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Abstract

This paper deals with non-pilot distance protection of a double-circuit transmission line. Negative
impact of the reactance effect, appearing in measuring a fault loop impedance, on operation of the relay is
discussed. An adaptive algorithm allowing one to prevent the relay from mis- or mal-operation caused by
the reactance effect is introduced. The algorithm is designed for a standard availability of measurements
from one end of the double-circuit line, i.e. when three-phase voltage and current from the faulted line
circuit, and additionally zero-sequence current from the healthy line circuit, are provided as the relay input
signals. The algorithm is based on changing the position of the distance relay characteristic in such a way
that the reactance effect is effectively compensated for. For this purpose the shift vector is determined
in on-line relatively simple calculations. The delivered adaptive algorithm has been tested using current
and voltage signals obtained from simulation of varies faults using the ATP-EMTP software program.

Selected results of the evaluation are presented.
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1. Introduction

The principle of distance relaying is well known and is based on comparing the measured fault loop impedance
with a characteristic adequately shaped on the impedance plane. This rule could fail in case of presence
of high fault resistance at the fault [1-6]. A combined effect of fault resistance and pre-fault power flow
may cause the relay not to trip for faults within the protective zone, or may lead to inadvertent operation
for faults outside the zone [4-6]. This is so since fault resistance is seen from the relay location as certain
apparent impedance, thus with the contents of the reactance. This effect, called as the reactance effect,
influences the fault loop impedance measurement of the distance relay and thus its performance.

To compensate for the negative impact of the reactance effect, adaptive algorithms may be used in
a decision unit of the distance relay. This paper introduces such adaptive algorithm. It is based on on-
line calculating components of the shift vector A Z, according to measured voltage and current. The relay
characteristic position on R — X plane is not constant, but is shifted according to the shift vector AZ
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value. Since tripping time is essential in the first protective zone, calculations are relatively simple, thus not
requiring time-consuming operations.

Figure 1 presents a schematic diagram of the analysed transmission network with the double-circuit
transmission line. The faulted line is connected between buses AA, BA, while the healthy line lies between
buses AB, BB. At both line ends there are the equivalent systems represented, with electromotive forces
and internal source impedances. The delivered adaptive algorithm utilizes the standard availability of the
measured signals as depicted in Figure 1. In this case the distance relay is supplied with three-phase current

I 4 and voltage V 4 from the faulted line and zero-sequence current from the healthy line I 4pq.
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Figure 1. Schematic diagram of analysed transmission network.

2. Basics of the Adaptive Algorithm

One of the main features of digital distance relays in present use is the ease with which one can apply
various decision algorithms. Therefore, it is possible to implement adaptive procedures to standard decision
algorithms to make the relay more attuned to system fault conditions.

The adaptive algorithm introduced in this paper is based on the generalized fault loop model [5],

which is stated as
KAp - dZmlAp — Rplp = (1)

where
Vap=a1Var +a5V 45 + a0V 4

is the fault loop voltage;

Ly =01l y01 + 0L 400+ q %lAAO +ag %O—mlABo
Ay 44
is the fault loop current; d is distance to fault [p.u.]; Rp is fault path resistance; Ip = aplp + apolpy +
arol o is total fault current; Z 15, Zor are positive- and zero-sequence line impedances, respectively; and
Z om is the mutual coupling zero-sequence line impedance.

The fault loop voltage and current involved in (1) are expressed in terms of the symmetrical com-
ponents of the measured signals. The subscript 7 denotes the sequence component type: ¢ = 1 is for
positive-sequences, i = 2 is for negative-sequences, and i = 0 is for zero-sequences. The coefficients a;
determine fault loop signals adequately to the fault type as shown in Table 1. Fault types are denoted with

names of faulted phases (a, b, ¢), and additionally for faults involving ground the letter ‘g’ is included.
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Table 1. Coefficients a; for determining fault loop signals from (1).

Fault type ay as | ag

a—g 1 1 1

b-g a? a 1

cg a a® |1

a-b, a-b-g, a-b-—c,abcg | 1-a°> | 1-a 0
bc bcg a’a|aa®| 0
ca,cag a-1 | a®>-1] 0

a = exp(j2n/3)

To determine the voltage drop across the fault path resistance, one needs to establish weighting
coefficients a p;. These coefficients can be derived by considering the boundary conditions for a particular
fault type. There is a certain freedom for that and one can derive alternative sets of the coefficients. The
values of the weight coefficients used further are gathered in Table 2. It is distinctive that, for the zero-
sequence, we have g pg = 0, which is advantageous since use of the zero-sequence line impedance, considered

as an unreliable parameter, is avoided in the calculations.

Table 2. Alternative sets of weighting coefficients a p; with a o =0.

Set I Set 11 Set III
Fault type

ari1 arp2 ari1 ar2 ari1 ar2

a-g 0 3 3 0 1.5 1.5
b-g 0 3a 3a? 0 1.5a°| 15 g
c-g 0 3a’ 3a 0 1.5a | 1.5 a?
a-b 0 |1-a |1-a2| 0o | L& | Le
b-c 0 a—a® | a®>—a 0 _22_ = Q_QQZ

c-a 0 a?—1 | a-1 0 QT_I QQQ_I
a-b-g 1—a? 1-a 1—a? 1-a 1—a? l1—a
b-c-g a’—a | a—a® | a®—a | a—0a® | a®—a | a—d?
c-a-g a—1 | a®-1] a—1 | a®>-1| a—1 | a?-1

a-b-c, a-b-c-g | 1—a? 0 1—a? 0 1—a? 0

The popular circle characteristic of MHO type (this name comes from writing OHM backward) is
taken for further considerations; however the presented method can be applied to other characteristic shapes
as well. The MHO characteristic with a boundary of the first zone set to 85% of the protected line length
(s = 0.85 p.u.) is described by the inequality

(Rap —0.5sR1)* + (Xap — 0.55X11)° < (0.5sZ,,])%, (2)

where R4, is the fault loop resistance measured by the relay, X4, is the fault loop reactance measured by
the relay, R1y is the positive sequence resistance of the whole protected line, X7 is the positive sequence
reactance of the whole protected line, and Z 15, = R1;,+j X1 is positive sequence impedance of the whole
protected line.

The inequality (2) defines the interior part of the circle characteristic, for which the centre is located
at the point (0.5sR11, 0.5sX 11) and the radius is equal to: 0.5s|Z1|. This standard characteristic may be
modified by introducing the components of the A Z shift vector. As a result of introducing the shift vector,
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one obtains the adaptive MHO characteristic as
(Rap — (0.55R11 + AR))? + (Xap — (0.5sX 1 + AX))? < (0.55]Z,,])%, (3)

where ARand AX denote the resistive and reactive components of the shift vector of the relay characteristic.
This allows for compensating for the reactance effect, which makes the relay invulnerable to presence of fault
resistance. A way of calculating components of the shift vector of the relay characteristic is presented in
section 3.

3. Determination of Shift Vector

Expressing the fault loop model (1) in terms of impedances, one obtains

I
Zpp— ALy, — RFI_—F =0, (4)
L ap
where
14 .
Zap = [—Ap = Rap +7Xap
4 ap

is the fault loop impedance.
The third component on the left side of (1) presents the error in measured fault loop impedance. In

order to consider the compensation for this error, equation (4) is rewritten in the form
Zyp, =dZyy, + AZ, (5)

where AZ = AR+ jAX = Rp (lF/lAp) is the error due to resistance of a fault path resistance.

According to (5), the fault loop impedance measured by a standard distance relay is a sum of the
correct value dZ;; and the error value AZ. In order to compensate for this error, the fault loop impedance
measuring algorithm of the relay is considered as unchanged, i.e. as in the standard distance relay, however,
the adaptation is introduced into the decision making algorithm of the relay. This is performed by shifting
the position of the relay characteristic on the impedance plane by the shift vector: AR for the resistance
and AX for the reactance. Determination of the required shifts follow.

Determination of the shift vector A Z requires calculating the total fault current I . For this purpose

the weighting coefficients set with a pg = 0 (as in Table 2) is chosen and thus one gets

Ip=aplp) +apolps. (6)

Unknown components of the total fault current I 1 and I go can be derived from the equivalent circuit
diagrams for the positive- and negative-sequence [5]. The equations resulting from the equivalent circuit

diagrams of the network shown in Figure 1 are

Ip = E_F (7)
I
lFQ - ﬁa (8)
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where AT 47 is the incremental positive-sequence current, I 4o is the negative-sequence current, k p is the
fault current distribution factor (identical for both sequences).

The fault current distribution factor depends on the line configuration and for the considered trans-
mission network from Figure 1 takes the form

K,d+L,
=== 9
R Ml ) ( )

where Ky = —Zy(Z1ga + Z1sp + Z11B)s L1 = Z1.(Z1sa + Zisp + Z11p) + Z113Z1sp, and M, =
Zy Zypp+ (Zip+ Z1p)(Zisa + Zisp)-

In particular, the fault current distribution factor (9) is a function of the unknown distance to fault
(d, [p-u.]) and the immeasurable (in case of one end measurements) value of the remote source impedance
Z1sp. However, it will be further shown that it is not necessary to determine the value of k .

Taking into account (6)—(8), the generalized fault loop model (1) takes the form

ap Al +apol po
kp

KAp - leLlAp — Rp =0. (10)

In general, the fault current distribution factor k£ is a complex number and it may be presented as
kp = kped? = kp (cosy + jsiny), (11)

where kp is the magnitude and -y is the angle of the fault current distribution factor.

Substituting (11) into (10) and then dividing by the fault loop current I 4, gives

Rp .
Zpp— ALy, — EMIQ@ =0 (12)

where N, = N7g® + jNI3'* = w is the ratio of the total fault current (6) and the fault loop
Lap

current defined in (1).

After resolving N 15 into the real and imaginary parts, equation (12) takes the form

R o
Zay—dZy, — o (G +56E") = 0, (13)
where
G5 = N5l cosy + Ni5"*9 siny

G193 = Niy'* cosy — N5 sin .

Comparing equation (13) with equation (5) results in obtaining the ratio of the components of the shift
vector:
AR Gy Nis@cosy + Nig® siny

AX G NS cosy — Nis* sinvy

(14)

It is justified to assume v = 0, because in real transmission networks the angle of the fault current distribution
factor is close to zero (Figure 2) and rarely exceeds 10° [2]. As a result, a simplified form of equation (14)

is obtained:

AR Ny
AX T Njpes (15)
12
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From equations (5) and (15) one may derive the components of the shift vector, which are

Nis (Rap X1z — XapRiL)
AR = Nreal x NimagR (16)
12 1L — 4V¥q19 1L

Ni5*? (RapXiz — XapRur)
AX = real imag : (17)
N12 XlL - N12 RIL

Angle y [deg]
/

0.2 0.4 0.6 0.8 1
Distance to fault [p.u.]

Figure 2. Plot of angle v as function of distance to fault (determined for the transmission network defined in

Table 3).

4. ATP-EMTP Evaluation

The derived adaptive algorithm has been thoroughly tested and evaluated using signals taken from ATP-
EMTP [7] simulations. The modelled transmission network comprised of a 400 kV transmission line and two
equivalent systems. Parameters of the network are gathered in Table 3.

The resultant data of the ATP-EMTP simulations (the pl4 files) was transferred into the Matlab
program, where measurement and decision making algorithms of the standard, and the presented adaptive
distance relays were programmed. The signals were sampled at 1000 Hz sampling frequency and standard
full-cycle Fourier filtration was applied to determine the phasors of the processed signals. By having phasors
for the three-phase voltages and currents, phasors for the symmetrical components were also determined.
Utilising the determined phasors, the fault loop impedance measurement was performed, and also the
required shift of the adaptive MHO characteristic was determined.

Presented evaluation results include line-to-earth faults, as these faults stand for approximately 70%
of all faults in transmission and distribution lines. Various fault locations and fault resistances ranging from
0.1  up to 20  have been taken in modelling, in order to determine efficiency of the proposed algorithm.

Table 4 shows a comparison between the standard (the MHO characteristic has a fixed position) and
the adaptive (the MHO characteristic undergoes shifting) distance relays. Tripping time, determined when
for three consecutive samples there is encroachment of the MHO characteristic by the fault loop impedance
trajectory, for both relays is presented. For example, in case of fault resistance: Rrp = 10 £ the reach of
the first zone of the standard relay is up to 0.60 p.u., while of the adaptive relay up to the set value equal
to 0.85 p.u. Moreover, the tripping time of the adaptive relay is faster than for the standard relay.
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Table 3. Parameters of modelled transmission network.

System element Parameter
Length, [ 150 km
Zig (0.0276 + j0.315) Q/km
Zy; (0.275 + j1.0265) Q/km
Double-circuit Cir 13 nF /km
line ., 8.5 nF /km
Com 5.5 nF/km
Zom (0.20 + j0.628) Q/km
. Z 2.615+ j14.829) Q2
Equivalent Zoos ((4.637 ijj26.297)) )
system A Voltage phase -30°
Equivalent Zisp Zisp =Z1sa
Zosp Zosp = Zosa
system B Voltage phase 0°

Table 4. Tripping signal and tripping time for various fault resistance values.

Rrp=10Q Rr =209
d Standard Adaptive Standard Adaptive
relay relay relay relay
[p-u.] Trip. Trip. Trip. Trip. Trip. Trip. Trip. Trip.
signal | time [ms] | signal | time [ms] | signal | time [ms] | signal | time [ms]

0.10 1 9 1 7 1 15 1 10
0.15 1 9 1 8 1 15 1 11
0.20 1 13 1 11 1 16 1 12
0.25 1 13 1 12 1 16 1 13
0.30 1 16 1 14 1 17 1 13
0.35 1 15 1 13 1 18 1 14
0.40 1 17 1 15 0 - 1 14
0.45 1 16 1 15 0 - 1 15
0.50 1 19 1 16 0 - 1 17
0.55 1 19 1 16 0 - 1 17
0.60 1 25 1 17 0 - 1 20
0.65 0 - 1 18 0 - 1 22
0.70 0 - 1 19 0 - 1 24
0.75 0 - 1 21 0 - 1 26
0.80 0 - 1 23 0 - 1 28
0.85 0 - 1 31 0 - 1 32
0.90 0 - 0 - 0 - 0 -

In figures 3-9 are investigation results, considering an a-g fault type at fault distance d = 0.8 p.u., with
fault resistance Rp=10 2. The input signals of the relay are shown in Figures 3-5. Figure 6 presents tripping
signal for the standard and adaptive relays. Note that there is no tripping for the standard relay, while the
wanted tripping for the adaptive relay. Figure 7 shows the measured fault loop impedance Z 4, trajectory,
standard and adaptive (only for the post-fault steady state) distance relay MHO characteristics. In Figures
89 the calculated samples of the resistive AR and reactive AX shifts of the adaptive characteristic are

shown.
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Figure 3. Example: phase voltages from faulted line at the relaying point.
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Figure 4. Example: phase currents from faulted line at the relaying point.
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Figure 5. Zero sequence current from the healthy line at the relaying point.

224



IZYKOWSKI, BOZEK: Distance Relaying Algorithm for Double-Circuit Transmission Line...,

Relay with standard MHO characteristic

— 1 I i
<
=
on
%05 ]
o0
=)
.
20 ]
= . . . . .

0.06 0.08 Time [s] 0.1 0.12

Relay with adaptive MHO characteristic

— 1 i 1
<
=)
.20
2 05¢ ]
=
a2,
E0 ]
= . . . . .

0.06 0.08 0.1 0.12

Time [s]

Figure 6. Example: tripping signal for standard and adaptive relay.
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Figure 7. Example: fault loop impedance (Z a,) trajectory, distance relay MHO characteristics: standard and

adaptive (at the post-fault steady state).

5. Conclusion

This paper introduces an adaptive algorithm that allows shifting the relay impedance characteristic on R—X
plane, according to on-line calculated value of the shift vector. It allows one to compensate for the negative
influence of the reactance effect in the fault loop measurement. Additionally, the algorithm speeds up taking
a tripping decision.
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The components of the shift vector are functions of locally measured quantities, line parameters
and fault type. Thus, the equations determining these components are simple in form and do not require
sophisticated calculations. This is important in that it is not necessary to provide data from the remote end
of the protected line and the source impedances, which makes the algorithm easy to implement in a digital
distance protective relay.
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Figure 8. Example: calculated resistive shift AR of the adaptive characteristic.
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Figure 9. Example: calculated reactive shift AX of the adaptive characteristic.

Evaluation utilizing ATP-EMTP simulations proved that incorporating the presented adaptive algo-
rithm enhances operation of the distance relay, making the relay practically invulnerable to reactance effect
within wide range of fault specifications. It is also highly desirable for future investigations to apply the real
system measurement data for testing the proposed adaptive algorithm.

Further study should take into account the case with no measurements from the healthy line circuit
available for the distance relay input signals.
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