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The apparent impedance to single-phase earth fault place is obtained applying
the classical algorithm of distance protection. Thanks to a complex character of this
impedance, the expression for the algorithm decomposes into two equations, allowing
two unknowns to be calculated: the reactance to a fault place and the fault resistance,
provided the faulty phase voltage and current as well as ground current or zero
sequence current are known. To do this, a special mathematical procedure called here
the apparent impedance method is employed, which implies the use of specific line
parameters. For high voltage two-terminal and radial lines of distribution networks the
iterative procedure could be applied under the condition that the faulty phase voltage
is measured in a distribution network with sufficient precision. Among other specific
line parameters, the inconsistency of specific resistance of the phase conductor
deserves special attention because of its unpredictable nature and wide range of
deviations causing inadmissible errors in distribution networks. To cope with this
shortcoming, the temperature of the phase conductor wire should be known at the
moment of fault inception. Otherwise, the single-phase earth fault current should be
increased to the level above the half the line load current.

Key words: distance protection, fault resistance, high voltage network,
medium voltage grid, single-phase earth fault.

1. INTRODUCTION

Protection of two-terminal power lines in the case of single-phase earth fault
using one-terminal fault data has been given much attention for a long time. For
this purpose, various methods based on digital technique have been proposed [1-
3]. Special methods, such as frequency allocation and analysis of initial voltages,
requiring however additional technical means, are applied to locate such a fault [4].
Even a neural artificial network can be used to achieve advantageous results [5, 6].

In 2004, an attempt was made [7] to apply the classical algorithm of distant
protection for determination of the direct sequence reactance X; to a single-phase
earth fault place:

- L (1)
Cd,+Kyl,C

where Z, is the apparent impedance to fault place; K y 1S a compensation coef-
ficient; U pn 18 the faulty phase voltage; I, is the faulty phase current; I, is the

ground current.
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Afterwards this way of handling apparent impedance Z, (called here “ap-
parent impedance method”) was accomplished for single lines [8]. Later on, the
method was adapted for double circuit (parallel) lines [9]. The authors of [10] ap-
plied the method for distribution networks with small single-phase earth currents.
Similar methods found use in the case of two-terminal lines for other types of short
circuits [11]. The purpose of this paper is to consider the possibility to apply the
apparent impedance method for high- and medium-voltage networks in the cases
when the active resistance of the phase conductor of a power line is difficult to
predict. Besides, the theory of the mentioned method is expounded here more
coherently than it was made in [7-10].

Applying the apparent impedance method, the configuration of power line is
implied to be symmetrical or effectively transposed. This condition must be met to
avoid significant errors.

2. THE THEORY AND THE METHOD

To determine the apparent impedance Z, in accordance with (1), it is

necessary to measure faulty phase voltage U faulty phase current I,, and

ph>
ground current /, at the place of installation of a protection device (at the
monitoring point). Besides, to take into account the dissimilarity of positive and

zero sequence impedances of a power line, a compensation coefficient K n should
be calculated:

Ky = , )

1Zy-7, 1
3 Z 3 Zy,
where Z,; Z, are the zero sequence and positive sequence impedances to the fault
place; respectively, Zy,,; Zi,, are corresponding specific quantities which are sup-
posed to be known for a power line under consideration.

In this section it will be shown how the required positive sequence reactance
X; to the fault place can be determined using the calculated by Eq. (1) apparent
impedance quantity Z,.

The modern microprocessor technique makes it possible to find apparent
impedance Z, and its real R, and imaginary X, components with the necessary
precision:

U U
R,=Re|—2 | x, =Im|—2 | 3)
Iy +Kyl, Iy +Kyl,

To clarify the matter, let us consider the circuit diagram in Fig. 1. For the
sake of generalization, the neutral is closed through the earthing impedance.
Positive, negative and zero sequence impedances Z,, Z,, and Z, to a fault place and
corresponding specific quantities are the following:

lep = ZZsp = Rcsp + lesp; Zy, =R

Osp Osp

+ 3Rgsp + jX

Osp °
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where R, is the active resistance of phase conductor; R, is the zero sequence active
resistance of phase conductor; R, is the ground resistance; X;, X, are the direct and
zero sequence reactances; / is the distance from the monitoring point to the fault
place; R, Rosp, Regps Xisp» Xosp-are the specific parameters.

lin Z1in= Zatin; Zotin Zos
U . / Z1=2y; 2y Zor
A . .
Uph
Ry
= M —

Fig.1. Circuit diagram of the line faulty phase

A — protection device; U — phase voltages at the point of its installation; R, — fault resistance
(between the faulty phase wire and the earth); F") — single-phase earth fault; S — electric system at the
far end of the line; /;;,, and / — power line length and distance to the fault place, km; Z — corresponding
impedances.

The quantities R, Ry, Rg, X1, Xj in (4) are expressed by the products:

Faulty phase current /,,, according to Fortescue’s method [12], consists of
positive /;;, negative /5 and zero Iy, sequence currents:

jph =j11+j21+j01, (6)
with the following dependence valid:

I, =31Iy. (7)

We can measure ground current fg or calculate current [ using known
Fortescue’s formulas by three phase currents (I, /5; Ic) measured by phase current
transformers. Therefore we can determine current quotient k and its real ' and
imaginary k'’ parts:

R 3] .

k=[.—g=1.—°l=k’+jk”; k'=Re(k); k"=Im(k). (8)
ph ph

Hence

.k .. 33—k,

Ioz=§1ph; [ll+121:TIph' ©)

The expression for faulty phase voltage U pn can be written as

Uph =j1121 +j2122 +j0[ZO +]fRf :(jll +j21)Zl +j0120 +kfRf (10)
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Fault current /; may be or may not be equal to ground current /,. Further, this
question will be concretized. The relation between phase current /,, and fault

current /;is determined by quotient k , and its real k} and imaginary k} compo-

nents:
3 ]f ' o ’ 2 ” i
p

Now, let us define the so-called putative ground resistance R,, for power
lines where zero sequence active resistance R, of the phase conductor differs from
its the positive and negative sequence active resistance R,:

@ =g R, (12)

When R, and R, of a power line do not differ, the following is true:

R, . (13)

Rgy =Ry Ry =Ry

Using (12) and observing (4); (9) and (11), we can rewrite expression (10)
for phase voltage U Pt

U =1 {(Re + Ry, + kR )+ -1 =R) X, +RX 1 (14)

The resistances and reactances are shown in Fig. 1. In the simplest case, when:
1) the total phase current /,, flows through a fault place and along the ground path

(Iy=I,, hence k=1 and k ¢ =1), and 2) there is no fault resistance (R, = 0) — the

real and imaginary parts of expression (14) become simpler and could be desig-
nated R, and X;:

Ry =R, +kRg, +k;R;=R. +Ry,;
1 . . 1
stg[@—k)Xl+kXo]=§(2X1+Xo)- (15)

Having denoted:

R.+kRy, +k R,

kp = " =kp + jky; kg =Re(kR); kp =Im(];7R); (16)
= ST s R =Relhy)s K = mGEy)

N

(kg; k' are the real parts and kj; k' — the imaginary ones) we can rewrite
expression (14) as
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. U
Ppp=—— (17)
kRRs +kXXs

Now expression (1), taking into account (2) and (17), will be written as:

léRRs +léXXS
deRs +kdXXs ,

Z,=(R.+jX,) (18)

where complex coefficients de; kdX (and their real k), and imaginary kj, parts)

are:

. R.+kRy,

kar ZR—:de + jkar s (19)
(B—k)X, +kX, , ,

kdX = 3)(1 0 :kdX +kdX .

N

When faulty phase voltage U o can be expressed by (14), it is obvious that

kdX =kX . (20)

The protection device, having at its input phase current /,,, phase voltage
U pn and ground current I, (which can be replaced by current /y), computes by
expression (1) apparent impedance Z, and its real R, and imaginary X, components
in accordance with (3), provided compensation coefficient K v 1s found by Eq. (2)
out of Z, and Z,,.

From (18), having obtained R, and X, by (3), we can determine the sought-
for values of X; (which is equivalent to the distance to a fault place) and fault
resistance R,> 0 as follows.

At the beginning, the real part of expression (18) must be rewritten in a
concise pattern as

R, =RV -X\W, (21)
from where V" and W could be presented as

(kpkl +kykip)R,

V= 2 "2 2 "o ’ " 2 "2 2 +
(kg +kap)Rs™ + 2(kgpkay —karkax )R X ¢ + (kgy +kgy )X

[kl ki + Kk ) — (kicklp + krkin IR X
(ki + kJR)R? +2(k ki — Kkl R X + (K + ki) X,

+

N (kly kg + k;(kZIX)st .
(k&%e + kgrz% )Rsz + 2karkay —karkiy )R X + (kég( +kgx )Xs2

(22)
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_ (kikop —kpkgR)R” .
' " 2 "ogr ' ” ’ ” 2
(ijg + kG )R, + 20k gkl = klpki R X + (klfy + ki) X

[(K'yklg + kickip) — (ki + ki IR, X
(ki + kR )R, +2(kiklyy — Kok ly YR X s + (K + ki) X,

N (Kickax = Kicki )X, .
(ki + KRR, +2(klpkly —kipkly YR X + (K + ki )X

The quantities R. and X; are so far unknown. To expand (21) it is necessary
to use (22) and the following designations:

R__Rcsp' b_Rs_RcJ’Rgp_R +R

_ e _ e _ R _ Zoesp T Tepsp (23)
Xl Xlsp Xl Xl Xlsp

_ X 22X+ Xy 2Xyp + Xog
X, 3X, 3,

where the quantities in the numerator and denominator are defined by (4), (5), (12),
(13) and (15).

Applying designations (22), (23) to expression (21), we obtain a formula for
R, with 16 terms in the numerator (represented by “....”") and with 6 terms in the
denominator:

a

_ | o
(ki +Kkip)b* + 20kl — klpkiy Ybe + (ki + kg )e?

Having denoted once more:
d=—-—"";, d'=—=" (25)

and using (23), coefficients k% ; kp (see (16)), can be expressed as:
" kR " k'R
k=Ll g LT (26)
b bX, b bX,

To make expression (24) more readable, we will introduce additionally the
following designations:

h = (kg + k) b? + 2(kpkiy — kirkipy Yo + (ki + k) 27)
f, = abk‘,{R _ack;'X +bk¢:’R +CkélX ) f” = abkng + ack&X _bk;lR +ck§X,
k”'
/
T8y
Ky
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Now apparent resistance R, can be written as:

1o "en [ "_qn [ '+ ”t k/
p Al +df" +ckyf ka)X1+(f S"ep ks o

a ) h ’- (28)
Apparent reactance X, can be found in the same manner:
x, = S TRy S —df (Stgpy — 1Ky R, 29)
h h
From (28) and (29) four coefficients can be separated out:
g Ay ey [Tk ). B:(f’+f”tg¢f)k}; 30)
h h
oo Cle S Ry f+dy =dyt o teey = fOky
h h
In virtue of (20), coefficients 4 and C become:
A=a; C=1, (31)
which can be proven applying to (30) expression (20) and using the equalities:
d'=kigb; d"=kjb, (32)

(for coefficients a and b see (23)).

Equalities (31) are very useful for verification of calculation programs;
besides, they allow the final formulas for the sought values X; and R, to be obtained
more simply. Namely, from (28)—(31) we find:

_BX,-DR, (f'+["tgp,)X,—(f"tgo, - /"R,

1 ; . (33)
B—aD S(-atgp )+ [ (tgp, +a)

R _R,—aX, h(R, —aX,)

T B-aD K/ (1-atge,)+ ["(igp, +a)]

After that, the distance / to the fault place can be easily determined:
X
[=—L. (34)
Xlsp

From (33) it follows distinctly that the positive sequence reactance to fault
place X; depends on the apparent resistance R, and apparent reactance X,, which
are computed by the protection device provided that the fault angle ¢, is known.
This angle can be calculated if current I, (see Fig. 1) is known. For one-terminal
line (the line fed from one side) with dead-earthed neutral the current Z,, can be
considered zero, which significantly simplifies calculation by (33). In this case

k=kp=1; kep=kgy =1, tgp,=0 (35)
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and, consequently,
zera—Ff”Ra - R zh(Ra_aXa)
fr+af!r 4 f f/+afﬂ :

In a still more particular case, when there is a metallic fault (R,= 0), we will
have:

X, (36)

R =aX

a

C

X, =X, 37

a

which corresponds to the physical sense of an electrical circuit.

For two-terminal line with dead-earthed neutral the iterative methods must
be applied, which allow step-by-step calculation of unknown current /. (strictly
speaking, the ground current from the right side of the line /,,) [8]. The peculiarities
of expressions (33) applied for grids with small single-phase fault currents are
considered in [10] (for more correct presentation see Sect. 4 of the present paper).

3. THE PROPOSED METHOD AT DEVIATIONS OF SPECIFIC QUANTITIES
OF A POWER LINE

The proposed method uses several specific quantities of a power line, na-
mely: Ry Rogps Regps Xigps Xogp (see (4) and (5)). For the sake of simplicity, the
influence of remaining (not mentioned) line parameters is supposed to be too weak
and can be ignored. All the mentioned quantities may deviate from the values
written in the memory of a protection device due to temperature change or other
causes. Their influence on output quantities X; and R, can roughly be accounted for
by the differential of these quantities with respect to each of the five specific
quantities. As can be seen from the shown above complicated expressions, the
conventional mathematical procedure for evaluation of the influence exerted by the
mentioned deviations might be considered hopeless. The result can be obtained
more quickly applying modern techniques of calculation. Preliminary conside-
rations allow for the statement that only specific active resistance of phase
conductor R, for direct sequence and specific active resistance of phase conductor
Ry, for zero sequence (in high voltage networks) are of concern, since just these
parameters change with temperature as a result of ambient temperature fluctuations
and the current in a phase wire at the moment of fault. Indeed, for copper wires the
temperature change of 50° C causes 20% change in resistance. At the same time,
the other three specific quantities are temperature-stable (or the least instable). On
the other hand, digressions of specific parameters as a result of a power line’s
build-up can be taken into account by measurements or recalculations; however
these cannot be applied to the specific resistances Ry, and Ry, of the conductor
because of its unpredictable temperature.

The values of R, and Ry, (as well as other mentioned parameters) are
written into the protection device memory. At the time of fault occurrence, the
instant actual values of these parameters differ from the written (being, e.g. R’
and R'yy,). Naturally enough, the protection device gives out some X'; value that
deviates from its right value X;. If this device deals with actual conductor
resistance R.,," it would give out inerrable positive sequence reactance to fault
place X, so the task is to obtain R.,". In papers [10, 13], attempts were made to
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compute the actual value of phase conductor specific active resistance using only
voltages and currents at the monitoring point. These attempts, however, turned out
to be erroneous; admittedly, the influence of R,y inconsistency could be dimi-
nished only by obtaining, directly or indirectly, this value in another way. For
example, this can be calculated as a function of the phase conductor temperature,
which depends on the current flowing through the phase conductor and on its
ambient temperature.

In turn, the influence exerted by the inconsistency in this parameter depends
on the correlation between the single-phase earth fault and load currents. The
greater the former is as compared with the latter, the weaker the influence of con-
ductor resistance. Hence, the phase conductor active resistance, to a different extent
in high-voltage grids and in medium-voltage ones, influences the accuracy at
calculation of the reactance to fault place X;.

4. THE CASE OF HIGH-VOLTAGE NETWORKS

To a high voltage network the following is inherent:

1) transformer neutrals are dead-earthed, which causes great single-phase earth
currents, therefore load currents can be neglected (this feature is of no signi-
ficance when specific active resistance is known);

2) faulty phase voltage is of the order of sound (undamaged) phase voltage;

3) the line may have a shield wire; as a result, the phase conductor active
resistance for positive sequence R. and for zero sequence R, are different.

At the beginning, we will find X; by (33) for the R, and Ry, values written
in the protection device and the other three specific quantities.

Based on these specific quantities and on the
measured currents [, and [, or I, the intermediate
quantities 4, ' and /" should be calculated. To find the
first approximation of X, (and Rf(])) by (33) using
apparent quantities R, and X, given by the protection

!

device, the fault coefficient /éf must be found (because &',

Fig. 2. Estimation of fault and tg ¢y are directly determined by k ). However, to find

current in iterative process. , .
P k I the fault current /, (being the sum of measured current

I, and unknown current ,, (Fig. 2)) should be known. Considering Figs. 1 and 2,
the first approximation for the fault current can be determined as

1/(1) — jg Z.Oli'n + ZOS , (38)
7 O
0r
where zero sequence impedance Z, to the right of the fault point is obviously
N . :
20,V = Zoyyy = 20V + Zp . (39)

Here, for the first time, the zero sequence impedance of the system Zy, at the line’s
opposite side appears. For two-terminal lines, this quantity must be known a priori
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and written in the device memory. Now it remains to calculate the first approxi-
mation for zero sequence impedance to fault place Z,". To do this, ratio é is intro-
duced; its value is calculated using corresponding specific quantities:

o= ) (40)

Using (40), the last quantity necessary for determination of I}(l) can be found:
> (1) _ 0
ZO( ) = e(O)Xlass( ) (41)

provided there is some initial value of the reactance to a fault place (X,), assuming
for the initial value, e.g., that the fault has occurred at the middle of the protected
line; i.e. taking X, 1ass V=X,,,/2 we will obtain the first calculated value X,". Taking
the next assumed value of reactance to fault place X, 1uss) we obtain value X, that
is nearer to X, " than for the X,V —X;,,” pair. We should continue the iteration
process, observing that in each step the obtained value approaches its assumed
value until the desired precision is reached.

This way of proceeding ensures the convergence of iteration process in all
cases, provided the calculation formulas correspond to the basic equation (10)
when the true reactance to fault place inserted in (41) reflects on itself by (33).

The influence of variations in the specific active resistance is in an admissib-
le range because the line load current is small as compared with the single phase-
earth fault current. A 20% R, variation against its value written in the protection
device causes a 1-4 % error of X;.

5. THE CASE OF A DISTRIBUTION NETWORK

The power lines of a distribution network are assumed to be radial, with no
shield wires, hence the active resistance of a phase conductor for positive and zero
sequence is the same (see Eq. (13)).

The U o > Ipn and I, fault quantities are much smaller in these networks than

those in grids with a direct earthed neutral. When a single-phase-earth fault occurs,
the customers continue to receive electricity, and current I;,h is of the load current
order, being therefore accurately measurable. Ground current [, is equal to the
output current of Ferranti’s measuring transformer and therefore, despite its com-
paratively small value, can also be measured precisely enough. On the contrary,

phase voltage U o 18 1-2 orders less than the rated value. In these circumstances,

the precision of Z, determination entirely depends on the accuracy of obtaining the
U,, value. We will leave the problem of measuring voltage U, to technicians.

There is an additional peculiarity: the voltage drop on a fault resistance is
comparable with the phase-to-earth voltage U ,, . Therefore the apparent reactance

X, to the fault place strongly differs from the direct sequence reactance X; to the
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fault place; this peculiarity can be successfully dealt with applying the apparent
impedance method expounded in Sect. 2.

A simplified circuit diagram of the network with a phase-to-earth fault is
shown in Fig. 3. The initial formulas for currents are the following:

lg =3j0CGE ;14 =3j0CyE,,; I,=3joCE,

Io=3joC"; I.=l,+I,=3jowCE,; C=C+C"; (42)
Y S S PR LY S LY

clin =depf TLes ]a)L ph > R = Eph

I.Fezjcsg +1; +1g; I'./':IFe"_jclin; jgszea

where ., is the capacitive phase-earth current of a sound part of the grid; /. is the
capacitive current of the faulty line in the span from substation to fault place F (at
the sought-for distance); L., is the capacitive current of the faulty line grid (a faulty
line with other lines connected to it); /z, is the output current of Ferranti’s
transformer; capacitances C' and C"" and corresponding currents /', and ["'. are
shown separately to stress their distributed nature and their influence on the voltage
drop from the monitoring point to the fault place; /. is the symmetrical phase-to-
phase capacitive current in the span from the substation to fault place F (not re-
presented in (42)); I is the current through the fault place; / is the current through
ground at the sought-for distance; the other current designations are shown in
Fig. 3. For calculation of capacitive currents, the specific capacitive currents 7, in
A/km can be used; then the formulas for their calculation become very simple:

Isg = jlegpl I.=jl.0; I

esplsg s cspt > clin = jlcspllin > (43)

where [, is the total length of sound (undamaged) lines of the grid; / is the distance
to the fault place; /;, is the total length of faulty line grid (all lengths in km).

Currents Lug; Lf; L Ly 115 Ir; I Ir. arise as a result of a single-phase earth
fault. Besides, there are symmetrical capacitive phase currents resulting from
phase-to-phase capacitances of a line. They are calculated applying specific sym-
metrical capacitive current I'mp:

I chéépl > Icslin = j[csspllin . (44)
Faulty phase current 7, is
jph:jlo+er+jclin+jcslin' (45)

Load current [;, can be decomposed into symmetrical components /,;,, L,.
Due to the distributed nature of capacitive currents of a faulty line, on the

span from Ferranti’s transformer to fault place F, for phase voltage U on We cannot

apply formula (10) without changing it. For U i » taking into account that for the

power line Z, = Z,, we should write:

Uy =y + Al Zy + 1y Zy + Loy + Moo 2o +1 R, (46)
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substation busbars~__ <

all sound lines of the grid

Ferranti zero sequence
measuring transformer

faulty line

fayty phase

<-- iR - J4-
< L
= [;,—load current of faulty phase; =P I, — capacitive current of sound part of the grid;
= P> J; — current of the compensation coil; --p Iz —active current of the neutral;
—» [ — the first dissipated capacitive current of the faulty line; ¥ [..—the second

— I.;r— capacitive current of faulty line behind the fault place;
—##—¥ [~ symmetrical capacitive phase current of the faulty line network.
Fig. 3. Scheme of the grid with small phase-to-earth currents; the outlook of currents

with phase-to-earth fault at point F; N — neutral of the grid; E; Eg; Ec — the phase EMFs,
E,;,=E ; U,, — phase voltage of the faulty phase; R,— fault transient resistance

Currents Al,, and Al appear because of the distributed character of cur-
rents /. and I, (see Fig. 3). The currents 1, L, by, Iy can be measured and
calculated out of three-phase currents or their constituent parts:

T

Iph :]110+1210+Iclin+lcslin+1Fe; 111 :]110+Ilclin+lcslin+Te; (47)
A A

Iy =l + yepin +—-5 Loy = 3e-

We should determine currents /., and I, which appear as a result of
capacitive current L.i» of the faulty line grid. From Fig. 4 we can determine that

S - N
IA :Iclin; ]B:(_O'S_]?)]clin; IC:(_O'5+]?)Iclin . (48)
. 1. . 5. 7.

Ilclinzg(IA +alg+a Ic)zglczm; (49)
. 1 . 5. . 1. . 1. .

15 ciin ZE(IA +a“lp +aIC)=§Iclin; Lociin ZE(IA +lg+1c)=0
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Iy In so doing, currents Ajlcf and AI.W are implicit
(not measured). Their value may be estimated by their
participation in the formation of phase voltage (46).
Current Al consists of two constituents: Af';; and
Al Figure 4 explains the determination of current /.
(could not be confused with current /- in phase C)
flowing to the distance / (from the protection device to

asz alc

Ic Ip the fault place) in phase 4. Capacitive currents of phases
Fig. 4. Faulty phase C and B, Ic and I, are represented as flowing with
capacitive currents. unchanged magnitude over the span / (Figs. 3 and 4),
therefore:
L N N
ly=1.; 13=(—0,5—J?)Ic; ]C:(_0’5+]?)]c' (50)

In reality, only the current in phase A, /., flows unchanged over span /.
Currents in phases B and C (in accordance with (50)) near the fault place are close
to zero. In the direction toward the protection device they grow linearly, and at the
monitoring point their magnitude corresponds to Eq. (50). This is equivalent to the
situation when in phases B and C currents Aly and Al which are half of these
currents determined by (50), flow in the opposite direction. Hence:

5 5

Al =0; AiB=(0,25+j1—23)fc; Mcz(o,zs—jé)jc, (51)

which gives:
0,5 .
3 I..

A . .
Al =§(AIA +all y +a’Al ) =— (52)

The current Al"" s is calculated using symmetrical capacitive current Z.,. The
same considerations as in the case of Al';., lead to the expression for this current:

. 1.
A]lcf:_EICS' (53)
Now current Al 1¢r can be determined as
. . . 05 . .
AIlcf :Allcf+Mlcf :_(Tlc+0'510s)- (54)
Currents Al,; and Al are calculated using currents (51):
. 1 . . .
Al =§(AIA+a2AIB+aAIC)=O; (55)
. 1 . . . 0.5 .
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Expression (46) for faulty phase voltage U pn 18 not fit for the method
expounded in Sect. 2, which is based on expression (10). The U pn Of expression
(46) is to be divided into two parts:

with the first part:

Jow =y + 1,2+ 10,20 +k Ry =U =AU 5 (58)
and the second one:
AU, = ALy, Z) + Al Z (59)

After we have found the first part U »n of the phase voltage U,,, the

ph>
determination of X; and Ry, is the routine procedure described in Sect. 2.

To determine the distance to fault place / precisely, we must know currents /,
and I, whereas for finding the latter ones it is necessary to know the distance / to
the fault place, which is the sought-for quantity. To break this vicious circle, the
iterative calculations must be done. At the start, the initial distance ) to fault place
must be assumed — this can be half the faulty line length. Applying the iteration
process, which is similar to that for high voltage lines, the distance to fault place
can be found. The iteration process converges fast. However, when specific re-
sistance R. of phase conductor diverges from the value written in the device
memory, the calculated distance to fault place changes significantly. The calcu-
lations have shown that for an unloaded power line the deviation of R.,, does not
influence the results, while the results for a loaded line strongly depend on the ratio
ground current/load current. The data acquired for R., = 0.306 Q/km are the
following: for the ratio 0.12 the distance error is 50% at ARy, = 20%, and for the
ratio 0.03 the distance error is 200%. Obviously, such an outcome is unacceptable.
An attempt was made to recalculate conductor resistance R, but it was unsuc-
cessful, being based on expression (1) only. Indeed, to find the third unknown R,
one more equation must be applied, however this equation requires one more
measured quantity, which is impossible when only voltages and currents are
measured at the monitoring point. Obtaining the temperature of phase conductor
would solve the problem. The error drastically diminishes when Ferranti’s
transformer current (approximately equal to the fault current (see (42)) grows.
Already at this current equaling half the load current satisfactory results appear. If
the measures to reduce the influence of conductor active resistance inconsistency
are taken, the distance to the fault place can be determined with a desirable
precision.

To perform calculations, the line parameters R.g,; Rgp; Xigp; Xog, must be
written in the device memory, fph; fg; U i must be measured, and then Z'lsp; ZOSp;
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K NS k; a; b; ¢ calculated. The iteration procedure starts with an assumed initial

value of the distance to fault place Im(o), which, for example, can be taken half the
faulty line length.

The calculational algorithm could be presented as follows.

Perform the first iteration with / = 1, according to the written formulas to

find the quantities in the following sequence: Zi; Zo; L; L Al\s; Aloy; AU b3
Uph; Za ; jclin; I'f; kf; lédX; ]édR; d;d"; h i f'; tg ¢r; A; C (for verification of
preceding formulas); Ry; X;; at the end, find s

M — e

Do the second iteration with /g to receive

Continue in such a way putting the last calculated value of distance to fault
place / for the assumed value [, of the next iteration until acceptable accuracy is
attained. The results of iterative calculations converge fast.

6. CONCLUSIONS

1. The apparent impedance method for determination of the distance to single-
phase earth fault can be applied to one-terminal and two-terminal high-voltage
lines and to the radial lines of distribution networks.

This method involves the iteration procedure.

3. The instability of phase conductor resistance deserves special attention due to
its unpredictable nature and wide range of deviations causing inadmissible
errors in distribution networks. To deal with it, the wire temperature should be
known at the fault initiation instant, otherwise the single-phase earth fault
current is to be raised above the level of half the load current value.
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“REDZAMAS PRETESTIBAS” METODE
J. Survilo
Kopsavilkums

Redzamo pretestibu no vienfazes issléguma ar zemi var aprékinat, pielietojot
distantaizsardzibas klasisko algoritmu. Pateicoties §is pretestibas kompleksam
raksturam, algoritma izteiksmi var sadalit divos vienadojumos. A1l divus nezina-
mos — induktivo pretestibu lidz bojajuma vietai un bojajuma pretestibu — var
izrekinat, ja bojatas fazes spriegums un strava ka ari zemes strava vai linijas
nullsecibas strava ir zinamas. To var sasniegt, pateicoties Ipasai matematiskai
procediirai, kas Seit tika nosaukta par redzamas pretestibas metodi. [zmantojot So
metodi, ir nepiecieSams zinat Tpatn&jus linijas parametrus. Augstsprieguma Itnijam
un sadales tikla radialajam Imijam merki var sasniegt, pielietojot iterativos ap-
rékinus ar nosacijumu, ka pietiekosi precizi ir izmérits bojatas fazes spriegums
sadales tiklos. Starp citiem Iinijas parametriem fazes vada ipatngjas aktivas
pretestibas mainigums pelna pasu uzmanibu tas nenoteiktibas un novirzu plasa
diapazona dg], kas noved pie nepielaujamam k]iidam sadales tiklos. Lai noverstu $o
trikumu, jazina fazes vada temperatiira vienfazes zemessléguma iestasanas laika.
Ja to nevar izpildit, tad japanak, lai zemessléguma strava butu lielaka par pusi no
slodzes stravas.

27.12.2007.
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