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THE ROLE OF FAULT QUOTIENT IN DETERMINATION
OF THE DISTANCE TO A TRANSMISSION LINE FAULT
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The notion of fault quotient refers to single-phase-earth and phase-to-phase
faults in one-terminal and two-terminal (double fed), single or parallel power lines at
determination of the distance to a fault place using the apparent impedance method.
The fault quotient is determined as the ratio of the current through a fault place (fault
current) to the current in a faulty phase at single-phase-earth faults and to the
difference of currents in faulty phases at phase-to-phase faults. For one-terminal lines
at single-phase-earth faults, neglecting capacitive and load currents, this ratio is 1, and
for phase-to-phase faults it equals 1/2. For other cases it is a complex quantity, with
the absolute value > 1 for single-phase-earth faults. Its significance grows with the
fault resistance Ry . At Ry = 0 this ratio loses its significance for determination of the
distance to a fault place. The tangent of the fault quotient angle with a real axis enters
into the ultimate expressions for the reactance to fault place and for the fault re-
sistance. The use of such a quotient facilitates reiterative calculations of the distance
to a fault place.

Key words: distance protection, fault resistance, single-phase-earth fault,
phase-to-phase fault.

1. INTRODUCTION

To determine the distance from a monitoring point to the fault place of a
damaged high voltage power line, the specified voltages and currents are to be
known. In a damaged one-terminal power line (the line fed from the monitored side
only) such voltages and currents of the monitored end of the line alone are suf-
ficient for this purpose. At the same time, in a faulty two-terminal line (fed from
both sides) or a line with a parallel one, the current through a fault place is the sum
of that from the monitored end and of those from the remote end of the line or/and
from the parallel line. This causes difficulties at determination of the distance to the
fault place if the fault resistance is non-zero and the currents of the far end of the
line are not known. However, without sophisticated measures based on the commu-
nication of the remote end currents only the currents of monitored end are avai-
lable. This difficulty can be overcome and the fault current of the remote end of a
double fed power line can be calculated if the impedances of the system to which
the remote power line end is connected are known: zero-sequence impedance for a
single-phase earth fault [1], and positive sequence impedance for a phase-to-phase
fault [2]. When the remote end fault currents are known, the current through a fault
place can be determined and, consequently, the fault quotient can be found. This
quotient plays the key role at determination of the positive sequence reactance from
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the monitoring point to a fault place. For radial medium-voltage grids without dead
grounding of the neutral the fault quotient takes into account the zero-sequence
capacitive currents and the currents of compensation devices.

2. SINGLE PHASE-EARTH FAULT IN A SINGLE TWO-TERMINAL LINE

To consider a single phase-earth fault in parallel lines, the main points of
such a fault in a solitary line [1] (arranged in the most appropriate order of hand-
ling) must be reminded. In this case we have a classical expression for apparent
impedance Z, to a fault place consisting of its real (R,) and imaginary (X,) parts

(see, for example, in [3]):

U h , 7
ph+KN1g

where U pn 18 the faulty phase voltage;

Ly, is the faulty phase current;

I, s the ground current,
K, is a compensation coefficient:

_1Z%p %1

; )
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with Z,, and Z,,, being the specific (per kilometer) zero-sequence and positive
sequence impedances to fault place, respectively, which are supposed to be known
for the power line under consideration. Further on, the quantities denoted by sub-
scripts “sp” will represent specific values. The impedances of expression (2) are:

lep = Rcsp + lesp 5 ZOsp = ROsp + 3Rgsp + jXOsp ’ (3)

where R, is the active resistance of phase conductor;
Rosp 18 the zero-sequence active resistance of phase conductor;
Ry, 1s the ground resistance;
Xi;p and X, are the direct and zero-sequence reactances.
In Fig. 1, the circuit diagram of a faulty line is reproduced from [1].
At the beginning, we should introduce two basic quotients and two auxiliary
coefficients as follows.
The current quotient:
- I, 30, ., .. ' : y .
k=1.—=.—=k+]k ; k'=Re(k); k"=Im(k), 4)

ph ph

where [, and /,, are the ground current and zero-sequence current, respectively,

at the monitoring point,

I, =31y; (5)



and the fault quotient:
; jf T AT ' ’ " ’
kle.'—hzkf +jk;'"; k,'=Re(k,); k,"=Im(k,), (6)
p

where [ r 1s the fault current (the current through a fault place), which at a single-

phase earth fault consists of tripled zero-sequence currents from both
sides of the line:

I =3Iy +1y,). (7)

li Zym= Zoy; Zoi Zos

Fig. 1. Circuit diagram of a line faulty phase:
A — protection device; Uph — phase voltages at installation point; R— fault resistance (between faulty

phase wire and earth); F" — single-phase earth fault; S — electric system on the line’s far end; /; and
[ —power line’s length and distance to fault place (km); Z — corresponding impedances.

Two auxiliary coefficients are based on specific power line parameters:
1) the resistance coefficient
Ry, + KR
csp &psp _ de v+jdevv , (8)
Ssp

de =

where k p'= Re(de) ;o kgp''= Im(lédR) .
Ry 1s from (3),
Rgpsp 1s the putative ground resistance and
Ry, is the simple summary resistance:

_ ROsp _Rcsp +R .
8psp 3 gsp >

R RZsp = Rcsp +R (9)

8gpsp

where Ry, and Ry, are taken from (3);
2) the reactance coefficient

. (3 - k)Xlsp + ]‘%X()sp
dX 3Xzsp

=kax'+jkax'";



where

kyo'=Re(ky);  hgy'=Im(kyy), (10)

with X, and X, taken from (3) and X5, being simple summary reactance:
1
XZsp :§(2X15p+X0sp)' (11)

Based on real R, and imaginary X, parts of Z, given by the microprocessor
device, we have a system of two equations with two unknowns: X; is the reactance
to fault place and Ry is the fault resistance. To solve this system for X; and Ry, the
following proportions between the reactance and other line parameters are em-
ployed:

a= Rcsp . h= RZsp _ Rcsp +Rgpsp . c= XZsp _ 2‘lesp +X0sp ‘ (12)
Xlsp Xlsp Xlsp Xlsp 3‘lesp

To simplify the expressions for reactance to fault place X; and fault resis-
tance Ry, the following three extra designations should be introduced:

f'=abk ,'ack , "+bk ek, 'y 1= abk " +ack ,'—bk ek,

= (k> g2 )b + 2k 1y Ky =k g 'Ky Vb + (kg P "2 )2 (13)

The intermediate quantities d” and d” for checking the correctness of the
preceding calculations are:

d' csp 8psp_ . d"= 8psp . (14)

Coefficients 4 and C are to be equal to a and 1, respectively [4]:

A: d'f"’l‘d”f”"l‘c(kdX'f”_kdX”f') 4

b

h

oo ko kg SO +d A (15)
h

Now, the sought-for quantities are:

v o BXa=DR, (/"9 )Xy~ (S11gpy — /)Ry (16)

1= - ' " ’
B—aD S'(—agp,)+ ["(igp, +a)
R, —aX h(R, —aX
Rf — a a a — ( a a a) (17)

B—aD k' [f'(-aigp,)+ ["(1gp, +a)]
Coefficients B and D are taken from [4] (not shown separately).
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The sought-for distance to a fault place is:

1= (18)
Xlsp
The role of fault quotient léf is hidden in the tgg , of (16) and (17):
kf "
8Py = (19)
f

In a one-terminal line the fault quotient is 1 (neglecting the fault current),
because there is no current from the far end. To find & ; in a single two-terminal

line the fault current flowing from both sides should be known; however, to know
it, the value of the distance to fault place is needed. The fallacious circle can be
torn by iterative calculations [1].

The same method based on the fault quotient can be applied to single-phase-
earth faults in the medium-voltage grids without dead-earthed neutral [1]. In the
mentioned work, the expression for the fault quotient is more general, since the
fault current — together with other quantities — contains zero-sequence capacitive
currents.

3. SINGLE PHASE-EARTH FAULT
IN PARALLEL TWO-TERMINAL LINES

In parallel two-terminal lines the fault current consists of three components:
the current of a faulty line, the current from the system at the line’s opposite side,
and the current from a parallel line.

The wiring diagram of a parallel double-circuit two-terminal line is depicted
in Fig. 2. Only zero-sequence quantities are shown, since, as is known, positive and
negative sequence couplings do not exist in transposed power lines [5].

L
Iop
—»
1 lr = lli / [01 s
MP Io F Io, FE
Z'OPM T ZOrPM
|

Fig. 2. Circuit diagram for zero-sequence currents of single-phase earth fault in a double two-
terminal line: ZOP M _ impedance of the faulty line from monitoring point MP to fault place F taking
into account zero-sequence mutual inductance X" between two parallel lines; Z'OVP M _ impedance of
the faulty line from far end FE to fault place F taking into account Xy"; zero-sequence currents: j, —
current from the monitoring point to the fault place; jOp — current of the parallel line; | or — current to
the fault place from the line’s right side, jOm — current from a far system; /;; [; [, — the lengths of the

power line and its segments.



The zero-sequence impedance of a faulty line to fault place Z,", taking into
account mutual reactance X" between two lines on the span from the monitoring
point to the fault place, is:

ZM =27+ jrx,", (20)

where Z, is the zero-sequence impedance to the fault place without mutual
reactance (with two lines assumed to be infinitely far from one
another);
K 1is the parallel current quotient to the left of the fault place on Fig. 2,
which can be calculated since currents 7, , and I, are supposed to be

measured or calculated out of three-phase currents or of the ground cur-
rent (not to be confused with current quotient k , see 4)):

I
=22 1)
IO[

the mutual reactance, in turn, is:
X" =wl", (22)

where L™ is the mutual zero-sequence inductance between the faulty and the
parallel line from the monitoring point to the fault place.

To use ultimate formulas (16), (17) and (18), a great number of quantities
should be calculated. First of all, zero-sequence specific parameters of a faulty line
on the left side of the fault point must be considered based on the mutual
inductance between the faulty and the parallel line and zero-sequence current /,, »

in the latter. To denote this, in the formulas below superscript M appears. The
specific value of the zero-sequence active resistance of the phase conductor is
denoted ROSPP to underscore that this quantity relates to the line parallel to another
one (indicated by superscript P). The specific value (per km) of the mutual
reactance between two parallel lines is denoted Xo,,". The quantities based on these
specific parameters should also be recalculated. Respective expressions are brought
together in the following set of formulas:

’ C . M ’ C ’ C
XOsp = XOsp + ’CXOSpm 5 XOsp = Re(XOSp ) 5 ROspm = Im(XOSp ) 5

PM _ p

R
PM P m, PM _ 'Osp csp i
ROsp - ROsp - ROsp ’ Rgpsp - 3 + Rgsp ’

- P -
PM _ZOSp _lep .

Zoo ™ =Ry, "™ +3R : ;
Osp Osp 321Sp

. M. ;
asp + JX Osp > K N

| U, U,
Z, == = = ;0 Ry,M=R._+R, ™
a i+ KNPM i, ,+3 KNPM Zsp esp T Ngpsp




M PM PM
X M _ 2X1 sp + XOsp RZsp c XEsp
X, - s - b - s
i 3 Xlsp Xl sp
Ry, +hR )M
kag == ﬁfjp =kag'*jkar";
Zsp
. . M Y PM
G- k)XISP + kXOSP AT ' Rcsz? +k Rgpsp .
kdX = I :kdX +JkdX 5 d'= 5
3X2Sp Xlsp
'R PM
d"= 8&psp . (23)
Xlsp

In the above expressions, new designations mean the following: X OSPC is
the complex zero-sequence specific reactance, which includes the real and
imaginary parts of product X, ; Ry,” is the imaginary part of &X,," , which
reacts like a negative resistance as related to zero-sequence current [y; the
quantities with superscript PM take into account zero-sequence resistances Rgspp
and Rospm of the power line; and subscript Zsp denotes the summary specific
quantity.

A further procedure (relating to the left side of the line) is conducted as in
Sect. 2 with the following coefficients: 4=a, C=1.

Second, the specific parameters of a faulty line to the right of the fault place
should be considered with the aim to find fault quotient & . Taking into account
that the zero-sequence current on the right side of a faulty line flows in the opposite

direction to the current in the parallel line, the impedance from the line’s right end
to the fault place (being denoted by subscript 7) is:

oM - N
ZOr ZZOr _]KrXOrm’ (24)
where the right parallel current quotient x, is defined analogously to (21):

_Top

K. = .
[Or

) (25)

Quotient x, defined by formula (25) can not be calculated because current
i
determine one quantity, the second one is to be known, and vice versa. To tear this
circle, fault current /; (Fig. 3) should be found using the specific value of zero-

, 1s just the sought-for value. Here we again run into the fallacious circle: to

sequence impedance Zosp,M of the line’s right side, which takes into account the
mutual inductance, with the right side current quotient x, assumed to be known

( K.'rass ):



3y ¢|:

Fig. 3. Formation of fault current /.

s PM _ 5 P . .
ZOspr - ZOsp - JXOspKrass ’ (26)
where zero-sequence specific impedance ZOSPP is:

;P P .

gsp
Zero-sequence reactances of the faulty line’s left and right sides are:

ZOPM PMZ ) ZOrPM = Z.OsprPM (Zli - Zass) 5 (28)

ass

=Z Osp

where /; and [, are the length of faulty line and the assumed distance to the fault
place, respectively.
The fault current consists of three components (Fig. 3):

Ip=1,+1y,+1,, (29)
where I, and I'o,p are the currents to the fault place from the line’s far end system

and from the parallel line, respectively:

. . Z
20y, =3l (30)
&5 PM Orp Op ZOFPM +7Z,,

L—(see (5));  lo, =1

The fault current determined, the quantities X;; /; Ry can be found by (16)-
(18). Based on the calculated distance / to the fault place, the distance to fault place
l.ss can be assumed, and current quotient x, can be calculated by (25) for the next

cycle of iteration where I, is:
jOr:jOns+j0rp' (31)

To calculate the distance to the fault place using the iteration process, the
following input data should be known: faulty line parameters Xy, Xogp, Regp, ROSPP ,
Ry, Xo5p"'; zero-sequence impedance of the system Zy, to which the far end of the

faulty line is connected; length of the faulty line /;; measured fault quantities: U ph>

I;Dh, Iy or fg, fop. The following quantities must be calculated: x by (21); XOS,,C,
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XOspMa ROspma ROSpPM, RgpspPM bY (23): lep by (3), ZOspPM: KNPM > Za by (23)a Raa Xa
by (1); Rey,™ . Xay™ by (23); a by (12); b, ¢ by (23); k., k% k” by (4); kgg by
(23); kar’, kar” by (8); kdX by (23); kux’, kax”” by (10); d, d” by (23); h, f7, f” by
(13) and 4, C by (15) using quantities by (23), A=a, C =1 Z'OSPP by (27).
Now we can start the first iteration cycle consisting of the following steps:
(0) .
=0

b

1) assume the initial value of right side current quotient x,,

2) assume the initial value of distance to fault place L0 e. g. 1i/2;
3) Zog M by (26);

4y Z™MO) 7,,PMD by (28);

5) o, I, by (30);

6) 1" by (29);

7) k'f(l) , kf’(l), kf”(”by (6);

8) tgo," by (19);
9) X", " and RV by (16), (18) and (17);
10) /o' by (31);
1) &9 by (25).
The second iteration cycle will be:

1) assume the first value of right side current quotient x " Which can be

rass
M

taken equal to k"’ ;

2) assume the initial value of distance to fault place 1" which must be taken
close to calculated /V; continue the second iteration cycle similar to the
first one.

Continue the process until the calculated value of distance to fault place / is
sufficiently close to its assumed value /. If at the n-th cycle L.V is chosen
successfully, then /™ = [,," .

If necessary, the capacitive currents can also be taken into account — for
instance, in the cable lines with small load currents. The consideration can be made
on the basis of [1]. As the phase voltage of a faulty line the quantity U ,," must be

taken instead of U o
Upp'=U p =AU (32)
where AU pi 18 the result of symmetrical Al of
and zero-sequence Al 0¢f capacitive currents in the faulty line:
: . . . pm

The fault current /; grows by zero-sequence capacitive currents of the faulty
line Zo.;;, of the remote system /., and of a parallel line /.
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4. PHASE-TO-PHASE FAULT IN A TWO-TERMINAL LINE

The problem has been treated in [2]. The location of a fault place was
considered for phase-to-phase faults in a power line fed from both sides. The
results of calculation were however not precise enough because the iteration
process did not converge in a proper way. The influence of short-circuit current
from the opposite side of the line was not taken into account to the necessary
extent. This can be corrected using the notion of the current quotient. We shall
proceed on the basis of the wiring diagram shown in Fig. 4 (reproduced from [2]).
We will begin with the loop current equation set:

(QZ+R) +R 1, —Zl = Ey;
R, +[2Z,~2)+ R My +(Z, = Z)] 1y = s
_Zjl +(Ze _Z)jll +2Zej111 = EBA _éBA‘ (34)

a)

<V N \

G <

—

Eqc | Eba

F
—1 f

i

| 4

-

€84
| |
-y eac
[ |

E('B

3

€CB

€ B4

Fig. 4. Phase-to-phase short-circuit in a power line fed from both sides:
a) wiring diagram of the grid; b) equivalent scheme of the grid.
E 40, E g4, E cp — line voltages at monitoring point G; é 4¢, é 54, € ¢z — equivalent voltages at remote
grid point J; Z;; —positive sequence impedance of the faulty line; Z — positive sequence impedance of
the line between monitoring G and fault F points; Z, — positive sequence impedance of the remote
system; Z, — entire positive sequence impedance from point G to point J; R, — fault (arc) resistance;
14,15, Ic—phase currents; [, I, I,; —loop currents.

The entire positive sequence impedance from monitoring point G to remote
system J is

Z,=Z;+Z,. (35)
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At the monitoring point, the phase currents and line voltages can be
measured, therefore loop currents 7/, /;; and their differences can be known:

I, =—-Ip; I,=1, I,-1,=1I,. (36)
Observing (36), the first equation of set (34) can be rewritten as
Ecg =Z(Iy _jC)+Rf(jII —Ic)=

=R+ jX) g —Ic)+ Ry —1¢), (37)

where R. is the active resistance of the phase conductor;
X, 1is the positive sequence reactance to the fault place.
If fault resistance Ry is zero, the first equation of set (34) gives the well-
known expression for the impedance to fault place:

. E
Z=-"C —R. +jX. (38)
Ip—1Ic
In reality, fault resistance R, is not equal to zero but has some positive value.

For that reason, proceeding further, we should rely on (37), which can be
rewritten as

Ecs =R+ jX,+R; In=Ic (39)
IB_IC [B_IC

Now, the expression ECB/(fB—fC) gives a distorted value of the impedance to
the fault place which will be called apparent impedance Z, from the monitoring
point to a phase-to-phase fault place, consisting of real R, and imaginary X,
apparent parts:

E . .

=L, R,=Re(Z,); X,=Im(Z,). (40)

Ip—Ic

The ratio (I;~[c)/(Is—Ic) can be called phase-to-phase fault quotient /éﬂ
consisting of its real k' and imaginary k ,'' parts:

— U )/ I C .

4 Iy—1c ’

ky'=Re(k,); k,"=Im(k,). (41)

Now (37) disintegrates into two equations:

R,=R +k;'R, =aX, +k,'R,; (42)

X, =X, +k;"R,, (43)

where a is as in (12). From (42) and (43) we have the sought-for quantities X; and
Ry
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v k" Rk X

1 " ' ? (44)
R, —aX

Rf = k “' ak au : (45)
7y

The impedance to fault place should be determined using proportion a from
(12):

Z=aX, +jX, =(a+))X,. (46)

The distance to the fault place is determined as usual (by (18)).
Thus we obtain the sought-for / and R, values provided we know the fault

quotient léﬁ». To obtain its value, loop current f;; is to be found. For this purpose,
we are forced to use equation set (34), which contains five unknowns: Z, Ry I,
€y, and €,,. The three-phase voltage system of remote end J is supposed to be
symmetrical, hence é,, = aé ., (the phase factor a turns é., through 120°), and
in the three equations of set (34) four unknowns, Z, R, Iy and écp, remain. If we
assume some value of Z, then I;; can be obtained from set (34) as

By —ZI. =270, +d[R1.—(Z,-Z)I ]
a2(Z,-2)+R1+(Z,-Z) '

(47)

J/i

Here we venture to assume still one unknown — the sought-for quantity Ry This can
be done because it is related by (42) to the known value R,. In a phase-to-phase
fault we have arrived at the fallacious circle once again: to determine the first
quantity we should know the second one, but for finding the second quantity the
first one is needed. The problem can be solved by repeating the iteration process.

To calculate the distance to fault place, we have the following input data: the
faulty and remote line parameters Ry, Xip, Zi, 7, and the measured fault
quantities EBA, ECB, jB, jc.

The calculation procedure is the following: a is calculated by (12); Z, — by
(35); and Z,, R,, X, — by (40).

The first iteration cycle consists of the following steps:

1) assume the initial value of /;,,"=0;

2) calculate the first value of fault quotient kﬁ-(l); kﬁ»“); kjf”(l) by (41), in-

serting the initial value of L

3) calculate the reactance to fault place X, by (44);

4) calculate the distance to fault place 'V by (18);

5) calculate the fault resistance Rf“) by (45);

6) assume the first value of reactance to fault place based on the value
calculated as above (step 3); X 1ass V=X,V could also be assumed;

7) calculate the impedance to fault place Z” by (46), inserting the assumed
reactance to fault place X3

8) calculate the first value of loop current 7, by (47).
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The second iteration cycle starts with step 1). If the second value of the
distance to fault place /) intolerably differs from the previous one (/"), continue
the process.

In parallel lines, mutual inductance can be considered not existent, since the
faulty line parameters do not change. The currents in all three phases of the parallel
line are measured together with those of the faulty line. To determine current [;
through fault resistance Ry the superposition method can be applied. First, in
accordance with the expounded above, we calculate the first values X;, R, and
current [;;” observing no currents of the parallel line. Second, based on the cal-
culated above values of X; and Ry, current /,is found as a result of currents in the
parallel line. The sum /;; of two currents /;;” and Iz, and the other calculated values
serve for the second cycle of iterative calculations.

5. CONCLUSIONS

1. The fault quotient enables convenient calculation of the currents from the
opposite side of a line and of the capacitive currents by determining the dis-
tance to the fault place in power lines; for this purpose the apparent impedance
method is applied.

2. This quotient proves its worth in high- and medium-voltage lines irrespective
of the neutral grounding.

3. The role of the fault quotient increases with fault resistance. When this re-
sistance is zero, the fault quotient does not influence calculation, since in this
case apparent reactance X, and resistance R, are proportional: R,=aX,.

4. The fault quotient is determined as the ratio of the current through the fault
place to that being the basic quantity in the calculation of apparent impedance.

5. The fault quotient is an indispensable quantity when parallel lines are concer-
ned, although its determination is in this case more tedious.

6. For one-terminal lines at single-phase-earth faults, neglecting capacitive and
load currents, the load quotient equals 1, and at phase-to-phase faults it is 1/2.
In other cases it is a complex quantity (for single-phase-earth faults with the
absolute value greater than 1).
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BOJAJUMA KOEFICIENTA LOMA,
NOTEICOT ATTALUMU LIDZ BOJAJUMA VIETAI

J. Survilo
Kopsavilkums

Bojajuma koeficienta jédziens attiecas uz vienfazes un divfazu isslegumiem
vienvirziena un divvirzienu, savrup- vai paral€las elektroparvades Iiijas pie
attaluma noteikSanas lidz bojajuma vietai, pielietojot ,,redzamo pretestibu” metodi.
Bojajuma koeficientu noteic ka saméru starp stravu bojajuma vieta un bojatas fazes
stravu pie vienfazes 1sslégumiem un starp stravu bojajuma vietad un bojato fazu
stravu starpibu pie divfazu isslégumiem. Vienvirziena Iinijas pie vienfazes Tssle-
gumiem, neieverojot kapacitativas un slodzes stravas, bojajuma koeficients ir
vienads ar 1, pie divfazu sslegumiem tas ir 0,5. Citos gadijumos tas ir komplekss
lielums un pie vienfazes 1sslégumiem — ar absoliito vértibu, lielaku par 1. To nozi-
me ir jo lielaka, jo lielaka ir bojajuma pretestiba R Pie R, = 0, tam nav nekadas
nozimes, noteicot attalumu Iidz bojajuma vietai. Bojajuma koeficienta lepka ar
realo asi tangenss ieiet reaktivas pretestibas lidz bojajuma vietai un bojajuma
pretestibas noteikSanas izteiksmés. Bojajuma koeficienta lietoSana ir erta attaluma
lidz bojajuma vietai iterativos aprékinos.
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