1/— 2 — —

0 ™ :§(IR+aIY+aIB)
1/— 2 — —

or [ :§(IR+a|Y+a|B)

* ag*za®xa=1xa=a
0O 1+a+a*=1+a’+a=0
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The following points may be noted carefully :

(i) The currents I_l’ , G and W) are the symmetrical components of R-phase. Because of the
symmetry of each set, the symmetrical components of yellow and blue phases can be easily
known.

(if) - Although the treatment has been made considering currents, the method applies equally to
voltages. Thusthe symmetrical voltage components of R-phase in terms of phase voltages

shall be:
g - LEEE)
£ - LEaE o)
£ = BT aEy)

18.5 Some Facts about Sequence Currents
Itisnow desirableto get the readers acquainted with the following facts about positive, negative
and zero phase sequence currents:
(i) A balanced 3-phase system consists of positive sequence components only; the negative and
Zero sequence components being zero.

(if) Thepresenceof negative or zero sequence currentsin a3-phase system introduces unsymmetry
and is indicative of an abnormal condition of the circuit in which these components are
found.

(iif) The vector sum of the positive and negative sequence currents of an unbalanced 3-phase
system is zero. The resultant solely consists of three zero sequence currentsi.e.

Vector sum of all sequence currentsin 3-phase unbalanced system

= Q +

(iv) Ina3-phase, 4 wire unbal anced system, the magnitude of zero sequence componentsisone-
third of the current in the neutral wirei.e.

—_  —
lyo +lgg

Zero sequence current = % [Current in neutral wire]

In the absence of path through the neutral of a 3-phase system, the neutral current iszero and the
line currents contain no zero -sequence components. A delta-connected load provides no path to the
neutral and the line currents flowing to delta-connected load can contain no zer o-sequence compo-
nents.

(V) In a3-phase unbalanced system, the magnitude of negative sequence components cannot

exceed that of the positive sequence components. If the negative sequence components
were the greater, the phase sequence of the resultant system would be reversed.

(vi) The current of asingle phase load drawn from a 3-phase system comprises equal positive,
negative and zero sequence components.

Example 18.1. Provethat :

. 1-a° .. l-a 2
i =-a i =l-a
0 —=% (i) —~—
Solution.
— a2 - 2
(i) 1-a’ _(@rald-a_1+a _ _a__, (- 1+a+a’=0)

a-a° a(l-a) a a
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l1-a _ 1—a:(1—a)(—a2) _ -a’+a’°

=1-a
1+a> -a  (-a)(-ad) a’

(i)

Example 18.2. In a 3-phase, 4-wire system, the currentsin R, Y and B lines under abnormal
conditions of loading are as under :

— —

E =100 [J30°A ; I, =50 O300°A ; Ig =30 0180°A
Calculate the positive, negative and zero sequence currentsin the R-line and return current in
the neutral wire.

Solution. Let I_O', Tl and E be the zero, positive and negative sequence currents respectively of
theline current in red line.

: = 4T o)
= £[100 0130° + 50 (1300° + 30 [11807]
= 1 *[(86:60 +] 50) + (25 - 43-3) + (~30 +jO)]
= 1 [816+]67]
= (27:2+] 223) = 2729 04-68° A
L= fReal Ty
= %[100D30°+1D120°><50[|300°+1B 120° x 30 [1180°]
= %[100 [J30° + 50 0J60° + 30 (1609
= 1[(86:6 +]j 50) + (25 +j 43:3) + (15 + 25:98)]

= 1[1266+] 119.28]
= (42:2+)39.76) = 5798 043-3° A

[y

= 4Tz +a’ 1, +alg]
= %[100 030°+ 1 [F 120° x 50 (J300° + 1 [1120° x 30 (11807
= 1[100 [J30° + 50 [1180° + 30 (1300
= 1[(86:6+ 50) + (-50 +j 0) + (15— j 25-98)]
= 1[516+] 24.02]
= (17-2+] 8) = 1896 124-9° A
Currentintheneutral wire = T_+1, +1, = (816+j6:7) = 81.87 04 7°A

K

Example 18.3. The currentsin a 3-phase unbalanced systemare :

m =(12+j6) A ; W =(12-j12) A ; G = (-15+j 10) A

The phase sequence in RYB. Calculate the zero, positive and negative sequence components of
the currents.

Solution.

Red phase

Zero phase sequence component,
— _ 1M —  —
Iy = §[|R+ Iy + |B]

*  With the help of scientific calculator, polar form can be directly changed to rectangular form and vice-
versa.
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% [(12+ ] 6) + (12 -] 12) + (-15 +] 10)]

%[9+j4]:(3+j1-33)A
Positive phase sequence component is
— 11— — 2 —
lw = 5[lR+aly+a T

[(12+]6) + (- 05+j 0-866) (12— 12) + *(- 0-5 — j 0-866) (~15 +j 10)]

Wl

= % [ 32:55 +) 30-39] = (10-85 +j 10-13) A

Negative phase sequence component is

— _ 11~ 2 — —
o = §[|R+a Iy +alg]

[(12+] 6) + (- 05 -] 0:866) (12— | 12) + (- 05 +j 0-866) (~15 + j 10)]

Wl

= % [ -5-55 — | 16:41] = (-1-85 - | 5:47) A
Yellow phase
Zero phase sequence component is
Tvo=Tr = B3+]133)A
Positive phase sequence component is
I,=a’l, = (-05-j0866)(10-85 +j 10-13)
= (335-] 14-4) A
Negative phase sequence component is
I,,=aly = (-05+j0:866) (-1-85 - 5:47) = (57 +] 1.13) A
Blue phase
Zero phase sequence component is

To=Tyo =Ty = (3+j133)A

Positive phase sequence component is

Ty =a’T, = (-05+j0:866) (10-85+) 10-13) = (-14-2+] 431) A
Negative phase sequence component is

T, =a’l, = (—05-]0:866) (-1.85-]547) = (-3:82+] 4:34) A
Example 18.4. The sequence voltages in the red phase are as under :
Eqg =100V ; E, =(200-j100) V ; E, =-100V
Find the phase voltages ?R : E and EE; .
Solution. Inthe polar form, we have,
Eq =100 00°V; E, =2236[3 2656°V;  Eg, =1000180°V
100 + (200 — j 100) + (~100)
200 —j 100 = 223-6 [ 26-56° volts

* a=-05+j0866anda’ = - 05— j 0-866
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E, = Ep+a’Eg+abg
= 100010° + 1[1240° x 223-6 [+ 26-56° + 1 [1120° x 100[1180°
= 100 [J0° + 2236 [1213-44° + 100 [1300°
= (100 + ] 0) + (-186:58 — j 123-2) + (50 — j 86-6)
= -36-58 —j 209-8 = 213 [# 99-89%° volts
EptaBp+a’ By
= 1000J0° + 1[1120° % 223-6 [ 26-56° + 1 [1240° x 100 [1180°
= 100 [J0° + 2236 [193-44° + 100 [1420°
= (100 +j 0) + (-13-4 + j 223-2) + (50 + j 86-6)
= 136-6 +j 309-8 = 338:57 [166-2° volts

m|

Example 18.5. The zero and positive sequence components of red phase are as under :
Eq = (05— 0:866) V; Ey =200V

If the phase voltage E? =3 00°V, find the negative sequence component of red phase and the
phase voltages E, and E,.

Solution.
or 3 = (05-j0-866) + 2+ En,

O Negative sequence component in R-phaseis
Er, = 0-5+j 0-866 =1 [060° volts
= 05-j0866=1[F 60°

|

N

In polar form,
= [1 3 60° +[10240° x 2[10° + [1 0120° x 1 060
= 13 60°+ 2[1240°+ 1 [J180°

= (056-j0866) +(-1-j 1.732) + (-1 +j 0)

= -15-j 2598

= 3[3F 120°valts

Now

m &

m|

= [1F 609 +[10120°% 2 009 + [1 [0240° x 1 (1609
= 1[F 60°+ 2[1120°+ 1 J300°

= (0-5-j 0-866) + (-1 +j 1-732) + (0-5 - 0-866)

= Ovolt

Example 18.6. Thecurrent fromneutral to ground connectionis12 A. Calculatethe zero phase
sequence componentsin phases.

Solution. We know that zero sequence componentsin all phases have the same value and that
each component is equal to one-third the current in the neutral wire.

[0 Zero sequence current in each phase

1
= =x12 =
3 4 A
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Example 18.7. A balanced star connected load takes 90 A from a balanced 3-phase, 4-wire
supply. If thefusesin the Y and B phases are removed, find the symmetrical components of the line
currents

(i) before the fuses are removed (i) after the fuses are removed

Solution. Fig. 18.7. showsthe star-connected system with fusesin phasesB and Y.

(i) Beforeremoval of fuses. Before fuses are removed from Y and B lines, the system is
balanced and current in each lineis 90 A.

O m:90D0°A; W:90D240°A; E’:90D120°A

Sincethe systemisbalanced, it will have only positive sequence currentsi.e., negative sequence
and zero sequence components will be zero in the three lines. This can be readily established.

Ig
R >
Fuses
I
y— % )
Ig
B —P
Fig. 18.7
e

T = o=l
= maar] =2
= §[ Ry B] —5[90D0°+90[|240°+90[|120°]

= % [90010° + 90F 120° + 90 [1120°) =0 A
Hence zero sequence components in three lines are zero.

@ = e ear]

= S [9000°+ 15 120° x 901240° + 1 [1120° x 9011207
= 5 [90010° + 9001120° + 90012407

= £ [9000° + 9001120° + 90 120 =0 A

Also I, = alg, =10120°x0=0A

and T, = @1y, =10240°x0=0A

Hence negative sequence componentsin thethreelinesare also zero. It can beeasily shown that
three positive sequence components will have the following values :

T2 =T = 900IP A ; T, = 9001240° A; Tg = T3 =90 0120°A

—

lyy =
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(if) After removal of fuses. When the fuses are removed in Y and B phases, the system be-
comes unbalanced with line currents as under :

TR =9000°A ; Ty=T5 =0A
The sequence currents in the three lines can be found out as under :

—

lro = ng

_ 1 - —

= §[IR+IY+IB]

= %[90D0°+0+0]=30EIO°A

i.e. zero sequence current in each lineis 30 OO°A.

—

_ 11— — 2 —
T = §[|R+a|Y+a o]

= %[9050°+0+0] =30 O0°A

Iy, = a’ Ty =10240° x 30 00° = 30 [1240°A
Ty = alg =10120° x 30 00° = 30 O120°A
T _ 11— 2 — —
o = §[|R+a Iy +alg]

= %[90D0°+0+0]=30EIO°A
I, = alg, =10120°x 3000°= 30 (0120° A

T, = a g, =1 0240° x 3000° = 30 0240° A

The reader may wonder how sequence currents can flow in the yellow and blue lineswhen fuses
areremoved inthem. Theanswer isthat these components do not have separate existence. They are
only the mathematical components of the current which doesexist. Thusthe currentintheyellow line
is zero and this can be readily established from its sequence components:

o= Tothytly,
30 0J0° + 30 0240° + 30 J120°
3000°+30[# 120°+30[0120°=0A

Similary, it can be proved that sum of sequence currentsin the blue lineis zero and that is what
thecircuit reveals.

Example 18.8. A 3-¢, 4-wire-system suppliesloadswhich are unequally distributed in the three
phases. An analysis of the current flowing in R, Y and B lines shows that in R line, positive phase
sequence component is 200 [J0° A and the negative phase sequence component is 100 [J60°A. The
total observed current flowing back to the supply in the neutral conductor is300 (7300° A. Calculate
the currentsin the threelines.

Solution.

Zero phase sequence current in R-lineis

Ty = % x Current in neutral wire
= % x 300 J300° = 100 [1300°A
Positive phase sequence current in R-lineis
T, = 20000°A

Ik
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Negative phase sequence current in R-lineis

O CurrentintheR-line,

Currentinthe Y-line,

CurrentinB line,

| 81

R

@

100 0060°A

Toy + T + T, =100 0300° + 200 [0° + 100 6 0°
(50 - j 86:6) + (200 + 0) + (50 +j 86-6) = 300 OC° A
TrotalTn +aly

100 J300° + 1 [J240° x 200 00° + 1[1120° x 1000160°
100 []300° + 200 [J240° + 100 [J180°

(50 - j 86:6) + (~100 ~ j 173-2) + (=100 + 0)

-150-j 259-8=300 F 120° A

Tro +aly +a Ty

100 0300° + 1 [1120° x 200 0J0° + 1 [240° x 100 60°

100 [J300° + 200 [1120° + 100 0J300°
(50-j 86:6) + (100 +j 173-2) + (50 —j 86:6) =0 A

Example 18.9. One conductor of a 3-phase line is open. The current flowing to the A-con-
nected load through the line Ris 10 A. With the current in line R [ See Fig. 18.8] as reference and
assuming that line B is open, find the symmetrical components of the line currents.

Solution. Theline currentsare:

Tp =1000°A ; T, =100180°A ; T, =0A
I =10 £0° A
R »
y IY=124180°A
B
I=0
Fig. 18.8
R-line
T = 3[R+ T +T3] = £ [ 2000°+ 100180°+ 0] =0 A
To = 3[lm+aly +a Tg] = £ [ 1000°+ 10120° x 100180° +0]
= 5-j289=578F 30°A
N 1+, .27 ~1_1
i = §[|R+a IY+aIB]:§[10D0°+1D240°><10D180°+0]
= 5+j2:89 =578 030°A
Y-line

To =0A

a’ Ty =10240°x 578 3 30°=5.78 F 150° A
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alg, = 1 0120° x 5.78 J30° = 5.78 150°A
B-line

IBO = EI;ZOA
o = aly =10120°x 5783 30°=578 090° A

Ty = a?T =10240°x 578 030°=578 & 90°A

Note that components |5, and I 5, havefinite values although the line B is open and can carry no
net current. Asexpected, thesumof |5, and |, iszero. However, the sum of componentsinlineRis
10010°A and the sum of componentsin line Y is 1001180°A.

Example 18.10. Three resistors of 5Q, 10Q and 20Q are connected in delta across the three
phases of a balanced 100 volts supply. What are the sequence components in the resistors and in
supply lines ?

II’
»
Ll

A 4

Yo

©] (i)
Fig. 18.9
Solution. Let the voltages across 5Q, 10Q and 20Q be E , E, and E_ respectively and the
corresponding currentsin the resistorsbe T, , T, and 1. These voltages can be represented by the
vector diagram shown in Fig. 18.8 (ii).

E,=-100000°V ; E, =1000060°V ; E, =100 60°V
~100 00° _

Currentin5Q, Q:ER/5 = — = -20 000° A
Curentin10Q, T, =Ej10 = * 50 =10 I60°A
. . ., _ 1000+ 60° _
Currentin20Q, T = EB/20 ==y = 53 60°A
Sequencecurrentsin resistors
Zero sequence component of m is
Eo) = [IR+IY+IB]

Ik Wik Wl

[-20 00°+ 10 J60° + 5 3 609

5 [(-20+]0) +(5+ 866) + (25~ 4:33)]
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% [-12:5 +j 4-33]
- 417 +] 144 = 4-41 160-9°A

Positive sequence component of m is

—

Ik

LRral Ty

%[—20D0°+1D120°><10[|60°+1[|240°><5EF 60°]

% [~20 [10° + 10 [1180° + 5 [11807]

%[(—20+j 0) + (=10 +j 0) + (-5+ 0)]

% [-35+j 0]
~11.66 +j 0 = 1166 [1180°A

Negative sequence component of m is

B T S
§[|R+a Iy +alg]

% [~20010° + 1 [1240° x 10 [160° + 1 1120° x 5 F 607]
% [~20 0P + 10 J300° + 5 (1609

% [(-20+j0) + (5] 8:66) + (25 + ] 4-33)]

% [-125-)433] =-417-] 144 =443 160-9° A

The sequence components of W and ﬂ; can be found as under :
Tve =T, = 4410160-°A

Ivo = Iro

|Y1:32E1’ = 10240° x 11-66 J180° = 11-66 LJ60° A
|_Y2’:aE2> = 10120°x 4-4 3 160-9°=4-4[F 40-9° A

4.41 0160-9° A
T~ =al, 1 [0120° x 11-66 [1180° = 11-66 0300° A
E = a2 @ 10240° x 4.4 3 160-9°= 4.4 [079-1° A
Sequence currentsin supply lines

— —

Linecurrentin R-line, Ir = IB—W =5 60°- 10 0O60°
(25-j4-33) - (5+] 8:66)

-25-j12:99=1322 5 100°A

LinecurrentinY-line, T, = T -1, =-2000°-53 60°

(-20+j 0) - (25 - j 4-33)

~22.5 + ] 433 = 22:91 [116%° A

= 1, - T, = 100160° - (-20010°)

(5+j866)-(-20+j 0)

25+ 8:66 = 2645 [119-1°A

Linecurrent in B-line,

o
|
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Zero sequence component of ﬁ is

o = 2T+ +T) =20 =0ax
Positive sequence component of ﬁ is
T, = %(Ir+aw+azﬁ)
= 1[[E-T)+a(-Ta) +a (T -Ta)]
- Ha(mal + £ ) -a T +al; +a* ]
[-a’=1anda’=4q]
= %:(a—az)(?+ 7+a2E)]
Now a-a’ = jJ3adT +al, +a’T, =31
: I = 5036

jﬁ@:jﬁ(—ﬂﬁeﬂ 0)
-j202=2020EF 90°A

Negative sequence component of ﬁ is
— _ 1. .2 T
|r2 _§Ir+a|y+ab
_ 11— — 2 _1T — T
= §[(|B IY)+a (R B)+a(IY IR)]
_1J.2 2 — — — 2 — —
= 308 (IR+a IY+aIB)—a rFaly +aIB)]
_ 1,2 — 2 —
= §[(a —a)(IR+a IY+aIB]
Now a-a=-jy3andi +a’l, +al, =31,
O To = 5(-iV3x3Tg) = -3 xTg

—j V3 X (417 -] 144)
-2:5+)7-2=7-62 0109-1°A

Note. Incidentally, we have the formulas for relation among sequence components in the phases and lines.

—_—
Irl

V3T & T, =-iV3Tg

Example 18.11. A delta connected load is supplied from a 3-phase supply. The fuse in the B
lineis removed and current in the other two linesis 20 A. Find the symmetrical components of line

currents.

Solution. Let R, Yand B bethe supply lines. When fuseintheline B isremoved, thevariousline

currentsare :

*  Since vector sum of | r

*%

line currents. Asline current isthe dif
nents cancel out.

This shows that in delta formation, the zero sequence currents are present in phases but they disappear in

ference of two phase currents, therefore, the zero sequence compo-
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I, = 2000°A; T, =200180°A ; T, =0A

R-line
= 1[|"+T+T]:l[2omo<>+2om1800+01
ro 3 r y b 3
= 21(20+j0)+ (-20+]0) + 0] = 3 [0] = 0A
- _ 11~ — 2 —
I = §[Ir+aly+a N
= %[20D0°+1D120°><20[|180°+0]
= % [20 010 + 20 13009] = % [(20 +j0) + (10 - j 17:32)]
= %[30— j17-32) =10-j 577 = 11-54 3 30°A
— _ 11 2 — —
i = §[|r+a Iy +aly)
= %[20D0°+1D240°><20D180°+0]
= % [20 CI0° + 20 [160°] = % [(20 +0) + (10 + 17:32)]
= %[3o+ j 17:32] = 10+ 577 = 11.54 I30°A
Y-line
UO) = I_FO)ZOA
T, = al, =10240°x 1154 F 30°= 11.54 0210° A
T, = al, =10120°x 1154 J30°= 11.54 0150° A
B-line
Ty = 1o =0A
T, = al, =10120°x 1154 3 30° = 11.54 [190°A
T, = a’ T, =10240°x 1154 130° = 11.54 0270° A

Example 18.12. Threeimpedancesof 5—10, 6 + j 5and 3 + j15 ohmsare connected in star to
red, yellow and blue lines of a 3300 V, 3-phase, 3-wire supply. The phase sequence is RYB. Calcu-
late theline current | ..

Solution. Thisisacase of unbalanced 3-phase star connected load supplied from abalanced 3-
phase supply. Since the phase sequenceis RY B,

0 Viy = 3300000°V ; Vi =a” Vg, = 3300 [1240°V

Let \TR , 7 and \TB be the voltages across impedances in R, Y and B phases respectively and
T2, 1, and T, theresulting line currents.

O Va-Vy =V, = 3300+j0

and V, -V, =Vig = 3300(-05 - j 0-866)

vy +tlg = 0A
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O T =lyg=1gy = OA
I
> R
VR¢
Ig
Iy
Fig. 18.10
Vg = (5-j10)T; = (5-j10) (QO +Q+E)
= (5-j10) (Q +Q) ()
V% = (6+i5) T, =(6+]5) (g + Ty, +1;)
= (6+]5) (I71+@)
= (6+]5) (8 Ty + 2Ty (i)
Vo = (3+]15) Ty = (3+]15) (Tgg + Ty 155
= (3+]15) (g + Ty
= (3+]19) (aly +a’ Tgy) ..(iii)
Subtracting exp. (ii) from exp. (i), we get,
G- = (1 1) 6~ 10) (e T +alis) 6 49
or 3300 = (367-)23)Iy +(1233 -] 127) T, (V)
Subtracting exp. (iii) from exp. (ii), we get,
V-V = (a2 T +aQ) (6 +j5) —(am +a’ Q) (3 +j15)
or 3300(-0-5 - 0-866) = (158-) 2:8)T, - (18:84 -] 12:8)I,
or ~1650 - 2858 = (158-j2:8) I — (1884 -] 128)T, (V)

Solving exps. (iv) and (Vv), we get,

—
I RL
—

and I

= 134-j 65
= 95+ 141
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0 Tn = Ty +1y =(134-)65) + (95 +] 141)

229+j76=2413F 184°A
Example 18.13. A star connected load consists of three equal resistors of 1 Q resistance. The
load is assumed to be connected to an unsymmetrical 3-phase supply, the line voltages are 200 V,

346V and 400 V. Find the magnitude of current in any phase by the method of symmetrical compo-
nents.

Ig
<

10 Iy Reference axis

4
-<
=5/
=

y ]
(o]

(@) (i1)
Fig. 18.11

Solution. Thisis a case of a balanced star-connected load sup-
plied from an unbalanced 3-phase supply. Fig. 18.11 (i) shows the
balanced star-connected | oad receiving unbalanced supply. Fig. 18.11
(it) showsthevector diagram. Sincethevector sum of threevoltagesis
zero, these can be represented by the three sides of atriangle as shown

inFig. 18.12. Referring to Fig. 18.12, it isclear that :

(2)? = (1 +1-75cos 0)* + (1.75sin B)°

or 4 =1+ (1-75)* (cos” © + sin” B) + 2 x 1.75 cos B
or 4=1+3x1+35cos6 Vgy =200V =1 unit
O cosO = (4-4)/35=0 Fig. 18.12
O 6 =090°
and cosq = L1+105c0s6 _1+0 _
2 2
O a =60°

Asthe phase sequenceis RYB, therefore, various line voltages are :

—

Vqy = 2000180°=(-200 +j0) V
\m = 346 [1180° — 90° = 346 [(190° = (0 +j 346) V
\E = 400 [ 60°= (200 —j 346) V
The current in any phase (or line) is equal to phase voltage divided by resistancein that phase.
0 Linecurrent, T, = 2209180 _ 41547 n1g0e A
1x /3
Linecurrent, T, = 230090 _199.77 g0 A

1x4/3
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Linecurrent, T, = 205 6% _ 535043 600n

1x /3
Sequence componentsin red phase are :
— 1M — —
|RO = §[IR+ IY + IB]
= % [115-47 (1180° + 199-77 [190° + 230-94 & 609

= % [(-115-47 +] 0) + (0 +] 199:77) + (11547 — ] 199-99)]

= % [0] = 0A
i =it
= % [115-47 0180°+ 1 0120° x 199-99 [190° + 1 [0240° x 230-94 3 60°]
= % [115-47 [1180° + 199-99 [1210° + 230-94 [11807]
= % [(-115-47 +j0) + (-173 - j 99-99) + (-230-94 + jO)]
= % [-519-4 - j 99-99] = -173-13 - j 33-3= 176:3 F 16%°A
Iw = g[k+a T val]

= % [115-47 [1180°+ 1 [1240° x 199-99 [190° + 1 [1120° x 230-94 F 607]
= % [115-47 (J180° + 199-99 [1330° + 230-94 1609
= % [(-115-47 + jO) + (173 — j 99-99) + (115-47 + j 199-99)]

= % [173 +j 100] = 57-66 + j 33-3 = 6658 0030° A

TUTORIAL PROBLEMS

1. Ina3-phase, 4-wire system, currentsin R, Y and B lines under abnormal conditions of loading are:
Ir=150 045°A ; l,=2500150°A ; Ig =100 J300° A
Calculate the zero, positive and negative phase sequence currents in the R-line and return current in the
neutral connection.
[lo=5220112-7°A; |5, =48-02F 87-6°A; Iz, = 163-21 040-45° A; | = 156:6 O0112-7° A]
2. Ina3-phase system, the phase voltages are as under :
Exr=100V; Eg=103 120°V; E,=0V
Find the zero, positive and negative phase sequence components in the R-phase.
[Ego = —0-33 0120°V; Eg, = - 0-33 0240°V; E, = 0-66 00° V]
3. Thecurrentsin a 3-phase unbalanced system are :
[r=(80+j0)A ; ly=(-10-j60) A ; lg=(70+]j 60) A
The phase sequence is RYB. Calculate the zero, positive and negative sequence components of the red
line current and determine the current in the neutral wire.
[lgo=0A; lg, =7658013°A ; |5, =18123 72:6°A; | = 0A]
4. A 3-phase, 4-wire system suppliesloadswhich are unequally distributed in the three phases. Ananalysis

of the circuit shows that positive and negative phase sequence components of the current in the red line
are as under :
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Iy = (7-89+) 0-732) A ; I = (211 - 2732) A
Thetotal observed current flowing back to supply in the neutral conductor is zero. Calculate the current
in the three lines. [[R=(10-j2A; I, =(-2-]4) A, 1g=(-8+]6) A]

18.6 Sequence Impedances

Each element of power system will offer impedance to different phase sequence components of cur-
rent which may not be the same. For example, theimpedance which any piece of equipment offersto
positive sequence current will not necessarily be the same as offered to negative sequence current or
zero segquence current. Therefore, in unsymmetrical fault cal culations, each piece of equipment will
have three values of impedance—one corresponding to each sequence current viz.

(i) Positive sequence impedance (Z,)

(ii) Negative sequence impedance (Z,)

(iii) - Zero sequence impedance (Z;)

Theimpedance offered by an equipment or circuit to positive sequence current is called positive
sequenceimpedance and isrepresented by Z,. Similarly, impedances offered by any circuit or equip-
ment to negative and zero sequence currents are respectively called negative sequence impedance
(Z,) and zero sequence impedance (Z;).

The following points may be noted :

(a) Ina3-phasebalanced system, each piece of equipment or circuit offersonly oneimpedance—
the one offered to positive or normal sequence current. This is expected because of the
absence of negative and zero sequence currentsin the 3-phase balanced system.

(b) Ina3-phase unbalanced system, each piece of equipment or circuit will havethree values of
impedance viz positive sequenceimpedance, negative sequenceimpedance and zero sequence
impedance.

(c) The positive and negative sequence impedances of linear, symmetrical and static circuits
(e.g. transmission lines, cables, transformers and static loads) are equal and are the same as
those used in the analysis of balanced conditions. Thisis due to the fact that impedance of
such circuitsisindependent of the phase order, provided the applied voltages are balanced.
It may be noted that positive and negative sequence impedances of rotating machines (e.g.
synchronous and induction motors) are normally different.

(d) The zero sequence impedance depends upon the path taken by the zero sequence current.
Asthispathisgenerally different from the path taken by the positive and negative sequence
currents, therefore, zero sequence impedance is usually different from positive or negative
sequence impedance.

18.7 Sequence Impedances of Power System Elements

The concept of impedances of various elements of power system (e.g. generators, transformers,
transmission lines etc.) to positive, negative and zero sequence currentsis of considerableimportance
in determining the fault currents in a 3-phase unbalanced system. A complete consideration of this
topic does not fall within the scope of this book, but a short preliminary explanation may be of
interest here. The following three main pieces of equipment will be considered :

(i) Synchronousgenerators
(if) Transformers
(iif) Transmissionlines
(i) Synchronousgenerators. The positive, negative and zero sequence impedances of rotating

machines are generally different. The positive sequence impedance of a synchronous generator is
equal to the synchronousimpedance of the machine. The negative sequenceimpedanceis much less
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than the positive sequence impedance. The zero sequence impedance is a variable item and if its
valueisnot given, it may be assumed to be equal to the positive sequence impedance. In short :

Negative sequenceimpedance < Positive sequence impedance

Zero sequence impedance = Variableitem
= may betaken equal to +ve sequence impedanceif itsvalueis
not given

It may be worthwhile to mention here that any impedance Z, in the earth connection of a star-
connected system has the effect to introduce an impedance of 3 Z, per phase. It is because the three
equal zero-sequence currents, being in phase, do not sum to zero at the star point, but they flow back
aong the neutral earth connection.

(if) Transformers. Sincetransformers have the sameimpedance with reversed phase rotation,
their positive and negative sequence impedances are equal; this value being equal to the impedance
of thetransformer. However, the zero sequence impedance depends upon earth connection. If there
is a through circuit for earth current, zero sequence impedance will be equal to positive sequence
impedance otherwise it will beinfinite. In short,

Positive sequence impedance = Negative sequence impedance

= Impedance of Transformer
Zero sequence impedance = Poditive sequenceimpedance, if thereiscircuit for earth current
Infinite, if thereis no through circuit for earth current.

(i) Transmission lines. The positive sequence and negative sequence impedance of aline are
the same; this value being equal to the normal impedance of the line. Thisis expected because the
phase rotation of the currents does not make any differencein the constants of theline. However, the
zero sequence impedanceis usually much greater than the positive or negative sequence impedance.
In short :

Positive sequence impedance = Negative sequence impedance

Impedance of theline

Zero sequence impedance = Variableitem

may betaken asthreetimesthe +ve sequenceimpedanceif its
valueisnot given

18.8 Analysis of Unsymmetrical Faults
In the analysis of unsymmetrical faults, the following assumptions will be made:
(i) The generated em.f. system is of positive sequence only.
(if) No current flowsin the network other than due to fault i.e. load currents are neglected.
(iif) Theimpedance of the fault is zero.
(iv) Phase R shall be taken as the reference phase.
In each case of unsymmetrical fault, em.f.s' per phase are denoted by Eg, E, and Eg and the
terminal p.d. per phase by Vg, V, and V.
18.9 Single Line-to-Ground Fault

Consider a 3-phase system with an earthed neutral. Let asingleline-to-ground fault occur on thered
phase as shownin Fig. 18.13. Itisclear from thisfigurethat :

=0 and IJ =T, =0

*  Notethat Vg isthe terminal potential of phase Ri.e. p.d. between N and R. Under line-to-ground fault, it
will obviously be zero.
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The sequence currentsin the red phase in terms of line currents shall be:

Fig. 18.13

Fault current. First of al expression for fault current m will bederived. Let Z Z and Z be

the positive, negative and zero sequence impedances of the generator respectively. Consider the
closed loop NREN. As the sequence currents produce voltage drops due only to their respective

sequence impedances, therefore, we have,

Br = L4+, 24,4102, +Vg
As Va=0 andT, =T, =T,
0 B = h(Z+Z+7)
_ [
or ly = ===
L+2,+%
0 Fault current, T =37 3E N0

- R
Z+7,+7,
Examination of exp. (i) shows that the equivalent circuit from
which fault current may be calculated isasgivenin Fig. 18.14. Itis
clear that fault current is obtained by connecting the phase sequence
impedancesin series across animaginary generator of voltage 3 E..
Thisisawonderful part of the method of symmetrical components
and makes the analysis easy and interesting. In fact, this method
permits to bring any unsymmetrical fault into a simple circuit of

©

<
<

Fig. 18.14
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interconnection of sequence impedances appropriate to the fault condition prevailing.

The assumption made in arriving at exp. (i) is that the fault impedance is zero. However, if the
fault impedance is Z,, then expression for fault current becomes:

- _3E
"z 743

It may be added here that if the neutral is not grounded, then zero sequence impedance will be
infinite and the fault current iszero. Thisisexpected because now no path existsfor the flow of fault
current.

Phase voltages at fault. Now let us calculate the phase voltages at fault (i.e. voltage between
each line and fault). Since the generated em.f. system is of positive sequence only, the sequence
components of em.f. in R-phase are:

E=0: E=0adE=F
The sequence voltages at the fault for R-phase are :

\7 = E)_I_)_) =E = R—> e
i R~ 4 R Z+7,+2,
Z+7Z, —
D \_/;_ = = 2—» O—> ER
Z+7Z,+ 7,
— 50— —Z
V2 - O_Zz 2T = = T R
4+ 2, + 7,

\7 :O__>_>:—> _—>O—>_>

0 ° Z+z+zZ, R
It can be readily seen that \/ +V, +V, =0. This is expected because R-phase is shorted to

ground.

O Thephasevoltages at fault are:

Vo = G+ =0

¥ = e eay

v - Geayeay]
Summary of Results. For line (R-phase)-to-ground fault :
. . En - —
(i) g = letcurrmt:% ; Iy=0 ; 15=0

4+ 2, + 7,

(if) Ve =0

Y = G eay

v = Geayeaty

18.10 Line-to-Line Fault

Consider aline-to-line fault between the blue (B) and yellow (Y) lines as shown in Fig. 18.15. The
conditions created by thisfault lead to :

— —

V=V ; 15=0 and1, +1,=0
Again taking R-phase as the reference, we have,
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T = 3T T =0
Now % =V

Expressing in terms of sequence components of red line, we have,

— 2 =7 - _ — i
WwHa \y+al, = \y+aV +a',

o

or V@ -a) =V, (@ -a)
0 Vo=V 0
R In=0
te.,
Ig
> 14
Fig. 18.15
Also W"'_é =0

or (a2+a)lﬁ1+E)+2ﬁ0 =0
or L+, =0 (i)
Fault current. Examination of exp. (i) and exp (ii) reveals x
that sequence impedances should be connected as shown in Fig. I,
18.16. Itisclear fromthefigurethat :
-
I, = -, ==—=
Z+7Z, Z, Vo
Faultcurrent, Ty = T +a’ 1, +al,
= 0+a?| R |va| R
2+7,) \z+z 2
Ex ig. 18.
_ (az —a) R Fig. 18.16
ZZ
_ BB
n+z,

Phasevoltages. Sincethegenerated em.f. systemisof positive phase sequence only, the sequence
components of em.f. in R-phase are:

E=0: B0 mE-F
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The sequence voltages at the fault for R-phase are:

— — - = — ? =
V. = E.-1.Z = E. -| =R
iz s 5
0 Vo= 2 E
Z+7
— e ? —
YA :0—222:?15Z =
\7(; = 0—_0'2 =0
The phase voltages at fault are :
Ve T WtV Y,
S0+ 2 F =2
Z+Z, © 7+7
-, 27, —
D V = —»ZZ—y ER
A
— _ = 2= —
V, = p+a y+ay,
- 0+a?| 2 E|+ a| =2 E;
Z+7, Z+7,
- (@+a)| =2, E,
Z+7,
_ Zz,
0 v, =~ = 2 Eg (- a®+a=-1)
Z+7
Ve = V, +al, +a’ v
- 0+a| =2 By |+ o2 E
Z+Z, Z+Z,
- (@+a)| =2 E,
Z+7
_, Zz,
O V, = _% ER
5 Z+g

Summary of Results. For line-to-linefault (Blue and Yellow lines) :

() =0 ; T=-T; = J33E

Z+7
(“) VY:VB = _% ER and VR:—’ 2_, ER
Z+7 Z+7

18.11 Double Line-to-Ground Fault
Consider the double line-to-ground fault involving Y-B lines and earth as shown in Fig. 18.17. The
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conditions created by thisfault lead to :
m =0 : \7Y> :\TB> =0

Tei=10
Y
s
v Fault current
L =lg+1y
Fig. 18.17
Since V, = V;=0,itisimpliedthat :
— - _ o _ 1 —
Vi =V =V = 3 VR

Also g = L+, +l;=0 (given)

Fault current. Examination of exp. (i) and exp. (ii) *
revealsthat sequence impedances should be *connected as I+ Ip
shownin Fig. 18.18. Itisclear that : T

— Z1
Ti = % v
Z+ 4, % '
Z+7 :
= R Z, 38 Vo z,
Lo--T %
2 - 1 = -
2, + 2,
=T =2
Z,+ 2,
0o_- 2z, O &
Faltcurrent, T = Ty +1g = 3ig** =30 = = Fig. 18.18
e =1y +lg =3l H*Z, +z,0 g 18.
=-Sh B
Z,+ 2, Z_,__%zzo_)
Z+7,
_ 37 Eq
LLL+LL+Z 7
* SinceV =V, =V, :%VR,sequenceimpedancesmust bein parallel.
* Iy = (|R+|Y+|B) = = (0 + Fault Current)

0 Faultcurrent = 3|0

(i)
..(ii)
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Phase Voltages. The sequence voltages for phase R are:

V=E-1Z: %=0-,Z: %,=0-17
Now A R
0 Ve =+, +Y =3V,
Vo= aVrah+g =@ rar)y, (=1 =1)
= 0x\, = (- a+a+1=0)

V; = aV+a’y, +\, = (a+a” +)\, =0
Example 18.14. A 3-phase, 10 MVA, 11 kV generator with a solidly earthed neutral point
supplies a feeder. The relevant impedances of the generator and feeder in ohms are as under :

Generator feeder

Positive sequence impedance j1-2 j1-0

Negative sequence impedance j 09 j 10

Zero sequence impedance j 0-4 j 30
IR

[
>

ull—e

I,=0

;=0

Fig. 18.19

If a fault from one phase to earth occurs on the far end of the feeder, calculate

(i) the magnitude of fault current

(if) lineto neutral voltage at the generator terminal

Solution. Thecircuit diagramis shown in Fig. 18.19. The fault is assumed to occur on the red
phase. Taking red phase asthe reference,

Phase em.f. of R-phase, E =11 x10%/+/3 = 6350 V
(i) Thetotal impedanceto any sequence current isthe sum of generator and feeder impedances
to that sequence current.

O Total Z, = j12+)10 = j22Q
Total Z, = j09+j10 =j19Q
Totl Z, = j04+j30=(34Q

For aline-to-ground fault, we have,

P —
— — — E

. =1, =1, = = 6350

1 2 0 Z+Z+Z; j22+j19@+j314

Py
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= 530 - _jasp
] 705
0 Fault current, T, = 3T, =3x(-]846) = —j 2538 A

(if) Line-to-neutral voltage of R-phase,

— —_— -

Ve = RR= 114 1,2, 1y 2
where Z;, Z, and Z,, are the sequence impedances of generator.
E-To(Z2+Z+7%)
6350 — (] 846) (j 1.2+ 0-9 + ] 04)
6350 + 846 (] 2.5)
6350 — 2115 =4235V

Example 18.15. A 3-phase, 11 kV, 10 MVA alternator has sequence reactances of X, = 0-05
p.u., X; = 0-15 p.u. and X, = 0-15 p.u. If the generator ison no load, find the ratio of fault currents
for L-G fault to that when all the 3-phases are dead short-circuited.

Solution. Taking red phase as the reference, let its phase em.f. be ?R =1p.u.
Line-to-ground fault. Suppose the fault occurs on thered phase. Then,

—

T ==l =R
1 2 0 Y’1+Y2’+YO’
- 1 1 .
= - - - = - = —j 2
. lo = joms5+joms+joms  joms - 2%
0 Fault current, T, = 31, =3x(-j 285 =-j855A

Three phase fault. When a dead short circuit occurs on all the three phases, it gives rise to
symmetrical fault currents. Therefore, the fault current (say 1) islimited by the positive sequence
reactance (i.e. X;) only.

= " =_—- = -|6[66

O  Fault current, l4 z {005 j66

Ratio of two fault currents = I:R = 21805 - 10g
lg, - ] 666

i.e. single line-to-ground fault current is 1-284 times that due to dead short circuit on the 3-
phases.

Example 18.16. A 3-phase, 11 kV, 25 MVA generator with X, = 0-05 p.u., X; = 0-2 p.u. and X,
= 0-2 p.u. isgrounded through a reactance of 0-3 Q. Calculate the fault current for a singlelineto
ground fault.

Solution. Fig. 18.20 showsthe circuit diagram. Thefault isassumed to occur on the red phase.
Taking red phase as the reference, let its phase em.f. be ETQ =1p.u.
First of al, convert the reactance X, into p.u. value from the following relation :

kVA rating

*p.u. value of = inohmsx ———_ "= 9
P % =% (kV)? x 1000

kVA rating

* %X, =X, inohms x 5
(kV)* x10

. If thisvaueisdivided by 100, we get p.u. value.
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= 03x —225*000 =0:062 p.u.
(11)% x 1000

I
IY=
I5=10
Fig. 18.20
For aline-to-ground fault, we have,
d _ rd _ = _ ER>
Il - I2 - IO e — pr—
X+ X, +(X, +3 X))
_ 1
jOR2+j0R2+j(0MD5 +3 x0 [062)
=_ 1 - _j1572pu
j 0636
Fault current, Tp = 3T = 3x (-] 1572) = - 4716 p.u.
O Fault currentin amperes = Rated current x p.u. value
25 x10°
= 227 _xA4[T16 = 6188A
V3 x11x10°

Example18.17. A 3-phase, 3-wire system hasa normal voltage of 10-4 kV between thelines. It
issupplied by a generator having positive, negative and zero sequence reactances of 0-6, 0-5 and 0-2
Q per phase respectively. Calculate the fault current which flows when a line-to-line fault occurs at
the generator terminals.

Solution. Suppose the short circuit fault occurs between yellow and blue phases. Taking red
phase as the reference, its phaseem.f. is:

Phaseem.f. of R-phase, Eg = 1044 x 10°//3 = 6000V
Now X; =j06Q; X, =j05Q; X =j02Q

For line-to-linefault, we have,

V3 Eq

X+ X%

/3 x 6000

= ———— =04475A
(06 +00H)

Example 18.18. The per unit values of positive, negative and zero sequence reactances of a
network at fault are 0-08, 0-07 and 0-05. Determine the fault current if the fault is double line-to-
ground.

Fault current, I (in magnitude)
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Solution. Suppose the fault involves yellow and blue phases and the ground. Taking red phase

asthereference, let its phase em.f. be E? =1lp.u.

Now, 71 =j0-08p.u. ; E =j0-07p.u. ; z =j 0-05p.u.
For adouble line-to-ground fault, we have,

Fault current, [ N = p— _2(LERﬁﬁ
X Ko+ XK K+ % %
_ ~3xj 007 x1
jOD8x | 007+ 008x]0M5+] 007 xj 005
_ -jo1
— (56 +40 +35) x10~*
. 4
= J0R1x10° _ 46y,
131

Example 18.19. A 20 MVA, 11 kV, 3-phase, 50 Hz generator hasits neutral earthed through a
5%reactor. Itisinparallel with another identical generator having isolated neutral. Each generator
has a positive sequence reactance of 20%, negative sequence reactance of 10% and zero sequence
reactance of 15%. If alineto ground short circuit occursin the common bus-bar, determine the fault
current.

LY

Fig. 18.21

Solution. Fig. 18.21 shows the two generators in parallel. The generator 1 has its neutral
earthed through a reactance (= 5%) whereas generator 2 has ungrounded neutral. The earth fault is
assumed to occur on the red phase. Taking red phase as the reference, its phase em.f. Eg = 11 x
10°/4/3 = 6351 V. For alineto ground fault, the * equivalent circuit will be as shownin Fig. 18.22 (i)
which further reduces to the circuit shown in Fig. 18.22 (ii).

*  Note the equivalent circuit diagram. The positive sequence reactances (20%) of two generators are in

parallel and so are their negative sequence reactances (10%). The zero sequence reactance of generator 2
is zero becauseits neutral is ungrounded. However, the zero sequence reactance of generator 1 =15% + 3
x 5% = 30%.




Unsymmetrical Fault Calculations 453

—_———

\ED }

V:U'_'

20% 20% X;=10%

6!59 10% 10% 6@ g X, = 5%

30% X, = 30%

—
<

@) )
Fig. 18.22

A

The percentage reactancesin Fig. 18.22 (ii) can be converted into ohmic values as under :

0 reactance x (Voltagein kV)? x 10

X, =
Base kVA
2
= 10x LY x10 _ 6050
10° x 20
2
X, = 5x 107 *10 - 93005 0
10° x 20
_ 1D)?x10 _
= 30x 22 X - 18150
% 10° x 20
- 3E. 3x 6351
g Fault current, I, = R = _ - i
"7 X +X +% 100605+ 003025+ 10815
= 19053 - _jeo08A
j 207225

Example 18.20. A 50 MVA, 11 kV three-phase alternator was subjected to different types of
faults. The fault currents are as under :

3-phase fault = 2000 A ; Line-to-Linefault = 2600 A ; Line-to-ground fault = 4200 A

The generator neutral is solidly grounded. Find the values of the three sequence reactances of
the alternator. Ignore resistances.

Solution. Let X;, X, and X, bethe positive, negative and zero sequence reactances respectively
of the alternaor.
Eon

For 3-phase fault, Fault current = (magnitude)

11000/+/3

or 2000 =
X
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L aa——
11000
O X, = ==~ =3175Q
1 J3x2000
For line-to-line fault, we have,
E
Fault current = ﬂ (magnitude)
X+ X%
or 2600 = Y3*110003
X+ X%
or X, +X, = —121%’8 =42310
O X, = 4231 - X,=4231-3175=1.056 Q
For line-to-ground fault, we have,
Fault t 3 Epn (magnitude)
ault current = —————— magn
X+X+%
or 4200 = 3%1100043
X+ X+ %
or X +X,+X, = % = 4536 Q
0 X, = 4536 - X, —X,=4536 - 3175 — 1.056 = 0-305 Q

TUTORIAL PROBLEMS

1. A 3-phase, 75 MVA, 0-8 p.f. (lagging), 11-8 kV star-connected alternator having its star point solidly
earthed supplies afeeder. The relevant per-unit (p.u.) impedances, based on the rated phase voltage and
phase current of the alternator are as follows :

Generator Feeder
Positive sequence impedance (p.u.) j 17 j01
Negative sequence impedance (p.u.) j 0:18 j 01
Zero sequence impedance (p.u.) j 0-12 j0-3

Determine the fault current for aone line-to-earth fault occuring at the far end of the feeder. The gener-
ated em.f. per phaseis of positive sequence only and is equal to the rated voltage per phase. [4400 A]

2. A 3-phase, 75 MVA, 11-8 kV star-connected aternator with a solidly earthed neutral point has the fol-
lowing p.u. impedances based on rated phase voltage and rated phase current :
Positive phase sequence impedance = j2pu.
Negative phase sequence impedance j 0:16 p.u.
Zero phase sequence impedance j 0-08 p.u.
Determine the steady-state fault current for the following : (i) 3-phase symmetrical short-circuit (i) one
line-to-earth fault (iii) two line-to-earth fault. The generated em.f. per phaseisequal to therated voltage.
[(i)1840 A (ii) 4920 A (jii) 3580 A]
3. Theper unit values of positive, negative and zero sequence reactances of anetwork at fault are 0-08, 0-07
and 0-05 respectively. Determine the fault current if fault is line-to-line-to-ground. [ 16 p.ul]

18.12 Sequence Networks

Theanalysisof an unsymmetrical fault by symmetrical components method can be conveniently done
by drawing sequence networks. A sequence network of a particular sequence current in a given
power system is the path for the flow of that sequence current in the system. It is composed of
impedances offered to that sequence current in the system. Since there are three sequence currents
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(viz. positive sequence current, negative équence current and zero seguence current), there will be
three sequence networks for agiven power system, namely ;

1. Positive sequence network
2. Negative sequence network
3. Zero sequence network

1. Postive sequence network. The positive sequence network for a given power system
shows all the paths for the flow of positive sequence currentsin the system. It isrepresented by one-
line diagram and is composed of impedances offered to the positive sequence currents. While draw-
ing the positive sequence network of agiven power system, thefollowing points may bekeptin view:

(i) Eachgenerator inthe systemisrepresented by the generated voltagein serieswith appropriate

reactance and resistance.

(if) Current limiting impedances between the generator’s neutral and ground pass no positive

sequence current and hence are not included in the positive sequence network.

(i) All resistances and magnetising currents for each transformer are neglected as a matter of
simplicity.
(iv) For transmission lines, the shunt capacitances and resistances are generally neglected.
(v) Motor loads are included in the network as generated em.f. in series with appropriate
reactance.

2. Negative sequence network. The negative sequence network for a given power system
shows all the paths for the flow of negative sequence currentsin the system. It isalso represented by
one-line diagram and is composed of impedances offered to the negative sequence currents. The
negative sequence network can be readily obtained from positive sequence network with thefollowing
modifications:

(i) Omit the em.fs. of 3-phase generators and motors in the positive sequence network. Itis

because these devices have only positive sequence-generated voltages.

(if) Change, if necessary, the impedances that represent rotating machinery in the positive
sequence network. It is because negative sequence impedance of rotating machinery is
generally different from that of positive sequence impedance.

(iif) Current limiting impedances between generator’s neutral and ground pass no negative
sequence current and hence are not included in the negative sequence network.

(iv) For static devices such as transmission lines and transformers, the negative sequence
impedances have the same val ue as the corresponding positive sequence impedances.

3. Zerosequence network. The zero sequence network for a given power system shows all
the paths for the flow of zero sequence currents. The zero sequence network of a system depends
upon the nature of connections of the 3-phase windings of the componentsin the system. Thefollow-
ing points may be noted about zero sequence network :

(i) The zero sequence currents will flow only if there isareturn path i.e. path from neutra to

ground or to another neutral point in the circuit.

(if) Inthe case of asystem with no return path for zero sequence currents, these currents cannot
exist.

18.13 Reference Bus for Sequence Networks

While drawing the sequence networks, it is necessary to specify thereference potential w.r.t. which all
sequence voltage drops are to be taken. For this purpose, the reader may keep in mind the following
points:

(i) For positive or negative sequence networks, the neutral of the generator is taken as the




456 Principles of Power System
— i

reference bus. Thisislogical because positive or negative sequence components represent
bal anced setsand hence all the neutral points must be at the same potential for either positive
or negative sequence currents.

(if) For zero sequence network, the reference busisthe ground at the generator.

Example 18.21. An unloaded generator is grounded through a reactance Z,, as shown in Fig.
18.23. If a single line-to-ground fault occurs, draw (i) the positive sequence network (ii) negative
sequence network and (iii) zero sequence network.

Solution. Fig. 18.23 shows the unloaded generator with single line-to-ground fault. We shall
now draw the sequence networksfor this system.

IR

[
>

-llll—o

Fig. 18.23
(i) Postiveseguence network. The generated voltages are of positive sequence only becasue
the generator is designed to supply 3-phase balanced voltages. Therefore, the positive sequence
network is composed of phase em.fs. in series with positive sequence impedance of the generator.
Fig. 18.24 (i) shows the positive sequence current paths whereas Fig. 18.24 (ii) shows the single-
phase positive sequence network.

151 Reference bus
En (=
Iy
za
1 I
> i R

(@) (i)
Fig. 18.24
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(if) Negative sequencenetwork. A negative sequence network contains no em.f. but includes
the impedances of the generator to negative sequence currents. Thus negative sequence network is
readily obtained by omitting e.m.fs. in the positive sequence network. Fig. 18.25 (i) showsthe nega-
tive sequence current paths whereas Fig. 18.25 (ii) shows the single-phase negative sequence net-

work.

Iﬁz Reference bus
Z,
Iy,
IBf Igo
> i R
(@) (i)
Fig. 18.25

(iif) Zerosequencenetwork. The zero sequence currents flow through phasesaswell asthrough
the reactance Z,, asshowninFig. 18.26 (i). Itisclear that current flowing inimpedance Z,,is3ly,. It

isbecause gy =lgo = Iy,
0 Voltage drop of zero sequence current from R to ground
= = 3lgoZn~ lroZo
= -1,(32,+2Z)
Therefore, the per phase impedance to zero sequence current is3 Z, + Z,. Fig. 18.26 (ii) shows
the zero sequence network.

Ilio Reference bus
Iyo % 37
»- n
8o Iro
> & R
(@) (i)
Fig. 18.26

Example 18.22. Draw the zero sequence network for (i) star-connected load with no earth
connection (ii) star-connected load with Z_ from neutral to ground (iii) delta-connected load.

Solution. (i) Fig. 18.27 (i) showsthe star connected load with no earth connection. In thiscase,
neutral current iszero and no zero sequence current can exist. Fig. 18.27 (ii) showsthe zero sequence

network.
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Reference bus

Z,
N ToTseT

@ Fig. 18.27 @)

(i) Fig.18.28(i) showsastar connected |oad with animpedance Z,, between neutral and ground.
Fig. 18.28 (ii) showsthe zero sequence network. Notethat if impedance Z,, is placed between neutral
and ground, then an impedance of 3 Z,, must be placed between the neutral and reference bus of zero
sequence network.

Reference bus

I
I
I
I
I
I
|
|
|
|
|
|

Fig. 18.28

(iii) Since adeltaconnected load provides no return path, zero sequence currents cannot exist in
the phase windings. In other words, a delta connected circuit provides infinite impedance to zero
sequence line currents. The zero sequence network is open at the delta connected circuit. Fig.
18.29(ii) shows the zero sequence network for a delta connected circuit.

Reference bus

Fig. 18.29

SELF-TEST

1. Fill in the blanks by appropriate words/figures.
(i) Themost common type of 3p unsymmetrical fault is...............
(if) In abaanced 3—¢ system, negative and zero phase sequence currents are ............. .
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(iii) In a3-phase, 4-wire unbalanced system, the magnitude of zero sequence current is............. of the
current in the neutral wire.

(iv) The positive sequence impedance of a transmission lineis ............. to the negative sequence
impedance.

(V) The zero sequence impedance of different elements of power systemis generdly .......... .
2. Pick up the correct wordsfigures from the brackets and fill in the blanks.

(i) A symmetrical fault on apower systemis.......... severe than an unsymmetrical fault. (more, less)
(if) The operator ‘& rotates the vector through .......... in the anticlockwise direction. (90°, 120°, 180°)
(i) a—a = . (jV3,-j3,1)
(iv) Onthe occurrence of an unsymmetrical fault, the positive sequence component is always ...... than
that of negative sequence component. (more, less)

(V) The zero sequence impedance of an element in a power system is generaly ........ the positive or
negative sequence impedance. (the same as, different from)

ANSWERS TO SELF-TEST

1. (i) Singleline-to-ground (ii) zero (iii) one-third (iv) equa (v) different
2. (i) more (ii) 120° (iii) j /3 (iv) more (v) different from

CHAPTER REVIEW TOPICS

1. Whatisa3-@unsymmetrical fault ? Discussthe different types of unsymmetrical faultsthat can occur on
a 3-@system.
2. Discussthe ‘symmetrical components method’ to analyse an unbalanced 3-¢ system.
3. What isoperator ‘a’ ? Show that :
(i) a®=-05-j0:866 (i) a=1
(i) 1+a+a’=0 (ivy a-a =3
. Express unbalanced phase currentsin a 3-¢ system in terms of symmetrical components.

5. What do you understand by positive, negative and zero sequence impedances ? Discuss them with
reference to synchronous generators, transformers and transmission lines.

Derive an expression for fault current for singleline-to-ground fault by symmetrical components method.
. Derive an expression for fault current for line-to-line fault by symmetrical components method.
. Derivean expression for fault current for doube line-to-ground fault by symmetrical components method.

. What do you understand by sequence networks ? What is their importance in unsymmetrical fault
calculations ?

10. Write short notes on the following :
(i) Positive sequence network
(if) Negative sequence network
(iii) Zero sequence network

N

© 0N O

DISCUSSION QUESTIONS

1. Why is3-¢ symmetrical fault more severe than a 3-¢ unsymmetrical fault ?

2. Ina3-@system, it has been found that negative sequence components and zero sequence components are
absent. What do you conclude from it ?

3. Do the sequence components physically exist in a 3-¢ system ?

. Why do we prefer to analyse unsymmetrical faults by symmetrical components method ?

5. The positive sequence network of apower system issimilar to the negative sequence network. What do
you infer fromit ?

N
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