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Abstract

The coordinated or selective power system can be considered as a sequence procedure among two protective devices installed
in series and having certain features. The coordination of protective devices in protection system is a very substantial pro-
cedure to guarantee a strength and reliable power system. Directional overcurrent relays coordination is considered as an
optimization problem. Due to the difficulties that face this problem especially in multi-loop networks; it is a complicated
challenge taking into account the problem constraints. An overview of various metaheuristic-based optimization methodolo-
gies is presented to get a proper solution for the coordination problem between each relay pairs to guarantee satisfactory relay
settings. In addition, offering various methods of relay coordination, a comparison between earlier works is also performed.
It’s expected that this study will be helpful for researchers interested in this field.

1 Introduction

In an electric power system, protection is used widely in all
various voltage levels. An overcurrent relay is frequently
implemented due to its effective cost. Several abnormal con-
ditions (faults, overload, overvoltage, etc.) may arise. These
faults will make worthy changes in system quantities, which
can be considered as an indication for acceptable or unac-
ceptable system conditions. consequently, it is important to
implement a robust protection system to separate only the
faulty section or to disconnect the least possible part of the
network without affecting the healthy part of the system.
Without system protection, the power system itself which is
planned to be of an advantage, would itself become a danger.
When fault is up, a protective relay close to fault which is
called a primary relay should operate as quick as possible
and the corresponding circuit breaker takes an order to dis-
connect the faulted part. The backup relay should work after
a certain duration named coordination time interval (CTI)
only if its corresponding main relay fails to operate.

There are two forms of faults which can be classified
as temporary or permanent outages. A temporary fault is
considered to be a fault continuing from one second to one
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minute. After that, it is considered as a permanent fault. Any
abnormal condition less than 1 s is a power quality problem.

The five basic requirements that must be fulfilled in a
proper protection application are reliability, selectivity,
speed of operation, simplicity and economics. So, the pro-
tective designers should consider these requirements as
constraints for optimizing the protection system. As the
fault current may circle in or out of the protective relays.
So DOCRs must be used. DOCR is considered one of the
popular protective devices used for transmission, sub-trans-
mission and distribution systems. The main difficulty in
completing the optimal coordination appears in multi loop
power system while each relay is involved in more than one
loop [1].

The objective of DOCRs coordination is to get the proper
settings and characteristics of each protective relay. This
leads to reduce the damage of equipment and interrupt the
fault as rapidly as possible enhancing the operation time of
DOCRs. To perform a good setting for a relay, it is a must to
know each relay pairs in the network. DOCR has two main
variables to be well-defined in coordination problem: Time
dial (TD) and current setting multiplier (CSM) ranging from
50 to 200% in step of 25% which is selected by determining
both the highest value for the load current and the least cur-
rent fault [2]. Each relay pairs (Primary and back up relays)
(P/b) must be coordinated for each possible fault location to
fulfil the CTI which can be assumed to be 0.2 s [3].
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2 Various Methods of Relay Coordination

Relay coordination is considered an optimization problem
solved by optimization techniques which can be classified
as under: -

2.1 Traditional techniques.
2.2 Heuristic techniques.
2.3 Hybrid techniques.

Work performed for DOCR coordination by the men-
tioned methods is proposed in the following sections.

2.1 Traditional (Conventional) Methods

Efforts have been done in the last decades to find the optimal
settings for DOCRs. Pre-determining the fault study, system
emergencies and the abnormal conditions is the concept of
conventional methodologies. Trial and error technique has
been used manually which produced low accuracy especially
when applied to large and complex networks. The research-
ers used a computer with graphical user interface to solve
the coordination problems in such complicated networks.
Computer Aided Protection Engineering (CAPE) has been
used in [4, 5] to provide easy implementation of the network,
feeder relays and different types of faults are easy applied.
Authors in [5-8] introduced Evolutionary algorithm and lin-
ear programming e.g. simplex, and dual simplex methods.

Overcurrent relay characteristics have been represented
with the aid of Computer using curve fitting technique in
[9, 10] at which the relay characteristics has been modeled
to find the TD of the relay for selected values of currents.
The authors in [11] introduced a new parallel processing
algorithm based on linear programming to get the (TD) of
(DOCR) and get the solution of the coordination problem.
A comparison has been done with the other conventional
linear programming techniques.

Since the coordination problem has multi-optimum
points, evolutionary programming technique has been
introduced in [12]. This technique provides an accurate
relay grading which is able to check for appropriate coor-
dination for all system constraints and configurations. The
purpose in [13] is to optimize discrete values of pickup
current, operation time curves of relays and discrete values
of time multiplier using linear construction of the coordi-
nation problem. A comparison has been introduced among
this technique performance with both linear and non-linear
software design. A simplex algorithm has been used with
aid of linear programming in [14] to provide a solution for
the coordination problem after taking the duality of the
optimization problem into consideration.
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In ref [7], the dynamic changes of the network are con-
sidered for optimal relay coordination using linear program-
ming. A methodology of considering instantaneous units
and definite time backup relays effect has been introduced in
the coordination of DOCR using linear programming [15].
Authors in [16] made some modifications in the coordina-
tion problem to find the best values of relay settings. The
coordination problem has been presented as a constrained
quadratic software design model by applying a graphical
theory rule.

On other hand, a nonlinear random search algorithm
has been performed in [17] to get the proper solution of
the coordination problem. An acceptable speed of the main
protection has been achieved by This method while trying to
achieve the maximum relay pairs coordination. In ref [18],
the optimal solution of coordination problem of DOCRs has
been carried out using interior point linear programming
considering definite time back up relays. The results of pre-
solving study decrease the complexity and size of the linear
programming problem.

An analytical method has been proposed in [19] so that
the impedance matrix for the network can be determined in
case of abnormal condition so as to get the accurate criti-
cal fault point. A new subsystem coordination technique
has been implemented in [20] to reach the best settings
for DOCRs efficiently considering the network changes.
An interior point method-based structures for protection
coordination has been performed in ref [21] as a two-stage
optimization-based method and a modern OF was developed
for reducing the running time for both primary and backup
relays simultaneously. The downside of conventional tools
for optimization is that they take an initial guess which may
lead to local minimum values.

2.2 Heuristic Techniques and (Artificial Intelligence
Techniques)

Nowadays, researchers tend to use artificial intelligence
techniques as an optimization tools to avoid the drawbacks
of the conventional methods such as time consuming [22].
Neural network like fuzzy logic has been discussed in [23]
for calculating optimally TD and the relay operating time.
A method that was based on intelligent analysis has been
used in [24] to find the settings of distance protection by
initializing the parameters values and then coordination
problem is solved. The coordination settings include the
distance, optimum operating impedance characteristics, the
fault detection settings and the minimum voltage and current
relay sensitivities.

The routine of heuristic algorithms is known to be sus-
ceptible to the values assigned to its parameters, ref [25] is
sample of empirical optimization technique in this case for a
Particle Swarm Optimization (PSO) algorithm. In reference
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[26], a modified genetic algorithm (GA) was suggested to
provide a solution for coordination problem by adjusting the
objective function (OF) of GA by inserting a new parameter
to OF. This new term in (OF) solves the issue of main and
back-up relays being mis-coordinated. Two test cases are
introduced and the results obtained show the efficiency and
usefulness of the above process.

A new OF has been formulated in [27] taking into consid-
eration the priority of the constraints by the help of expert
systems using GA. A new approach of GA including trans-
former protection in [28] has been proposed to get the opti-
mal settings of DOCR. The relay curve type as Very Inverse
(VI), moderate and Normal Inverse (NI) and the damage
curves of transformer have been taken into consideration
while coordination.

A Modified Adaptive PSO (MAPSO) for optimum coordi-
nation among distance relays and DOCRs was implemented
in [29-31] including the series compensation influence on
the relays in the system. One of the heuristics coordination
techniques is Honey Bee algorithm that was performed for
optimisation problem solution as linear programming and
get the optimum settings [32, 33]. In reference [34], flower
pollination algorithm (FPA) was used for optimization prob-
lem solution. The OF has been formulated to reduce the
risk of Arc-flash while optimizing digital over current relays
coordination.

The authors in [35] used PSO algorithm for solving the
coordination problem of DOCR in radial networks which
gives suitable coordination between each relay pairs. Using
IEEE 15 nodes radial system, variables calculated from Dig
SILENT software simulation. A modified Swarm Firefly
Algorithm (MSFA) has been implemented in [36] taking the
population size into consideration when solving the coordi-
nation problem. This methodology has been compared with
the normal PSO and shows better results than PSO. Chaotic
Firefly algorithm has been performed in [37, 38] for optimal
time coordination.

In ref [39, 40], relay coordination in ring network system
was implemented by means of Teaching Learning Based
Optimization (TLBO) algorithm. In ref [41], efforts have
been performed to optimally coordinate the optimization
problem for DOCR using enhanced backtracking search
algorithm.

An innovative tool for DOCR coordination based on post
fault current has been implemented in [42]. The mentioned
technique overcomes the problems of Conventional schemes.
In ref [43], a new tool of optimization has been proposed
based on cascade correlation neural network which deals
with the nonlinearity of the characteristics. The mentioned
method provides more efficiency and accuracy than the other
neural network.

A new approach has been introduced in [44] to avoid
relays malfunctioning in the network. The solution of this

problem requires additional constraints using two phases
which increase the complexity of the coordination problem.
A new approach to reduce the effect of coordination con-
straints (ECC) has been presented in [45] by choosing the
optimal value of pick up current by the aid of linear pro-
gramming then the time dial of relays has been optimally
coordinated.

The study of relay coordination in case of presence of dis-
tributed generators DGs has been reported in [46—-50] where
there are Three type of Fault Current Limiter (FCL) has been
used for optimal coordination taking into consideration the
relay curve type and the transformer damage curve. In ref
[51], the setting of both timing distance relay second zone
(as back up relay) and DOCR is optimally determined in
complex protection system by the use of Multiple Embedded
Crossover PSO (MECPSO).

An advanced method for solving the coordination prob-
lem was performed using break points like functional
dependencies and graph theory for getting the starting points
of relays in [52-54] taking into consideration the network
configuration. This method reduces successfully both the
CPU time and the number of constraints and. In ref [55],
Pre-processing reduction constraints method has been used
which gives a proper solution of coordination problem and
decreases the processing time.

In [56] the authors introduced a new approach for solving
the problem of coordination in distribution systems based
on network splitting using GA. The obtained results show a
superior operating time for each relay and reduce the chance
of non-convexity of the problem. In [57], a new problem
formulation has been introduced to minimize the number of
miscoordination. The consequences of both close and far end
faults are considered in addition to reducing the operating
relay time compared with other algorithms. GA has been
used as optimization tool.

New method for optimum coordination of DOCRs has
been introduced in [58] using non-dominated sorting GA-II
(NSGA-II). In this method, Multi-OF technique has been
used which not only achieves minimum discrimination time
between primary and back pairs but also reduces the opera-
tional time for relays. In ref [59], the DOCR coordination
problem has been expressed as the problem of an interval
linear programming (ILP) problem. The main objective of
this method is to turn the inequality constraints for each
relay pair into a restricted interval to avoid the drawbacks
that may happen such as the single-line outage, repairs and
system rearrangement that may produce miscoordination.

A comparative study has been proposed in [60] between
the most popular metaheuristic-based algorithms such as
GA, PSO, differential evolution (DE), harmony search
(HS) and seeker optimization algorithm (SOA). By apply-
ing these five techniques in this study, DE technique has
been found to be the best one between the other four tools.
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In ref [61], an adaptive DE has been presented to deter-
mine the optimum settings of DOCRs. The two settings
(TD and CSM) are considered as a discrete nature.

A new technique has been discussed in [62] depend-
ing on Monte Carlo simulation sequential to describe the
reliability requirements of two applied relay coordination
methods. For the results of the two “maximum path” and
“dual simplex” methods of relay coordination, this tech-
nique was implemented for an actual network model. The
obtained results display the effectiveness of dual simplex
method than the maximum path method. Authors in [63,
64] presented an effective method for finding and resolv-
ing the issue of coordination characteristics intersection of
overcurrent relays in sub transmission systems.

In order to increase the convergence rate, five mutation
techniques based on DE have been used in [65, 66] to
resolve the coordination problem of DOCR. Challenges of
inserting distributed generators, active network manage-
ment (ANM) and islanded modes of operation have been
considered in [67] when solving the coordination problem
of DOCRs. A new method for coordination problem in
case of presence distributed generators has been illustrated
in [68] using user-defined characteristics for the inverse
time overcurrent relays that can specify a relay (time/cur-
rent) characteristic.

The OF in [69, 70] has been formulated to resolve the
problem of coordination for both overcurrent and distance
relays using GA technique. A continuous GA (CGA) has
been performed in [71] for optimum coordination problem in
ring networks. Authors in [72] discussed the improvements
in network configuration while achieving optimum settings
for relay coordination using Binary GA.

In ref [73], the optimization problem has been solved for
coordinating both overcurrent and earth fault relays by using
GA, the traditional OF has been modified by adding new
constraints for coordination problem in the network with
various voltage levels. The condition of critical fault has
been considered for the placed relays in both ends of trans-
formers of network.

The optimization problem for directional overcurrent
relay coordination has been resolved by both Lagrange gen-
eralized through the conditions of Karush—Kuhn-Tucker
[74] and GA in [75] considering nonstandard tripping char-
acteristic which achieves fault clearance with small tripping
time. The thermal stress on every power system component
has been considered. On other hand, an improved group
search optimization IGSO tool has been proposed in [76]
by adding some modification to the traditional GSO.

Authors in [77, 78] presented an optimization tool for
coordination problem based on symbiotic organism search
technique. Cuckoo Search Algorithm (CSA) has been pre-
sented in [79] to get the DOCRSs coordination problem solu-
tion with highly nonlinear constraints. New modifications
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have been applied to the traditional Cuckoo Search in [80] by
adding some information exchange among the best solutions.

An online coordination of directional overcurrent relays
has been presented in [81] to satisfy customers using ant
colony optimization (ACO), DE and GA. The advantages
in addition to disadvantages of each algorithm has been dis-
cussed. Their performance is dependent on the operating
time, superiority outcome, strength and convergence facility
of each algorithm.

A comparison process among four metaheuristic tools
such as (GA, PSO, Cuckoo Search Algorithm (CSA), Firefly
Algorithm (FFA)) for optimum Overcurrent relay coordina-
tion has been applied in [82]. Various numbers of relays
have been considered in a constrained power system. This
comparison shows that FFA technique is the best between
the other mentioned algorithms.

Authors in [83] used a lately advanced algorithm named
Random Walk Grey Wolf Optimizer (RW-GWO) by which
the optimal setting for DOCRs problem can be found. A
comparison has been presented among the classical GWO,
other unconventional algorithms and RW-GWO. This com-
parison showed the robustness of RW-GWO.

2.3 Hybrid Techniques

Hybrid techniques have been recently used by the researches
for solving the coordination problem. The authors in [84,
85] gather between the benefits of (GA) and nonlinear pro-
gramming (NLP) to get the optimal settings of OCR. Anew
formulation of optimization problem has been introduced
with nonlinearity. GA has been used to find TD and CSM
values and then the nonlinear programming (NLP) was used
to get the final optimum values of both variables so that the
difficulties of both methods can be avoided. Hybrid PSO
(HPSO) has been used in [86, 87] to optimally coordinated
direction over-current relays DOCRs in micro grid. The
optimal setting of pick up current is calculated using PSO
and TD of each relay is calculated by the means of linear
programming algorithm.

Another way of optimization using PSO has been devel-
oped in [88] named Laplace Crossover PSO (LXPSO) using
Laplace distribution. Partial differential algorithm PDA has
been used in [89] which achieve more accuracy than the
conventional methods of optimization. The PDA selects the
nearest point of the curves (VI or NI) to satisfy all the coor-
dination constraints, GA has been implemented by consid-
ering different types of relay characteristics and the curves
of transformer.

An efficient combination of two optimization tools called
opposition based chaotic differential evolution (OCDE1 and
OCDE2) was proposed for coordination problem in [90].

Inref [91, 92], the authors gather between the advantages of
both Nelder-Mead (NM) simplex search with a quicker reach
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the optimum settings and PSO to find globally optimum solu-
tion including gradient-based repair method for dealing with
constrained optimization problems.

In [93], a hybrid technique based on PSO based differential
evolution algorithm (PSO-DE) has been performed. The result
of this method achieves the desired solution at a faster conver-
gence speed. Authors in [94] used evolutionary algorithms
and linear programming for coordinating DOCRs. The main
advantages of the mentioned method are that the evolution-
ary algorithm and that of the linear programming are fast and
achieve restrictions reduction.

A novel method based on Optimized OF has been intro-
duced in [95] using hybrid GA and PSO algorithm (HGAP-
SOA). The OF is enhanced during the optimization process so
that the parameters of the traditional OF have been improved to
determine the optimum settings of relays. The authors in [96]
used a new approach called biogeography-based optimization
(BBO) as an optimization tool for optimal relay coordination
problem. Also, hybrid BBO with Linear Programming (BBO-
LP) has been introduced for improving the conventional BBO
algorithm performance which achieves a good and acceptable
solution with little iteration and less CPU time.

A hybrid GA and LP have been introduced in [97] to
coordinate both overcurrent and distance relays. New seeker

technique has been introduced in [98] to resolve the optimiza-
tion problem which is considered as mixed-integer nonlinear
programming problem. The mentioned method can be applied
for both continues and discrete variables and the same tech-
nique has been applied in [99] with high performance for solv-
ing the coordination problem considering the relay type and
the curve type.

On other hand, the hybrid CSA-FFA technique has been
formulated in [100] where the initial optimal values of TD
and CSM were defined using CSA as an higher limit in FFA
to ensure global best solution.

An efficient strategy based on PSO named Time Varying
Acceleration Coefficient (PSO-TVAC) was established in
[101] to resolve the optimum settings for DOCR¢. The robust-
ness and efficiency of this technique has been clearly con-
firmed compared to the standard PSO and GA as well [102].

3 Comparison Between Some
of the Mentioned References

The comparison between some of previous works mentioned
in this paper is tabulated as under:

Ref  Optimization tool Objective function

Test case Remarks

2] GA N v
a ; ti2 + ﬂk;l (Atmhk—lAtmkaz

Al‘mbk = o — L — CTI

IEEE 8 Buses and 30
Buses

Neglecting the damage curve of
equipment

where At,,, refers to operation time difference
with CTI for kth relays pair, N refers to the
relays number, P is number of P/B current pairs,
f refers to miscoordination parameter to be
considered and the weight equation control is

defined by o

[6] Two phase simplex

m
method min z = Z Witiy

i=1 N

where m refers to relays number, ¢, is the Ri relay

A one-end-fed, multi-
loop distribution
system

Problems happen in interconnected
systems are neglected

operating time for a fault at k and Wi refers to

operating time weight of Ri relay
[32] Honey Bee algorithm

N P
a ; 7+ a ]Zjl[Azm,, =B (At,) — |AL))

Where t; refers to the operating time of a relay for

8 bus system Avoid miscoordination in relay
operation and can be implemented

in larger system

fault clear the near bus and Az, is difference of
operation time between backup and main relay

[34] FPA

minimize{ zX IE(1;) },

TD.

8-bus and 15-bus Reducing the risk produced by arc-
flash and providing the optimum

settings of DOCRs

t= —ﬂ where t refers to the operational time

(i) -

of arelay, TD is the time dial/delay, I; is the
short circuit current (A), I is the pickup current
(A) and a and  are coefficients for different

overcurrent relay characteristics
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Ref  Optimization tool Objective function Test case Remarks
[35] PSO Min Z": Wo. IEEE 15 node distri- ~ Applying on radial system which
P L bution system does not have the problems hap-
where, Oti refers to Ri relay operational time, and pens in case of ring or intercon-
Wi is a factor that considered to be 1, that refers nected networks
to the fault existence probability on transmission
line and n is the whole relays number
[571 GA Nine-bus and IEEE The established OF leads to mini-

Min Y Wz,

i=1 ,

where n is the number of relays, t;, is the Ri relay

operational time at k position, and Wi is the

weight factor given to all relays and is usual
equal 1
[84] Hybrid GA-NLP -
Approach Min El Witi

where m indicates the total relays number, tik

refers to Ri relay operational time in case of fault

atk

ly

30bus distribution mize the miscoordination difficult
section

Nine-bus system and  The relay type and relay curves have
Single end fed distri-  been taken into consideration but
bution system neglecting the effect of damage

curve of equipment

4 Conclusion and Recommendations
for Future Scope

An overall review on over current relay coordination has
been shown in this study using several types of optimization
tools. Optimization techniques have been classified to tradi-
tional methods, heuristics methods and hybrid techniques. A
comparison between some of the reviewed papers has been
performed in Sect. 3. The future work for this study:

e Perform optimal relay coordination considering the
damage(melting) curve of each equipment.

e Analysis of several fault scenarios and different operating
arrangements.
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