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Abstract: In case of an error in the power system, it is the duty of the protection relays to isolate
the faulty part from the rest of the system as soon as possible. Overcurrent and distance relays are
usually used to protect the transmission and super distribution systems. The optimum coordination
of these relays is very important. In this article, communication links are used to improve the optimal
coordination of overcurrent and distance relays. In the proposed plan, the overcurrent relays on both
sides of the line are equipped with a communication link for immediate action in the event of an error.
Using this communication link, the complete coverage of the line is also provided by distance relays.
The number and place of installation of the communication link greatly affect the operation time
of overcurrent relays and the distance and coordination between them. The coordination problem
is formulated by considering the location and number of communication links, and to solve it, the
combined optimization algorithm of genetics and linear programming will be used. With the help of
the genetic algorithm, the location and setting of the second zone of the distance relay, and by using
the linear programming algorithm, the setting of the overcurrent relays is determined. The proposed
method has been tested on the IEEE 14-bus (the simulation in MATLAB software) network and its
results examined, and it will be seen how much the existence of a communication link can improve
the performance time of the protection system.

Keywords: overcurrent relays; distance relays; communication link; optimal coordination

1. Introduction

An error in the power system is unacceptable speed. In case of an error, the task of the
system is to isolate the error from the rest of the system as soon as possible [1]. A protection
system consists of relay units, current- and voltage-measuring transformers and a power
switch. With the help of measuring transformers, the current and voltage of the power
system are reduced to the permissible values of the relay operation. Relays are considered
the main and intelligent part of a protection system, which are responsible for detecting
abnormal conditions (error detection) [2,3]. After detecting this condition, the faulted part is
isolated by sending a signal to the power switch. An efficient protection system should have
features such as reliability, speed and selectivity. In power networks, the use of reliable, fast
and uninterrupted protection systems reduces downtime and increases network reliability.
Various communication links, such as those between relays, are used to improve the
performance of the protection system (uninterrupted and fast operation to fix the fault).
Any management and control for this structure require requirements and access to some
parallel infrastructures. One of the most important of them is the existence of reliable
platforms in infrastructure communications. Currently, and according to the progress in
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the communication infrastructure, protection plans equipped with communication systems
between relays have been considered [4]. The aim [5] is to solve the problem of optimal
coordination of overcurrent relays with respect to the transient fault current of the wind
turbine. These currents can change the operation time of the relays and eventually cause
inconsistency between the main and backup relays. This article aims to present a method
based on the dynamic modeling of overcurrent relay with regard to the effect of the transient
fault current of wind turbines. In this reference, the difference between the actual fault
currents and the transient state is stated first and then the coordination of the overcurrent
relays to reduce the operation time of the main relays with the help of three variables (the
current adjustment factor, the time adjustment factor and the type of relay characteristic).

In [6], a method for network protection using the voltage measurement of the relay
installation site is presented. Based on this, a new characteristic has been created for relays,
depending on the measured voltage of the place of installation of the relay. Adding this
parameter to the mathematical relation of the operation time of overcurrent relays creates
a suitable flexibility to adjust and reduce their operation time. The proposed method has
been evaluated for the different sizes and places of installation of the distributed generation
sources, error conditions and different scenarios. In this method, the communication
channel is not used, and the operation time of the relays is low only by considering the fault
voltage of the relay installation location in both operating modes (connected to the network
and islanded). The optimization algorithm has been improved to solve the problem of the
optimal coordination of overcurrent relays in [7]. In this algorithm, each of the particles
represents a solution for the proposed problem and includes the settings of each of the relays.
Normally, in this algorithm, the amount of particles is based on creating a random number
with a uniform distribution between zero and one; while in the improved algorithm, this is
achieved based on the normal distribution. In [8], the coordination between these relays has
been improved. In case of a line error, the distance relay works first. However, if this relay
cannot function properly, the support directional overcurrent relay provided for it shall
function. The main innovation of this article includes (1) considering the operation time of
the second zone as a variable and (2) including the characteristic curve that can be changed
by the user for directional overcurrent relays. By using the characteristics that the user can
change, the operation time of the overcurrent relays can be determined more optimally,
and therefore, better coordination can be created between it and the distance relay. In the
proposed design [9], an inverted dual characteristic curve is used for overcurrent relays
when they are in series and operate in only one direction. These characteristics simplify
the complexity of the problem and create higher flexibility in the process of the optimal
coordination of relays. By using these characteristics, a total of five variables, i.e., the
variables of the current and time adjustment coefficient of the relay have been created
for each of the characteristics and the setting of the second zone of the distance relay.
The sine—cosine optimization algorithm has been used to determine the optimal values of
these variables. The simulation and analysis results of this method on different networks
show that the proposed method has been able to eliminate the inconsistency between the
overcurrent and distance relays and reduce the operation time of the relays.

The directional and distance overcurrent relays have been optimally coordinated using
the ant’s optimization algorithm in [10]. Here, the optimal coordination problem between
these relays is formulated as a complex non-linear problem in which the continuous vari-
ables, such as the time adjustment coefficient of the overcurrent relay and the operation
time adjustment of the distance relay, and the discrete variable, such as the current ad-
justment coefficient of the overcurrent relay, are included. The main innovation of this
article can be considered only as solving the problem with the optimization algorithm of
ants and combining it with the linear programming algorithm. In [11], a general objective
function is presented to find the optimal settings of overcurrent and distance relays to
coordinate them better. This objective function is expressed in such a way that the negative
time difference between the main and backup relays (in other words, the operation of the
backup overcurrent relay ahead of the main relay) is eliminated. In the proposed method,
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not only is the number of inconsistencies between overcurrent and distance relays greatly
reduced, but also the difference in their operation time is minimized. The variables under
investigation in this article include the current adjustment coefficients and the time of the
overcurrent relay along with the determination of its characteristic curve type as well as
the operation time of the second zone of the distance relay. To solve this problem, two
genetic algorithms and an optimization algorithm based on human behavior have been
used. One of the most common faults in the power system is the phase-to-ground fault. The
intensity and size of this fault current depend on the type of grounding. In [12], a method
is presented to improve the optimal coordination of overcurrent relays, in which phase
and phase-to-ground errors are considered. Here, a new objective function is proposed for
the problem of optimal coordination of overcurrent relays, which combines the operation
time of overcurrent relays with phase characteristics and phase to ground. In the proposed
method of this article, each of the overcurrent relays is equipped with two characteristics,
that is, the characteristic of determining phase and phase-to-ground errors. By coordinat-
ing between the two phase characteristics of the main and backup relays, the occurrence
of phase errors can be detected quickly. In [13], he used the non-standard characteristic
curve to coordinate between overcurrent and distance relays. In this design, the constant
parameters of the characteristic curve are introduced as the new variables for setting the
overcurrent relays. In some cases, the fault current passing through the overcurrent relay
can be lower than its maximum setting current and lose the sensitivity of overcurrent relays.
In [14], a robust method for optimal setting of overcurrent relays in distribution networks
has been presented. In this article, uncertainties such as network operating conditions, fault
type, fault impedance, fault of current transformer measuring equipment and disconnection
and connection of distributed generation units are considered. In the proposed method of
this article, a characteristic curve proposed in [15] is used, in which instead of two variables
in the mathematical relationship of the relay, four variables are used (conversion of fixed
parameters into variables). In [16], an interval method has been used to model uncertainties
in the problem of the optimal coordination of relays. In [17], a new formulation is presented
for the optimal coordination of overcurrent and distance relays in the presence of series
compensation. The network compensator in normal operation mode works similar to a
capacitor bank. However, during the occurrence of the fault, this compensator has a little
capacitive property to reduce the fault current. In [18], chaos addresses energy in networks
of electrical oscillators studied.

In this article, the use of distance relays is suggested in these cases. The problem
proposed here is solved with the help of the optimization algorithm, and its results are
compared with that of the genetic algorithm. This comparison shows the very good
accuracy of the weeding algorithm in solving the problem. The proposed method has also
been able to reduce the number of inconsistencies between the overcurrent and distance
relays. The overcurrent and distance relays protect the above distribution lines. Usually,
in these protection plans, the main protection is with the help of distance relays and the
backup protection with overcurrent relays. Therefore, the coordination between these two
relays is very important. In this article, a plan is presented for the optimal coordination of
distance relays and directional overcurrent relays in the super distribution network with
the help of communication links. In this design, the overcurrent relays on both sides of the
line are equipped with communication links with instant function, and as soon as the fault
is detected, they signal each other to remove the faulty part in the shortest possible time. In
the proposed plan, the location and number of this plan have been determined such that
the maximum speed of operation in the protection system can be achieved with the least
number of communication links. The problem of coordinating the overcurrent and distance
relays in the presence of these communication links is a very huge and complex problem,
which is solved by combining the genetic optimization and linear programming algorithms.
With the genetic algorithm, the installation location and the setting of the operation time of
the second zone of the distance relay are determined, and with the linear programming
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algorithm, the setting of the operation time of the overcurrent relays is determined. In this
way, the main focus of this article is on the following:

1. Solving the problem of optimal coordination of overcurrent and distance relays in the
presence of communication links;

2. Determining the location and the minimum required number of installation of communi-
cation links in order to reduce the operation time of overcurrent and distance relays;

3.  Formulating for the proposed problem of coordination of distance and overcurrent
relays in the presence of communication links.

The following is the structure of the article:

In Section 2, the coordination of overcurrent and distance relays are presented. In
Section 3, the effect of a communication link on the coordinated performance of overcurrent
relays is discussed. Section 4 looks at using a communication link in distance relays. In
Section 5, the effect of using a communication link on the coordinated performance of
distance relays is discussed. Section 6 has the formulation of the proposed. Section 7
discusses the study system and result, and finally, some conclusions will be drawn from
the article.

2. Coordination of Overcurrent and Distance Relays

Usually, the distance and overcurrent relays are combined in distribution and trans-
mission networks [19]. In Figure 1, the main and backup relays have both overcurrent
and distance relays. In this case, if the main protection does not work for the F2 fault, the
backup overcurrent relay must issue a shutdown command after a time limit. Therefore,
the operation time of the second zone of the main distance relay must always be less than
that of the backup overcurrent relay. This condition can be expressed as Equation (1):

Toc backup — T22 main > CTI 1)

Fy

Backup Main

Figure 1. Coordination of distance and overcurrent relays.

In this regard, Toc packup 1S the operation time of the backup overcurrent relay and
T2 main the operation time of the second zone is the main distance relay. Similarly, for an
F1 fault, if the first zone of the main distance relay or the main overcurrent relay does not
operate, then the second zone of the auxiliary distance relay or the auxiliary overcurrent
relay must operate after a CTI time margin. This clause is according to relation (2):

Tp backup — Toc main > CTI (2)
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3. The Effect of a Communication Link on the Coordinated Performance of
Overcurrent Relays

A simple example of using this communication link is shown in Figure 2. The working
principles of this method are such that when an error occurs at point F1, if the current
passing through these relays exceeds their regulation current, the error is detected and the
Ra and Rb relays signal each other.

Inter_trip

Figure 2. An example of using the communication link between the overcurrent relays on both sides
of the line.

The operation time of line-side relays according to Equation (3) is indicated by tinter_trip,
which has a constant value, which is the minimum fault detection time by line-side relays,
which is represented by Tpickup and the time delay shown by tgelay. In this article, the
value of 0.04 s is considered two complete cycles, one complete cycle for sampling and
measurement (error detection) and the other for information transfer.

tinterftrip = Tpickup + tclelay 3)

Therefore, as soon as the communication link is placed in a line, the operation time
of the main relays on both sides of the line is reduced, and naturally, a modification of
the operation time of the backup relays is possible. Therefore, by resetting the relays, the
operation time of the backup relays can be reduced by observing the coordination between
them. Therefore, adding this communication link can reduce the operation time of the main
and backup network relays [11].

4. Using Communication Link in Distance Relays

An error can always occur at any point in a line. If it occurs in the first area of a line
and near one of the relays, the operation of this relay will be instantaneous. However, if
this error is in the second zone of the relay on the other side, this operation will be delayed.
To eliminate this time delay, systems including communication channels between distance
relays on both sides of the line are used.

There are different methods for using these communication ways, such as direct
reception of the key cut-off signal, distance protection utilizing the extended area, distance
protection using the authorized key cut-off relay of the extended range type and distance
protection by sending the lock command. The main purpose of these plans is to cover the
protection of the end of the line, which leads to a faster response of the relays. For a better
understanding of these methods, consider Figure 3.
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Figure 3. A transmission line with two distance relays and a communication link.

As can be seen in this figure, two distance relays A and B are installed on the sides of
the line. In the following, the methods of using communication ways in distance relays
are introduced.

e  Distance protection by directly receiving the key disconnection signal: In this so-called
direct method, a signal is sent to the other relay by operating one of the relays on the
sides of the line, and this relay also operates without any criteria or restrictions. In
this way, according to the figure, for the occurrence of an error in the first zone of relay
A, if this error is also in the second zone of relay B, a direct signal is sent to relay B to
act instantly.

e  Distance protection by the developed zone: In this design, when an error occurs in the
first zone of relay A and the second zone of relay B, a signal is sent from relay A to
relay B, which increases the range of the first zone of relay B. This increase will be an
average of 130% of the line length.

e  Distance protection by means of the permitted switch-off relay of the range-increasing
type: In this range protection plan, the first zone of each relay is developed and usually
covers between 120% and 150% of the line impedance. In this method, not only does
the developed area cause the signal to be sent to the relay of the other side, but it is
also a criterion for the performance of each relay.

e Distance protection by sending a lock command: In this method, each relay has a
reverse zone in addition to the extended zone. If an error has occurred in the extended
area of relay B and in the reverse area of relay A, a signal from the reverse area of relay
A is sent to bus B and prevents its operation. In this method, the extended area of relay
B has a delay, and until the signal sent from the reverse area of relay A arrives and the
correct command is issued for the operation of relay B, the disconnection command
will not be issued [2].

5. The Effect of Using a Communication Link on the Coordinated Performance of
Distance Relays

As mentioned earlier, the second zone of the distance relays acts as a cover to protect
the main line. The operation time of this zone is with a time delay compared to the instanta-
neous operation of the first relay zone. According to Figure 4, by using the communication
link for the distance relays on both sides of the line, if an error occurs at point F1 (within the
first zone of the distance relay R, and within the second zone of the R, relay), the Ry, relay
will act instantaneously. Then, it signals the R, relay so that this relay also operates quickly
and does not wait for the time delay of the second relay area. In this case, the R, relay,
which previously operated with a time delay, will function with the minimum possible
time by adding a communication link.

Therefore, in this situation, the second area of the distance relay, which is installed
on the line with a communication link, will function with a minimum time delay, so the
addition of this communication link will reduce the operation time of the distance relays.
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Figure 4. An example of using a communication link between distance relays on both sides of
the line.

6. The Proposed Method

According to Figure 5, to F2 and F3 faults in the line, first, the main and backup relays
must be coordinated. This means that the operation time of the backup relays must always
be greater than that of the main network relays by the CTI. Secondly, the overcurrent relay
should also be coordinated with the operation time of different areas of the distance relay.
The operation time of the first zone of the distance relay is instantaneous and works much
earlier than the backup overcurrent relays. With this second zone of the distance relay as
the main protection, it should have a smaller volume than the backup overcurrent relay.

time

>CTl

distance

=
L

1 I
i 1
1 [}
1 i
1 [}

Figure 5. The usual arrangement of the distance and overcurrent relays.

As seen in the above figure, a distance relay and an overcurrent relay are installed on
each side of the lines. The main relays are shown with the letter M and the backup relays
with B. To establish this coordination, if a fault occurs at point F3 (the end of the first zone of
the distance relay M), the operation time of the zone of the distance relay M must be earlier
than that of the overcurrent relay B. For F2 error (the end of the second zone of the backup
distance relay B) also, the relays must be set in such a way that the main overcurrent relay
M operates first, and if it fails, then the second zone of the backup distance relay operates.

According to the above explanations, establishing coordination between relays has the
following three limitations:

TocB — Tocm > CT 4)

TZZ B — Toc M > CTI (5)
Toc B — TZ2 M = CTI (6)
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The first condition is related to the optimal coordination of the main and backup
overcurrent relays in case of an error in the entire length of the line. The second condition
is to ensure coordination between the overcurrent and distance relays in case of an error at
the beginning of the second zone of the main distance relay. In this regard, they represent
the operation time of the overcurrent relay and that of the second zone of the distance relay,
respectively. The third condition is to coordinate between the distance and overcurrent
relays for the occurrence of an error at the beginning of the first zone of the main distance
relay. In this regard, it is the operation time of the second zone of the backup distance relay
and that of the main overcurrent relay.

Figure 6 shows how to coordinate between the distance and overcurrent relays in the
presence of a communication link. As the operation time of the overcurrent relays on both
sides of the line will be equal to the fixed value with the use of communication links, the
coordination relation (4) and (5) will be rewritten as the relation (7) and (8) below:

Toc B 2 CTI + tinter_’trip (7)

T22 B Z CTI + tinter_’trip (8)

Zon

Inter_trip

Overcurrent operation

Figure 6. Coordination of the distance and overcurrent relays in the presence of communication links.

On the other hand, the operation time of the second zone of the linear distance
relay, which is equipped with a communication link, has also been reduced, so instead of
Equation (6), Equation (9) can be written.

Tocs > CTI+ tinterftrip (9)

In this way, the operation time of the line-side relays that are equipped with a commu-
nication link is reduced in this design. On the other hand, by resetting the backup relays
for each of these relays, their operation time can be reduced. In this article, the combined
optimization algorithm of genetics and linear programming is used to solve this problem.
The flowchart of problem solving is shown in Figure 7. According to Figure 8, the structure
of each chromosome includes two parts. In the first part, the location of installation of
communication links from to is determined, where R is the maximum number of links that
can be installed in the network (this location is in terms of line number). In the second part,
the operation time of the second zone of each of the distance relays is stored. The values of
the objective function are calculated based on Equation (10).

OF : min{ﬁil Z:\il (tpi + thi,-) } + Y0t (10)
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Creating errors in different lines in F2 and F3 places

Calculation of the fault current passing through the main and backup relays
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Figure 7. Problem-solving flowchart.
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L1 L2 LR Tzza | Tzaz Tzz3 Tz

Figure 8. The structure of each chromosome in the proposed problem.

In this regard, the operation time of the main overcurrent relay, the operation time of
the backup overcurrent relay and, respectively, the total number of main relays, their backup
and distance relays. The proposed method is implemented on the upper distribution part
of the IEEE 14-bus network, whose structure is shown in Figure 8. As can be seen, this
network has eight lines with sixteen overcurrent and distance relays, which are R1 to R16.
They are shown in the beginning to optimally coordinate the overcurrent relays and the
distance of the sample network. It is checked without considering the communication
links and with the help of genetic optimization algorithm random values for the operation
time of the second zone of the relay. The distance is determined and then using the
combined algorithm of its values, the optimal settings of each of the overcurrent relays are
calculated by observing all the restrictions. Table 1 shows the optimal settings of each of
the overcurrent relays and the operation time of the second zone of the distance relay.

Table 1. Adjustment coefficient of overcurrent relays and operation time of the second zone of the
distance relay.

Relay TDS T2
Ry 0.2118 0.8694
R; 0.2926 0.8573
R3 0.2519 0.8942
R4 0.2612 0.8493
Rs 0.3622 0.9387
Rg 0.2532 0.7343
Ry 0.3926 0.8273
Rs 0.2456 0.6716
Ry 0.1342 0.8118
Ry 0.3294 0.8794
Ri1 0.3395 0.7918
R1p 0.4154 0.7294
Ri3 0.5183 0.9311
Ryy 0.2412 0.6936
Ris 0.3616 0.8974
Rig 0.2987 0.7483

The proposed problem of optimal coordination of overcurrent and distance relays in
the presence of a communication link is a non-linear and complex problem, and various
methods have been proposed to solve it. In this thesis, the combined optimization algorithm
of genetics and linear programming is used to solve this problem. The flowchart of problem
solving is shown in Figure 8.

The details of the problem-solving method are as follows:

(1) Entry of basic information: At first, basic information such as network load values,
line impedance, location of relays, optimization algorithm settings, etc., is entered
into the algorithm.

(2) Calculation of fault currents: To calculate the operation time of overcurrent relays and
solve the proposed problem, two three-phase faults were created at the end of the first
zone and the end of the second zone of each of the distance relays and the currents.
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The passage of relays is measured and stored. These calculations are repeated for
all lines.

(38) Creation of the initial population: In the genetic optimization algorithm, the candidate
solutions for the problem are generated in the form of a chromosome containing
the random variables of the problem. In the proposed problem, the structure of
each chromosome is according to Figure 8. As you can see, the structure of each
chromosome includes two parts. In the first part, the location of installation of
communication links from to is determined, where R is the maximum number of
links that can be installed in the network (this location is in terms of line number). In
the second part, the operation time of the second zone of each of the distance relays
is stored.

Based on the numbers of the initial population considered for the optimization algo-
rithm, chromosomes are created randomly. The random values placed in each of these
chromosomes for the number of lines in which the communication links are installed
and the operation time of the second zone of the distance relay should be selected from
the allowed values according to Equations (11) and (12). T,2 min, Tz2 max minimum and
maximum operation time of the second zone of the distance relay respectively and Lax
the maximum number of network lines are shown below.

T2 min < Tz2 < T22 max (11)

(4) The calculation of the objective function and operation time of the overcurrent relays:
If the setting of the current of the overcurrent relays is known (which is considered
1.5 times the maximum load current in this article), coordinating the overcurrent relays
and the distance becomes a problem. This becomes linear programming whose objec-
tive function is to minimize the operation time of overcurrent relays. The objective
function of the linear programming algorithm is given in relation (13).

f,TDS; (13)

1=

n
min = Zti:

_
Il
MR
-
Il
MR

In this regard, the time adjustment coefficient of the relay is the i-th, and its linear
coefficient is based on the relay characteristics, which is obtained from the fault current
and relay current adjustment, and its value is constant. The constraints of the problem
including the constraints of relations (14)—-(16) are as follows:

Toc B— Toc M > CTI (14)
Toc B — Tz2 M = CTI (15)
TZZ B — Toc M > CTI (16)

These constraints are also formulated as linear constraints by knowing the setting
current of the relays and the fault current, so the coordination problem of overcurrent and
distance relays is transformed into a linear programming problem with the number of n
variables, which is equal to the number of TDS of the relays. Paying attention to the fact
that three constraints are written for each relay pair, the number of problem constraints
is three times the number of main and backup relay pairs. This problem can be solved by
linear programming and the optimal answer, which is the TDS of the relay, is obtained. By
knowing the TDS, the operation time of the overcurrent relays and also the value of the
objective function can be calculated.

(5) Applying the communication link: As stated before, to apply the location of the commu-
nication link produced by the genetic algorithm, the constraints of relations (17)—(19)
are replaced by the constraints (14)-(16) as well as the operation time of the second
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zone of the distance relay. It is variable and is included in the chromosome. If a com-
munication link is also added to a line, the operation time of the relays on both sides of
the line will change.

Toc B 2 CTI + tirlterftrip (17)
T, > CTI+ tinter_trip (18)
Tocp > CTI+ tinter_trip (19)

(6) Evaluation of the objective function: The objective function also changes if the commu-
nication link is applied. In this case, the objective function equals the total operation
time of the main and backup overcurrent relays, as well as the total operation time of
the second zone of the distance relay. The objective function of the desired optimiza-
tion problem is in the form of relation (20):

N M D
(’fpi + thij> } +) ta (20)

=1 1=1

j=1

1

OF: min{

In this regard, tp the operation time of the main overcurrent relay, t,, the operation
time of the backup overcurrent relay and N, M, D, respectively, the total number of main
relays, their backup and distance relays.

(7) Sorting and choosing the best answer.

(8) Generation of a new population based on a combination operator.

(9) Generation of a new population based on the mutation operator.

(10) Complying with the stop condition: Steps seven to nine of the optimization algorithms
are executed in each repetition until the number of repetitions reaches the maximum
value considered. Finally, the algorithm stops, and the optimal answer is shown. This
answer will include the number and the best places to install communication links
and the optimal settings of each of the overcurrent and distance relays.

7. Study System and Result

For this purpose, the proposed method has been implemented on the upper part of
the IEEE 14-bus network distributions, whose structure is shown in Figure 9. As can be
seen, this network has eight lines with sixteen overcurrent and distance relays indicated by
R1 to R16. In Table 1, the setting factor of the overcurrent relays and the operation time
of the second zone of the distance relay are provided. The optimal operation time of the
overcurrent relays for the occurrence of an error at the end of the second zone of the backup
distance relay and the end of the first zone of the main distance relay with the help of the
optimal algorithm, is shown. The calculations are given in Tables 2 and 3, respectively. For
example, consider relay R1. The operation time of distance relay R1 for the occurrence of
an error at the end of the first zone of the main distance relay according to Table 3 equals
0.7245 s. This relay has two backup overcurrent relays R4 and R6, whose operation time’s
equal 1.0484 and 1.0484 s, respectively, for the occurrence of an error at the end of the first
zone of the distance relay R1. The coordination between the second zone of the distance
relay and the backup overcurrent relays clearly has been observed in these conditions. On
the other hand, the operation time of the second zone of the backup distance relays R4
and R6 for the occurrence of an error at the end of their second zone is equal to 0.7712 and
0.8956 s, respectively. The operation time of the main overcurrent relay R1 is equal to 0.5184
and 0.5823 s, respectively, for the occurrence of an error at the end of the second zone of
the backup distance relay R4 and R6. In this case, the time confidence margin between the
main and backup relays is properly observed.
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Figure 9. Section of IEEE 14-bus network distribution.

Table 2. The optimal operation time of the relays for the occurrence of an error at the end of the

second zone of the backup distance relay.

L; Main Relay Main Relay Operation Time Backup Relay Backup Relay Operation Time
R4 7712
R1 0.5184 0
L; R6 0.8956
R2 0.5823 R11 0.7901
R3 0.4912 R2 09418
L, R6 1.0311
R4 0.4914 R14 0.6891
R2 .834
R5 0.6246 08348
R4 0.9089
b R13 0.8295
R6 0.5483 i
R16 0.7542
L R7 0.6719 R10 0.8845
* R8 0.5123 R12 0.7594
L R9 0.4510 R8 0.7216
> R10 0.6901 R15 1.1191
L R11 0.5899 R7 0.8112
° R12 0.6594 R1 0.8649
R13 0.6821 R3 0.8742
L7 R14 0.3984 K5 08910
R16 0.8389
R15 0.7164 R5 09143
Lg R13 0.9143
R16 0.5834 R9 0.8612
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Table 3. The optimal operation time of the relays for the occurrence of an error at the end of the first

zone of the main distance relay.

L; Main Relay Main Relay Operation Time Backup Relay Backup Relay Operation Time
R1 0.7245 Rd 10484
Ly R6 1.0484
R2 0.7216 R11 1.0812
R2 1.4084
R3 0.5821 08
L, R6 4.7542
R4 0.5882 R14 1.1015
R5 0.7423 R2 11620
R4 1.5812
L3
R1 1.162
R6 0.5691 3 623
R16 1.6283
L R7 0.8072 R10 1.5423
! RS 0.5942 R12 0.8549
L R9 0.5126 R8 1.0141
> R10 1.1129 R15 1.0251
L R11 0.6986 R7 0.9816
° R12 0.7789 R1 1.3453
R13 0.8105 R3 1.5726
R 1.5812
Lz R14 0.4694 > %8
R16 2.1632
R15 0.8794 K5 15114
Lg R13 1.2728
R16 0.7493 R9 0.9489

The results show that the value of the objective function without using communication
links is equal to 78.9806 s. In the next step, the number and location of communication links
are determined to optimally coordinate distance and overcurrent relays in the network.
The results of this step are presented in Table 4 and Figure 10.

Table 4. The best places to install one or more communication links.

The Value of the Objective Function

Optimal Link Location (Line Number)

Maximum Number of Communication Links

48.24 6 1
40.72 56 2
31.43 3,6,8 3
29.69 1,3,4,8 4
26.09 1,3,4,7,8 5
25.14 1,3,4,57,8 6
23.40 1,2,3,5,6,7,8 7
23.31 1,2,3,4,5,6,7,8 8
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Figure 10. Operation time of overcurrent and distance relays per the number of communication links
in the network.

With the help of the genetic optimization algorithm, random values for the operation
time of the second zone of the distance relay are determined, and then by using the
combined algorithm of its values, the optimal settings of each of the overcurrent relays
are calculated by observing all the restrictions. Table 1 shows the optimal settings of each
of the overcurrent relays and the operation time of the second zone of the distance relay.
The optimal operation time of the overcurrent relays for the occurrence of an error at the
end of the second zone of the backup distance relay and the end of the first zone of the
main distance relay was calculated with the help of the optimization algorithm of the
operation time of the main and backup relays and is given in Tables 2 and 3, respectively.
In Table 4, the number and the best place for installing communication links in order to
optimally coordinate distance and overcurrent relays in the network are determined. Its
results are presented in Table 4. According to the above table, in all cases, the number of
communication links is equal to their maximum value.

8. Conclusions

In this article, a plan based on the use of communication links for the optimal co-
ordination of distance relays and directional overcurrent relays in the super distribution
network was proposed. In this design, the overcurrent and distance relays on both sides
of the line are equipped with communication links and act instantly as soon as an error is
detected. The existence of this link will allow the overcurrent relays on both sides of the
line to perform as soon as the fault occurs. By using this communication way, the complete
coverage of the line is also provided by distance relays. The location and number of relays
equipped with communication links affect the fast operation of the relays. In the proposed
design, the coordination problem of overcurrent and distance relays in the presence of these
communication links was formulated. As solving the proposed problem was very difficult
and complex, a combination of genetic optimization and linear programming algorithms
was used to solve it. In such a way, with the help of a genetic algorithm, the location and
number of communication links, as well as setting the operation time of the second zone of
the distance relay, were determined. A linear programming algorithm was also used to
determine the setting of overcurrent relays. The optimal coordination of the overcurrent
and distance relays was checked in the normal state. In this condition, the objective function
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value of the optimal coordination of these relays was checked without considering the
communication links, which is equal to 78.98 s. In the other case, the appropriate number
and location for installing the communication link were determined in the coordination
problem of overcurrent and distance relays. The results show that in this condition, the
value of the objective function is 48.24 s for the installation of one communication link, the
improved value in this case is 30.73 s and for the installation of eight communication links,
the value of the objective function is 23.31 s, which is the improvement value. The result in
this case is 55.66 s.
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