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ABSTRACT Maloperation of third-zone distance relays is predominantly caused by power swings, load
encroachment, and voltage instability events. Another possibility for third-zone distance relay maloperation
is a delayed voltage recovery event. If the impedance trajectory enters the zone-3 reach of a distance relay
owing to a delayed voltage recovery event, it can be identified using the severity index-based method.
However, the same method requires a relay margin index to be calculated, which is possible only if the
impedance trajectory lies outside the zone-3 reach following fault clearance. If the impedance trajectory lies
inside the zone-3 reach, even after the fault clearance and event changes from a fault to a delayed voltage
recovery event, then there is a chance of maloperation of the third zone distance relay. The proposed method
using distribution entropy identifies fault occurrence and fault clearance events critically which is been used
in the distance relays for IEEE 39 bus test system and the results are found to be satisfactory in terms of
prevention of maloperation of third zone distance relay during non-fault events and operation during fault
events. In addition, the security index of the distance relays with proposed algorithm is enhanced by 20%
compared to their operation without algorithm while the dependability index remains same.

INDEX TERMS Delayed voltage recovery, distance relay, distribution entropy, fault clearance,

maloperation, zone-3.

I. INTRODUCTION

Distance relays are predominantly used in transmission lines
to protect power systems from faults. A distance relay can
be used for zone-1, zone-2 and zone-3 protection. A zone-1
distance relay protects 85% of the transmission line from
faults, whereas a zone-2 distance relay serves as the primary
protection of the line and partially backs up the adjacent lines.
If the primary protection fails to operate during a fault, the
backup protection must operate and protect the transmission
line. A zone-3 distance relay serves as backup protection for
the entire length of the adjacent lines [1].

However, third-zone distance relays, which are supposed
to operate only for short-circuit faults, maloperate during
other power system phenomena such as power swings, load
encroachment, and voltage instability events [2]. Maloper-
ation may occur if the impedance trajectory at a zone-3
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distance relay enters the zone-3 reach during a power swing,
load encroachment, or voltage instability event.

In [3], a method based on the time required for the
impedance trajectory to cross concentric characteristics was
developed. If the time taken for the impedance trajectory
to cross the concentric characteristics violates a threshold,
it is considered a non fault condition. However, this method
cannot identify faults after the relay has been blocked because
of non-fault conditions, such as power swing.

In [4], the authors developed a method based on the
transient monitoring function and phase angle of the
positive-sequence impedance to prevent distance relay mal-
operation during power swings, load encroachment, and
voltage stressed conditions. This method allows distance
relays to operate for faults, even during voltage-stressed
conditions, if the phase angle of the positive sequence
impedance is greater than a preset threshold. However, this
method fails to identify a resistance fault since the phase angle
of the positive sequence impedance is less than the threshold.
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In [5], a method has been developed to identify a stable power
swing. A fictitious reactance is determined and the relative
speed of the machine is calculated to identify zero crossings,
representing stable power swings. However, the method does
not consider changes in the network configuration and cannot
be applied for online evaluation.

A method based on a two-dimensional decision plane
was developed in [6] to block maloperating zone-3 distance
relays. The superimposed components of the voltage magni-
tude are considered as indices to differentiate between fault
and non-faulty conditions. If one of the indices is above a
preset threshold, and the differences between the indices are
above the same threshold, it is identified as a fault. This
study mainly focused on discriminating stressed conditions
from fault events for different power system disturbances.
Additional works for identifying faults during system stressed
conditions have been discussed in [7] and [8].

Synchrophasor-assisted protection for the satisfactory
operation of distance relays during normal and system
stressed conditions was considered in [9], [10], and [11].
The problem of distance relay maloperation due to power
swing, load encroachments has been extensively discussed
in the literature. However, the maloperation of distance
relay due to delayed voltage recovery event is discussed
minimally only in [12]. Another work for identifying delayed
voltage recovery events proposed in [13] requires real time
post fault voltage trajectories for assessment. Considering
communication failures and extensive implementation costs,
local voltage- and current- based methods are preferred [14].

In [12], the authors developed a blocking index that
identifies whether the trajectory is closing onto the third
zone of critical distance relays and blocks them from
operation during a delayed voltage recovery event. The
method determines critical time and critical voltage level
at which the trajectory arrives in the third zone of the
critical relays using the relay margin index and time variant
severity indices. The relay margin index and time variant
severity indices are computed based on the assumption that
the impedance trajectory, for a zone-3 distance relay, will lie
outside the zone-3 characteristic. However, following fault
clearance, there can be a case of delayed voltage recovery
to 80% of the pre-contingency voltage within 20 seconds,
leading to the case of impedance trajectory being inside
zone-3 reach. In this scenario, the severity indices based
method proposed in [12] cannot be computed and therefore
cannot be used.

If the impedance trajectory enters the zone-3 characteristic
of a distance relay during a fault and stays inside the zone-3
even after the fault is cleared, for a considerable duration, then
there is a chance of maloperation of zone-3 distance relay.
Hence, there is a requirement of identifying fault occurrence
and clearance events with respect to zone-3 distance relay
maloperation. The maloperation of zone-3 distance relay even
after the fault clearance has not been reported in the literature.

In [15], an algorithm has been proposed to avoid
zone-3 maloperation by identifying the fault occurrence and
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clearance events using high frequency components. However,
there is a requirement of a high sampling frequency of
200 kHz. In [16], the authors have used the approximate
entropy method and fast wavelet transform to identify
fault occurrence during power swings. The method was
used to operate distance relays for faults during power
swings. However, a method for blocking distance relay
maloperation is not discussed. Moreover, distribution entropy
is a computationally efficient method [17] as compared to
approximate entropy. Hence, that is used for identifying fault
occurrence and clearance in the proposed work.

In the present work, distribution entropy is used for
identifying fault occurrence and clearance from the local
measurements at a zone-3 distance relay. The distribution
entropy of the sending end voltage of the transmission line
and the bus at which a zone-3 distance relay is connected,
changing beyond a threshold can indicate fault occurrence
and clearance. If the impedance trajectory remains inside
zone-3 characteristic, for a longer duration, despite fault
being cleared, identified through the proposed distribution
entropy method, then the relay will be blocked to avoid
maloperation.

Section II provides a basic demonstration of the zone-3
distance relay maloperation with a simple test system.
Section III explains the proposed distribution entropy method
for blocking maloperating relays. The proposed method is
implemented on IEEE 39 bus system and the simulation
results are presented in Section IV for various case studies.
Section V presents the conclusion and future scope of this
work. The main contributions of the work are:

o Proposed distribution entropy based method for iden-
tifying fault occurrence and clearance events. This
does not require high sampling frequency as in [15].
Computationally more efficient than the approximate
entropy method and half the reduction in computational
time.

o An algorithm has been proposed based on the distri-
bution entropy method to block maloperating distance
relays.

o The proposed method works for delayed voltage
recovery events where voltage recovers to 80% of
pre-contingency voltage within 20 seconds. Severity
index based method in [12] not applicable for these
cases. Efficiency of the proposed method is demon-
strated through extensive simulations.

Il. MALOPERATION OF ZONE-3 DISTANCE RELAY

To explain the phenomenon of zone-3 distance relay mal-
operation, a 9 bus system, as shown in Fig.l with data
given in [18] is considered. Generators are represented as
transient two-axis models. An IEEE Type-1 model from [19]
is considered for the exciters of the generators connected at
buses 2 and 3. Loads at Bus-6 and Bus-8 are considered as
in [18]. An induction machine load of 143 MVA, 0.875 pf is
considered at Bus-5. The induction machine parameters are
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FIGURE 3. DR placed in line between Bus 8-7.

given in [20]. Distance relays (DR) are assumed to be of mho
type with characteristic angle equal to line impedance angle.

A three phase bolted fault is applied at Bus-5 at t=1 s, for
150 ms. Bus-5 voltage magnitude with respect to time is given
in Fig.2. It can be observed from Fig.2 that after the fault
is cleared, there is a delayed voltage recovery and voltage
reaches 80% of its prefault value after 2s. The R-X plot of
the distance relay, for the line between Bus-8 and Bus-7, that
acts as zone-3 protection for the Bus-5 fault is given in Fig.3.
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In Fig.3, the characteristics of zone-3 relay are given in
blue. It can be observed from the Fig.2 and Fig.3 that even
after the fault is cleared at 1.15 s, the R-X trajectory enters
the zone-3 characteristic. If the trajectory stays within the
characteristics of zone-3 for a period beyond threshold, the
relay in line between Bus-8 and Bus-7 will treat it as a fault,
even though the fault is cleared. This leads to maloperation
of zone-3 relay.

In [12], an algorithm was proposed to block the maloper-
ating zone-3 distance relay. A Time varying Severity Index
for voltage (SIy(t)) is proposed as a ratio of the difference
between the bus voltage with respect to the nominal voltage
each instant of time. The distance between the impedance
seen by the distance relay to the supposed intersection
point of impedance trajectory on zone-3 characteristic is
considered as relay margin (RM) [21]. If SIy(¢) and RM
of the distance relay crosses a threshold, the algorithm is
activated. The algorithm predicts the possibility of R-X
trajectory breaching the zone-3 characteristic and blocks the
relay from operation. This method works accurately for the
cases where the R-X trajectory is outside and approaching
the zone-3 characteristic. However, there is a possibility that
R-X trajectory may enter zone-3 characteristic during fault
and stays inside the zone-3 reach even after fault clearance
during delayed voltage recovery events [22].

There are different cases of voltage recovery trajectories
following fault clearance as provided in [22] and [23]. There
are cases such as normal recovery 1 as shown in Fig.4, normal
recovery 2 and then there is delayed recovery as displayed
in Fig.5. In the normal recovery 1 shown in Fig.4, the
voltage recovers above 80% of initial voltage following fault
clearance, whereas in the delayed recovery case, the voltage
can recover back to 80% of the voltage within 20 seconds
as depicted in Fig.5. There might be adequate standards and
utilities requirements to reduce this time. However, during the
time period of voltage sag following fault clearance, if the
load pattern is such that (comprises induction machine loads)
the impedance trajectory lies inside the zone 3 reach even
after the fault clearance, there is a chance of maloperation of
zone 3 distance relay. The method in the existing literature
considers only the normal recovery 1 whereas with the
delayed voltage recovery case, the relay margin and all of
the indices could not be calculated if the trajectory lies
inside the zone 3 reach. Hence the distance relay may
maloperate misinterpreting it to be a fault and therefore
fault occurrence and fault clearance event identification is
necessary.

Whether the R-X trajectory entering zone-3 is due to a fault
or delayed voltage recovery can be assessed by accurately
identifying fault occurrence and clearance events. In case,
if its identified that fault has occurred and cleared, from the
local measurements of zone-3 distance relay, then even if R-X
trajectory is present inside zone-3 it can be ascertained that
it is due to delayed voltage recovery phenomenon and not
because of fault and therefore the relay maloperation should
be blocked.
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In [16], the authors have used the approximate entropy
method and fast wavelet transform to identify fault occur-
rence during power swings. However, approximate entropy
is computationally not efficient as compared to distribution
entropy. The number of operations can be reduced by
as high as 50% with distribution entropy. In the present
work, a distribution entropy [24] based fault occurrence
and fault clearance identification is proposed to prevent the
maloperation of zone-3 distance relay and block it. The
proposed method will also work for the cases where R-X
trajectory enters zone-3 during fault and stays inside even
after the fault clearance event, unlike the severity index based
method proposed in [12].

lIl. MALOPERATION OF ZONE-3 DISTANCE RELAY
PREVENTION USING DISTRIBUTION ENTROPY BASED
ALGORITHM

As mentioned in section II, maloperation of zone-3 distance
relay prevention is done using proposed distribution entropy
based algorithm.
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A. DISTRIBUTION ENTROPY AND MOVING WINDOW
VERSION

The steps to calculate distribution entropy from [24] is
explained below:

A signal x[i] is sampled at sampling frequency fiump
with fundamental frequency of the system being fhndamentai -
This leads t0 fsamp /ffundamentar Samples per cycle. A moving
window of N samples is taken, that is equal to samples of 2-3
cycles is considered.

Considering embedding dimension as m and time delay
as t. For a signal x[i] : 1 <i < N of length N samples

1) Form (N — (m — 1)t) template vectors each of length
m

X" =x[i+kt]:0<k<m-—1

2) The maximum distance between individual template
vectors are calculated using (1)

Al =max|X" = X"| 1 <j <N —(m—Dr,j#i
(D

3) A distance matrix D of dimension (N — (m — 1)t) X
(N—(@m— 1)t —1) is formed in (2) and distances
are calculated according to (1). The main diagonal
elements of the matrix D will be zero and not
considered. The matrix will be symmetrical since the
mutual distances between individual vectors will be the
same. The upper diagonal matrix elements alone are
considered in D" as shown in (3).

[df .. AN —m—1)7]
m m
D— dyj - [ N—— )
R - AIN—(n=1)TIIN=(m—1)r—1]
[dy, dl"%,, df'fN_(m_l)r]
m m
D — dy; ... N ——- 3)
L AN —(m—1)t)IN—(m—1)r—1]

4) The distance matrix D’ elements are placed in corre-
sponding bins and a histogram is obtained
5) The probability of each bin k is calculated by

counts in bin k

:1<k<B
4

Pk = number of elements in the matrix D’

where B is the number of bins
6) The normalized distribution entropy (H) is obtained by
the following relation.

B
—1
H(m,7,B) = —— I 5
(m, 7, B) longkZ_;Pk 082Dk Q)

Distribution entropy value is a dimensionless quantity as it
depends on the logarithm (to the base 2) of the ratio of the
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FIGURE 6. Signal.

count of number of entries in a bin to the total number of
entries.

Instead of taking fixed bin numbers, it is better to consider
a proper binning method in histogram. According to [25],
Freedman Diaconis rule is preferred for binning. fsgmp is
considered as 2.5kHz for a 60 Hz system. Embedding
dimension (m) is considered as 2 and time delay (t) is
considered as unity [26]. Moving window length (N) is
considered as data length of 100 samples.

The Entropy-Hub application from [27] is used to calculate
the distribution entropy for a signal. The steps for obtaining
a moving window of distribution entropy is considered the
same as that considered for approximate entropy in [28]. The
distribution entropy of the instantaneous voltage signal is
calculated for every moving window length and assigned to
the final sample.

Instead of computing the distribution entropy (H) value at
each and every instant, a moving step («;) of 10 samples is
considered such that the moving window is shifted by that
size in the original sequence of the data. The intermediate
values of distribution entropy between two moving windows
are assigned the previous distribution entropy value.

A test signal as shown in Fig.6 is considered for calculation
of distribution entropy. Fault event is considered to be
occurring at 0.4 seconds and cleared at 0.8 seconds and
voltage recovering back to nominal voltage takes about
1 second. All the events are shown in Fig.6 with red vertical
line. Voltage is recovering gradually after fault clearance and
attains nominal value at 1.8 seconds. The distribution entropy
for the fault occurrence and clearance event for the signal
obtained in moving window fashion is shown in Fig.7. The
distribution entropy value decreases momentarily during the
events and settles back to the initial value.

B. PROPOSED ALGORITHM

The rate of change of voltage magnitude (d‘i}’;“g) is also
obtained at every instant. Distribution entropy value of the
current data sequence and past two data sequences at ¢« and
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FIGURE 7. Distribution entropy for fault occurrence and fault clearance
event.

2a; samples before the present instant x are represented as
H[x], H[x-o5] and H[x-2c;] respectively. The distribution
entropy value of the signal during steady state is considered
as Hiyjr. Thy, Thy and Thj are thresholds. Hy; and H,; are just
represented as the distribution entropy value obtained during
fault occurrence and clearance events respectively. The flag
is initially set as zero.

As represented in Fig.§8, the procedure of identifying the
maloperating distance relay is checked for all distance relays
in the system. All the functions represented are corresponding
to any distance relay q.

The proposed algorithm identifies if a fault has occurred
using the fault occurrence detection part and makes the flag
non zero. By means of the drop in the distribution entropy
value, and the drop in the voltage magnitude, it is identified
as fault occurrence event. If flag is set to non zero, then the
fault clearance part of the algorithm is made active and fault
clearance is identified by drop in distribution entropy value,
and sudden increase in the voltage magnitude simultaneously.
If fault clearance is detected, then flag is set back to zero.
Even if the impedance Z seen by the distance relay q lies
inside its zone-3 reach, only if flag is non zero for a duration
of zone-3 time delay 734, then the distance relay q is given
the trip command or else the distance relay is blocked from
operation.

C. THRESHOLD SELECTION

Thresholds has been selected by choosing the significant drop
in the distribution entropy value for worst case scenarios
of bolted three phase fault at remote end of adjacent lines
and must be greater than worst case generator outage and
line outage cases as shown for case studies 4 and 5 in
Section IV. Threshold values are obtained by conducting
extensive simulations for different contingency scenarios and
are fixed. Thresholds Th; is considered to be 0.05, Thy is
considered to be 0.1 p.u. X fyamp and Thj is considered to be
0.4 for the test system. It is found that the obtained threshold
values are satisfactory and operates fine for the test system.
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FIGURE 8. Flowchart of the proposed algorithm.
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TABLE 1. Case studies.

Case No

Description

Case study 1

delayed voltage recovery event simulated by
delayed clearing of bolted fault with large
percentage of induction machine loads

Case study 2 power swing event simulated by tripping of
one of the lines connected to the generator

Case study 3 delayed voltage recovery event simulated
exclusively by means of ZIP loads

Case study 4 generator outage event at bus 38 to observe

the behaviour of distribution entropy for
voltage and current signals

Case study 5

line between 21-22 is taken out as contin-

IS4
%

Voltage (p.u.)

<
=

0.2

10 (\/_\_\
— Bus_3

Bus_4
Bus_5
—— Bus_6

2

Time (s)

3

gency to observe the behaviour of distribu-
tion entropy for voltage and current signals

Case study 6 delayed voltage recovery event simulated by
delayed clearing of resistive fault with large
percentage of induction machine loads

®

—3]

®) 1 L s
0 TT T * =7 i
|-J- il 17 21

Ll I9771.:2
of L7 TE |3

e

FIGURE 9. 39 bus test system.

<

IV. SIMULATION RESULTS

A. CASE STUDIES

The proposed algorithm is checked by simulating different
case studies as listed in Table.1 for IEEE 39 bus system as it
is a representation of the existing New England system [29].
The single line diagram of the test system is displayed in
Fig.9. Transient two axis model is considered for all the gen-
erators and IEEE Type 1 exciters are modelled at all the gener-
ators except the equivalent generator at bus 39. Since delayed
voltage recovery events, power swing events are of main
concern, which denotes low frequencies are only involved
in the events of interest and hence PI model transmission
line is chosen. Data for the test system are taken from [19].
A transient stability program is implemented in python and
the same is used for simulating case studies. Sampling
frequency fiump is considered as 2.5kHz for the 60 Hz test
system.
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FIGURE 10. Voltage responses for delayed voltage recovery event.
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FIGURE 11. Voltage responses for power swing event.

1) CASE STUDY 1
Load composition at load buses is considered as 70% ZIP
load and 30% induction machine loads from the base load
scenario [19]. Load composition at Bus 4 is considered as
motor load of 402 MVA, 0.866 pf and ZIP load of 160 MW
and 80 MVAr. The induction motor parameters are taken
from [20] and [30] with the parameters on aggregated
machine rating base. Line 4-14 is out of service. A solid three
phase fault is created at 50% of the line 3-4 at instant t=1 s
and it is cleared by opening the line at t=1.150 s.

The bus voltage responses are shown in Fig.10. It is
observed from the plot that the voltages at buses closer to
bus 4 are experiencing delayed voltage recovery.

2) CASE STUDY 2

Load composition at all load buses are considered as 70% ZIP
load and 30% induction machine loads. A solid three phase
fault is created at 20% of the from end of the line 28-29 at
t=1 s and it is cleared by opening the line at t=1.050 s. The
bus voltage responses are shown in Fig.11. It is observed from
the plot that the voltages are oscillating because of a power
swing event.

3) CASE STUDY 3

This is a delayed voltage recovery event, indicating momen-
tary recovery in voltage above 0.8 p.u. followed by voltage
sag and then voltage recovers back to nominal value.
Line 10-11 is out of service. 100% ZIP model is considered
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for all the loads. A solid three phase fault in the middle of the
line 16-17 at t=1 s is cleared after 80 ms by opening the line.
This is the same case as the first case from [12].

4) CASE STUDY 4

Apart from the equivalent generator at bus 39, the maximum
loaded generator is the one located at bus 38 for the base case
load scenario considered. Hence the disturbance is created by
tripping that generator at t=0.2 s.

5) CASE STUDY 5

Line outage event is simulated by the similar scenario. The
heavily loaded line for the base case scenario 22-21 is tripped
att=0.2s.

6) CASE STUDY 6

Load composition and line data are exactly considered as
same as in case 1. A three phase fault with fault resistance
of 10 €2 is created at 50% of the line 3-4 at instant t=1 s and
itis cleared by opening the line at t=1.16 s. A successive fault
is created in bus 4 at t=3 s to check the effectiveness of the
proposed algorithm for successive faults following delayed
voltage recovery event. The successive fault is cleared at
t=3.05 s. Fault resistance has been considered as 10 €2 as the
values lies predominantly lesser than that range [31].

B. PERFORMANCE OF THE PROPOSED ALGORITHM

The performance of the proposed algorithm is monitored in
the simulated case studies. The distance relay is considered
to be mho type and the zone-3 settings are calculated based
on [32].

1) CASE STUDY 1
It is shown in Fig.12 that the impedance trajectory enters the
zone-3 of the distance relay placed at from end of line 6-5
at the instant of the fault at 1 s and the trajectory lies inside
the zone-3 reach even after the fault clearance at 1.15 s
uptill 3.04 s.

The impedance trajectory observed by distance relay
placed at from end of line 5-4 enters the zone-3 reach at 1 s
and leaves at 2.8376 s. It is shown in Fig.13 respectively.
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So even after the fault clearance event, there is a possibility
for the impedance trajectory to lie inside the zone-3 of
the distance relays. Therefore precise identification of fault
occurrence and clearance event is required as mentioned
in Section II.

The distribution entropy behaviour monitored by the
distance relays placed at the from end of lines 6-5 and 5-4 are
shown in Fig.14 and Fig.15 respectively. It is observed that
the distribution entropy falls only during fault occurrence and
fault clearance events. It is completely stable during voltage
recovery. Hence the maloperation of distance relay can be
avoided by taking this distribution entropy as an index.

From the Fig.16 and Fig.17, it is evident that the flag for
both the relays becomes non zero after the fault occurrence
event and goes back to zero after the clearance event is
detected by the algorithm.

2) CASE STUDY 2
It is observed from Fig.18 that the impedance trajectory
enters the zone-3 of distance relay placed at the from end of
line 26-29 at the instant of the fault at 1s and leaves it after
fault clearance at 1.05 s. The trajectory enters zone-3 once
again at 1.648s and leaves at 2.0704 s.

The distribution entropy for the voltage response at
bus 26 is represented for fault occurrence and clearance
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events in Fig.19. The flag for the distance relay 26-29 is
shown in Fig.20.

3) CASE STUDY 3
It is observed from the R-X plot of distance relay 4-14 in
Fig.21 that the impedance trajectory enters the zone-3 at
2.1188 s and leaves at 2.4144s.

It is observed from the Fig.22 that the distribution entropy
for the bus 4 voltage falls only during fault occurrence and
clearance events and the distribution entropy flag for the

VOLUME 12, 2024
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FIGURE 20. Distribution entropy flag for DR 26-29.

distance relay goes back to zero as shown in Fig.23 as the
fault clears.

4) CASE STUDY 4

It is observed from the Fig.24 that distribution entropy value
for bus voltage does not change significantly whereas from
Fig.25, the distribution entropy value changes significantly
for line current.

5) CASE STUDY 5
Itis observed from Fig.26 and Fig.27 that distribution entropy
value for bus voltage does not change significantly for line
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outage event at DRs placed on line 21-22 and 22-21. From
Fig.28 and Fig.29, it is evident that the distribution entropy
value for line current changes significantly for both the relays.

6) CASE STUDY 6

From Fig.30 and Fig.31, it is observed that the impedance
trajectory seen by the DRs placed at from end of lines 6-5,
and 5-4 enters zone-3 reach at time t=1 s and stays inside
the zone-3 reach even after the fault clearance at t=1.16 s
up till t=2.05 s and t=1.84 s respectively. Similarly, for
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the successive fault at t=3 s, from Fig.32 and Fig.33, the
impedance trajectories enters the zone-3 reach of the relays
again and leaves after the fault gets cleared.

As observed from Fig.34 and Fig.35, the flag for distance
relays at from end of lines 6-5, 5-4 goes non-zero only during
faults.

C. COMPARISON WITH RECENT LITERATURE
Even though the local signal based methods in the literature
have considered identifying the fault clearance events for the
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necessity of identifying maloperating zone-3 distance relays,
they have used higher sampling frequency [15].

In [12], the method basically identifies if the impedance
trajectory is closing onto the zone-3 of the distance relay
and then blocks the relay from operation based on the
zone-3 blocking index calculated. However if the impedance
trajectory lies inside the zone-3 even after the fault clearance
as shown in case study 1, then the existing method is no longer
applicable for such a scenario. The proposed method in turn
identifies the fault occurrence and fault clearance events and
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blocks the zone-3 of the relay from operation for non fault
events.

Hence from the Table.2, it is observed that the desired
operation of the relay is met by the proposed method and
the method adopted in [12] is not applicable under certain
circumstances.

D. TIME TAKEN FOR THE PROPOSED ALGORITHM

The time taken for the proposed algorithm is validated with
a host computer with the hardware configuration of Intel
Core i7 processor - 7700 (CPU), 3.6 GHz and 16 GB RAM.
The time taken for computation of distribution entropy value
and approximate entropy value is around 1.2 ms and 2.1 ms
respectively.
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The operations required for calculating distribution
entropy for an instantaneous signal of moving window
length N and embedding dimension m is (N — m) x (N —
m+4+ 1) = N2 — 2mN + N + m? — m [17] and for
approximate entropy is 2N2 + N(6 — 4m) + 2m?> — 6m + 7
[33]. Considering N as 100 and m as 2, the total number
of operations required for calculating approximate entropy,
sample entropy, distribution entropy are 19803, 19405, and
9702 respectively. From [34], the execution time for the
sample entropy of a sine data in FPGA has been evaluated
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TABLE 2. Expected relay operation.

Case No and | Time duration | Proposed | Method in [12] | Desired

Relay method Opera-
tion

Case study 1, | 1.15-3.04 s Block Not applicable Block

6-5

Case study 1, | 1.15-2.838 s | Block Not applicable Block

5-4

Case study 2, | 1.648-2.071 s | Block Block Block

26-29

Case study 3, [ 2.118-2.414 s | Block Block Block

4-14

Case study 6, | 1.15-2.05 s Block Not applicable Block

6-5

Case study 6, | 1.16-1.84 s Block Not applicable | Block

5-4

TABLE 3. Security index and dependability index with and without the
proposed algorithm.

Number of operations Zone-3 Zone-3
operation operation
with proposed | without
algorithm proposed

algorithm

No. of correct zone-3 operations 8 8

No. of unwanted zone-3 operations | 0 2

No. of failures to operate zone-3 0 0

Security index(%) 100 80

Dependability index(%) 100 100

to be around 2 ms for a data length of 100 samples. Therefore
the proposed distribution entropy based method can operate
much faster in real time compared to other methods in
real time. There is a substantial decrease in the number of
operations for calculating distribution entropy compared to
combined computational cost of approximate entropy and
wavelet. The time taken for the proposed algorithm to identify
a fault occurrence and fault clearance event is 2 cycles and
1 cycle respectively.

E. CALCULATION OF SECURITY INDEX AND
DEPENDABILITY INDEX FOR THE ZONE-3 DISTANCE
RELAY WITH AND WITHOUT THE PROPOSED ALGORITHM
For the calculation of security index and dependability index,
a modified 39 bus system with additional different scenarios
are considered.

Security index is defined as

Nc
§=—"
Nc + Ny
where Nc and Ny refers to number of correct zone-3
operations and number of unwanted zone-3 operations

(6)

respectively.
Dependability index is defined as
N
D=—C_ )
Nc¢ + Nr

where N¢ and Np refers to number of correct zone-3
operations and number of failures to operate zone-3
respectively.
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For the limited number of cases considered, the Table.3
results indicate that the percentage of security index is much
better for the operation of distance relay with proposed
algorithm compared to without the algorithm. There is no
change to the percentage of dependability index with and
without the proposed algorithm.

V. CONCLUSION

A distribution entropy based algorithm is proposed in this
paper which identifies the fault occurrence and clearance
events clearly with a lesser time. This is used to block the
zone-3 distance relays from operation for non fault events
even if the trajectory lies inside the zone-3 reach after the
fault clearance. The algorithm has been validated with 39 bus
test system for different cases. The zone-3 distance relay
operation with the proposed algorithm is compared with
the desired operation of the relay for different cases. The
heavily loaded generator and lines are tripped for checking
the stability of the proposed algorithm for contingency
cases.

Compared with the existing literature, it can be inferred
from the results that the proposed method was able to
prevent the relays from maloperation for non-fault events
and operates it only for fault events. However, the method
may not be suitable for distance relays to identify high
resistance faults. The suggested approach functions well for
most scenarios since resistive faults occurring in transmission
system is of the order of 102 or lesser. The selection of
threshold requires extensive simulations to be run under
different contingencies. In-spite of the minor limitations,
the distance relay operation with the proposed algorithm
enhances the security index by 20% without endangering the
dependability index.
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