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Abstract. Directional Overcurrent Relays (DOCRs) are essential protective devices
in distribution networks which are usually set without considering any contingencies.
However, the current challenge in power systems is the existence of uncertainty and its
unfavorable consequences. It sometimes appears that some elements simultaneously fail
which makes other parts overloaded to the extent that it leads to cascading outages.
Therefore, DOCRs may malfunction, which ends in unwanted trips when there is no fault,
or they may not operate in case the fault is located within their reach. In such cases, the
coordination setting needs complex programming with many related non-linear inequality
constraints. In this paper, a novel hybrid method is proposed based on multi-objective
optimization including new objective functions using Genetic Algorithm (GA). Also, the
cascading outages are considered in the presented method based on network data analysis.
This approach is performed on distribution part of the IEEE 14-bus meshed system and
a real industrial radial feeder named TOSEE, located in Iran. The simulations were
implemented in MATLAB and PowerFactory-DIgSILENT software packages in di�erent
models and the results are evaluated.

© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

The primary aim of using Directional Overcurrent
Relays (DOCRs) in distribution networks is to detect
the permanent faults and clear them through line
sectionalizing using Circuit Breakers (CBs). Due to
proper operation and low expenditure, DOCRs are
the main protective devices in distribution networks.
The decision variables of DOCRs include pickup cur-
rent (Ip) and Time Multiplier Setting (TMS). In a
microprocessor-based DOCRs, TMS changes continu-
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ously (due to the manufacturing advancement of the
relaying devices), and this has a vital e�ect on the
relays' operation time and Ip has discrete values that
are proportional to Current Transformer Ratio (CTR).

The optimization methods with inherent advan-
tages are employed to designate the valid values of the
Protection Coordination Problem (PCP) [1,2]. Given
that conventional methods have low convergence speed
and low accuracy, they are no longer utilized [3].

Various optimization methods have been intro-
duced to determine the decision variables of DOCRs.
In [4], the decision variables were obtained by executing
mathematical optimization processes in GAMS soft-
ware. On the other hand, the TMS values were at-
tained in [5] by applying linear programming assuming
identi�ed Ip values.
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Recently, the optimization algorithms based on
intelligence which are inspired by nature have been
recommended for improving the e�cacy of the method
[6]. Consequently, both Ip and TMS values were
determined in [7,8] using Genetic Algorithm (GA) by
considering PCP as a non-linear programming. Alter-
natively, in [9,10], PCP was formulated as a mixed non-
linear integral problem regarding the discrete values
of the pickup current and the non-linear nature of
the DOCRs' equation. Thus, this problem was solved
using meta-heuristic optimization algorithms such as
hybrid GA and Particle Swarm Optimization (PSO) in
MATLAB software.

Besides, an enhanced protection coordination
scheme was proposed in [11] utilizing Dual Time-
Current Characteristics (DTCCs) for overcurrent re-
lays which were followed by two inverse-time curves
in series. These characteristics are ful�lled by nu-
merical DOCRs incurring investment costs. There-
fore, a techno-economic optimal replacement model
is devised to attain the least-cost numerical DOCR
deployment plan while eliminating miscoordination
and minimizing the total operation time of the relays.
The proposed model constitutes a Mixed Integer Non-
Linear Programming (MINLP) problem which is solved
using sine-cosine algorithm. Furthermore, authors in
[12] optimized di�erent issues of overcurrent relays in
microgrids. Two cases are taken for each relay: single
variable (Time Dial Settings (TDS)) and two variables
(TDS and pickup current setting (Ip)). An objective
function that minimizes the total operating time of all
primary relays has been considered. A GA is employed
for the optimization purpose which exhibits better
performance than other conventional algorithms.

The conventional protection approaches are based
on the �xed network topology [9]. However, the
network topology may be altered following the mainte-
nance or contingencies (including transient and perma-
nent faults) or the operator's mistake. The contingen-
cies such as line outage, Distributed Generation (DG)
outage, and disconnection of sub-transmission network
(islanding mode) increase the number of constraints
that are likely to be violated, and this complicates the
solution algorithm [13]. In [14,15], the decision vari-
ables were obtained for PCP in the sub-transmission
network by considering all topologies derived from
lines outage. Also, sometimes some power devices
simultaneously fail and this leads to cascading outages,
turning into a blackout. Although the likelihood of
such an event is low, it may happen and result in
substantial �nancial damage [16]. As an example, there
were blackouts in Europe on November 4, 2006 and
in India on July 30-31, 2012 [17,18]. Besides, it is
estimated that annually more than 10 million people
are incurred with �nancial damage due to the power
grids uncertainty [19]. Therefore, it is appropriate

to consider simultaneous contingencies in the DOCRs
setting so that the network does not experience serious
interruption.

Up to now, previous studies have not considered
cascading outages through Multi-Objective Optimiza-
tion Method (MOOM). The MOOM includes new
Objective Functions (OFs) which are capable of solving
PCP with the minimum violated constraints.

Moreover, the penetration of DGs into power
systems is growing which a�ects the operation of
distribution networks. Hence, by considering DG,
the problem formulation should be extended. The
employed DGs usually have synchronous generator
types which have a greater impact on the network Short
Circuit Level (SCL) compared to the inverter-based
ones [20]. Synchronous-Based DGs (SBDGs) are more
susceptible to power grid faults regarding their low
inertia time constants. Researchers in [21] proposed
communication-assisted dual-setting DOCRs as e�ec-
tive solutions for providing fast-response protection in
order to meet transient stability constraints of SBDGs
in microgrids.

In this paper, a novel hybrid method is introduced
to protect and coordinate DOCRs by employing the
MOOM, which involves new OFs. Moreover, all
the cascading outages are investigated into di�erent
models and the decision variables are obtained for
each one of them. The uncertainty within the power
system is a challenging issue in the coordination prob-
lem that requires complex programming with many
related nonlinear constraints. Therefore, one of the
most critical aims is that the maximum number of
these constraints should be satis�ed. Unlike the
current protection coordination methods, the present
approach obtains decision variables by incorporating
network data analysis and the GA with the purpose
of optimizing the OFs by seeking the best potential
solution. The proposed approach is implemented on
TOSEE radial feeder and the IEEE 14-bus system by
incorporating DGs via PowerFactory-DIgSILENT and
MATLAB software packages.

The outstanding features of this paper are out-
lined in the following:

� Solving the PCP based on MOOM;

� Considering the cascading outages;

� De�ning new objective functions for PCP; and

� Applying the proposed method to a real distribution
network besides the IEEE 14-bus system.

2. Problem formulation

2.1. Relay's characteristic
The DOCRs have numerous characteristics that have
been investigated in the literature by employing stan-
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dard Inverse De�nite Minimum Time (IDMT) overcur-
rent relay curves. Here, a non-linear one is recom-
mended based on the IEC standard with a Standard
Inverse (SI) tripping curve as in the following:

ti =
0:14�

Isc
Ip

�0:02 � 1
� TMS; (1)

where ti is the ith relay's operation time for a fault
close to CBs and Isc is the short-circuit current passing
through the ith relay.

2.2. Problem constraints
The protection-coordination problem is subject to some
constraints which are described in the following.

2.2.1. Coordination Time Interval (CTI)
As shown in Figure 1, to have a time interval between
the operation of the main relay (Rm) and its backup
relays (Rb1, Rb2, and Rbn), the CTI is considered.
The backup relays function only in case of failure in
the operation of the main relay. The CTI ensures
the permanence of the protection coordination and the
network's safety. The value of CTI is assumed 0.3
seconds in Eq. (2) by taking into account some factors
such as the relay overshooting, CBs' interrupting time,
and reliability of the network [22]. In Eq. (2), tbi and
tmi are the main and backup relays' operation times,
respectively. For each backup relay in the network,
Eq. (3) must be satis�ed. The relevant constraints can
be expressed as follows:

�tmb = tbi � tmi � CTI; (2)

�tmb � 0: (3)

2.2.2. The pickup current bounds
The pickup current is limited to a particular range in
Eq. (4) by taking into account the Current Transformer
(CT) ratio (0.5, 0.6, 0.8, 1, 1.5, 2, and 2.5) [13].
The fundamental concern in the protection of lines is
that no line should be out of service due to the mal-
operation of DOCRs. Therefore, Ip must be larger

Figure 1. Main and backup relays.

than the maximum load current in Relation (5) and
the load ow ought to be executed by incorporating
the peak load of the network. Moreover, Relation (6)
ensures that DOCRs distinguish all the faults that
occur in their reach point and detect the lowest short-
circuit current (Iscmin). However, in some particular
conditions, the fault current is less than the maximum
load current and Relation (6) leads to load interruption
in case of no fault in the reach point of DOCRs.
Thus, Relation (5) is preferred over Relation (6) as
the load of power grid should not be sacri�ced for the
detection of this fault. This type of fault is named
high-impedance fault. Therefore, the priority of the
distribution networks is the loads' reliability and the
reduction of interruption duration which can increase
the consumers' satisfaction [23]. The bounds of Ip are
de�ned as follows:

Ipmin < Ip < Ipmin; (4)

Iloadmax < Ip; (5)

Ip > Iscmin: (6)

2.2.3. TMS bound
The value of TMS is assumed to be continuous, and
it is directly proportional to the relay's operation
time based on the relay's characteristic. According to
Relation (7), this variable is de�ned within lower and
upper boundaries between 0.05 and 1 for all DOCRs:

TMSmin < TMS < TMSmax: (7)

2.3. Objective functions
OFs are to satisfy all or most of the constraints
corresponding to the protection and coordination and
to ensure no miscoordination in the operation of the
DOCRs. In this method, PCP is solved by taking
into account the multi-objective optimization, which
involves four new objective functions, OFA, OFB ,
OFC , OFD according to Functions (8){(11). It should
be noted that these OFs have not been used in
the previous studies. The problem formulation aims
to optimize all of them such that the best possible
solutions are achieved simultaneously for each of OFs.
Also, square brackets (i.e., [ ]) are used to denote the
oor function, which rounds a real number down to the
next integer (as in [�] = 3, in [��] = �4).

� OFA. Miscoordination between the main relay and
backup relays violates Relation (3) (�tmb < 0), and
OFA becomes large due to the high value assigned
to �. In this condition, the proposed algorithm will
eliminate these chromosomes (decision variables)
in the next generation until the best values are
obtained. Moreover, this function tries to decrease
the overall operation time (i.e.,

PNR
i=1 ti).
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� OFB . Similarly, an improper TMS value (i.e.,
TMS > 1) has a signi�cant e�ect on PCP which
is penalized by OFB .

� OFC . If the current passing through the main
relay (IpRm) is remarkably higher than its backup
relay's current (IpRb) (i.e., IpRm � 2 � IpRb),
the protection coordination is not reasonable due
to the high value yield for �tmb (�tmb >> 0:3).
Therefore, OFC is used for resolving this problem
such that these chromosomes are not generated in
the next iteration (generation).

� OFD. Also, if the fault current is very close to Ip of
the DOCRs (i.e., Isc � Ip � 1:6), it is not adopted
for the protection coordination due to the higher
operation time attained for DOCRs. Consequently,
OFD is employed to solve such problems.

OFA = �� (
����� j�tmbj

1:1��tmb

�����) +
NRX
i=1

ti; (8)

OFB = �� ([TMSi]) ; i = 1; :::; NR; (9)

OFC = ��
��

IpRm

IpRb � 2

��
; (10)

OFD = ��
��

Ip� 1:6
Isc

��
: (11)

In Eqs. (8)-(11), NR is the number of DOCRs.
The parameter � is a weighting coe�cient which is
determined experimentally through trial and error.
In this regard, a speci�c value of � may result in
an increase in the relay's operation time, while it
brings about a reduction in the number of mis-
coordination. Therefore, the considered � should
choose either decreasing operation time of the relays
or decreasing mis-coordination among them. Re-
garding this issue, the value of � has been considered
equal to 500 in this paper. Besides, the reason why
� is the same in all the objective functions is that
all these four OFs have the same weighting to have
equal e�ects on the problem. It should be noted that
we can leave the determination of �'s value to the
optimization algorithm. In Subsection 4.5.1, this
issue will be discussed and the coe�cients will be
optimized along with the objective function.

3. The proposed approach for solving
protection coordination

The algorithm for determining decision variables of
DOCRs in the distribution networks is formed as a
non-linear programming. All the related constraints
must be observed to acquire optimum values. The
GA as a robust approach to optimization problems is

employed to solve such a non-convex problem based
on the generation of elite descendants. The decision
variables are encoded within a collection of genes
composing the chromosome. The GA generates a set
of chromosomes which are known as a population.
The initial population is randomly generated such
that the maximum number of problem constraints is
satis�ed. All the generated chromosomes are chosen
through selection, cross-over, and mutation operators
for producing the next generation, and those having
the most appropriate OFs are preferred to be present
in the next iteration. The full description of the GA
was given in [24]. As seen in Figure 2, the owchart of
the suggested method is divided into three sections.
� First section. At �rst, the values of Ip are deter-

mined by incorporating the network peak load and
CTR. Further, the fault current is calculated for all
the main and backup relays according to the fault
close to the CBs (i.e., network data analysis);

� Second section. Then, the TMS values encoded in
the chromosomes of the GA are generated based
on MOOM. In the case of a single-objective op-
timization problem, the solution aims to promote
a performance index reecting the quality of the
solution by minimum or maximum Objective Func-
tion (OF). However, sometimes, due to the non-
linear nature of the problem, we can consider several
OFs and optimize their values simultaneously for
pursuing the best possible results. At each iteration
in Section 2, OFA and OFB are evaluated, and
among the TMS values, those having the best values
are selected for the next step;

� Third section. In the third section regarding the al-
gorithm, based on the current settings obtained from
the previous section, the new values of current and
time settings are generated by the GA algorithm.
In doing so, the obtained current settings fall in a
proper range based on their lower and upper bounds,
and the new values are produced by the GA, i.e., the
TMS and Ip values attained from Sections 1 and 2
are considered to be on a chromosome, and the �nal
�tness values are obtained based on MOOM with all
OFs (OFA, OFB , OFC , OFD) by seeking the best
potential solution.

The process continues in this manner until the
required iterations are completed.

4. Numerical studies

In this part, the proposed approach to PCP is applied
to two case studies in di�erent models. The �rst case
study is the distribution part of IEEE 14-bus system,
while the second one is a real distribution network.
Both case studies have DGs that participate in sup-
plying loads of the system. The IEEE meshed system
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Figure 2. Flowchart of the proposed algorithm.

and TOSEE feeder have sixteen (R1, R2,..., R16) and
four (Ra, Rb, Rc, Rd) DOCRs, respectively, for all of
which the TMS and Ip values must be calculated. As
mentioned earlier, the GA has been employed for the
optimization purpose. The parameters of the employed
GA in this paper are given in Table 1. It should be
noted that these parameters have been tuned using
trial and error through several executions of the GA
to obtain the best results.

4.1. The IEEE 14-bus system
The �rst case study, shown in Figure 3, is the dis-
tribution part of IEEE 14-bus system as a micro-
grid. The under-study area has been distinguished by
dashed lines within the whole system. The system

Table 1. Parameters of the employed genetic algorithm.

Parameter Value/description
Population size 500

Number of generations 1000
Elite counts 5%

Crossover rate 80%
Mutation type Constraint dependent

Selection method Stochastic uniform

data were given in [25]. This network is connected
to a sub-transmission network via two 132 kV/33 kV
transformers having the capacity of 60 MVA. Three
10 MVA synchronous-generator-type DG units are also
connected to this grid. Each DG unit is composed of 10
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Figure 3. IEEE 14-bus network and its distribution part (micro-grid).

Table 2. Technical data of DG units connected to the microgrid.

Parameter Feature/value Parameter Feature/value
Generator type Gas-engine Synchronous reactance, Xd 3.498 pu
Rated capacity 1 MVA Transient reactance, X 0d 0.2935 pu
Rated voltage 0.4 kV Sub-transient reactance, X 00d 0.274 pu
Rated current 1.47 kA Zero-sequence reactance, X0 0.0419 pu

Frequency 50 Hz Negative-sequence reactance, X2 0.1531 pu
Nominal power factor 0.93 lag Rotor type Round-rotor

Earthling type Directly grounded Nominal speed 1200 rpm
Power factor range 0.9 lag{0.9 lead Winding connection 4-wire Y

Table 3. CTR values for the IEEE 14-bus system.

Relay CTR Relay CTR

R1 200:1 R9 900:1
R2 200:1 R10 900:1
R3 500:1 R11 1200:1
R4 500:1 R12 1200:1
R5 500:1 R13 1000:1
R6 500:1 R14 1000:1
R7 1200:1 R15 900:1
R8 1200:1 R16 900:1

parallel small DGs having a rated capacity of 1 MVA.
The technical data of these DGs are given in Table 2.
The CTR values are also shown in Table 3.

4.2. Real industrial radial feeder of TOSEE
Besides the IEEE 14-bus system which is a meshed
network, a real industrial radial feeder named TOSEE
is also considered, as shown in Figure 4. This network
is one of the outgoing feeders of 63 kV/20 kV Koushkan
substation located in Zanjan City, Iran. The total
load of this system is 17.25 MVA as 15.35 MW
and 7.41 MVAr, respectively. This radial feeder is
connected to the sub-transmission network via two
40 MVA transformers. It is assumed that the network
has three DGs with the capacity of 2 MVA. The CTR
values for all the employed DOCRs are 1000:5.

4.3. Simulation results
This part presents the simulation results including
optimal setting values of DOCRs based on multi-
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Figure 4. TOSEE industrial radial network with DG units.

Table 4. Cascading outage models.

Model Cascading outages

1 Islanding mode

2 (Substation + DG + line) outages

3 (2-case DG) outages

4 (2-case line) outages

5 (Substation + DG) outages

6 (Substation + line) outages

7 (DG + line) outages

objective optimization considering all the cascading
outage models (given in Table 4) for the IEEE 14-bus
system and TOSEE feeder. The formulation problem
investigates all the topologies resulting from every
model. For example, in case of DG outage, the relay
must support all the currents owing in the network
which resulted from the outage of all three DGs. Also,
the current setting value in the �rst part of the problem
has been obtained in terms of maximum current of all
the variable topologies. In other words, in case of the
outage of three DGs, the one leading to greater current
ow on the line has been considered for setting the
relay. Moreover, all models involve di�erent particular
constraints that must be taken into consideration in the
protection coordination programming. The optimal
values of decision variables for all DOCRs are obtained
and given in Tables 5 and 6 for the IEEE 14-bus system
and TOSEE radial feeder, respectively. Also, the total
operation time related to each cascading outage for
both case studies is demonstrated in Table 7.

The results for PCP vary for the two networks
due to the con�guration of these systems (i.e., one
is radial and the other is meshed). As a result, the
optimal values obtained for TMS in the IEEE 14-
bus network are higher than those for TOSEE feeder.
Furthermore, the number of constraints for the radial
feeder is larger than that for the IEEE system (due to
the di�erence in the dimension of the two networks);
however, most of them are linear and solving them
is straightforward. It must be noted that when the
network topology experience a signi�cant outage, the
problem constraints are severely changed and become
more nonlinear. This issue has a substantial impact
on the results leading to a noticeable reduction in the
relay's operation speed. As a result, in models with
substation outage, it seems that the fault current is
considerably lower than the condition that the network
is grid-connected. Consequently, the relay operation
time increases dramatically. Therefore, the overall
operation times shown in Table 7 which are obtained
for models 1, 2, 5, and 6 are longer than the values
obtained for models 3, 4, and 7. This issue occurs
due to the network SCL such that the fault current
passing through DOCRs is inversely proportional to
the relay's operation time which, in turn, stems from
the relay's characteristic curve. Also, the number of
problem constraints in models 4 and 7 is higher than
that recognized in models 3 and 5 (due to the higher
number of lines), but the problem formulation is more
comfortable because of the reasons outlined above (i.e.,
the linear constraints).

In the islanding mode, the number of non-linear
constraints becomes too many which makes the prob-
lem formulation extremely more complex. Moreover,
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Table 5. Optimal setting values for the IEEE 14-bus system.

Relays Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Ip TMS Ip TMS Ip TMS Ip TMS Ip TMS Ip TMS Ip TMS

R1 1.5 0.618 1.5 0.584 2.0 0.279 2.5 0.236 1.5 0.541 2.0 0.498 2.5 0.256
R2 0.6 0.512 1.0 0.412 1.5 0.285 2.0 0.251 1.0 0.364 1.5 0.327 1.5 0.274
R3 2.0 0.385 2.0 0.365 1.5 0.373 2.5 0.311 2.0 0.324 2.0 0.315 2.0 0.325
R4 0.8 0.411 1.0 0.412 2.0 0.359 2.0 0.241 1.5 0.402 2.0 0.358 2.0 0.327
R5 1.5 0.395 1.5 0.324 1.0 0.361 2.5 0.215 1.5 0.411 1.0 0.385 1.0 0.314
R6 1.0 0.514 1.5 0.459 2.0 0.325 2.5 0.236 1.5 0.398 2.0 0.345 2.0 0.287
R7 1.5 0.612 2.0 0.541 1.5 0.367 1.5 0.175 1.0 0.511 1.0 0.417 2.0 0.316
R8 1.0 0.495 1.0 0.413 2.0 0.341 2.0 0.169 1.0 0.416 1.5 0.375 0.8 0.319
R9 2.5 0.356 2.5 0.324 2.5 0.252 2.5 0.156 2.5 0.295 2.5 0.256 2.5 0.224
R10 2.0 0.398 1.5 0.369 2.5 0.302 2.5 0.205 0.8 0.324 1.5 0.298 2.5 0.293
R11 1.0 0.664 2.0 0.551 2.0 0.321 1.5 0.213 2.0 0.517 2.0 0.419 2.0 0.267
R12 1.0 0.496 1.5 0.516 2.5 0.413 2.0 0.298 1.5 0.547 2.5 0.568 2.5 0.415
R13 1.0 0.811 2.0 0.801 1.5 0.416 2.0 0.319 1.0 0.753 1.5 0.712 1.5 0.411
R14 1.5 0.514 1.0 0.612 2.5 0.221 2.0 0.116 2.0 0.541 2.5 0.411 1.5 0.275
R15 0.6 0.715 1.5 0.781 1.0 0.351 1.5 0.173 1.0 0.732 1.0 0.685 2.0 0.269
R16 0.8 0.412 1.5 0.252 1.5 0.217 2.0 0.097 1.5 0.311 1.0 0.369 2.5 0.178

Table 6. Optimal setting values for TOSEE industrial radial feeder.

Relays Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Ip TMS Ip TMS Ip TMS Ip TMS Ip TMS Ip TMS Ip TMS

Ra 2.0 0.253 1.5 0.325 2.0 0.197 2.5 0.143 1.5 0.312 2.0 0.297 2.5 0.167
Rb 1.0 0.221 1.0 0.312 1.5 0.156 2.0 0.102 1.5 0.261 1.5 0.243 2.0 0.125
Rc 1.0 0.088 0.5 0.126 1.0 0.081 1.5 0.077 0.5 0.087 0.8 0.084 1.5 0.078
Rd 0.8 0.152 0.5 0.198 1.5 0.124 2.5 0.109 1.0 0.178 1.0 0.174 1.5 0.111

Table 7. Optimal values for the overall operation time.

Network Overall operation time
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

TOSEE feeder 5.554 8.621 3.259 1.518 7.561 6.924 2.332
IEEE 14-BUS 41.567 28.684 16.432 10.695 26.985 23.421 14.845

in the islanding mode, there is a signi�cant reduction
in SCL such that if not considered, it may lead to
instability of the power system.

In TOSEE feeder, as there is only one feeding
substation, not only model 1 but also models 2, 5, and
6 lead to the islanding mode. As a result, the overall
operation time of these models is longer than that of
model 1 (due to 2 or 3 case outages).

Since the fault currents for models 2 and 5, on the
one side, and 3 and 7, on the other side, are very close
to each other, the DOCRs' operation times experience
only a trivial di�erence. Furthermore, model 4 has the
fastest reaction time for DOCRs to the fault current,
because there is no loss of power source (DGs or
substation) in this model.

4.4. Investigation of the violated coordination
The purpose of this section is to specify the number of
miscoordination occurring as a consequence of solving
the PCP. The coordination constraints for DOCRs are
considered to be violated when the backup relays oper-
ate with a time interval less than 0.3 seconds relative to
the main relay (by taking CTI into account). Table 8
shows the number of violated coordinations in each
investigated model for the IEEE 14-bus network and
TOSEE feeder. It should be noted in both case studies
that when DOCRs are set based on models 1 and 2,
it supports all topologies in Table 4. Consequently, in
the case of such events, the network loses a considerable
generation, and if this issue is not taken into account, it
leads to an increase in the number of mis-coordinations
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Table 8. Number of violated coordinations.

Network Number of mis-coordinations
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

TOSEE feeder 2 3 2 1 2 2 1
IEEE 14-BUS 7 6 2 1 5 4 2

which ends in cascading outages. However, models 5
and 6 applied to the IEEE 14-bus system have 5 and
4 violations, respectively. Similarly, models 5 and 6
applied to TOSEE feeder both have 2 violations. By
simplifying the variations of the network topology in
models 7 and 4, there will be the least number of mis-
coordinations in both networks because the SCL varies
gradually.

It is also observed that the number of violated
coordinations for the IEEE 14-bus network is larger
than that for TOSEE feeder because a larger number of
DOCRs are employed in the meshed system and there
are higher SCL variations. Finally, if the PCP is set
based on the severe outages, it results in an appropriate
setting for all the topologies but with a longer operation
time.

4.5. Single-objective optimization
4.5.1. Single-objective optimization with optimized

OF coe�cients
In this part, for a detailed investigation into the prob-
lem, other aspects like single-objective optimization
and optimization of objective function coe�cients are
regarded. To this end, the objective function in [26] is
considered as Eq. (12):

OF =
X
d2D

((��X
i2I

(ti)
2) + (1

X
k2K

e2j�tk;dj)

+(�
X
k2K

BCk;d)); (12)

where i and k indicate all relays and all the main and
backup pair relays, respectively. Moreover, I and K
represent the sets of all relays and main and backup
pair relays, respectively. Further, d is the index of fault
points, and D represents the set of fault points. In
addition, BC is a binary coe�cient that is 1 when the
coordination constraint is violated and is 0 otherwise.

The relay operation curve is in line with the IEC
standard inverse-time with the same coe�cients. Also,
the entire coordination procedure is done based on the
near end of the fault point to all the main relays.
However, to evaluate the problem more, the coe�cients
of objective function (weighting factors of ) will be
optimized by the GA.

According to Table 9, it is observed that the sum
of operation times of relays is 11.778 s which shows a
relative increase compared to multi-objective optimiza-
tion. However, the number of miscoordinations has

Table 9. Obtained results based on the single-objective
optimization and coe�cient determination.

RELAYS IP TMS

R1 2.5 0.234
R2 2 0.279
R3 2.5 0.328
R4 2 0.269
R5 2 0.211
R6 1.5 0.231
R7 1.5 0.165
R8 2 0.168
R9 2.5 0.216
R10 2.5 0.221
R11 1 0.216
R12 2 0.321
R13 2 0.315
R14 2.5 0.115
R15 2 0.189
R16 2 0.116

Sum(t)=11.778 seconds
Number of mis-coordinations = 1

� = 10:013. 1 = 112:567,
2 = 108:421

remained to be one case. This shows the capability of
the above objective function and its new idea in �nding
the weighting coe�cients using the GA. It should be
noticed that by increasing the miscoordination, the
value of � accordingly increases which reduces the
number of violated constraints. The values of the
objective function coe�cients have been obtained as
1 = 112:567, 2 = 108:421, and � = 10:013 by the
GA. The obtained results for model 4 of the IEEE 14-
bus system are as follows.

4.5.2. Convergence of the proposed method in
comparison with single OFs

The convergence trend of the presented method for
both case studies is investigated based on MOOM and
the single-OF. In the single-objective function, all the
introduced OFs are considered according to Eq. (13),
so that the related constraints are not violated in the
absence of these OFs and only the e�ect of multi-
objective optimization and e�ciency of the proposed
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Figure 5. Convergence trend of the proposed method for
the islanding mode (model 1) based on MOOM and
single-OF in the IEEE 14-bus network.

Figure 6. Convergence trend of the proposed method for
the islanding mode (model 2) based on MOOM and
single-OF in TOSEE radial feeder.

method are observed. Given that the islanding mode:

single�OF = OFA +OFB +OFC +OFD; (13)

is the most hazardous event for both systems; model 1
for the IEEE 14-bus network and model 2 for TOSEE
feeder have been chosen for comparison.

As shown in Figure 5, when the problem for-
mulation in the IEEE 14-bus system is based on
MOOM, the overall operating time declines by 23%
from 51.15 to 41.567 seconds. Also, according to
Figure 6, the DOCRs' operation time in TOSEE feeder
decreases from 12.281 to 8.621 seconds which shows
a 42% decline. This reduction in operation time is a
considerable value when using MOOM. Furthermore,
the e�ect of MOOM on TOSEE feeder is more than
that of the IEEE 14-bus system which is due to the
radial structure of the network and the fewer number
of non-linear constraints.

5. Conclusion

The protection-coordination of DOCRs is a complex
and non-linear problem. In the current paper, a new
method is proposed based on multi-objective opti-
mization with new objective functions by using GA.
Furthermore, the cascading outages were taken into
account in the problem formulation. The simulation
results demonstrated that considering MOOM and its
new OFs would satisfy the problem constraints and
increase the operation speed of DOCRs. Provided
the multi-objective formulation of PCP, the obtained
results for the decision variables (i.e., TMS and Ip)
seem to be the best possible values for all of the relays.

The proposed method was applied to the IEEE 14-bus
system and a real industrial radial feeder by taking the
cascading outages into account. When DOCRs were
set having severe outages in mind, they would become
suitable for all the single or simultaneous contingencies
that may occur. This can help maintain the network
security.
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