Chapter 2

Distance Relaying Algorithm for a Single
Line-To-Ground Fault on Single Infeed
Transmission Lines

Abstract The work presented in this chapter addresses the problems encountered
by the conventional digital distance relay used for the protection of transmission
lines fed from one end. To observe its behavior during a high resistance single
line-to-ground fault, a laboratory prototype of a three-phase transmission line using
equivalent power system components has been developed by the authors.
Thereafter, a new digital distance relaying algorithm is presented for the compen-
sation of errors produced by the conventional digital distance relay during a high
resistance single line-to-ground fault. The proposed algorithm is based on digital
computation of impedance, which uses symmetrical components of three-phase
currents and voltages measured at the local end only. The proposed algorithm has
been tested using MATLAB/SIMULINK (The MathWorks, Natick, Massachusetts,
USA) software for a single line-to-ground fault considering wide variations in fault
resistance, fault location, power factor, and short-circuit capacity of the source.

Keywords Single infeed transmission line - Digital distance relay - High resis-
tance single line-to-ground fault - Symmetrical components - MATLAB

2.1 Introduction

Modern power systems involve large amount of investment. An electric power
system comprises of generation, transmission, and distribution of electric energy.
Growth of power systems has lead to very complex networks extended across large
areas. In such situations, the proper functioning of a modern power system is
heavily dependent upon the healthy operation of the transmission lines within it.
Today’s EHV and UHV transmission lines are exposed to treacherous weather.
Therefore, they are very likely to be subjected to different types of electrical faults.
If the faults are not detected and removed quickly then, in the worst case, they may
create instability of the power system, resulting in shut down of either the large
parts of the network or the complete network. However, the causes and
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consequences of faults can be minimized by operating the power system in a proper
way and using sophisticated protective relays.

Digital distance relays are commonly used for the protection of long EHV and
UHYV transmission lines. Generally, a conventional digital distance relay measures
the local end voltages and currents of the transmission line to determine the fault
impedance and trips the line if the fault impedance is less than the set impedance.
But, for a high resistance single line-to-ground fault, the fault impedance measured
by the digital distance relay is not proportional to the impedance of the faulted
portion of the transmission line because of the presence of fault resistance in the
faulted path. The major problems of fault resistance encountered by the conven-
tional digital distance relay protecting a single infeed transmission line is discussed
in this chapter. Afterwards, a new digital distance relaying scheme is proposed to
compensate the errors produced by the conventional digital distance relay for high
resistance single line-to-ground faults using local end data only. Further, the chapter
also includes the detailed analysis of the apparent impedance measured by the
conventional digital distance relaying scheme and the proposed scheme for a high
resistance single line-to-ground fault considering wide variations in system and
fault parameters. Finally, feasibility of the proposed scheme has been tested using
MATLAB/SIMULINK software.

2.2 Distance Protection of Transmission Lines

Distance protection scheme is normally applied to protect long transmission lines. It
acts as the main protection for overhead transmission lines and provides back-up
protection to the adjoining parts of the network, such as busbars, generators,
transformers, motors, and further feeders. Distance protection is faster and more
selective than overcurrent protection. It is also less susceptible to changes in the
power system conditions. A further advantage of digital distance protection is that it
can be easily adapted for a unit protection scheme, when applied with a commu-
nication link [1-4].

Basically, a distance relay determines the impedance of the faulted portion of a
transmission line from the measured voltages and currents at the relay location. The
measured fault impedance is then compared with the set impedance of the trans-
mission line to be protected. If the measured fault impedance is smaller than the set
impedance of the transmission line, it is assumed that a fault exists on the trans-
mission line between the relay and the reach point. This implies that the distance
protection in its simplest form can reach to a protection decision with the measured
voltage and current at the relay location [1, 2, 4-6].
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2.3 Stepped Distance Characteristic of a Distance Relay

Nowadays, digital distance relays having a quadrilateral characteristic are preferred
to protect EHV and UHV transmission lines. In modern digital distance relays, the
back-up protection is provided by using stepped distance characteristics. In such a
scheme of protection, each distance relay is set for three different zones of pro-
tection to protect a specific portion of a transmission system [2, 7, 8]. A typical
three-zone quadrilateral characteristic of a digital distance relay is shown in
Fig. 2.1. Further, the three zones of protection of the transmission line network are
shown in Fig. 2.2.

The first zone or the high-speed zone of a digital distance relay provides
main/primary protection to the transmission line to be protected by covering about
80 % of the line length in its first zone and set to operate instantaneously.
Adjustment for less than 100 % of the line length is made to avoid overreaching of
the relay in the next line section because of transient overreach, errors in the CT’s,
PT’s, and errors in the relay itself. Consequently, a digital distance relay is equipped
with another zones (second and third zones), which are set to operate beyond the
remote end of the transmission line [2, 5, 6].

The second zone of a digital distance relay covers the complete section of the
transmission line to be protected, plus about 50 % of the next line section. Usually,
some coordination time delay is provided (about 0.25-0.5 s) for a distance relay to
operate in its second zone. Referring to Fig. 2.1, the relay R, would operate in the
second zone, if the relay R; fails to clear a fault occurred just after the relaying point
R;5 [2, 5, 6].

The third zone of a digital distance relay encompasses the complete first and
second line section. The third zone is coordinated with respect to distance and time
with the second zone of the neighboring circuit. Usually, the operating time of a
digital distance relay in its third zone is about 0.5-1 s [2, 5, 6].

Fig. 2.1 Quadrilateral Xi
characteristic of a digital
distance relay / Zone-3 /
{
/ (1-3) /
/ {
| Zone-2 / ;’I
..'"f (T-2) I..'"f f
| Zone-1 |/ a.-“" .f'fl
!-"' (7-1 ) I.."'|l ll.-"l I.."'|l
/ f-"l £ o
/ [/ ]
/ “‘\‘p / ,‘l /



20 2 Distance Relaying Algorithm ...

® ® © ©
R (lll) Ra(lll)

Rs(ll)

—
o
A
L

Time of
Operation

(HAH] :”{P A Eqﬂ (HAH
' Ra(l) ‘ [ Ra(l) ] Rg(l)
RN | Rq(”)l | ‘ Rg(ll)
R4 (M) ‘ L\RG(HE)
®) ®) ® R) Rs ®9

A, B, C, D: Substations

R, to Rg: Distance Relays

R1 (1), Ra(l), ... Rg(l): First Zone Reach of Relays 1to 6

Rq (), Ra(ll}, ... Rg(ll): Second Zone Reach of Relays 1to 6
R1 (1), R2(111), ... Rg(lll): Third Zone Reach of Relays 1to 6

Fig. 2.2 Stepped distance characteristics of digital distance relays

2.4 Problem of Fault Resistance in Distance Protection

In developing a digital distance relay equations, the fault under consideration is
assumed to be an ideal (i.e., zero fault resistance) [9—15]. Consequently, the dis-
tance relay measures the fault impedance, which is proportional to the length of the
transmission line to be protected. But, in reality, the phase and ground faults are
seldom solid, i.e., it contains some finite value of fault resistance. In case of a single
line-to-ground fault, the fault resistance consists of arc resistance, tower footing
resistance, and resistance of ground. While, in case of a line-to-line fault, arc
resistance forms the fault resistance. The presence of fault resistance during phase
or ground faults introduces an error in the fault distance estimate and may create
unreliable operation of a conventional digital distance relay [16]. The most serious
cases are:

(a) Faults in the vicinity of the relaying point in forward/backward direction
(close-in faults)
(b) Faults in the vicinity of the end of protected zone (remote end faults)

If faults involving fault resistance occur at the remote end of the transmission
line, the reactance effect appears as the impedance deviation. This can cause
mal-operation of a distance relay. During the early periods of an arc, say in the first
few milliseconds, the arc resistance is negligible; but as the arc channel gets
elongated with time, the arc resistance increases. However, for protective relaying
considerations, it is generally assumed that the arc resistance is a constant, given by
an empirical formula [17],
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76V?

Rye = S,

where
V' System voltage in kV
S Short-circuit KVA at the fault location

The fault resistance introduces an error in the fault distance estimate, and hence,
a digital distance relay may underreach/overreach depending upon the remote
infeed conditions. The effect of remote infeed current on the fault impedance
measurement by a conventional digital distance relay is explained in the next
subsection.

2.5 Techniques Used in Commercial Relays and Their
Problems

Protective relays play a vital role in power systems by minimizing disturbance
influence and equipment damage. They detect faults and send trip commands to the
appropriate circuit breakers (CBs) to disconnect the faulted zone from the rest of the
system. Most of the transmission system protection relays have been designed with
distance protection. By measuring the impedance, it can be determined whether the
line to be protected is faulted or not [12, 14, 18, 19]. Although the fundamental
principle was stated many years ago [14], the distance protection still attracts
investigation in theoretical principles as well as in practical applications.

The presence of fault resistance introduces an error in the distance estimation
obtained with traditional distance relays, since in resistive faults, the distance
between the relay and the fault is not necessarily proportional to the impedance seen
by the relay [2, 20]. The problem is further complicated by the influence of pre-fault
load current (export or import of power) and by the wide range of fault conditions
which may arise in practice [21]. Much research has been conducted to analyze the
effect of fault resistance on distance relays [22-24], and several types of distance
relay characteristics or algorithms were put forward to eliminate this disadvantage
and to improve the resistive tolerance of the distance relays [20, 25]. Theoretically,
reactance relays are immune to fault resistance. However, the reactance relay
characteristic is often kept inclined upward or downward to prevent
overreaching/underreaching of the relay.

Many papers have been published in literature on computer-aided protection of
distance relays [12, 26-28], investigating on problems related to the application of
different techniques to improve the protection philosophy [29-35]. Several papers
have been published in recent years on fault location procedures for high voltage
lines [15, 36-40]. Sachdev and Agarwal [38] have presented a new approach, in
which they used data from local end and remote end to calculate the fault impe-
dance. Their procedure should result in a precise estimate of fault location, but
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appreciable errors are reported for certain locations. Other schemes [15, 36, 37, 39,
40] rely only on the use of local relaying signals and thus enjoy the advantage of
not requiring a data link. However, some of these schemes leave certain issues
unresolved [21]. Takagi et al. [41] presented a new fault location algorithm for
EHV/UHV transmission lines based on distributed parameter model, which
assumes the fault path is resistive. The fault location function was given with a
nonlinear equation, and the iterative solution technique is needed for obtaining the
fault location.

Eissa [20] suggested fault resistance compensation scheme for a ground distance
relay at the sending end of a transmission line. Although it has largely avoided
underreach, the method may increase the risk of overreach because the fault path
resistance is estimated according to the real power measured at the sending end,
which includes the load effect. An alternative technique is presented by Richardson
et al. [42], in which, the faults are located by comparing voltages and currents at
one local end of the transmission line using an optimization procedure. The method
has great potential but needs an accurate model of the network and requires iterative
calculations.

2.6 Current State of the Art

In order to increase the precision in the fault distance measurement and to improve
efficiency of the distance relaying scheme for high resistance ground faults, a fault
resistance compensation algorithm based on phase coordinates is presented by
Filomena et al. [43]. This algorithm uses sending end voltage and current data in an
iterative process. However, proper functioning of the said scheme depends on initial
estimate of the load current. Further, it is tested for short transmission line only.
Zhizhe et al. [44] presented an adaptive digital distance relaying scheme, in which,
the operating characteristic boundary of the relay is modified adaptively to mini-
mize the adverse effect of fault resistance. Subsequently, an adaptive relaying
scheme for stand-alone digital distance relay has been proposed by Xia et al. [45],
in which, the relay settings are renewed automatically according to the changes in
power system network configurations using pre-fault data. However, the above two
methods are little bit complex. Moreover, these two adaptive schemes may not give
satisfactory results during wide variations in system and fault parameters.
Thereafter, Jongepier et al. [46] presented an adaptive distance relaying scheme for
double circuit lines, in which, the zero-sequence Thevenin impedances of two ends
of the line were estimated in order to achieve the correct operation of the distance
relaying scheme. However, a prime limitation of the said scheme is that it requires
extra measuring equipments to perform the protection duty. Afterwards, Eissa et al.
[12] proposed a compensation method based on fault resistance calculation for
two-terminal transmission lines. But, the fault resistance calculation relies only on
the active power; whereas the effect of reactive power has not been considered by
the said scheme.
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Bhalja et al. [47] presented a radial basis function neural network-based adaptive
distance relaying scheme for different configurations of the transmission lines. But,
a major drawback of this scheme is that the neural network requires an extensive
training effort for high-quality performance, particularly during wide variations in
system and fault parameters. In order to enhance the capability of the distance
relaying scheme against fault resistance, Liu et al. [48] presented an adaptive dis-
tance relaying scheme based on composite polarizing voltage and using memorized
pre-fault and post-fault voltages. However, a correct estimation of the compensated
voltage cannot be assured during wide variations in fault parameters. Consequently,
very few researchers analyzed the said problems with actual physical
implementations.

Hence, an attempt has been made in this thesis to observe the behavior of the
conventional digital distance relay in the laboratory environment considering a high
resistance single line-to-ground fault. The discussions are supported by the
experimental validation in the laboratory environment; along with their comparative
evaluation by simulation results obtained using MATLAB/SIMULINK software.
At the end, a new digital distance relaying algorithm has been proposed to solve
different problems faced by the conventional digital distance relay. The perfor-
mance of the proposed algorithm has been evaluated for different fault and system
parameters. It has been observed that the proposed algorithm is highly sensitive
toward high resistance faults. Furthermore, it provides satisfactory operation in case
of close-in faults during which the conventional scheme fails to operate. Moreover,
the proposed algorithm provides effective discrimination between remote end
in-zone and out-zones faults.

2.7 Performance of the Conventional Digital Distance
Relay

In order to check the performance of the conventional digital relaying scheme and
the proposed algorithm during a high resistance single line-to-ground fault, model
of transmission line network, as shown in Fig. 2.3, is considered. It consists of a
source S, a transmission line connected between buses M and N, and a load (Z; p).
The transmission line is protected by the conventional digital distance relay con-
nected at bus M. It is assumed that a single line-to-ground fault has occurred at
p percentage of the line length from bus M.

Throughout the entire discussion, Z;, R;, and X; represent impedance, resis-
tance, and reactance of complete section of the transmission line, respectively. Z,,
R.., and X, represent actual impedance, resistance, and reactance of the faulted
portion of the transmission line, respectively. Further, Zg4, Rs4, and Xg4 represent
apparent impedance, resistance, and reactance measured at the relaying point M,
respectively. Furthermore, the positive-, negative- and zero-sequence components
are denoted by subscripts 1, 2, and 0, respectively. Moreover, the positive- and
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negative-sequence impedances of the transmission line are assumed to be equal for
a single line-to-ground fault [19].

Considering a single line-to-ground fault with fault resistance (Ry) occurred at
p percentage of the line length, as shown in Fig. 2.3, the apparent impedance (Zg4)
measured by the conventional digital distance relay is expressed as follows [8, 49]:

Vsa
Isp =——————— = pZ, Zr =Zwt +7Z 2.2
SA Tsa + 3(ko x Iso) PZi + ZLF « +24F (2.2)
where
ZL() — 751 Ir X Rp
kh=|—|andZr=————
0 < 3711 ) F ISA+3(k0><IS())

The first term in the right side of Eq. (2.2) represents actual impedance (Z,.) of
the faulted portion of the transmission line. Conversely, the second term (Zr)
represents the adverse effect of the fault resistance that is inherently present in the
measurement of apparent impedance by the conventional digital distance relay.
Further, the second term clearly indicates that the error produced in the measure-
ment of the fault impedance depends on many parameters, such as fault resistance
(RF), sending end current (Is4), fault current (Ir), as well as, line and ground
impedances.

Figures 2.4 and 2.5 represent apparent impedance (Zs4) measured by the con-
ventional digital distance relay in case of a high resistance single line-to-ground
fault occurred at p percentage of the line length for no-load and load conditions,
respectively.

It has been observed from Fig. 2.4 that, during no-load condition, the conven-
tional digital distance relay measures the correct value of inductive reactance of the
faulted portion of the transmission line for a high resistance single line-to-ground
fault, i.e., Xg4 = Xacr. Further, apparent inductive reactance measured by the con-
ventional digital distance relay is not affected by fault resistance present in the
faulted ground path. However, referring to Fig. 2.5, it has been observed that when
the transmission line is delivering power to a load (Z;p), the apparent inductive
reactance (Xg4) measured by the conventional digital distance relay is higher than
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the actual inductive reactance (X,.,) of faulted portion of the transmission line, i.e.,
Xsa = Xaee + X' [50]. This is because of the loading effect of the transmission line.
Hence, appropriate compensation is required to measure actual impedance (Z,.,) of
the faulted portion of the transmission line.

2.8 New Digital Distance Relaying Algorithm

Referring to Fig. 2.3, for a single line-to-ground fault, as the symmetrical com-
ponents (I, I, and Irg) of the fault current (Iy) are same, i.e., Ir; = I = Iro; I
can be represented by Eq. (2.3) as follows:
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Ir =Ip + 1+ 1Ipg =3 X Iy (23)

During a single line-to-ground fault, the positive-sequence reactance increases
quickly from sub-transient to synchronous limit after the inception offault. Conversely,
the negative-sequence reactance of a generator remains constant. This assumption is
sufficiently accurate to analyze the response of high-speed digital distance relays [51].
Moreover, due torelatively slow response of the generator regulating system compared
to the quick response of high-speed distance relay during fault; the load current can be
assumed to be unchanged, i.e., it is nearly same as that of its pre-fault value. Therefore,
practically, almost the entire unbalanced current (negative-sequence fault current, I)
will pass through the faulted path. Hence, for a single line-to-ground fault, the
negative-sequence component of fault current (/) can be approximated by the
negative-sequence component of source current (/) measured at the relaying point. As
the algorithm based on negative-sequence current approximation provides the best
accuracy [36], the fault current (/) is determined by Eq. (2.4) as follows:

1p=3><1p2=3><132 (24)

As the faulted phase current (Ig,) is measured at the relaying point and the fault
current (/) is obtained from Eq. (2.4), the load current (1) can be expressed as follows:

Iy =Isa — Ir (25)

The load current (I;) and the faulted phase current (Ig4) can be expressed as
follows:

IL = ILAHL = (IL Cos HL) —|—] X (IL sin 9L) (26)
Isp = Isp Z0sp = (ISA [ HSA) +j X (ISA sin HSA) (27)

As the fault current (I-) passes through a fault resistance (Ry); it contains the real
component of current only. Therefore, the fault current (I) is given by,

IF = IFLQF = (IF Ccos 91:) +] X (IF sin 01:) = IF [(0 ) 9[: (28)

Referring to Figs. 2.3 and 2.4, it can be concluded that, during no-load condi-
tion, the actual resistance (R,.) and inductive reactance (X,.) measured by the
conventional digital distance relay depends on the active and reactive components
of source current, i.e., (I cos ;) and (I, sin 0;), respectively. Similarly, the fault
impedance (Zr) measured by the conventional digital distance relay depends on the
real component of fault current (Ir cos 6F).

Consequently, referring to Figs. 2.3 and 2.5, it can be concluded that, when the
transmission line is delivering power to the load, R'r measured by the conventional
digital distance relay depends on the real components of fault current and load
current, i.e., (Ir cos 6r) and (I, cos 07 ). Whereas, X' measured by the conventional
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digital distance relay depends on the imaginary component of the load current, i.e.,
(I L sin OL)

The final conclusion of the above discussion is that, the magnitude of X, and X'
depends on the imaginary components of the source current and the load current, i.e.,
(Iss sin Os4) and (I sin 0p), respectively. Therefore, the magnitude of X' with
respect to X, can be represented in terms of the contribution of the imaginary
component of load current (I, sin 0;) and the imaginary component of source current
(Isa sin Os4) measured at the relaying point. This is given by Eq. (2.9) as follows:

IL sin GL )

2.9
ISA sin HSA ( )

X' = Xact X (

In Eq. (2.9), the term (%) indicates reactive effect of the load current on

reactive part of the source current. Hence, using the value of X’ given by Eq. (2.9),
the apparent inductive reactance (Xg4) measured at the relaying point (M) is
expressed as follows:

(2.10)

I; sin0
Xoa = Xoot + X' = Xoat X <1 + 2)
ISA S OSA

Therefore, to measure actual inductive reactance (X,.) of the faulted portion of
the transmission line, apparent reactance (Xs4) measured at the relaying point is

divided by the term ( 1+ M) and it is given by Eq. (2.11) as follows:

ISA sin HSA
Xsa
IL sin 0L
(1 + s, sin 95A>

It is well known that the ratio of reactance (X;) to resistance (R;) of the trans-
mission line remains constant. Therefore, using the value of (X, given by
Eq. (2.11), the actual value of resistance (R,) of the faulted portion of the line is
expressed as follows [52]:

Xoet = (2.11)

Ry
Ract - Xact X X_ (212)
L

2.9 Experimental Test Setup

In order to check the behavior of the conventional digital distance relay for a high
resistance single line-to-ground fault, a prototype of three-phase transmission line
network has been developed in the laboratory environment.
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2.9.1 Development of Experimental Test Setup

Figure 2.6 shows a power circuit of the experimental test setup. A three-phase
power supply is provided to the power circuit through a continuously variable
three-phase autotransformer (415 V, 15 A). Many rheostats (18 Q, 12 A, with
smooth variation of resistance) and inductors (100 mH, 5 A, in steps of 25 mH) are
used to make a practical model of a transmission line. A three-phase load bank
(415 V, 6 kW) in conjunction with variable inductors is connected at the receiving
end of the transmission line. A conventional digital distance relay is connected to
the secondary sides of CTs and PTs of ratings 10/5 A and 220/110 V, respectively.
A smooth variable rheostat of 350 € is used to develop a high resistance single
line-to-ground fault. The circuit parameters are given in Appendix A.

Figure 2.7 shows a control circuit of the test setup, in which, a single-phase
autotransformer (230 V, 8 A) is used to provide an auxiliary power supply to the
relay and to the control circuit. Three push buttons namely, PB;, PB,, and PBj; are
used to make the power circuit ON, OFF, and RESET, respectively. Three neon
bulbs indicate status (ON, OFF, and TRIP) of the power circuit. A contactor
(C) (which simulates a circuit breaker) is used to connect or disconnect a
three-phase power supply to the power circuit using four contacts (C-1 to C-4).
Further, two contacts C-6 and C-7 of the same contactor are used to provide ON
and OFF indication, respectively. An auxiliary relay (A) is used to trip the contactor
and to provide TRIP indication.

Figure 2.8 shows an actual photograph of the laboratory prototype of a trans-
mission line. It is used to analyze the behavior of the conventional digital distance
relay during high resistance single line-to-ground faults.

Bus A Bus B
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Fig. 2.6 Power circuit of the experimental setup
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Fig. 2.7 Control circuit of the experimental setup

Fig. 2.8 An actual photograph of the experimental setup



30 2 Distance Relaying Algorithm ...

2.9.2 Results of Test Setup

Table 2.1 and Fig. 2.9 illustrate the performance of the conventional digital dis-
tance relay, covering 80 % of the complete line length in its first zone, for a high
resistance single line-to-ground fault. The relay is set to include a fault resistance of
20 Q in its first zone boundary, i.e., Rpger = 20 Q. Rpacar is the maximum value of
fault resistance that is actually incorporated by the conventional digital distance
relay in its first zone boundary. The fault is considered at 25, 50, and 75 % of the
line length for no-load and at other loading (low and high) conditions.

It is to be noted from Table 2.1 that the conventional digital distance relay
provides satisfactory results for high resistance single line-to-ground faults during
no-load conditions. However, for other loading conditions, its performance is
highly affected by the presence of high resistance in the faulted path. Further,
because of the variations in system and fault parameters, the error in the

Table 2.1 Overreach/Underreach of conventional digital distance relay at different loading
conditions

Fault Loading Rpges Rrucnual Over/underreach (%)
location conditions Q) Q) (er.;s,;;‘RRe‘ % 100% >
25 % No load 20 19.75 -1.25 %

Low load 20 21.6 +8 %

High load 20 23.5 +17.5 %
50 % No load 20 19.65 -1.75 %

Low load 20 214 +7 %

High load 20 23.25 +16.25 %
75 % No load 20 19.5 25 %

Low load 20 21.2 +6 %

High load 20 23 +15 %

R-X Plane (Zone 1)

30 = ==75%(No Load)
5k - - . . = = =50% (No Load)
[Tl opradbiigh i NGB ppaniagsr Sy
20 = = =25%(No Load)
S | | 1 == . 75% (Low Load)
215
- e e 50% (Low Load)
=< 10} T | —— I P | o,
O I R rrereel STIRTITES) i 0 I RS 25% (Low Load)
51 | =+ =75% (High Load)
05 - m L= 30— ~50%(HighLoad)
R Q) — - =25% (High Load)
meas

Fig. 2.9 Effect of change in p, Ry, and Z;p on the impedance measured by the conventional
digital distance relay
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measurement of fault impedance given by the conventional relay increases.
Figure 2.9 shows the adverse effects of increase of fault resistance and load in the
measurement of fault impedance by the conventional digital distance relay.

2.10 Simulation Results

In this section, comparison of the conventional digital distance relaying scheme and
the proposed algorithm for a high resistance single line-to-ground fault on 400 kV,
100 km transmission line is provided. The source and transmission line parameters
are given in Appendix A. A single line-to-ground fault is simulated considering
wide variations in fault location (0—80 % in steps of 20 %), power factor (0.7, 0.8
and 0.9), short-circuit capacity of source (5, 25 and 50 GVA), and fault resistance
(0, 20, 40 and 60 Q). A load of 200 MV A having 0.8 power factor is assumed to be
connected to the receiving end of the transmission line. In this section, the resis-
tance and reactance measured by the conventional digital distance relaying scheme
and the proposed algorithm are represented by R¢, X and Rp, Xp, respectively. The
error occurred in the measurement of reactance by the conventional digital distance
relaying scheme is represented as exc. Similarly, the error occurred in the mea-
surement of resistance and reactance by the proposed algorithm is represented as
egp and exp, respectively. These errors are defined as follows:

Xc — Xae
exc = % x 100 % (2.13)

act

Rp — R
ERp = oP T X 100% and Exp =
Ract act

X _Xac
2P L 100% (2.14)

It has been observed from the simulation results that there is a huge mismatch
between the values of resistance (R-) measured by the conventional digital distance
relaying scheme and the values of fault resistance (Ry). Therefore, resistive errors
(e¢rc) of the conventional digital distance relay are not included in the results.

2.10.1 High Resistance Faults

Tables 2.2, 2.3, and 2.4 show the performance of the conventional digital distance
relaying scheme and the proposed algorithm in terms of the error occurred in the
measurement of resistance and reactance of the faulted portion of the transmission
line. The results are obtained considering a single line-to-ground fault at different
fault locations (0-80 % in steps of 20 %) with different values of fault resistance (0,
20, 40, and 60 Q).
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Table 2.3 Resistance measured by the proposed algorithm

p (%) R Rr=0Q Rr=20Q Rr=40Q Rr =60 Q
© Rp ERP Rp ERP Rp ERP Rp ERP
Q) (%) Q) (%) (D) (%) (D) (%)
0 0 0.00 - 0.01 - 0.02 - 0.03 -
20 0.6 0.59 —1.15 0.60 —0.25 0.60 0.35 0.61 0.95
40 1.2 1.19 —-1.22 1.19 —0.63 1.20 -0.33 1.20 -0.17
60 1.8 1.78 —1.30 1.79 -0.75 1.79 -0.50 1.79 —0.40
80 2.4 2.37 —1.38 2.38 —0.81 2.39 —0.51 2.39 —0.40

Table 2.4 Reactance measured by the proposed algorithm

p (%) | Xt () |RE=0Q Rr=20Q Rr=40Q Rr =60 Q

Xp () |exp (%) | Xp (Q) |exp (%) | Xp (Q) | exp (%) | Xp (Q) | exp (%)
0 0 0 - 0.065 |- 0.201 |- 0.38 |-
20 6.66 6.59 |-1.05 6.65 —0.15 6.69 0.45 6.73 1.05
40 13.33 13.17 | —-1.20 13.25 |-0.60 13.29 |-0.30 13.31 —0.15
60 20 19.74 | —1.30 19.85 |[-0.75 19.9 —-0.50 19.92 | -0.40
80 26.66 26.3 -1.35 2645 |[-0.79 26.53 |-0.49 26.56 | —0.38

It is to be noted from Table 2.2 that the conventional digital distance relaying
scheme measures the correct value of impedance of the faulted portion of the
transmission line for a low resistance single line-to-ground fault. However, as the
value of fault resistance increases, the percentage error in the measurement of
impedance of the faulted portion of the transmission line by the conventional digital
distance relaying scheme increases. Conversely, it has been observed from
Tables 2.3 and 2.4 that the percentage error in the measurement of resistance and
reactance by the proposed algorithm remains within +2 % for a single
line-to-ground fault against wide variations in the fault resistance.

2.10.2 Sensitivity During Close-in Faults

The loci of fault impedance provided by the conventional digital distance relay and
the proposed algorithm for a high resistance (R = 60 Q) single line-to-ground fault
at 3 % (close-in fault) from bus M is shown in Fig. 2.10.

It has been observed from Fig. 2.10 that the conventional digital distance relay
sees a close-in fault outside its first zone boundary, which clearly indicates that the
conventional digital distance relay is not able to sense close-in high resistance
single line-to-ground faults. Conversely, the proposed algorithm measures the same
fault in its first zone boundary (refer enlarged portion in Fig. 2.10). This clearly
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Fig. 2.10 Impedance loci movement during close-in faults

reveals applicability of the proposed algorithm during close-in high resistance

single line-to-ground faults.

2.10.3 Discrimination Between In-Zone and Out-Zone
Faults

In order to check the effectiveness of the proposed algorithm for the remote end
in-zone fault (p =79 %) and out-zone fault (p = 81 %), a high resistance
(Rr = 60 Q) single line-to-ground fault is considered. Figure 2.11 shows loci of the
fault impedance provided by the conventional digital distance relaying scheme and
the proposed algorithm for the aforementioned conditions.

It has been observed from Fig. 2.11 that the conventional digital distance relay
measures the out-zone fault (p = 81 %) outside its first zone boundary. However, it
also measures the remote end in-zone fault (p =79 %) outside its first zone
boundary; which is against the selectivity criteria of the protection system.
Therefore, it can be concluded that the conventional digital distance relay is not able
to provide effective discrimination between the remote end in-zone and out-zone
faults. Whereas, referring to the enlarged portion of Fig. 2.11, it can be concluded
that the proposed algorithm measures a high resistance single line-to-ground fault
occurred at p = 79 % in its first zone boundary, and it sees the same type of fault
occurred at p = 81 % outside its first zone boundary. Hence, the proposed algo-
rithm is capable to provide discrimination between the remote end in-zone and

out-zone faults correctly.
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Fig. 2.11 Impedance loci movement during remote end faults

2.10.4 Effect of Variations in Short-Circuit Capacity
of Source

Figure 2.12 shows the performance of the conventional digital distance relay and
the proposed algorithm in terms of error in the measurement of impedance of the
faulted portion of the transmission line for a high resistance (Rr = 60 Q) single
line-to-ground fault occurred on the line at different fault locations (0-80 % in steps
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Fig. 2.12 Impedance measurement with different short-circuit capacity
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of 20 %) having different short-circuit capacities of the three-phase source con-
nected at the sending end. The bracketed values indicate short-circuit capacities (5
and 50 GVA) of source S.

It has been observed from Fig. 2.12 that as the short-circuit capacity of source
S decreases from 50 to 5 GVA, the percentage error (e,.) in the measurement of
reactance provided by the conventional digital distance relay increases. Moreover,
the percentage error (¢,.) is very high (increases sharply up to 14 %) for local end
faults. Conversely, the percentage error (&,,) in the measurement of reactance given
by the proposed algorithm remains within a range of £2 % against the wide
variations in short-circuit capacity of source S for all fault locations.

2.10.5 Effect of Change in Power Factor

Figure 2.13 shows the percentage errors, &, and ¢, in the measurement of impedance
of the faulted portion of the transmission line provided by the conventional digital
distance relay and the proposed algorithm, respectively, for a high resistance
(Rr = 60 Q) single line-to-ground fault occurred at different fault locations (0—-80 %
in steps of 20 %) having two different values of power factor (0.7 and 0.9) of the load.

It is to be noted from Fig. 2.13 that for both values of power factor (0.7 and 0.9);
the conventional digital distance relay measures the fault reactance with a large
error (around 11 %). Further, for a low value of power factor (0.7), the percentage
error (e,.) increases sharply for local end faults. Conversely, the proposed algorithm
measures fault reactance accurately for both values of power factor (the maximum
percentage error is less than +2 %).
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Fig. 2.13 Impedance measurement with different power factors
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2.11 Advantages of the Proposed Algorithm

(1) During a single line-to-ground fault, it is necessary to extend the first zone
boundary of the conventional digital distance relay to incorporate high fault
resistance. This is not at all required in the proposed algorithm.

(2) The proposed algorithm is highly sensitive against close-in high resistance
single line-to-ground faults.

(3) Reach of the proposed algorithm is not affected by different loading conditions
of line.

(4) The proposed algorithm is capable to provide effective discrimination between
the remote end in-zone and out-zone faults.

(5) The proposed algorithm is highly accurate against wide variations in system
and fault parameters, as it measures the fault impedance having percentage
error within £2 %.

(6) The proposed algorithm is simple and having very less computational
requirements.

2.12 Conclusion

A large number of online tests have been performed considering a single
line-to-ground fault at various locations of a transmission line with different values
of fault resistance, loading conditions, power factors and short-circuit capacities of
source. It has been observed that the percentage error in the measurement of
impedance of the faulted portion of the transmission line provided by the con-
ventional digital distance relaying scheme is very high for high resistance single
line-to-ground faults. In order to rectify these problems, a new digital distance
relaying algorithm is proposed, which requires signals (voltages and currents) from
local end data only. The proposed algorithm measures the correct values of resis-
tance and reactance of the faulted portion of the transmission line with an accuracy
of 98 % for high resistance single line-to-ground faults. Moreover, it also provides
effective discrimination between remote end in-zone fault (79 %) and out-zone fault
(81 %) occurred at the first zone boundary of a digital distance relay. In addition, it
remains stable against the change in short-circuit capacity of source and variations
in the power factor of the load by restricting the percentage error within +2 %.
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