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Abstract: The ever increasing presence of renewable distributed generation (DG) in microgrids is
imposing new challenges in protection coordination. The high penetration of renewable DG enables
microgrids to operate under different topologies, giving rise to bidirectional power flows and in
consequence, rendering traditional coordination approaches inappropriate to guarantee network
security. This paper proposes an approach for the optimal coordination of directional over-current
relays (OCRs) in microgrids that integrate renewable DG and feature several operational modes.
As a main contribution, the characteristic curves of directional OCRs are considered to be decision
variables, instead of fixing a single type of curve for all relays as considered in previous works.
The proposed approach allows for the selection of several IEC and IEEE curves which combination
results in the best protection coordination. Several tests were carried out on an IEC benchmark
microgrid in order to show the applicability of the proposed approach. Furthermore, a comparison
with other coordination approaches evidenced that the proposed approach is able to find lower
operation times and, at the same time, guarantee the suitable operation of protections under different
condition faults and operational modes.

Keywords: distributed generation; distribution networks; microgrids; power system protection;
over-current relay coordination

1. Introduction

Nowadays, the rapid incorporation of renewable DG in modern distribution networks (DNs) has
introduced new paradigms to the traditional energy generation scheme. Basically, for high standards
of quality, energy management, and efficiency; DG has been configured into microgrids that favor
the rapid use of renewable energy resources. Such incorporation brings along new challenges for
engineers and designers around the world [1,2].

The protection coordination problem ine of these challenges. DG changed the traditional
configuration of unidirectional power flows in DNs where there is only a single generation bus.
With the presence of DG, there are multiple generation buses that produce bidirectional power flows
and variable short circuit levels [3]. In general terms, new protection systems must guarantee the
stability of the protection scheme not only under intermittent DG units and loads, but also under the
possibility of switching between grid-connected and islanded modes [4,5].

Directional over-current relays (OCRs) have been used in traditional DNs, and they are presented
as a promissory alternative for the protection of microgrids [6,7]. Nonetheless, their suitable
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incorporation and optimal coordination in microgrids remains a research topic [8]. In this context,
it is of paramount importance the incorporation of new approaches in the planing and designing of
coordination schemes aiming to high standards of velocity, selectivity, and reliability [9].

Several approaches for improving the protection coordination in microgrids have been reported in
the specialized literature. In [10], an approach for OCRs coordination for grid-connected and islanded
operational modes is proposed. This approach takes into account changes in network topology due to
line or generation outages. In [11], a protection coordination scheme for microgrids is proposed by
utilising the commonly used numerical directional OCRs with single and dual settings. The authors
in [12] simultaneously incorporate a multi-objective particle swarm optimization (PSO) technique and a
decision tool for coordinating OCRs in microgrids. In [13], an adaptive protection coordination scheme
is developed based on a machine-learning approach. The authors modelled a hybrid artificial neural
network and a support vector machine approach for modifying protection settings while guaranteeing
the reliability of the network. In [14], the authors implemented a protection coordination with smart
electronic devices and a communication channel; this for obtaining real-time system information and
updating relays settings.

Recently, there have been some studies regarding the optimal protection coordination problem in
microgrids, which relay on a better setting of the characteristics for standard and non-standard curves.
In [15], a new constraint regarding the plug setting multiplier (PSM) is proposed for improving the
coordination of directional OCRs in microgrids. This constraint is also incorporated in [16], using a
non-standard curve for enhancing the performance of OCRs protection. In [17], the authors considered
the upper limit of the PSM as a variable, changing the traditional paradigm in which it is seen as a
fixed limit. Additionally, the constraint proposed in [15] was included considering a normal inverse
current curve for all relays. In [18], the coordination of directional OCRs in microgrids is carried
out for grid-connected and islanded modes while considering different IEC characteristic curves for
each relay.

This paper proposes a new model for OCRs coordination in microgrids that takes multiple
operational modes and DG into account. As a novelty, the proposed model considers the characteristic
curves of the relays as decision variables, which differentiates it from other works that consider a
single type of curve for all relays [15–18]. As can be seen from the literature review, several models and
solution techniques have been used to solve the optimal coordination of OCRs in microgrids. In this
sense, our paper complements the research of [18] which only takes into account some IEC curves
by introducing both IEC and IEEE standard curves [19,20]. The proposed approach also considers
the constraint proposed in [15] regarding the PSM. These features enlarge the solution space of the
coordination problem and allow for finding better solutions. Several tests were performed on a
benchmark IEC microgrid when considering four operational modes. To prove the effectiveness of
the proposed approach, the results were compared with those that were reported in [15–17]. In all
operational modes, the proposed approach was able to find a better coordination scheme. Furthermore,
the proposed approach can be used in order to obtain a coordination with multiple parameters for
each operational mode or a single set of parameters that are suitable for all operational modes. Table 1
shows the features of other research works in the field, evidencing the knowledge gap in the existing
literature that is filled by the proposed approach.

Table 1. Optimal coordination of OCRs in microgrids (knowledge gap).

Reference Multiple Parameters Single Set of Parameters PSM Constraint IEC Curves IEEE Curves

[11] - X - - -
[18] X X - X -
[14] X - - - -
[12] - X X - -
[10] X X - - -

[15,16] X - X - -
[17] X X X - -

[Proposed] X X X X X
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This paper is organized, as follows: Section 2 presents the problem formulation, Section 3 shows
the genetic algorithm used to solve the coordination problem, Section 4 presents the results, and
Section 5 concludes and summarizes the most relevant aspects of the research.

2. Mathematical Formulation

2.1. Objective Function

Equation (1) illustrates the objective function (OF) which consists on minimizing the operation
time of the OCRs while ensuring coordination between main and back up relays. m and n are the
number of relays and faults in the system, respectively; while, ti f corresponds to the operation time of
relay i when fault f takes place.

OF = Min
m

∑
i=1

n

∑
f=1

ti f (1)

2.2. Coordination Criteria

The coordination between main and back up relays is enforced by constraint (2). When a fault
takes place, both of the relays identify the fault occurrence. However, it must be guaranteed that the
main relay is tripped first. This is achieved by defining a coordination time interval CTI which is the
time difference between the tripping of the main and back up relays. In this case, tj f is the operation
time of the backup relay j when fault f occurs, and ti f is the operation time of the primary relay i,
for the same fault. The yypical CTI values are within the range of 0.2 to 0.5 s. The CTI considered in
this study is 0.3 for comparative purposes. Equation (3) indicates the operating time limits of the OCRs.
In this case, timin and timax are the minimum and maximum operating time of relay i, respectively.

tj f − ti f ≥ CTI (2)

timin ≤ ti f ≤ timax (3)

2.3. Relay Characteristic

Equation (4) accounts for the type of standard characteristic curve (IEC or IEEE), where A, B, and
C are constant parameters of the curve, TMSi is the time multiplier setting of relay i, and PSMi f is the
ratio between the fault current I f i and the pick up current ipickupi given by Equation (5). This ratio
must be between minimum (PSMimin) and maximum (PSMimax) limits, as indicated by constraint (6).

ti f =
A.TMSi

PSMB
i f − 1

+ C (4)

PSMi f =
I f i

ipickupi
(5)

PSMimin ≤ PSMi f ≤ PSMimax (6)

2.4. Bonds on the TMS and Pick up Current for Each Relay

In the conventional approach of protection coordination, the TMS is the main decision variable.
Equation (7) represents the minimum and maximum limits of TMS for relay i given by TMSimin and
TMSimax, respectively. Similarly, Equation (8) represents lower and upper limits of the pickup current
ipickupi, denoted as ipickupimin and ipickupimax, respectively.

TMSimin ≤ TMSi ≤ TMSimax (7)
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ipickupimin ≤ ipickupi ≤ ipickupimax (8)

2.5. New Constraint Considering Standard Curves

Equation (9) represents the selection of the IEC/IEEE standard characteristic curve. The curve
setting of a relay provides information regarding the type of characteristic curve to be followed by that
particular relay. In this case, StandarCurvei is the select standard characteristic curve of the primary
relay i. In this Equation, Ωc represents the set of standard curves that are available in the relay.

StandarCurvei ∈ Ωc (9)

3. Methodology

The optimal coordination of OCRs given by (1)–(9) is a non-convex optimization problem that
involves discrete and continuous decision variables. Non-convex optimization problems may have
multiple locally optimal solutions and it can take a lot of time to identify whether the problem has no
solution at all or whether the solution found is globally optimal. There are multiple solution techniques
that can be applied in order to solve the optimization problem that is given by (1)–(9). The most
suitable among them belong to the set of metaheuristic techniques, since they are able to tackle
non-convex optimization problems and find high-quality solutions in relatively low computational
time. In this case, the proposed optimization problem was solved by a conventional genetic algorithm
(GA) that wasimplemented in Matlab. It is worth mentioning that the main contribution of this paper
considers the characteristic curves of OCRs as decision variables of the coordination problem, and not
the solution technique as such. In this sense, hybrid versions of GA such as its combination with
simulated annealing [21,22] have proven to outperformed its conventional version and might be the
subject of future research. Genetic algorithms mimic the process of natural selection, starting with an
initial population of solution candidates that must pass through several stages of selection, crossover,
and mutation. Other metaheuristics, such as particle swarm optimization [23] and differential
evolution [24], have also been applied for solving the optimal coordination of protections. Furthermore,
GAs have been successfully applied in the coordination of OCRs, as presented in [18,25,26].

3.1. Initial Population

The starting point of a GA is a set of candidate solutions or population. Every candidate solution
(or individual) is represented by a vector that contains the proposed values of the decision variables.
In this case, each individual is represented with a vector that indicates the settings of TMS and
StandarCurvei for each relay; therefore, the length of a candidate solution is twice the number of relays
in the network. The initial population is randomly generated while taking the limits of the decision
variables into account. Figure 1 depicts an example of a candidate solution.

Figure 1. Example of a candidate solution.

3.2. Fitness Evaluation

Once a set of solution candidates is generated, it is necessary to evaluate the quality of such
possible solutions. This is known as the stage of fitness evaluation. In this case, the objective function
(given by Equation (1)) that is associated with every solution candidate is evaluated and they are
sorted from best to worst. Figure 2 depicts the process of fitness evaluation.
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Figure 2. Fitness evaluation.

3.3. Selection and Crossover

The idea behind the selection step is guaranteeing that the fittest individuals have greater chance
to pass on their genes into the next generation. In this case, a tournament selection was implemented.
In every tournament, two individuals of the current population are randomly chosen and the best one
is selected for the crossover stage. In this later stage, the selected individuals act as parents which
exchange their information to produce new solution candidates. The crossover is performed at a
random position of the vector and it is illustrated in Figure 3.

Figure 3. Example of crossover.

3.4. Mutation and New Generation

The mutation stage allows for the GA to eventually escape from locally optimal solutions and
adds diversification to the algorithm. In this step, one of the offspring generated in the crossover
is randomly selected and a small variation is performed in one of its variables. Such variation is
performed within the variable limits to avoid the creation of unfeasible solutions. Figure 4 depicts an
example of this state. Once the mutation process is finished, the fittest individuals are selected from
the combined population of parents and offspring. In this stage, half of the individuals are discarded
in order to preserve the size of the initial population. The process continues until a given number of
generations is reached or until a maximum number of interactions has been evaluated without any
improvement of the OF.
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Figure 4. Example of Mutation.

4. Tests and Results

Several tests were carried out in the benchmark IEC microgrid that is depicted in Figure 5 for
showing the applicability of the proposed approach. The data of this system are available in [27].
This microgrid integrates DG and features four operational modes (OMs), as indicated in Table 2.
In OM1, all DG units are off and the demand is supplied only through the main grid. In OM2,
the demand can be supplied through the main grid and the DG units, since all of them are available.
In OM3, DG3 and DG4 are off and the load can be supplied through the main grid as well as through
DG1 and DG2, which are available. Finally, in OM4 the load is only supplied with the DG units and
the microgrid operates in off-grid mode.

The test system was implemented in DIgSILENT PowerFactory when considering five three-phase
line failures (F1 to F5). In this case, F1 represents a fault on line DL-5; F2 and F3 are failures on lines
DL-4 and DL-2, respectively; F4 represents a fault on DL-1 line; and, F5 represents a fault on DL-3 line.
All of the calculations and tests were performed in accordance with the IEEE 242 standard, which is
widely used for coordination of over-current protections [28].

The results that were obtained with the proposed approach were compared with those reported
in [15–17], adjusting their same short-circuit levels and considering their same transformation ratios of
current transformers RCT and starting currents ipickup, please see Table 3.

IEEE 242 Standard [28] recommends a coordination time interval of (CTI) of at least 0.2 s. In this
work, we adopted a CTI of 0.3 s for performing a comparative analysis with [15–17], which use IEC
normal inverses curves. The relays of the microgrid are labeled with numbers ranging from 1 to 15
preceded by the letter “R”. In this case, the letters “P” and “B” were added to the label in order to
differentiate main and backup relays, respectively. Figure 5 shows the location of each relay.

After running several tests with the GA, the parameters that yield the best results correspond
to a population of 100 individuals, a crossing rate of 0.7, and a mutation rate of 0.3. The maximum
number of generations was set to 1000. Additionally, in all scenarios under analysis, CB-LOOP1 and
CB-LOOP2 were considered to be open.

Table 2. Microgrid operational modes.

Operational Mode Grid DG1 DG2 DG3 DG4

OM1 on off off off off
OM2 on on on on on
OM3 on on on off off
OM4 off on on on on
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Table 3. RCT and ipickup for each relay.

Relay RCT ipickup

R1 400 0.50
R2 400 0.50
R3 400 0.50
R4 400 0.50
R5 400 0.50
R6 400 0.50
R7 1200 1.00
R8 400 0.50
R9 400 0.50

R10 400 0.50
R11 400 0.65
R12 400 0.50
R13 400 0.88
R14 400 0.65
R15 400 0.55

Figure 5. Benchmark IEC micro-grid.

4.1. Results for OM1

In OM1, the microgrid is connected to the main supply, while all of the DG units are disconnected.
Table 4 presents the results that were obtained with the proposed model and the ones reported
in [15–17] for comparative purposes. The TMS and StandarCurvei are presented for each relay as
well as the sum of the operating times for all relays T(s), which represents the OF of the problem.
Note that the proposed model obtained better operating times, which ensures coordination between
main and backup OCRs. In this case, the relays presented different types of characteristic curves
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StandarCurvei. Table 5 presents the operating times of main and backup relays for each fault. In all
cases, the proposed model presented lower operating times than those presented in [15,16]. For faults
F1, F2, and F5, the proposed model also presents lower operating times than those presented in [17].
Nevertheless, for faults F3 and F4, the proposed approached presented slightly higher operation times
when compared with [17].

Table 4. Coordination parameters for OM1.

Relay T MSi(Curve) [15] T MSi(Curve) [16] T MSi(Curve) [17] T MSi(Curve) [Proposed]

R1 - - - -
R2 0.128 (IEC NI) 0.1283 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC EI)
R3 - - - -
R4 0.256 (IEC NI) 0.2591 (IEC NI) 0.1787 (IEC NI) 0.2306 (IEEE MI)
R5 - - - -
R6 0.391 (IEC NI) 0.4024 (IEC NI) 0.3223 (IEC NI) 0.7715 (IEC STI)
R7 0.335 (IEC NI) 0.2895 (IEC NI) 0.2060 (IEC NI) 0.0500 (IEEE I)
R8 - - - -
R9 - - - -
R10 0.1283 (IEC NI) 0.1283 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC EI)
R11 - - - -
R12 0.1320 (IEC NI) 0.0101 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R13 - - - -
R14 - - - -
R15 - - - -

T(s) 7.53 6.64 4.99 4.19

Table 5. Operation times for OM1.

Fault Relays [15] [16] [17] [Proposed]

F1 RP1 - - - -
RP2 0.29 0.303 0.1165 0.0118
RB4 0.59 0.606 0.4165 0.3117

RB13 - - - -

F2 RP3 - - - -
RP4 0.58 0.54 0.3732 0.3063
RB1 - - - -
RB6 0.86 0.84 0.6732 0.6247

RB15 - - - -

F3 RP5 - - - -
RP6 0.88 0.72 0.5819 0.6247
RB7 1.18 1.02 0.8819 0.9372
RB8 - - - -

RB15 - - - -

F4 RP8 - - - -
RP12 0.29 0.2 0.1044 0.0405
RB5 - - - -
RB7 1.59 1.37 0.9786 1.01

RB11 - - - -

F5 RP9 - - - -
RP10 0.29 0.28 0.1165 0.0118
RB6 0.91 0.88 0.7514 0.3118

RB14 - - - -
RB15 - - - -

4.2. Results for OM2

In OM2, the load can be supplied by both the DG units and the main grid. Table 6 presents
the parameters obtained for the OCRs coordination. The TMS and StandarCurvei are presented for each
relay as well as the sum of the operating times for all relays, denoted as T(s). Note that the proposed
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approach considers different characteristic curves for the relays and the total operation time T(s) is
lower than the one reported in [15–17] (these last ones only consider the IEC NI curve). Table 7 shows
the operating times of the main and backup relays for each fault. In all cases, the proposed model
presented lower operating times than those that were reported in [15,16]. When comparing with [17]
the proposed model shows lower operation time for three of the five faults under consideration (F1, F2,
and F5). Nevertheless, for faults F3 and F4, the operation time of the proposed approach is higher.
In this case, for F3 and F4, the proposed model presented better operating times for all main relays,
except for RP6 and RP8, respectively.

Table 6. Coordination parameters for OM2.

Relay T MSi(Curve) [15] T MSi(Curve) [16] T MSi(Curve) [17] T MSi(Curve) [Proposed]

R1 0.173 (IEC NI) 0.1736 (IEC NI) 0.1370 (IEC NI) 0.38928 (IEEE EI)
R2 0.132 (IEC NI) 0.1391 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R3 0.086 (IEC NI) 0.0868 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R4 0.265 (IEC NI) 0.2782 (IEC NI) 0.1891 (IEC NI) 0.4205 (IEC STI)
R5 0.172 (IEC NI) 0.1720 (IEC NI) 0.1148 (IEC NI) 0.3939 (IEEE EI)
R6 0.397 (IEC NI) 0.4010 (IEC NI) 0.3198 (IEC NI) 0.8186 (IEC STI)
R7 0.338 (IEC NI) 0.2839 (IEC NI) 0.2439 (IEC NI) 0.2725 (IEC SI)
R8 0.265 (IEC NI) 0.2226 (IEC NI) 0.1911 (IEC NI) 0.6055 (IEEE EI)
R9 0.069 (IEC NI) 0.0695 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEEE SI)
R10 0.132 (IEC NI) 0.1413 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R11 0.280 (IEC NI) 0.2437 (IEC NI) 0.2175 (IEC NI) 0.4523 (IEC STI)
R12 0.132 (IEC NI) 0.1503 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R13 0.194 (IEC NI) 0.1936 (IEC NI) 0.1669 (IEC NI) 0.7462 (IEC STI)
R14 0.116 (IEC NI) 0.1159 (IEC NI) 0.0998 (IEC NI) 0.1715 (IEEE EI)
R15 0.186 (IEC NI) 0.1704 (IEC NI) 0.1359 (IEC NI) 0.2968 (IEEE MI)

T(s) 19.18 17.48 13.66 12.48

Table 7. Operation times for OM2.

Fault Relays [15] [16] [17] [Proposed]

F1 RP1 0.56 0.55 0.4454 0.2858
RP2 0.29 0.299 0.1078 0.0405
RB4 0.59 0.59 0.4078 0.3405
RB13 0.86 0.86 0.7454 0.5858

F2 RP3 0.29 0.29 0.1723 0.0302
RP4 0.6 0.52 0.3556 0.3405
RB1 0.59 0.58 0.4723 0.3301
RB6 0.9 0.82 0.6556 0.6629
RB15 0.89 0.82 0.6556 0.6406

F3 RP5 0.45 0.45 0.3039 0.186
RP6 0.9 0.7 0.5618 0.6629
RB7 1.19 1.0 0.8618 0.9628
RB8 1.0 1.0 0.8618 0.9629
RB15 0.97 0.97 0.7775 0.7386

F4 RP8 1.0 0.94 0.8229 0.8467
RP12 0.29 0.29 0.0995 0.0405
RB5 0.6 0.59 0.3995 0.3405
RB7 1.74 1.44 1.25 1.4
RB11 1.23 1.23 1.12 1.14

F5 RP9 0.29 0.25 0.2152 0.1792
RP10 0.29 0.29 0.1059 0.0405
RB6 0.95 0.95 0.7668 0.3405
RB14 0.59 0.57 0.5152 0.4792
RB15 1.22 1.22 0.9755 0.8976
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4.3. Results for OM3

In this operational mode, the microgrid is connected to the main supply network working together
with DG1 and DG2, while DG3 and DG4 are disconnected. The OCR coordination parameters obtained
with the GA are presented in Table 8. The TMS and StandarCurvei are presented for each relay as
well as the sum of the operating times for all relays, denoted as T(s). Note that different characteristic
curves were adopted by the relays with the proposed approach and the operation time T(s) is lower
than the one reported in [15–17], which considered a single characteristic curve StandarCurvei. Table 9
shows the operating times of the main and backup relays for each fault. In all cases, the proposed
model presented lower operating times than the ones reported in [15]. When comparing with [16]
and [17], the proposed approach was able to find better coordination times in four out of the five faults
(only in F3 the coordination times were higher).

Table 8. Coordination parameters for OM3.

Relay T MSi(Curve) [15] T MSi(Curve) [16] T MSi(Curve) [17] T MSi(Curve) [Proposed]

R1 - - - -
R2 0.092 (IEC NI) 0.092 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R3 - - - -
R4 0.227 (IEC NI) 0.227 (IEC NI) 0.1855 (IEC NI) 0.4205(IEC STI)
R5 0.087 (IEC NI) 0.090 (IEC NI) 0.0608 (IEC NI) 0.0553 (IEEE EI)
R6 0.356 (IEC NI) 0.362 (IEC NI) 0.3232 (IEC NI) 0.8408 (IEC STI)
R7 0.312 (IEC NI) 0.264 (IEC NI) 0.2027 (IEC NI) 0.6669 (IEEE MI)
R8 0.207 (IEC NI) 0.207 (IEC NI) 0.1925 (IEC NI) 0.6184 (IEEE EI)
R9 - - - -
R10 0.0847 (IEC NI) 0.084 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R11 0.2626 (IEC NI) 0.231 (IEC NI) 0.2186 (IEC NI) 0.463 (IEC STI)
R12 0.1320 (IEC NI) 0.145 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R13 - - - -
R14 - - - -
R15 0.1670 (IEC NI) 0.154 (IEC NI) 0.1373 (IEC NI) 0.2968 (IEEE MI)

T(s) 14.04 12.67 10.71 10.49

Table 9. Operation times for OM3.

Fault Relays [15] [16] [17] [Proposed]

F1 RP1 - - - -
RP2 0.200 0.200 0.1107 0.0405
RB4 0.508 0.502 0.4107 0.3405
RB13 - - - -

F2 RP3 - - - -
RP4 0.508 0.44 0.3625 0.3405
RB1 - - - -
RB6 0.807 0.74 0.6625 0.6809
RB15 0.800 0.73 0.6625 0.6406

F3 RP5 0.42 0.42 0.2878 0.2109
RP6 0.80 0.63 0.5677 0.6809
RB7 1.10 0.93 0.8677 0.9808
RB8 1.10 0.93 0.8677 0.9808
RB15 0.84 0.78 0.6958 0.6670

F4 RP8 1.05 0.89 0.8286 0.8621
RP12 0.29 0.298 0.1025 0.0450
RB5 0.67 0.64 0.4025 0.3406
RB7 1.52 1.28 0.9899 0.1.3117
RB11 1.35 1.19 1.1286 1.1622

F5 RP9 - - - -
RP10 0.19 0.19 0.1107 0.0405
RB6 0.83 0.84 0.7551 0.3405
RB14 - - - -
RB15 1.10 0.99 0.9030 0.8317
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4.4. Results for OM4

In this case, the microgrid operates in islanded mode and the load is supplied by the DG units.
Table 10 presents the results of the OCRs coordination obtained with the GA. As with the previous
operational modes, the proposed approach presents better operating time T(s) when compared with
the results that were reported in [15–17]. Table 11 shows the operating times of main and backup
relays for each fault. Note that, in all cases, the proposed model presents lower operation times than
those that were reported in [15–17].

Table 10. Coordination parameters for OM4.

Relay T MSi(Curve) [15] T MSi(Curve) [16] T MSi(Curve) [17] T MSi(Curve) [Proposed]

R1 0.173 (IEC NI) 0.1730 (IEC NI) 0.1370 (IEC NI) 0.3892 (IEEE EI)
R2 0.105 (IEC NI) 0.1050 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R3 0.086 (IEC NI) 0.0860 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R4 0.211 (IEC NI) 0.2110 (IEC NI) 0.1571 (IEC NI) 0.5289 (IEC EI)
R5 0.209 (IEC NI) 0.2090 (IEC NI) 0.1552 (IEC NI) 0.8621 (IEEE EI)
R6 0.181 (IEC NI) 0.1812 (IEC NI) 0.1510 (IEC NI) 0.2426 (IEEE MI)
R7 - - - -
R8 0.247 (IEC NI) 0.2476 (IEC NI) 0.2176 (IEC NI) 0,4999 (IEEE EI)
R9 0.069 (IEC NI) 0.0695 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R10 0.112 (IEC NI) 0.1124 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R11 0.264 (IEC NI) 0.2645 (IEC NI) 0.2395 (IEC NI) 0.4311 (IEEE EI)
R12 0.104 (IEC NI) 0.1050 (IEC NI) 0.0500 (IEC NI) 0.0500 (IEC STI)
R13 0.193 (IEC NI) 0.1930 (IEC NI) 0.1669 (IEC NI) 0.1011 (IEC STI)
R14 0.115 (IEC NI) 0.1159 (IEC NI) 0.0998 (IEC NI) 0.1037 (IEEE EI)
R15 0.177 (IEC NI) 0.1771 (IEC NI) 0.1476 (IEC NI) 0.6299 (IEC STI)

T(s) 15.56 15.56 12.63 8.96

Table 11. Operation times for OM4.

Fault Relays [15] [16] [17] [Proposed]

F1 RP1 0.56 0.56 0.4454 0.2858
RP2 0.29 0.29 0.1400 0.0244
RB4 0.59 0.59 0.4400 0.3244

RB13 0.86 0.86 0.7454 0.5858

F2 RP3 0.29 0.29 0.1723 0.0302
RP4 0.55 0.55 0.4121 0.2347
RB1 0.59 0.59 0.4723 0.3301
RB6 0.85 0.85 0.7121 0.5347

RB15 0.85 0.85 0.7121 0.5347

F3 RP5 0.55 0.55 0.4106 0.2626
RP6 0.81 0.81 0.6809 0.5163
RB7 - - - -
RB8 1.10 1.10 0.9809 0.8162

RB15 1.01 1.01 0.8447 0.6357

F4 RP8 1.06 1.06 0.9367 0.7203
RP12 0.29 0.29 0.1426 0.0248
RB5 0.59 0.59 0.4426 0.3249
RB7 - - - -

RB11 1.37 1.37 1.2367 1.0204

F5 RP9 0.29 0.29 0.2152 0.0378
RP10 0.29 0.29 0.1330 0.0231
RB6 1.00 1.00 0.8707 0.6284

RB14 0.59 0.59 0.5152 0.3379
RB15 1.00 1.00 0.9706 0.7316
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4.5. Results Considering All Operational Modes Simultaneously

So far, a different set of coordination parameters for the OCRs has been obtained for each OM
in the previous sections. However, the proposed approach can also be used to obtain a single set
of coordination parameters that are suitable for all OMs. Table 12 shows the set of coordination
parameters, obtained with the proposed GA, which is suitable for all OMs. The results that were
obtained with the proposed approach were compared with those reported in [17]. The TMS and
StandarCurvei are presented for each relay as well as the sum of the operating times for all relays T(s)
for all OMs which represents the OF of the problem. Note that the proposed model was able to reach
better operating times, ensuring coordination between main and backup OCRs. In this case, the relays
presented different types of characteristic curves StandarCurvei, Table 13 presents the operation times
of the main and backup relays for each fault. In this case, the coordination between main and back up
relays is also guaranteed.

Table 12. Coordination parameters considering all OMs simultaneously.

Relay T MSi(Curve) [17] T MSi (Curve) [Proposed]

R1 0.1371 (IEC NI) 0.3892 (IEEE EI)
R2 0.0500 (IEC NI) 0.05 (IEEE MI)
R3 0.0500 (IEC NI) 0.05 (IEC STI)
R4 0.1892 (IEC NI) 0.4097 (IEEE MI)
R5 0.1552 (IEC NI) 2.4918 (IEEE SI)
R6 0.3007 (IEC NI) 0.9756 (IEC STI)
R7 0.2816 (IEC NI) 0.7509 (IEEE MI)
R8 0.3673 (IEC NI) 0.697 (IEEE EI)
R9 0.0500 (IEC NI) 0.05 (IEEE SI)

R10 0.0500 (IEC NI) 0.05 (IEC STI)
R11 0.3644 (IEC NI) 0.5443 (IEEE EI)
R12 0.0500 (IEC NI) 0.05 (IEC STI)
R13 0.1669 (IEC NI) 0.3443 (IEEE EI)
R14 0.0998 (IEC NI) 0.5269 (IEC STI)
R15 0.2042 (IEC NI) 0.5072 (IEEE MI)

T(s) 57.25 48.61

Table 13. Operation times for all operational modes (OMs) with a single set of parameters.

Fault Relays OM1 OM2 OM3 OM4

F1 RP1 - 0.2858 - 0.2858
RP2 0.1569 0.1557 0.1557 0.1655
RB4 0.4653 0.4557 0.4557 0.5360

RB13 - 0.5858 - 0.5858

F2 RP3 - 0.0302 - 0.0302
RP4 0.4557 0.4557 0.4557 0.5093
RB1 - 0.3301 - 0.3301
RB6 0.7900 0.79 0.79 0.8093

RB15 - 0.1.0138 1.0138 1.0138

F3 RP5 - 0.2911 0.7589 0.2911
RP6 0.79 0.79 0.7900 0.7733
RB7 1.09 1.09 1.09 -
RB8 - 1.09 1.09 1.0900

RB15 - 1.1813 1.0590 1.1813

F4 RP8 - 0.9563 0.9563 0.9563
RP12 0.0405 0.0405 0.0405 0.0248
RB5 - 0.5397 1.3179 0.3249
RB7 1.4257 1.5403 1.4626 -

RB11 - 1.2563 1.2563 1.2563

F5 RP9 - 0.1792 - 0.1792
RP10 0.0202 0.0405 0.0405 0.0231
RB6 0.3942 0.4058 0.3951 0.9921

RB14 - 0.4792 - 0.4792
RB15 - 1.4531 1.3405 1.3405
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Table 14 presents a comparison of operation times for different OMs using multiple and a single
set of coordination parameters. In this case, operation times reported in columns 2 through 5 consider
an independent set of parameters for each OM. Note that, for all OMs, the proposed approach presents
lower operation times (column 5). On the other hand, the operation times presented in columns 6 and
7 are computed when considering a single set of parameters suitable for all OMs. Such single set of
parameters results in different operation times depending on the OM of the microgrid. As expected,
obtaining a single set of coordination parameters suitable for all OMs results in higher operation times,
as shown in column 7. It is worth mentioning that references [15,16] do not present a single set of
coordination parameters suitable for all OMs, which does not allow a direct comparison. Despite this
fact, it can be noted that the proposed approach outperforms the results of [15,16] in OM1, OM2 and
OM4. Reference [17] presents a single set of coordination parameters suitable for all OMs (column 6).
In this case, the proposed approach also obtains better results.

Table 14. Total operation time for each OM.

Multiple Parameters Single Set of Parameters

Operational Modes T(s) [15] T(s) [16] T(s) [17] T(s) [Proposed] T(s) [17] T(s) [Proposed]

OM1 7.53 6.64 4.99 4.19 5.59 5.62
OM2 19.18 17.48 13.66 12.58 17.88 15.34
OM3 14.04 12.67 10.71 10.49 15.81 14.46
OM4 15.56 15.56 12.63 8.96 17.97 13.17

5. Conclusions

Microgrids are becoming increasingly common in modern distribution networks. Because they
feature different operational modes and usually integrate DG, new approaches for protection
coordination must be sought in order to guarantee network security. This paper presented an approach
for the optimal coordination of over-current relays in microgrids that integrate DG. The main feature
that differentiates the proposed approach from other methodologies reported in the specialized
literature lies in the fact that it allows for choosing the characteristic curve used by the main and
back up relays among multiple options, which results in a more flexible approach for protection
coordination. Several tests were carried out with a benchmark IEC microgrid that integrates DG
and features different operational modes (OMs). The results obtained with the proposed approach
evidenced that considering different characteristic curves results in lower operational times of the
protection coordination. In all operational modes, the proposed approach presented better operational
times. In OM1, the total operating time that was obtained with the proposed approach was 4.19 s, while
the best one reported so far in the specialized literature was 4.99 s, which represents a time improvement
of 16%. For OM2, the total coordination time that was obtained with the proposed approach was
12.48 s against 13.66 s (the best solution reported so far), representing a time improvement of 8.6%;
analogously, the coordination time reduction in OM3 was 2%. Finally, the highest total coordination
time improvement was obtained for OM4 with a time reduction of 29.2% with respect to the best
time reported in the specialized literature. Additionally, for almost every of the five faults under
consideration, the proposed approach was able to find better operational times.
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