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THE ANALYSIS OF SEQUENTIAL GROUND FAULTS ON
A SIX PHASE GENERATOR IN PHASE CO-ORDINATES
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ABSTRACT:

Transmission of bulk power over high phase order transmission lines HPQOT, is being
eonsidered as a potential alternative 1o the conventional three phase lines. In practical, six
phase systems appear to be favored. Should HPOT prove to be economieally and technically
vigble, the problem of fault analysis, in pamicular the analysis of sequential faults on HPOT
system appears to be a complicated one.

When a ground fault on power system involves more than one terminal, the faulkt usually
develops in sequence. This paper presents a generalized trestment of sequeniial ground faults
on the termmal of an mitially unloaded six phase symmetrical generator. No restriction is
placed either on the sequence in wiich the gronnd fault develops or on the instants at which
the various phases are grounded. Expressions for transient phase curteuts and transient
terminal voltages have been given. An expression for the nentral current which is an importan
variable for any protection scheme has also been given. The method given in the paper ean be
applied to @ power system of any number of phases by suitably adjusting the summation index
in general equations. The analysis has been done in actual phasc variahle. Finally, the results for

an arhitrary sequential ground fault on the terminals of a fictitious six phase generator have
heen given,
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The possibility of transmitting buik power over six or twelve phase transmission lines in
preference 1o the conventional three phase lines has received the attention of many researchers.
The advantages of multiphase transmission are higher transmission capacity of lines, lower
conductor swiace pradiemts with attendant reduction in corona power loss and radio
mterference, lower ground level field sand more economical utilization right-of-way. The last
factor is bound to assume growing importance with the over increasmg cost of land.

A case for muitiphase transmission was presented by Bames and Barthold [1] for meeting the
future demand of electric energy. Subsequently many papers appeared on the feasibility of high
phase order transmission [2-8]. The case for or against muitiphase transmission must ultimately
be decided by economic considerations. A survey of the kiterature reveals that if at all HPOT
becomes economically and technically viable, six phasc systems may be performed to twelve or
higher phase systems. However, various problems associated with the change over to
multiphase systems- and with integrating multiphase systems with existing three phase grids
must be thoroughly imvestigated both theoretically and experimentally. From the operational
point of view the subject of fault analysis assume considerable importance in respect of
protection, stability and reliability of multiphase systems. Bhatt et al {9] presented a complex
transformation for the analysis of sustained faults on a six-phase system. This transformation is
similar to the Fottescue trausformation for the three phase systems. Individual faults were
analyzed by some authors with the help of this iransformation [10,11]. Sharma an Bhatt
[12,13] presented a smgle equation based on this transformation, for the analysis of all ground
faults. This equation could be applied to an n-phase system by modifying a few constants in the
general equation. A generalized treatment of phase faults m symmetrical component co-
ordinates has been given by Bhalt and Sharma [14). For the transient analysis of six phase
systems, two forms of Clark's transformstion appear in {15,16]. However, the analysis of
sequential faudts has not appeared in the literature as far as is known to the author.

This paper prasents a method for the analysis of sequential ground faults on a six pliase system.
No restriction is placed either on the order of phasesin which the sequential ground fault
develops or on the instants of the voltage waves at which the phases are fanlted. The analysis
has been done in actual phase vanables. The method has general nature and can be applied to a

system of any number of phases by suitably adjusting the summation index in the general
equations.

PRELIMINARY REMARKS

.A six-phase symmetrical power system can be represented by a six-phase symmetrical
generator, Fig.1. The resistance and induectance- of each phase are r and L. The mutual
mductance benween any two phases is M. Closing switches $1 .....S6, not necessary in that
order, simulates a sequential ground fhuit at the termmals of the generator. The switches S1
....36 are closed at instants tl .....t6 respectively.

Dehine & diagonal matrix Ut by,
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[9,0.....9
03,0....9
Q.........0
\, = (1)
LRNERY
where,
ui =u(t-ti} and u(t) is a unit step function. Also define a diagonal mawnix U-t by,
(U,9.....9 )
0, 0.0
U, ={. ey
[N U |
where,
u-i = u(ti-t)
obviously,
ut+u-t=u, the unit matrix. 3

If the generator is symmetrical, the c.m.f vector e = (g, ¢, .. &,}" can be written as,
e=columan 2.

where,
e =sml A - (1-1)pid), ... =10 (4)

The peak value of the e.m.f's has been taken as unity and the e.m f of phase 1 has been taken as
sinf )y,

CIR ATION

If the voltages across the switches of Fig.1 (terninal voltages) are v=1{v, v, ..N)* when the
generator phases carry currents 1= (3,1,..1,)', the follewing equations can be written as

e, =V, 13, HLL MG LY

5
&=V, +1,F L MG L) (5)
of,

e=VHAH(L-MHTHMAY (6)
RAWRY
1.

Ml ™
AAWRY

and a dash over a variable indicates its time dertvative.
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TERMINAL CONDITIONS

There are twelve unknowns , six terminal voltages and six phase currents in Eq.{6). Beside this
equation, six more independent equations, along with the initial conditions, are required for (he
complete solution for v and i. These equations are provided by the conditions at the terminali
of the generator. The following stetement is true for all termmals at any time.

At any time afier a given phase has faulted to ground, its terminal voltage is zero and at amy
time before a given phase faulted to ground, the current throughout the phase is zero. Thest
coditions can be written as,

Utv=0 (8)
and

U-ti=0 9
Example

If at any instant phases 1,2,5 and 6 have already been faulled to ground and phases 3,4 an
healthy, then :

(100000 [ 300000 ]
410000 00000
00000 Q01000
u,= 40, =
““lonoose | V7 aa0iee
00018 030000
| 000001 | | 000000

The presence of mductance in the circuit ensures that all phase currents are contiuous and th
restriction of Eq.(10) wiil pose no problems when Eq.(6) is finally integraied between twi
switching instants.

R IENTP NTS
Pre-multiplying Eq.(6) by Ut and substituting Ut V = 0, gives, .
Ute=rUti+{LM) Ut/ +MULA{ (i1
Since Ut will in general singular, it is not possible to obtain i from Eq.(11) by inversion
However, adding rU-t + (L-M)U-t 1 (which is equel to zero from Eq.(% aud 10)) to the R H.:
of Eq.(11) and using Eq.(3), gives,

Ue=rUiHL-M)UTf+M Ut A{ (12)
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The matrix (L-M)U + MUt A is non-singular no matter how many ternminals has been
grounded at the instant considered. Now Eq.(12) can be sobved for i by inversion.

Let,
P=(L-M)U + MUt A (13)

Equation (12} is then written as

V+P =P 0 e (14)

Both ™ and Ut are, as cleared in fig.(2) discontinuous across any switching operation, but are
constant between two successtve switching instants. The integrating factor for Eq.(14)is
exp(rt ), this gives,

d/dt (exp(rt® ")) = exp (¥ )P Ut e (1%
Integrating the above equation between 1, andy, (Y, < v < ,.), gives

= expl TR ) fenp(rpT U, edt + exp( 1,2 7TR,) (16)

te

where 1, is the current vector at t_. For the open time interval ({ €t <t,,.), ™ ant Ut are
calculated by assuming S _ closed at t, and B, openat ¢ _,,.

The particular structure of A enables one to evaluate i without the necessity of invertng P for
each time mterval

Some useful properties of Ut and A are given i the appendix. The definition of &, £ .S and the

details of simplifying Eq.(18) are also given in appendix. The final expression for the current
vector is,

a—103

expl —nt{ @ - bS\jexp(rt(a—ﬁS‘)\]‘ edy

s

.1=

+eopl —ta) _[exp\ e V- —U—g\—\\) edt (17)

ta

U
+expl ~tal L ) expl thS( 4 —tu\—‘éﬁ ~P—§E +UNL

For computational purposes it is convenient to write the above expression in terms of the
sequence reactance's of the machine, If the angular frequency of the e.m.f's is @, the positive
sequence reactance X1 and the zero sequence reactance X0 are defined by [111.

X1 = o (L-M) and, X0 = o{L+3M)

Writting X0/X1 = x and 6 + S(x-1) =, gives

a=o/X1, (o - BS) = 6wX 1y and BS = S afx-1¥X1y
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Substituting the above variables in Eq.(17) and integrating it, the a.c and d.c components o
the transient current in the jth phase can be found as,

13
)= %— >, sl e - k- VY73 )T,

=1

“ LY
_? >, smlaen -k = Vi3 -,
LY

A sl ax - (- VxR -,
and

dey= —%cxp{—ﬁaxk \1 —xﬂ\xmim sl wi ~LR - VY3 —u L)

k=i

+%mg-axu~xa\ m‘\g)b:u,‘ smlar —( %~V )73 -1)IT.)

=

+-\§—‘exp{—w{t IR i e olempl oS K- V(LR ND-Y)

R 111

-3 expl —ta{ T YKy snk ek~ (- VDY 3 —p) M, A3 exp( —ro{ L) K )y

(18)
where,
py= acan(X, v 161y, = arctan (X, 1)
Ty= XYY 360 and. 2= (4K
and i, is current in phase j a1 1, the starting point of the lime mterval v <v<t
Finally,
=il ae) H,(de) (19}

NEUTRAL CURRENT

For any protective scheme the neutral current 1 is an important quantity. It can be written as
i, = Bi (20)
whereB=[111111]

Lquation (17) gives, .

i,= a;ﬁ expl — el a—ﬂS\J"expktt{a—ﬁS\\l‘ edt

+ae1g(-na\fexg(m\ﬁku-}}é—h\\l‘cd\ (21)

SA WA

+expl —ral 1)) expl TﬂSU—XQ—S— S
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Now,

BU, AU e=533 W, ¢, . m%’iaa

Therefore, -

= 2B e ~na- mjmmammuzmmw

= (22)
+expl -t a- AW v )\

where 1., is the neutral current at ¢,

The a.c and d.c. components of the neutral current can be wntten as,

iy = Z\Lsm\a)t QAR IATIAYY M (23)

=i

A (Aey = enpl —dax{ L )Ryt

’\i\ll s ax ~( R - V)73 -4 rl"\'l:"n\a‘-“ o
Finally,
i=1{ac)+1i(dc) (29)

If only the neutral current is desired, Eq.(23, 24&25) can be used to calculate it. However, if
the phase curreuts have already been calcwlated, the neutral current can be obtaincd from
Eq.(26).

For a sequential ground faul not invoiving =il the six phases, the neutral current consists of a
sinusoidal component and an exponentially decaymg component with a time constant
(xlyw, /6). After all the six phases are grounded, the neutral cusrent has no smusoidal
component, in this case,

i\ksﬁn(aﬁ—(k—\\xi}—p\‘) =0.0 (26)

et
The comresponding neutral current is given by :

L™ S0 -t @ ) with a time constant (x0/a,).
TERMINAL YVOLTAGES

When all switches in Fig.(1) are open, the voltage across lhem are equal to the respective
phase e.nf's. During the faults, the terminal voltages are given by

v=e - 1i- [(L- M)U + MA] i 27)
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Substituting for  from Eq.(14) and using Eq.(A2) of the appendix for P, gives,

v=e—n~ (U (U-

a .
U&P" &
TS Y, e-1)

A

Simmplification gives,

a ax .
=e-\Je- U-U A e+ U-U AL
veetem T UM e g (I
or,

2 & 2 b

= -UJe-—=) Ue + J
e Dt e )
S e @8)
+ 3, ——U3))
\+a§3§“ L+aS S‘Z_\“

This equation can be written in terms of variables x and y as,

x-1, .
v, =(1)ie, - I (W) (29)

‘j =l
It can be further s'mplified to :
vi=0,Uj=1 for faulry phases.
and
-1, < :

V—,=&,‘T\ZU\‘R‘“.\\,---UFQ (30)

el

for healily phases
COM R FRO

A computer program was run to ealculate the transient phase currents, temuinal voltages and
the nentral current. In fig.(3) are shown the six phase currents for a simultanzous 6-phase to
ground fault at t =0, The purpose of this run was to check the correctness of the program by
observing that the curremt mn phases (1, 4),(2, 5) and (5, 6) arc equal and opposite and the
neutral cwrrent is zero. Figures 4 ( a...f) show the transient phase currents, their a.c.

components and the terminal! voltages when the six phases are grounded in an arhitrary
sequence { 1,3, 2,5, 6, 4) at t=0, 3.3, 6.7, 10, 13.3, and 16.7 ms, respectively. The frequency
of the em s has been taken” as 50 Hz The neutral current for this set of sequential ground
faults is shown in Fig.(5).

Although the total current in any phase is continuos across a swirching operation, the d.c. and
8.c. componeuts are discontinues at each swilching instant. The program incorporates the
feature of bringing out this discontinuity. This is accomplished by calculating the a.c. and d.c.
components of the curreat twice at any switching instapt. : first assuming the switch open aad
secondly assuming it closed. The total current is, however, seen 10 be continuous as expected.
The fiow chart for the program is shown in Fig.{6).
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CONCLUSIONS

By usmg delayed unit step functions and the principle of continuity of current in an inductive
. circuit, the problem of sequential ground faults in 8 multiphase power system can be solved by
a fairly straight forward method.

APPENDIX

1- A property mvolving Ut and A

L]
AU, A =SA,. . whese S=) G,

el

where, \J_ denotes the phase number already grounded at the instant under consideration.

Therefore,

W, A =8*'"G A (Al)
2- Inverse of P

P=(L-MY U+ad Alas= Liﬁ = (%,=X,)I6X,

13 Tl‘ﬁ\“”“t A

-

Expanding { U+, A\™ as a power series in UtA and using Eq.(1) gives

By 2

= U- A A2

L—M\ 1+asu‘ 3 (A2)
o1,
rl=di- AL A (A3)
with,
a= L .and. = 22

L-M 1+a8

3- Simplification of Eq.(16)
expl R ) = expl e yexp(~ WA A)

The six eigen values of A, A are (Bs,0, 0, 0, 0, 0). The diagonal matrix of the eigen values of
A, A is therefore, BsI, where [ is the idempotent matrix,
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"10...0

0....0

If X is an eigen matrix of AAJ, A then,

expl 1) = enpl i YR expl (- A8 R
ceveremneeeen= Exp YL (XD~ 1A - VYR Y

Since AL A =X(BSHX", then
YN (AU

Therefore,
expl i) = expl ey expl ~ tBs W, (AID)-, (A D)+ 1Y
and

eapl —7® 7Y = expl — ot Y expl s, (A S) U, (AISY+ 1Y
Substituting for expl v®),. expl - 1®™} and using

= (A3- A4, A in Eq.(16) gives Eq.(17).
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eyumetrical gen = ET:
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T = 0.5, Il = 1,0, xo/xl "1'5 .



E.13

Mansours Engineermg Journal {MET) Vol21, No.2, June 1996

4 vl

(UML)
5.0 PR
% . e A
s FHASE -] e Py .
N ’ \_.\- o o \q\\\hr/“.n
L N AS <! ’ a FLAIL-2 &
i/ 3 7 or g0 J
J .
_(-v/ .\l /.J w.. \... L "
. =y v g ; “\
P AR U s ' +f /. '
[ ] R e , P i Y =
K P ._fl...‘ﬁ,rv Lf...il — ,__\ ny “\ .,_ ~.\
1] 224 (. s AU s PRS- el flent e 1 o=y s /
0 /.._ S %. " we I8 £ =i WESL y Skyaiinldn et K..\ll..l:. 1
g —— . e
w2 K %, % o 10 LW J 1/ m
\ Ganesator Parsmeless /..J P " o
Iy / g e I 3 ¢
. f uc 1
Y a\ - 0.3 s i ———— N \M..
e X .18 - F S ! 0.8 ) .
I S - -+ ‘\).
- \\ ———
_ XK - 15 ?.l,.\. ﬁ/ \.\‘.
an S
Fip. 4 i) 1.l =
i pout Flg. 4 in)
1w,
Vo [ Lo
PHASE-3 7T TN
, 3 POASE -a Kok N
—/, ¢ W . g +
o : . A 0.5 A
{ 4/-/? ' \.. Jh, ) ¢
: . '
l ~ . ﬂ. \ N
. i N i v os T v
. F }r - - ’
) i s/ — P,,,i e \ /
. — - L .,
.w.a AT 0 s ? Vo ! Y : y S
0.3 . J Y. , 20 L — s
Y . - .y _\ 1.3 a, L— \u
ot v, i i ! A
# / { A N /
-6 h N /4 b / M
L / N PR /
~ /f i 1 h ' M &
- .\.\ . P N 4
~ T ', VA
A
[N Fiy. 4 il EYTE .rw..r.\\.\

4.{mo.f} 1 325 64 ~ g ooquanilal ground foult,

row 0.5, X; = L0, X,/% = 1.5

Fig. 4t



1.11.Mansy

E.14

.
prASE-S
e
.

’
TR
Y R / .

T b

. K L

* P IASE -6

7. '
o6 _ . »._..\

_

!

|

5
/-/. wE _/ N ) &.\. /,_
A\ [ ’ .
AN ~ i /.
/’ 1 ~. " \ \
‘o v, _ _ ___f» .
Y " i , \ - — /_,
e LAY M YRR " —— h .
y — = r! ” : _. I _w_— ﬂ.—.uﬂ !
, 3 e [% 0 s
/m, 0 ™S s . . \o

e Fig. 4 [n}

M
o g, & [1]
U .
HEUTRAL CUIRNRENT
\ /
s
e ’ —r 1
1] " 2 g mE

Flg. 15)



Mansoura Engineering Journal (MEJ) Vol.21, No.2, June 1996

Pick up the phauvity phases M{l) and set the

-—{ Compute I{ac), l[de), |, [0, ¥ and print results

Read fault sequence M{l), fault Smes T()),
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Sat switching instant indax to NG, set
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Set ail step functions to zero
set all Initial currents to zero
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Time = T{)

.
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