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Abstract—The directional overcurrent relays (DOCRs) coor-
dination problem is usually studied based on a fixed network
topology in an interconnected power system, and is formulated as
an optimization problem. In practice, the system may be operated
in different topologies due to outage of the transmission lines,
transformers, and generating units. There are some situations for
which the changes in the network topology of a system could cause
the protective system to operate without selectivity. The aim of
this paper is to study DOCRs coordination considering the effects
of the different network topologies in the optimization problem.
Corresponding to each network topology, a large number of coor-
dination constraints should be taken into account in the problem
formulation. In this situation, in addition to nonlinearity and
nonconvexity, the optimization problem experiences many coor-
dination constraints. The genetic algorithm (GA) is selected as a
powerful tool in solving this complex and nonconvex optimization
problem. In this paper, in order to improve the convergence of the
GA, a new hybrid method is introduced. The results show a robust
and optimal solution can be efficiently obtained by implementing
the proposed hybrid GA method.

Index Terms—Different network topologies, genetic algorithm
(GA), overcurrent relay coordination, power system protection.

I. INTRODUCTION

T HE MAIN function of protective relays on power system
is to detect and remove the faulted parts as fast and se-

lectively as possible. Directional overcurrent relays (DOCRs)
have been commonly used as an economic alternative for the
protection of subtransmission and distribution system or as a
secondary protection of transmission system. DOCRs have two
types of settings: pickup current setting and time multi-
plier setting (TMS). Basically, to determine these settings, two
different approaches are used; conventional approach, and op-
timization techniques. The basis of the conventional protection
approach is the concept of predeterminism (i.e., analysis of all
faults, abnormal operating conditions, and system contingencies
are predetermined) [1], [2].

The optimization techniques simplify the conventional ap-
proach and because of the inherent advantages, it gains pop-
ularity. In contrast to the conventional approach, in optimiza-
tion-based methods, it does not need to determine breakpoint
set usually obtained via a complex computation procedure [3].

Several optimization techniques have been proposed to solve
the overcurrent relay coordination problem [4]–[13]. Mathemat-
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ically, DOCRs coordination problem is a mixed integer non-
linear programming (MINLP) where the parameters are
considered as integer variables and the TMS parameters are con-
tinuous. In [4], the relay coordination problem is formulated
as an MINLP problem and is solved using GAMS software.
Due to the complexity of the MINLP technique, the coordina-
tion of overcurrent relays is commonly performed by linear pro-
gramming (LP) techniques, such as Simplex, dual Simplex, and
two-phase Simplex methods [5]–[9]. In these methods, pickup
current settings are assumed to be known and the operation time
of each relay is considered as a linear function of its TMS.
Recently, intelligence based optimization methods are applied
to solve the DOCRs coordination problem as a complex and
non-convex optimization problem. In [10]–[13], genetic algo-
rithm (GA), evolutionary algorithm (EA), and particle swarm
optimization (PSO) algorithms are proposed to calculate the op-
timal solution for relay settings. Considering the nonlinearity
effects and handling, integer variables in problem formulation
are the main advantages of the intelligent methods.

The network topology frequently changes due to various op-
erating conditions and occurring system contingencies. These
changes in the network topology could cause the protective
system to operate without selectivity. The relays will operate
correctly if the effects of these changes are taken into account
when solving the relay coordination problem. So far, almost all
of the proposed methods are designed to coordinate the over-
current relays based on fixed network topology. In practice,
the system experiences different topologies regarding to single
contingencies. Corresponding to each network topology, there
is a set of nonlinear inequality constraints. The aim of this
paper is to find an optimal solution for the DOCRs coordination
problem such that large number of coordination constraints
related to the different network topologies are simultaneously
satisfied. In this situation, the DOCRs coordination problem
is a complex and nonconvex optimization problem with many
nonlinear constraints. A novel hybrid GA method is developed
and used to determine the optimal relay settings. The hybrid GA
method is designed to improve the convergence of conventional
GA using a local LP optimizer. In the proposed hybrid method,
only the pickup current settings of all relays are coded into
genetic string as discrete variables. The LP is used to calculate
the optimal TMS of relays as continuous variables for each
genetic string.

II. RELAY COORDINATION PROBLEM

In the coordination problem of DOCRs, the aim is to deter-
mine the time multiplier setting and pickup current setting of
each relay, so that the overall operating time of the primary re-
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Fig. 1. Primary and backup relays.

lays is minimized [4]. Therefore, the objective function can be
defined as follows:

(1)

where is the number of relays and is the operating time of the
th relay for near-end fault. In Fig. 1, the near-end fault and the

far-end fault for th relay are shown as and respectively.
The weight depends upon the probability of a given fault
occurring in each protection zone and is usually set to one [4].

A. Relay Characteristics

Different linear and nonlinear overcurrent relay characteris-
tics are reported in the literature. Without loss of generality, in
this paper, the following nonlinear and popular characteristics
function based on IEC standard is considered:

(2)

where and are the time multiplier setting and pickup
current setting of the th relay, respectively and is the fault cur-
rent passing through th relay. It can be seen from (2) that the
nonlinearity in relay characteristics function is related to pickup
current variable. If the parameter is assumed to be deter-
mined prior, then the relay characteristics will be a linear func-
tion of TMS variable. In this case, the coordination problem can
be formulated as a linear programming problem.

The coordination constraints can be formulated as follows:

B. Primary-Backup Relay Constraints

The coordination constraints between the primary relay and
its/their backup relay(s) for the near-end and the far-end faults
are: (see Fig. 1)

(3)

(4)

where and are the operating time of th primary relay
for the near-end and far-end faults respectively. Also, and

are defined in the same way as the th backup relay respec-
tively. The Coordination Time Interval (CTI) is the minimum

Fig. 2. Three-bus system.

interval that permits the backup relay to clear a fault in its oper-
ating zone. In other words, the CTI is the time lag in operation
between the primary and its backup relay. It includes many fac-
tors, such as the breaker operating time, relay overtravel time
and a safety margin. The value of CTI is usually selected be-
tween 0.2 and 0.5 s.

C. Bounds on the Relay Settings

The limits on the relay parameters can be presented as
follows:

(5)

(6)

The minimum pickup current setting of the relay is the max-
imum value between the minimum available tap settings
on the relay and maximum load current passes through
it. In similar, the maximum pickup current setting is chosen less
than the minimum value between the maximum available tap
settings on the relay and minimum fault current
which passes through it.

D. Multiple Network Topology Constraints

Almost all of the proposed methods in coordination problem
coordinate the overcuurent relays based on fixed network
topology (i.e., main topology). However, the network topology
may change due to maintenance activities, transmission net-
work reconfigurations and switching actions after faults or
load level changes. These changes in the network topology can
lead to miscoordination of directional overcurrent relays. To
overcome this drawback, in this paper different network topolo-
gies are considered in problem formulation. The coordination
constraints between the primary relay and its/their backup
relay(s) , in Fig. 1, considering different network
topologies are given by

(7)

(8)

where is a set of all topologies which obtained under single
line outage contingencies of the main topology. For example,
Fig. 2 illustrates a three bus system, and three topologies based
on single line outage of this network are shown in Fig. 3. These
entire topologies along with main topology are considered in
coordination constraints, as (7) and (8).

III. CONVENTIONAL GENETIC ALGORITHM METHOD

In mathematical terms, DOCRs coordination is a mixed in-
teger nonlinear programming problem. This complex and non-

Authorized licensed use limited to: IEEE Xplore. Downloaded on October 18, 2009 at 05:45 from IEEE Xplore.  Restrictions apply. 



NOGHABI et al.: CONSIDERING DIFFERENT NETWORK TOPOLOGIES 1859

Fig. 3. Three network topologies of three-bus system.

Fig. 4. Structure of the chromosome in the conventional GA method.

convex optimization problem should be solved considering a
large number of different linear and nonlinear inequality con-
straints. These days, GA is used as a powerful tool in optimiza-
tion problems, especially in the nonconvex optimization prob-
lems [14].

The decision variables in the GA are usually encoded into bi-
nary string as a set of genes corresponding to chromosomes in
biological systems. A group of the chromosomes are called a
population. The GA is essentially a method to generate a new
population or generation from a given population. Members
of each generation are ranked according to a specific criterion
called fitness which is derived from the objective function and
constraints of optimization problem. In each generation, the ge-
netic operators (i.e., selection, crossover, and mutation) are ap-
plied to the individuals in the current population [14], [17].

In the DOCRs coordination problem, the decision variables
are the TMS and variables for each relay. Therefore, in the
conventional GA method a chromosome is defined in the form
of a genetic string which contains both TMS and parameters
as discrete variables. Fig. 4 shows structure of the chromosome
when the network consists of n overcurrent relays.

To solve the DOCRs optimization problem, it is assumed the
problem has a non-empty feasible set. However, the genetic al-
gorithm as a powerful method is able to search the decision
space from a set of feasible and non-feasible solutions and con-
verge to the global optimum. To satisfy the constraints and find
feasible solutions, the mechanism of fitness function evaluation
should be properly designed. To achieve this goal, the fitness
value is penalized when a solution violates some of the con-
straints. Thus, the GA is led to the feasible region of the decision
space. However, if the main problem does not have a feasible
solution set, the GA can find a solution which has minimum
number of violated constraints.

IV. PROPOSED HYBRID GA AND LP METHOD

To increase the computational efficiency of GA, as reported
in many research works [15]–[17], it is beneficial to hybridize
GA with conventional optimization methods. In this research
work, using LP method, a new hybrid technique is presented
and applied to DOCRs coordination problem.

The basic idea is the decomposition of the studied coordina-
tion problem in two subproblems. The GA is used to solve the
first subproblem [i.e., the nonlinear part of optimization problem
(1)] in order to determine the variables. Thus, each chromo-
some in the genetic population presents only the variables

Fig. 5. Structure of chromosome in the hybrid GA method.

as shown in Fig. 5. By extracting the chromosome information,
the DOCRs coordination problem is converted to a Linear Pro-
gramming problem. Therefore to evaluate the fitness value for
each chromosome, the standard LP is solved to determine the
corresponding TMS variables.

Due to decreasing the length of the genetic string in the pro-
posed method, the GA’s search space is significantly reduced.
As an example, consider a system consist of 14 overcurrent re-
lays. Suppose each relay has 8 available tap setting points and
16 available time multiplier setting points. In conventional GA
methods based on Fig. 4, the GA’s search space has
states. But total states of GA’s search space in the proposed hy-
brid GA method based on Fig. 5 are limited to states.

The flowchart of the proposed hybrid GA is shown in Fig. 6.
At first, for each network topology the Primary/Backup (P/B)
relay pairs are identified using graph theory. After that, for each
P/B relay pairs corresponding to the studied topology, the short
circuit currents passing through the relays for near- and far-end
faults are calculated.

The main part of this flowchart which is related to the opti-
mization procedure is explained in two blocks as follows:

a) Genetic Algorithm Process: In the first step of GA, the
initial population is created randomly. The initial vari-
able corresponding to each relay is randomly selected
based on the mentioned interval that introduced in (6). The
next step is evaluation of fitness value for each chromo-
some in the current generation. The fitness value is defined
based on the objective function in (1) which is the overall
operating time of primary relays. To evolve the current
population and reach to optimal solution, proportional to
fitness value, the GA selects some chromosome and uses
them for producing the next generation. In order to gen-
erate new individuals in the decision space, the crossover
and mutation operators are applied to the pair of selected
chromosomes. The process will be terminated after a fixed
number of generations. The required number of genera-
tions varies from system to system and it depends on the
system complexity and size of the genetic population.

b) LP Subproblem: As Fig. 6 shows, the LP subproblem is
the main part of fitness function evaluation which is called
several times by the GA process. To compute the fitness
value for each chromosome, at first the values of the
variables are extracted by decoding the chromosome in-
formation. Based on the fixed values of the variables,
the nonlinear DOCRS coordination problem is converted
to a LP problem. After that, by solving this LP problem
the corresponding fitness value and the TMS variables are
computed. For some individuals according to the values
of the variables, the LP subproblem is not converged.
In these cases, some of the inequality coordination con-
straints are violated. To decrease the chance of these chro-
mosomes in the selection process, their fitness values are
penalized. The amount of penalty is composed of a fixed
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Fig. 6. Flowchart of proposed hybrid GA method.

value and a variable value in proportion to the number of
violated constraints.

V. CASE STUDY

The proposed method is applied to an 8-bus, 9-branch net-
work shown in Fig. 7. The system data is given in [12]. At bus
4, there is a link to another network, modeled by a short circuit
capacity of 400 MVA. The transmission network consists of 14
relays which their location are indicated in Fig. 7. The same
inverse time characteristic is considered for all of these relays
[i.e., (2)]. The TMS values can range continuously from 0.1 to
1.1, while seven available discrete pickup tap settings (0.5, 0.6,
0.8, 1.0, 1.5, 2.0 and 2.5) are considered [12]. The ratios of the
current transformers (CTs) are indicated in Table I and CTI is
assumed to be 0.3 seconds.

Table II shows the primary/backup (P/B) relay pairs and cor-
responding fault currents passing through them for the studied

Fig. 7. Single line diagram of 8-bus system.

TABLE I
CT RATIO

system. Obviously, when the system topology is changed the
presented data in Table II should be updated.

A. Fixed Network Topology

In this subsection considering the fixed network topology for-
mulation, the DOCRs coordination problem is solved using the
conventional GA and the proposed hybrid method.

To have better convergence, different population sizes and
different maximum number of iterations are examined. Fig. 8
shows the fitness value of the best individual in the population
with respect to the number of generations for both methods.
The population size is assumed to be 100 individuals. It is
noticed that the both methods successfully converge to the
approximately the same value. However, the convergence rate
of the hybrid GA method is very fast, reaching to its optimal
value in less than 30 iterations, while the convergence of the
conventional GA method requires at least 100 000 iterations. It
can be seen from Fig. 8 that the fitness value of best individual
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TABLE II
P/B RELAY PAIRS AND THE FAULT CURRENTS IN

THE MAIN NETWORK TOPOLOGY

Fig. 8. Convergence of the proposed hybrid GA and the conventional GA con-
sidering the fixed network topology.

corresponding to the conventional GA method has a large value
during the first iterations. This is because some coordination
constraints are violated and therefore the fitness values are
penalized.

To analyze the sensitivity of the proposed method with re-
spect to initial population, different random initial populations
are examined. It is seen in Fig. 9 that the proposed method is
able to find the optimal solution for all cases in less than 30 iter-
ations. Thus the convergence of the proposed hybrid GA method
is not significantly affected by the initial population.

Table III clearly shows the advantages of the proposed
method in comparison with the conventional GA. The reduc-
tion of chromosome length in the hybrid GA method is the
main reason for the differences between the presented results.
In other words, in the proposed method the GA is used to deter-
mine only pickup tap setting variables and the TMS variables
are efficiently computed by the local LP optimizer. Thus the

Fig. 9. Convergence of the proposed method for five different random initial
populations considering the fixed network topology.

TABLE III
COMPARISON BETWEEN THE PROPOSED METHOD AND

THE CONVENTIONAL GA METHOD

GA’s search space is reduced drastically. Consequently, the
computational time and iteration numbers in the hybrid GA
method are significantly improved, as shown in Table III.

The optimal values of the decision parameters (i.e., pickup
tap settings and TMS variables) for both methods are shown
in Table IV. It can be seen from the results presented in this
table that, the TMS variables and the optimal value of objective
function are approximately the same, whereas the pickup tap
settings are completely the same. It is important to note that in
the conventional GA method the TMS variables are coded as
discrete ones with step size of 0.01, but in the proposed method
these are considered as continuous variables.

Generally, the changes in network topology may cause the
protective system to operate without selectivity. For example,
if the line between buses 1 and 2 is removed, the short-circuit
capacity of the buses and consequently the operation time of
the primary and backup relays are changed. Table V shows the
results of operating time for near-end faults, when the relay set-
tings calculated based on the fixed network topology as depicted
in fourth and fifth columns of Table IV.

The operating time of backup and primary relays ( and )
are shown in columns 2 and 4 of Table V, respectively. Further-
more, the “constraint value” is defined in (9) and computed for
each coordination constraint

(9)

The last column of this table shows the “constraint value”
based on (9) where the negative values indicate violation of the
associated constraints. So, it is seen that the removal of the line
between buses 1 and 2 results in violation of nine coordination
constraints.
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TABLE IV
THE RESULTS OF THE PROPOSED AND THE CONVENTIONAL GA METHODS

IN THE FIXED NETWORK TOPOLOGY

TABLE V
THE RELAYS OPERATION TIME FOR NEAR-END FAULTS AFTER

REMOVING LINE BETWEEN BUSES 1 AND 2

B. Multiple Network Topologies

In order to avoid the violation of the coordination constraints,
in this subsection the conventional GA and the proposed hybrid
method are applied to solve the DOCRs coordination problem
considering multiple network topologies. The fitness value of
the best individual in the population with respect to the number
of generations for both methods is shown in Fig. 10.

It is observed from Fig. 10 that the conventional GA method
exhibits poor convergence. The main reason for poor conver-
gence of the conventional GA in this case is due to increasing
the number of coordination constraints. As indicated in Fig. 10
after about 100 000 generations, the fitness value for the conven-
tional GA reaches to 112.43 seconds which is the sum of overall
operating time and penalty values related to six violated coordi-
nation constraints. However, the proposed method is converged
to the optimal and feasible solution in less than 50 iterations.
The optimal value of the objective function is equal to 19.3476
seconds and all of the constraints are satisfied. Fig. 11 shows,
similar to the previous case, the convergence of the proposed
method is insensitive to initial population.

Fig. 10. Convergence of the proposed hybrid GA and the conventional GA
considering multiple network topologies.

Fig. 11. Convergence of the proposed method for five different random initial
populations considering different network topologies.

Therefore, the capability of the proposed method to find the
optimal solution is the salient advantage of this method over
the conventional GA method. The optimal values of the deci-
sion variables considering multiple network topologies using
the proposed hybrid GA method are given in Table VI.

The results in Tables IV and VI show that the optimal value of
the objective function increases to 19.3476 sin the case of mul-
tiple network topologies, as compare to the value of 10.9499 s
when considering just the main topology. Furthermore, the TMS
variables of the relays are increased in the case of multiple net-
work topologies. However, the protective system will be robust
against changes in the network topology.

VI. CONCLUSION

In this paper, a new formulation for the DOCRs coordination
problem considering different network topologies is presented.
The main contribution of this research work is introducing con-
cept of robust coordination. In other words, the aim is to find an
optimal solution for the coordination problem such that large
number of coordination constraints corresponding to a set of
network topologies are simultaneously satisfied. In this case,
the DOCRs coordination problem is a complex optimization
problem including many nonlinear constraints. A new hybrid
GA method is proposed and successfully applied to solve this
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TABLE VI
THE RESULTS CONSIDERING MULTIPLE NETWORK TOPOLOGIES

complex optimization problem. Due to decreasing the search
space of GA and using LP as an efficient local optimizer, com-
putational efficiency of the new proposed hybrid GA is signifi-
cantly improved.
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