Mansoura Engineering Journal (MEJ),Vol.19,No.4,Dec.1994. E.51

A GENERALIZED FORMULATION AND ANALYSIS OF SHUNT
FAULTS IN MULTI-PHASE TRANSMISSION SYSTEMS
an 5¥) soalie JEB i g 50 elaal Qaty G2l
BY
I.I.I. Mansy
Associate Prof., Member IEEE
University of El-Mansoura, Faculty of Engineering,
Electrical Power & Machines Dept., El-Mansoura, Egypt

adaill 3 s s ellail dalladd am Y1 Q30 pUAD SE oYY Gkl o gy Coagll 13a rdeadiAN
. aa Yl Baia

st gt C80 Laall G o ey Gl apaadd Gilibes Jasdl 124 ) 5k Sy

e g Y S ay i Y Ll (e Cusy 2 el y SIS c bl ZURA 5 WS,
iz ndl Gl G b (e Rai ol Yl Laal Lasia 5 caaall s oy sl g
ca Y e QAL oMY Aala Gl les LY oy Jeadl Va (A daan sl

ABSTRACT

This paper is devoted to the extension of +the existing three phase
technique for a generalized treatment of shunt faults in multi-phase
systems. The expressions derived in this paper for fault currents and
voltages are applicable to any phase order, fault type and combination
of faults and can account for the fault impedance/admittance. Several
illustrative calculations are presented to demonstrate the validity of
expressions derived and to derive important informations regarding
performance of multi-phase transmission systems.

INTRODUCTION

Multi-phase transmission imploying more than three phase has been
investigated for the last several yvears as a potential alternative to
the conventional three phase system [{]. In the process, the attention
has been focussed mainly on six-phase and twelve—-phase systems. Fault
analysis is one of the most important aspects of tranmsmission planning
and design activity. A number of publications dealing with this aspect
have appeared in the literature [2-11] and the efforts to sort out the
various complexities associated with the faulf analysis of mulfi-phase
systew is continualiy growing.

The fault analysis of six—-phase system was carried out by several
authors employing symmetrical components transformations {2-5],Clarke's
component transformation [5}, =- /"~ 0 components [6] and combined wuse
of two-phase and three-phase symmetrical components methed [(7}. The
phase parameter description for the six-phase line in order to derive
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fault current and voltage expressions was also employed in some
studies [3.4,8].

The total number of faults increases with the increasing phase order
making the fault analysis of multi-phase system a difficult task [Li].
Further solving each fault separately is quite cumbersome. There have
been attempts tc unify the procedure so that the same equation is
employed to analyse system faults irrespective of fault type, for six-
phase system {9] and twelve-phase system [1!] neglecting the fault im-
pedance/admittance. This paper is a step forward in this direction to
generalise the three-phase technique [12] for a2 multi-phase system ta-
king into account the fault impedance/admiftance.For this purpose a ge-
neral fault impedance/admittance matrix is derived for an N-phase sys-
tem. A mere substitution of relevant values for any faulit { with fault
impedance) type can be simulated. However, if the fault impedances are
neglected, the procedure vyields a single equation for computing fault
currents involving phases,phases to ground and also their combinations.
The simplicity and ease with which the equations can be used to carry
out fault analysis on multi-phase transmission systems is amply demons-—
trated by several illustrative calculations. Further the utility of the
formulation to obtain the most and least severe faulft in a six—-phase
transimission and a comparative view of performance of wvarious multi-
phase system during fault condition is shown in this paper.

FORMULATION AND ANALYSIS OF FAULT PROBLEM

A twelve~phase transmission system can be represented as in Fig.l for
the purpose of simulation of fault condition. Assuming an unloaded twe-
lve~phase system, the performance of the system during fault can be
written as:

UGIER Rl (1)
G R G IR AR G B - (2)
= (7. + 2y ET (3)
12 ' -
where Z:: is the twelve-phase impedance matrix with setf impedance
a Z = 7_and mutual impedance Z =17 ;i = j;i,j=1,2,..,12.
ij/th is the fault impedance/admittance matrix used to describe
and simuiate a desired type of fault;
U i3 the unit matriu;
Efl is the known voltage vecior prior to the fault
=L E E .coviiniinin.. L E T
=E (¢t c1;
12 t
o =LV, Voo v

C is the twelve-phase operator = Exp(;2{i/12).
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Derivation of General Fault Impedance/Admittance Matrix

All shunt faulfs can be simulated by employing an appropraite fault im-
pedance or admittance matrix. The procedure for the formulation of such
matrices are illustrated below,

Considering a twelve—phase system subjected to a twelve-phase to ground
fault as shown in Fig.2. Taking the ground as reference, the phase vol-
tage to ground fault at the fault point are given by:

VJ'G. = Ifuczfa * Zg) * (Iib * Il‘c. o * Iil.) Zq;
= + (I + T o+ + :
Vig = LGy Zg) Iy, * 1, L) Zr;
v =1 (2 + 2 )+ (1 + 1 +..,.,.. : 4
(1 IEL(ZIL + ZgJ + (Ifa * IEb + + Irk) Zg (4)
Eqns.(4) can be written in the following compact form:
N NN
. Vi = Zi Ir _ (3)
where Z} is the N-phase fault impedance matrix (N=(2) with ZLL= Zf. +
72 and 2 =7 : i,j=a.b,..... 1 &1 = .
El L] Y

Limitations:

A variety of shunt faults can’'t be simulated by this fault impedance
matrix. Therefore,the fault impedance matrix is not useful and the need
exists for a generalised formulation of fault admittance matrix.

The node equat}on for the circuit of Fig.2 can be written as:

R R ot PO I B
1 Tf‘\: LI _).fft‘ \_":'b
XY N I 1% S 1 B B
LI L ' LI I B

By eliminating node n from Eq.(6),the fault admittance matrix for the
12-phase to ground can be found as:
i

™ -
YI = [A]/(Yg * hf-.:l,k:LYfk )

where the elements of the A-matrix are given by:

= + =
aL\. Yfi. (Yg =y ,b=1 Y{k)
aLJ = - Y{L YrJ =3, i,j=1.2,...,N
(or i,j = a,2,...... .1 respectively for the l2-phase system.)

The above equation can be used to obtain the fault admittance matrix
for any type of shunt faults except for bolted ground faults with Z{ =
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Zq=0 and bolted interphase faults for which Z, = 0. Bolted phase-to-
ground and phase-to-phase faults are dealt with seperately in the fol-

lowing.

Derivation of general Expressioans for Fault Currents and Voltages

In case when the fault impedance is neglected, a method for evaluating
fault currents and voltages for all types of faults is developed in
this section. In the development to follow the iwelve-phase system is
assumed to be balanced, unloaded and fully fransposed.

Evaluation of Fault Currents

The fault currents can be obtained by solving Eg. (1) together with the
boundary conditions of the fault. The following expression for fault
current due to any bolted ground fault has already been developed ear-
lier in paper (1i}. N o

I=E /2 (P ~(Z-1)/Z +MN-n)Z Y _ P F ) (8)

where FL is the fault coefficient =t for the i phase involved in the

fault and = 0 for the iLﬁphase isolated from the fault;

N is the total number of phases;

n is the number of fauvited phase;
ZO&Z are zZero and positive sequence impedances respectively;

P is the phase operator = Exp(] 27/MN).
The expression for the fault current caused by interphase faults can be
cbtained in a similar way as described in [11]. The procedure is illus-—
trated for the following three interphase faults:
i— Two-phase fault (a,b)

Boundary conditions V =V ; I + I =0. and T =1 =....... =1 =0.

The fault currents 1:=E:(c12;ci‘3/2(z;—zw)_ \
I=E (¢''-c**ys2(2_ -7 ) g

ii~ Three-phase fault (a:b,é) )

Boundary cenditions VE:szv;; IQ+I_+ I;=D & Ig=15= ,,,,, =11=g_

The fault currents I;=Ec(2C12~C11~C10)/3(ZE-ZM) 3
1= (2c"'-c'"c"")/3(2 -2 ) bo(10)
1=k ¢ -cP-c"3 ) 4

iii- Four-phase fault {(a,b,c,d)}
Boundary conditions VG=V;=V_=V1; I +1 +1 +1 =0 & [ =1 =..... =] =0.
T o b L+ b =, = 38

The fault currents T =E (3¢'°-C'" - ¢'"-c")/4(z_-7 )

1i

: ) L2 14 10 } an
I_i=Eﬂ(3C -C -C " -C )/4(2;—2*“)

The expressions (9-11) are arranged so as to yeild the general expres-—
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sion (l2) which gives the fault current resulting from any type of 1.

terphase faults on any phase order.
I =E /2 [P “UF y/n] (iz
; 3 :

Egns (8&12) can be combined to get the following general faulf currer
expression:

I =E /7 {P
i 1 IS

1= N+ 1

(_-._:1P

Ny

—((1=2) (2,=2 ) /{02 + (N-n)Z }tu/n] (T P

NrL-

Fob (e

where 2 1s a fault type coefficient taken equal fto | for the Iinter
phase faults and 0 for ground faults.

Evaluation of Post-Fault Voltages

The post-fault voltages for the three faults discussed earlier a1
given by:

i- (a,b) fault ve=v=E(Cc’ -chHy |
vV = clogl [ (14
7= CE J
ii- (a,b,c) fault v =v =v = E (C'%-c'*-C"")/3
v,= C'E }
e ‘ b (15
VLz C E 4
fii- (a,b,e,d) fault Vv =V =v =v = E (¢'°-c""-c""-c"y/a
v= CE |
-2 2 ; (16
V.= CE, J

The Eqns. (14-16) are suitably arranged so as to give +the follewin.
general formula:

V=F [(i-F )P " Ned=
] 2 3

_J+F!(ZT:1P ' F )/n] (17,

L

which gives the post-fault voltaée of faulty phases for any type of in-
terphase fault. The post—-fault wvoltages of sound phases for any boltec
ground fault are given by [l1]:
v =g [p"~
; a

N1

=2 -2 )/4nZ +(N-m)Z }(& P F ) (18)

1 -

Eqns. (17&18) may be also combined in one equation as follows:

V. =E {(1-F )F""' = [(1-a) (1=F )(Z_-2 )/{nl +(N-n)Z ~=F /a]*
*(:f: PN+1—1 FI)% : '(19)

1

i

Eq.(13) and Eq.(19) are used to compute the fault current and the sound
phase voltage for all the possible types of bolted ground and inter—
phase faults.
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ILLUSTRATIVE CALCULATIOQNS

The expressions developed in this paper are applied to evaluate the
performance of multi-phase systems under faulf conditions employing the
conductor configurations and line geometries shown in Fig. 3. The fol-
lowing line paramefers and fault specifications are considered:

Xoand Xl(in f/mile) are (3-—-2) 1.928 & 0.398 ;(6-%) 3.678 & 0.534 and

{(L2—p) 7.149 & 0.566 respectively.

Resistances and shunt admittances of the line are neglected.
Fault location = 200 miles from the sending end.

Fault resistance between any {wo phases = 2 1.

R =40

Ground faulf resistance Rﬂ = 106.8 .-,

The results of the fault analysis with and without the fault impedances
/admittances for the six—-phase line depicted in Fig.3 are presented 1in
fable 1. It can be observed from this tazble that:

i— The inclusion of fault impedances/admittances in the calculation
of the fault currents leads to a decreasing some fault currents
and an increasing with some others.

11—~ The (a,b,d,p,n) fault is the most severe fault with a maximum cur-
rent of 5.419 kA in phase d.

iii-= The (a-n) fault is the least severe fault with a minimum current
of 1.945 kA in phase a.

iv— For all other results, the current magnitudes lie beiween 2.161 kA
and 5.407 kA. Thus for the line under consideration the range of

the fault currents varies from 1.945 kA to 5.914 XA.

Table 2 shows the obtained values of the fault currents and wvoltages
for single-phase to ground,all phases to ground and f{wo~phase faults on
three-phase,six-phase and twelve-phase lines (Fig.3). From the results,
if can be seen that mulf{i-phase systems are found to possess lower va-—
lues of fault currents than three—-phase system. This may require cir-
cult breakers of lower ratings per phase fo be wused with multi-phase
system.
Table |

Fault currents for all the significant faults in six-phase system

1 =

Fault | Phase Current (kA)
| Type I With fault admittance included
i * Without fault admitiance
a T v 1 ¢ T d T e ] f 1
£ i i !
a.n | 1.945{ l I
-62.5 | ‘ | {
* 2,183 | ‘
-90.0 | | |
__________________ T T T T T T T T T T T T T T T T T T T T T e s S P T T e —
a,b,n 2.858] (.83 | | I
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e e i

' -45.,8 -122.4 ’
‘ * 2.506 2.506
| -60.3__| =179.7 _
A e ] - - -
L alb L2161 L 2,161 ;
1 ~27.900 | 152.100
X 2,163 | 2.163
e————_|_z30.006_|_1s0Q.000 ¢ 4
a,c,n 4.097 0.0 3.459
~65.000 0.0 130.600
* 3.817 0.0 3.817
e—ew_|.Z7t.000_ ¢ 0.0y _f31.000 ( o
a,c 3.744 ; 6.0 3.744
-57.900 | 0.0 122.100
* 3,746 0.0 3.746
—__|.z60.%00 | 0.0 _ | _120.000 |__ . _______ _
a,d.n i 4.323 ! 0.0 0.0 4,323
-87.000 0.0 0.0 93,000
i X 4,326 0.0 0.0 4.326
! -90.000 0.0 0.0 20.000
S A A e {
- a,d 4.323 | 0.0 0.0 4.323 ;
; -87.900 | 0.0 0.0 93.000 '
; *4.326 | 0.0 0.0 4.326
j -90.000 | 0.0 0.0 90.000
A AT A = [
E a,b,c,n 4.087 1.944 3.417
; -54.400 [-137.400 | 118.400
f * 3,746 2.173 3.746
| -60.200 |-150.000 | 120.200 }
R L 1 0y_ E4%AL SR N |
| a.b.c 3.940 | 1.449 3.682
| -48.400 [=143.600 | 109.900
; x 3,815 1.442 3.815
e ___ 4. -49.100_{-150.000 | 109.900 { | ___
| a,b,d,n 4.027 | 3.123 0.0 4.910
i ~71.600 |-144.800 0.0 79.900
i * 3,901 3.250 0.0 4.953
T_:ZE_l____:lé9_999_..___9;9_M.r__22;299_+ ___________
a,b,d 3.876 2.882 0.0 5.144 |
-69.600 |-147.600 0.0 76.700 ;
x 3,815 2.884 | 0.0 5.199 |
___________ 270.900_ :iEQ_QQQ_i___Q;Qﬁ_‘ AT SN S
a.c.,e,n 4.323 0.0 4.323 1 0.0 4.323 |
-87.900 0.0 152.100 0.0 312,100
£ 4.325 0.0 4.325 0.0 4.325
1 790:000 | 0.0 _150.000_| __0.0___[__30.000 |
a,c,e | 4.321 0.0 4.321 0.0 | a.321

—————
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.  ~88.900 0.0 151.100 | 0.0 31.500 .
% 4.326 0 0.0 4.326 | 0.0 | 4.326 {
| ;e 226000 | 0.0___;_150.000 | _ 0.0 _ |__30.000 | ________|
a,b,c,d,n 4.785 3.150 | 2.899 4.456
-67.900 |-130.000 | 138.900 70.700
* 4,576 3.124 | 3.124 4.576
d %_:ZL_999__:l§é_EQth_léé_EQQ____ZL_QQQ _____________ I
' a,b,c,d | 4.723 2.867 % 2.867 4.723
-64.400 [-128.800 | 133.000 | 68.700
* 4.714 2.861 |  2.861 4.714 ;
| _=86-600 1-130.900 | 130.900 | 66.600 | ______ o
a,b,d,e,n 3.466 3.466 | 0.0 3.466 |  3.466 |
-87.300 |-147.300 | 0.0 | 92.700 | 32.700 |
¥ 4.325 | 4.325 0.0 | 4.325 | 4.325 |
__________ |_-90.000 |~150.000 . _ 0.0 . 90.000 i 30.000 | ______|
| a.b,d,e 4.342 | 4.342 0.0 | 4.342 4.342 | 1
i -86.300 |-145.200 0.0 | 93.700 34.800 ‘
§ | * d4.326 4.326 0.0 | 4.326 4.326
__________ |-220:000_|=150.000 | _ 0.0 | 90.000 | 30.000 | ____ |
|
a,b,d,f,n1  3.232 3.358 0.0 | s.419 6.0 | 3.831 |
{ ~90.300 |-147.800 c.0 93.600 0.0 |-15.000
| * 3.464 3.996 0.0 i 5.188 | 0.0 3.99¢4
e ,_-20.000_.-160.800_: __ 0.0 __1 _90.000 | _ 0.0 _ :-19.200_ |
a,b,d,f I 3.251 | 3.907 0.0 | 5.418 1 0.6 | 3.906
-87.900 [-161.800 0.0 | 92.100 ! 0.0 |(-14.000
x 3.244 | 3.899 0.0 | 5.407 0.0 | 3.899
ee—_|T90.000_|-163.200_ 0;9___5__29;999_iﬁ__Q_Q___;:lé_lQQ_
a.b,c,d.e.' 4.810 |  4.057 3.550 | 3.929  4.703 ?
n -80.300 [-137.900 | 153.200 | 82.900 23.600 |
¥ 4.727 | 4.01s 3.607 | 4.01S 4.727 |
el__|.Z82.400_ |-141.100_| 150.000 | 81.100 } 22.400 | | _
a,b.c,d,el  4.815 | 3.963 3.458 i 3.962 4.815 |
-78.900 |-136.900 | 152.200 | 81.300 23.200
! I+ 4. 817 | 3.965 3.461 | 3.965 4,817
e {82100 |-135.100 ¢ 150.000_, _79.100 | _21.100 | _______
a,b,c,d,e, 4.323 4.323 4.323 | 4.323 4.323 | 4,323 ¢
f,n ~87.900 |[~147.900 | 152.100 92.100 | 32.100 |-27.900
Y 4,326 | 4.326 | 4.326 4.326 4.326 4.326
| ee___1.7%0.000_1-150.000 | 150.000 } 90.000 | _30.000 |-30.000_ |
a,b,c,d.e, 4.323 4.323 4.323 4.323 | 4.323 4,323
f ~87.900 |~147.900 | 152.100 92.100 32.100 |[-27.900
X 4,326 4.326 4.326 4.326 4.326 4.326
-90.0600 {~150.000 | 150.000 30.000 30.000 |-30.000
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Table 2
Comparative value of phase fault currents and voltages for
three~phase,six-phase and twelve-phase system

Fault Three—phase Six-phase | Iwelve-phase
Type Fault Fault Fault Fault Fault Fault
current Voltage current Valtage current Voliage
kA KV kA k¥ kA kv
Slngle- 2.166 | 240.702 1.945 | 213.689 (.852 | 205.725
phase to
ground * 2.544 £ 0.0 * 2.183 * 0.0 * 2.073 2.0.0
fault ____ e —_ VY Y PSR, D——
All-phases 5.802 23.212 4,321 17.291 4.068 16.273
to ground * 5.804 * 0.0 r 4.326 * 0.0 * 4,079 * 0.0
HENTE L S B e R Y T
- TTT5T0227]7251-096 | 2.161 | 408.743 | 1.045 | 450.564
Two-phase 1\ o 036 |*231.00 [ * 2.163 |*400.161 | * 1.051 |*446.252
Ifavib(a, oy  —- "~ | ~~ "~~~ il ___|
* Values without fault impedances.

CONCLUSTONS

This paper is concerned with the generalised analysis of shunt faultfs
in multi-phase system with the inciusion of fault impedance/admittance.
For this analysis a general expression of fault impedance/admittiance
matrix is presented. These fault impedance/admittance matrices can be
generated lor any phase order and thus any type of shunt fault can be
simulated,

Two general equations have also been developed to determine the Ffault
currents and post-fault voltages for all types of faults having negli-
gible fault impedances.

The validity of the expressions developed and their applicability for

any phase order have been demonstrated through the i1llustrative calcu-

lations. These expressions give good agreements with the previously

available results which are summarised as follows:

i= The four phases and the single-phase to ground faults are the most
and least severe faullts respectively in a six-phase system.

ii- The fault levels of multi-phase systems are less than those of 3-
phase system and this may allow circuit breakers with lower ‘rating
per phase to be used.
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Fig.2 Schematic Representation of 12-Phase to Ground
Fault on Twelve-Phase Transmission Line.

Fig.3 Conductor Configurations for 442 kV Phase-Ground Line ( 247
1,762 in. Conductors, 15 ft. Diameter Circle, 18 in. Bundle
Distance, 30 ft. Min. Ground Clearance):

&) J-Phase Line; bl &-FPhase Line % €) 12-Phase Ling.



