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Abstract: Overcurrent relays (OCRs) play a vital role in operating the protection of
power distribution system. In the presence of distributed generation (DG), OCR
coordination is used to ensure reliability and speed of relay operation to avoid
unintentional DG disconnection during fault conditions. Therefore, this paper presents
an optimal OCR coordination in radial system under the presence of DG. An optimal
OCR coordination can be obtained by selecting time dial setting (TDS) and plug setting
(PS). A modified firefly algorithm (MFA) is proposed to finds the optimal OCR
coordination. The proposed method is applied to four different case studies with DG.
The proposed method is compared to both the firefly algorithm (FA) and conventional
method. The results show that the proposed method can significantly improve the result
of the FA and reduce all cases operating time of the OCR coordination, which reaches
38.38 %.

1. Introduction

Protection coordination is important aspect to ensure continuity of electrical supply.
Protection coordination requires analysis of load flow and short circuit for the protecting relay
setting. Coordination schemes must ensure reliability, selectivity, flexibility and speed of relay
operation to isolate the fault sections. OCRs are able to detect the fault conditions; and then,
trip the circuit breaker (CB) to disconnect the affected area of fault without bothering the other
areas. OCRs use primary and backup protective devices [1]. The backup protective devices
initiate to do the tripping if the primary protective devices fail to omit the fault. Good
protection coordination can reduce impact of fault such as the spread of fault zones,
unnecessary power blackouts and damage to equipment [2]. OCR characteristic, based on
International Electrotechnical Commission (IEC), uses protection coordination such as normal
inverse, very inverse and extremely inverse [3], [4], [5], [6]-

Normally, OCR operates when it detects the over load current exceeding a preset value.
The important variables to optimal coordination protection are the time setting multiplier (TSM)
and plug setting multiplier (PSM). In the protection coordination, calculation the minimum
fault current and the maximum load current determine Plug setting (PS) [1], [7], [8]-

Distributed generation (DG) in power distribution system may cause several challenges in
the power quality problems [9]. The significant problem is the possible loss of protection
coordination. Moreover, impact of penetration DG changes short circuit fault levels,
unintended islanding and false tripping in the network [10], [11]. New optimal coordination
protection is required by considering the presence of DG to solve impact of penetration DG
[12], [13]. There are many attempts to obtain the optimum TSM and PS settings such as
conventional and heuristic techniques [14]. For conventional technique, OCRs coordination
uses a trial-and-error approach. However, it has slow convergence rate because it requires a
large number of iteration to achieve a suitable relay setting. Therefore, to overcome the
problem of conventional techniques, the optimization techniques [15] are used. H. A. Abyaneh
et al, proposed linear programming techniques to solve the OCR coordination problems [16],
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[17]. A. Mahari et al [18], solved the OCR coordination problem using numerical algorithm. P.
Bedekar et al [19], Used Big-M method to optimize time coordination of OCR in distribution
system. Linear programming techniques have only single objective function is optimization so
that this method is simple and easy to achieve convergence. However, linier programming
techniques are not optimum answer [20]. Therefore, OCRs coordination problem is solved by
using nature inspired algorithms (NIA) based on optimization method. C. W. So et al [21],
proposed optimal OCRs coordination using evolutionary programming. F. Razavi et al [7],
proposed genetic algorithm (GA) to solve OCRs coordination problem. P. P. Bedekar et al [22],
proposed continuous genetic algorithm (CGA) implemented to improve GA in optimum
coordination of OCR. Z. Moravej et al [23], used NSGA-II for optimal OCRs coordination. H.
H. Zeineldin et al [24], used a modified particle swarm optimization for optimal coordination
of OCRs. R. Thangaraj et al [25], optimized coordination of OCRs using modified differential
evolution algorithms. M. Singh et al [26], implemented teaching learning- based optimization
(TLBO) algorithm for optimal coordination of directional OCRs. P. P. Bedekar et al [27], used
the hybrid GA-NLP for optimum coordination of direction OCRs. T. Amraee [28], proposed
the seeker algorithm for coordination of directional OCRs.

Optimal OCRs using the FA is proposed by S.S. Gokhale [29]. However, FA requires long
time to convergence. Therefore, in this paper, MFA is proposed to improve firefly algorithm
(FA) in optimum coordination of OCRs [30], [31], [32]. To evaluate the algorithm, the four
different cases in the radial network are proposed with the presence of DG [33].

In this paper, the organization includes introduction and some sections. Problem
formulation of optimal OCRs coordination is explained in the section 2. FA is described in the
section 3. The proposed algorithm is explained in the section 4. In the section 5, simulation
result and analysis of the proposed algorithm are used to optimize coordination of OCRs in the
radial system with presence of DG. In the section 6, conclusion of this paper is described.

2. Problem Formulation of Optimal OCRs coordination

OCR important variables for optimum coordination are the time setting multiplier (TSM)
and the plug setting (PS). TMS determines the operating time of the relay for optimum
coordination of OCRs and PS influencing the relay operation. Therefore, TMS and PS are
minimized by MFA to obtain the optimum coordination. The objective function (OF) shows an
optimization problem, which it is obtained in eq. (1).

n
Minimize (OF) = j 1WJ' °tj,k 1)

Where
n = number of relays
t; = operating time of the relay X, for fault at k
W; = the weight which shows the probability of the occurrence of the fault on a line.
The value of weight is one, which fault occurrence has the same probability on each line.
The total operating times of relays are reduced by minimizing their constraints as follows:

A. Coordination Criteria

Fault condition is sensed simultaneously by the primary and backup relays. The backup
relay operates the tripping action when the primary relay fails to operate. The minimum
operating time is determined by operating time of primary relay, operating time of circuit
breaker (CB), the overshoot time. The coordination time interval (CTI) is the amount of time
allowed between a primary device and its upstream backup. The coordination constraint can be
stated as follow:

it 2At @)
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Where, tj is the operation time of the backup relay, for fault at k. t;is the operation time of
the primary relay, for fault at k. At is the coordination time interval with the value between 0.2
and 0.5 s [24].

B. Bounds in Relay Operating Time
Constraint happens on the operating time of OCRs because relays need minimum and
maximum time to operate. Constraint can be stated as follow:

tj,min St',k <t 3)

] J,max

Where, t;min is minimum operating time of relay j. tj nax is maximum operating time of relay j.

C. Bounds on the TMS of each relay
The TMS affects the operating time of relays in the optimum coordination. Therefore
bound can be stated as follow:

TMS, iy <TMS, <TMS, . @

j,mi

Where, TMS; in is minimum value of TMS of relay j. TMS;j . is maximum value of TMS of
relay j.

D. Bounds on PS of each relay

PS < PSJ- < PSj’max )

j,min —
Where, PS; min is minimum value of PS of relay j. PS;j nax is maximum value of PS of relay j.

E. Bounds on relay characteristics
In this paper, refers to IEC, OCRs have the characteristic with equations as follows:

0.14XTMS;
jm = | 0% (6)

im -1
P

Where, |jnis the overcurrent which passing through the relay j.

3. FA

Xin She Yang proposes FA algorithm at university of Cambridge. He was is inspired by
behavior of fireflies [29], [34]. FA can be described into three characteristics [35]. The first,
two fireflies are attracted by each other regardless of their sex because all fireflies are unisex.
The second, attractiveness is proportional with their brightness, of which the brighter firefly
will attract the firefly with less bright. The third, the objective function is the brightness of a
firefly. In minimizing problem, the brightness firefly has less objective function.
Mathematically, the attractiveness can be shown in eq. (7) as follows:

AN =pe"" m>1 ™
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| Objective Function f(x) |

| Generate Initial Population of fireflies |

| Define of firefly parameters |

Calculate of light intensity (1) and absorption coefficient (y) |

| Initialize location of fireflies |

| Tuning of attractive parameter |<—

| Move firefly i towards j |

v

| Vary attractiveness of each firefly with distance r via (-yr) |

v

| Evaluate new solutions and update light intensity |

Iter=iter+1

Iteration No
maximum

Yes

| Show the results of the last process |

End
Figure 1. Flowchart of firefly Algorithm

Where, the distance between two fireflies i and j is calculated by Cartesian distance is r,
which is showed in eq. (8) as follows:

N

X, =[lel,xjyz,xjys...,xj,k] ®)

X :|:Xi,1’xi,2’xi,3""xi,k

The movement of a firefly with less brightness (X;) attracts to another the brighter firefly (X;)
is determined by:

X, =X+ 87 (X, - X)) +ag )
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Where, & is a random value of Gaussian distribution. The eq. (9), demonstrates that the
movements of fireflies consist of three terms. The first, it describes the current position of the
ith firefly. The second, the movement of a firefly with less brightness attracts to another
brighter firefly. The third, it describe the random movement of the firefly with value from
interval [0,1]. The FA can be shown in figure 1.

4. MFA

This algorithm was proposed by M. H. Sulaiman et al [32], [36]. The modified FA is used
to eliminates weakness of FA by improving randomness of the fireflies because it influences
the fireflies in exploration of optimal solution. The MFA reduces the randomness of fireflies by
using the randomization parameter o. In the FA process, the simple mutation of the
randomization parameter o corresponds changing to the changing of iteration. In every iteration,
the randomization parameter a is reduced 0.001. The MFA, then, quickly gives assistance to
obtain convergence. The MFA are shown in figure 2.

| Objective Function f(x) |

| Generate Initial Population of fireflies |

| Define of firefly parameters |

Calculate of light intensity (1) and absorption coefficient (y) |

| Initialize location of fireflies |

| Tuning of attractive parameter |<—

| Move firefly i towards j |

v

| Vary attractiveness of each firefly with distance r via (-yr) |

v

| Updating of value a with decreasing every iteration |

v

| Evaluate new solutions and update light intensity |

Iter=iter+1

Iteration No
maximum

Yes

| Show the results of the last process |

End
Figure 2. Flowchart of modified firefly algorithm
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5. Simulation Results and Analysis

3 phase
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Bus 1 138 kV
breaker
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Figure 3. System of radial network with DG

The proposed algorithm is simulated in the radial network, which consist of grid, wind
turbine generator (WTG), generator, transformer138/13.8 kV, 4 bus systems and 6 OCRs
shown in the figure 3. The incoming power from grid is 3 phase 138 kV, of which the
transformer reduces the voltage into 13.8 kV. DG with capacity of 2.5 MW is installed in the
bus of 2A. A generator with capacity of 4 MW is installed in the bus of 3. A wind turbine with
capacity of 2.5 MW is installed in the bus 2. The system is equipped with 3 loads. In the bus 2,
load 1 is installed with capacity of 2.218 MVA. Load 2 is installed with capacity of 0.775
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MVA in the bus 3. Load 3 is installed with capacity of 1.1 MVA in the bus 4. The proposed
algorithm is performed over four different test cases which change the systems under presence
of DG affecting settings of protection coordination. In each case, the results of proposed
algorithm are compared with FA and conventional method. In the figure 4 shows fault current
in four different condition systems for three phase fault at the every bus. The four different
condition systems are described in the radial network as follows:
Case 1: Optimal coordination of OCRs with conditions of grid, generator and WTG are active.
Case 2: Optimal coordination of OCRs with conditions of grid and generator are active
where as WTG is off.
Case 3: Optimal coordination of OCRs with conditions of only grid is active.
Case 4: Optimal coordination of OCRs with conditions of grid is off whereas generator and
WTG are active.

6000
5000
g 4000 -
g mBus 1
8 3000 E Bus 2
T% 2000 mBus 3
- mBus 4
1000 -
0 i
ALL Sources Grid&Gen Grid ON Gen&WTG
ON ON ON

Figure 4. Fault current in four different condition systems for three phase fault at the every bus

A. Casel

In the case 1, the proposed algorithm is applied in the conditions of grid, generator and
WTG are active of which this system has the biggest fault current among the other cases. The
FA is implemented for comparing the proposed algorithm. For a fault at bus 4, OCR R4
represents the primary relay and the other relays as the backup relays. In the table 1, the results
demonstrate that optimal coordination using the proposed algorithm has lower fault than FA in
the case 1, which refers to the values of 3.0528 s and 5.1253 s, respectively. The overall
reduction of the proposed algorithm for all relays is 40.44% compared with FA. It shows that
coordination protection using MFA in the case 1 is more optimal than FA and the MFA
reduces significantly the operating times of FA. In the figure 5, the proposed algorithm with
updating of a has faster convergence than FA. The value of a will affect the accuracy of
optimization due to large movements of randomly fireflies produce movement is not leading to
the desired point or not optimal. By reducing the value of o will minimize the movement of
fireflies, and affecting an increase in the speed of convergence and accuracy of the optimal
value. In figure 6, shows that the relay operates in the order of primary and backup relay
operations for each location of the fault so that the fault current can be isolated using relays
optimum operating time. The results show that the proposed algorithm can ensure the
reliability and speed of operation of the relay.
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Table 1. The results of optimal coordination of OCRs using the proposed
algorithm in the case 1

Rela FA MFA
y PSG) | TMS(s) | PSGs) | TMS(s)
R4 0.968 0.196 0.967 0.105
R32 0.825 0.328 0.824 0.216
R2 0.977 0.42 0.976 0.206
R1 0.882 0.494 0.879 0.35
R5 0.862 0.444 0.861 0.305
Objective function 5.1253 s 3.0528 s
10r
8- =— FA
— MFA
g
=
>
0
o
£ 4
[T
2 [
0 r r r r L
0 20 40 60 80 100
teration

Figure 5. Convergence of the proposed algorithm and FA for 50 initial fireflies in the case 1
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Figure 6. (2) The optimal OCRs coordination using the conventional method in the case 1, (b) The proposed coordination protection scheme in the case 1
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B. Case 2

In the case 2, the proposed algorithm is implemented in the system without operating WTG.
This system has fault current lower than fault current in the case 1. For a fault at bus 4, OCR
R4 represents the primary relay and the other relays as the backup relays. In the table 2, the
results demonstrate that fault in the optimal coordination using the proposed algorithm is lower
than the fault in FA in the case 2. The fault values refer to 2.5623 s and 4.0496 s, respectively.
The overall fault reduction of the proposed algorithm for all relays is 36.73% when it is
compared with FA. It shows that coordination protection using MFA in the case 2 is more
optimal than FA the MFA significantly reduces the operating times of FA. In the figure 7, the
proposed algorithm with updating of o has faster convergence than FA. The value of a affect
the accuracy of optimization, because the movement of a large randomized fireflies produce a
movement that does not lead to the desired point or not optimal. By reducing the value of o
will minimize the movement of fireflies, thereby increasing the speed of convergence and
accuracy of the optimal value. In figure 8, shows that the relay operates in the order of primary
and backup relay operations for each location of the fault so that the fault current can be
isolated using relays optimum operating time. The results show that the proposed algorithm
can ensure the reliability and speed of operation of the relay.

Table 2. The results of optimal coordination of OCRs using the proposed
algorithm in the case 2

FA MFA
Relay PS(s) TMS(s) PS(s) TMS(s)
R4 0.970 0.276 0.967 0.107
R32 0.826 0.406 0.824 0.216
R2 0.977 0.383 0.976 0.196
R1 0.882 0.522 0.879 0.356
Objective Function 4.0496 s 2.5623 s
10+
8 — A
=— MFA
S
s 6
>
7
2 4.
£
2 [
O r r r r L
0 20 40 60 80 100
lteration

Figure 7. Convergence of the proposed algorithm and FA for 50 initial fireflies in the case 2
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Figure 8. (a) The optimal OCRs coordination using the conventional method in the case 2, (b) The proposed coordination protection scheme in the case 2
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C. Case3

In the case 3, the proposed algorithm is implemented in the system with grid whereas
generator and WTG not operated. For a fault at bus 4, OCR R4 represents the primary relay
and the other relays as the backup relays. In the table 3, the results demonstrate that optimal
coordination using the proposed algorithm has lower fault than the FA operation in the case 3,
of which the values refer to 2.0805 s and 3.2166 s, respectively. The overall reduction of the
proposed algorithm for all relays is 35.31% compared with FA. It shows that coordination
protection using MFA in the case 3 is more optimal than the use of FA and reduces
significantly the operating times of FA. In the figure 9, the proposed algorithm with updating
of a has faster convergence than the times in FA. The value of a affect the accuracy of
optimization due to large movements of randomly fireflies produce movement is not leading to
the desired point or not optimal. By reducing the value of a will minimize the movement of
fireflies, and affecting an increase in the speed of convergence and accuracy of the optimal
value. In figure 10, shows that the relay operates in the order of primary and backup relay
operations for each location of the fault so that the fault current can be isolated using relays
optimum operating time. The results show that the proposed algorithm can ensure the
reliability and speed of operation of the relay.

Table 3. The results of optimal coordination of OCRs using the proposed
algorithm in the case 3

FA MFA
Relay PS(s) TMS(s) PS(s) TMS(s)
R4 0.968 0.277 0.967 0.105
R32 0.825 0.385 0.824 0.201
R2 0.977 0.391 0.976 0.181
R1 0.882 0.554 0.879 0.352
Objective Function 3.2166 s 2.0805 s

Fitness Value

0 20 40 60 80 100
lteration

Figure 9. Convergence of the proposed algorithm and FA for 50 initial fireflies in the case 3
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Figure 10. (a) The optimal OCRs coordination using the conventional method in the case 3, (b) The proposed coordination
protection scheme in the case 3
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D. Case 4

In the case 4, the proposed algorithm is implemented in the system without grid. This
system has the fault current that is the least of the others case. For a fault at bus 4, OCR R4
represents as the primary relay and the other relays as the backup relays. In the table 4, the
results demonstrate that the fault in optimal coordination using the proposed algorithm is lower
than the fault in FA in the case 4, which refers the values of 2.1091 s and 3.5764 s, respectively.
The overall fault reduction of the proposed algorithm for all relays is 41.03% compared with
FA. It shows that coordination protection using MFA in the case 4 is more optimal than the use
of FA and the FMA reduces significantly the operating times of FA. In the figure 11, the
proposed algorithm with updating of o has faster convergence than the time with FA. The
value of o affects the accuracy of optimization due to the movement of a large randomized
firefly produce the firefly movement not towards the desired point or not optimal. The value of
a affect the accuracy of optimization, because the movement of a large randomized fireflies
produce a movement that does not lead to the desired point or not optimal. By reducing the
value of a will minimize the movement of fireflies, thereby increasing the speed of
convergence and accuracy of the optimal value. In figure 12, shows that the relay operates in
the order of primary and backup relay operations for each location of the fault so that the fault
current can be isolated using relays optimum operating time. The results show that the
proposed algorithm can ensure the reliability and speed of operation of the relay.

Table 4. The results of optimal coordination of OCRs using the proposed
algorithm in the case 4

FA MFA
Relay PS(s) TMS(s) PS(s) TMS(s)
R4 0.970 |0.293 0.967 |0.106
R23 0.936 |0.317 0.935 |0.181
R6 0.828  |0.364 0.827  |0.207
Objective Function|3.5764 s 2.1091s
10
9
8
7
S 6
@©
>
ﬁ 5
5 4
LL
3
2
1<
O r r r r r
0 20 40 60 80 100
lteration

Figure 11. Convergence of the proposed algorithm and FA for 50
initial fireflies in the case 4
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Figure 12. (a) The optimal OCRs coordination using the conventional method in the case 4,
(b) The proposed coordination protection scheme in the case 4
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Table 5. The results of optimal coordination of OCRs using conventional, FA and the proposed
algorithm in the all case

System | Relay | Fault Current (A) | Conventional (s) Alglc:)irrif;% (s) El]geoF;ir%lﬁsé ()j
R1 300 0.46 0.738 0.395
R32 600 0.905 1.134 0.746
Case 1 R3 2700 0.959 1.452 0.779
R4 300 1.448 1.454 1.251
R6 900 1.267 1.57 1.078
R1 300 0.576 0.738 0.403
Case 2 R32 600 0.905 1.405 0.746
R3 2700 0.959 1.45 0.742
R4 300 1.448 1.869 1.272
R1 300 0.576 1.043 0.395
Case 3 R32 600 0.905 1.328 0.715
R3 1800 0.996 1.914 0.885
R4 300 1.448 1.984 1.258
R1 300 0.576 1.105 0.399
Case 4 R32 592 0.729 1.181 0.674
R6 596.5 1.392 1.59 0.908

E. The Proposed Coordination Protection Scheme Versus Conventional Scheme

The proposed algorithm is compared with conventional method because of ensuring
reliability and speed of relay operation for isolating the faulted area and evaluating the
performance of the proposed algorithm. In the table 5, the results demonstrate that all relays in
the proposed algorithm have a reduction in the relay operating time with all relays in the
conventional method. Therefore, the proposed algorithm for protection coordination can reduce
significantly the overall sum of relay operating times compared with conventional method in
the radial systems with DG, which can reduce the mechanical or electrical stress in the primary
electrical equipment. The optimization results in each case are implemented in networks in real
terms by compiling a data base and operating the table lookup method. The source conditions
as input lookup table are used to determine the value of TMS and PS each relay.

After successfully getting the optimal value of each relay, it is necessary to conduct further
research to establish coordination with many relays using optimization results have been
obtained, and supported by algorithms and communication protocols to establish a centralized
coordination or autonomously.

6. Conclusion

In this paper, a proposed method is implemented as the optimal coordination of OCRS in
the radial network under presence of DG. The operating times of the primary and backup
OCRs are minimized by the proposed method to obtain the values of TMS and PS. The
proposed algorithm is implemented over four different test cases. The proposed algorithm
improves the performance of FA with updating of a The obtained results show that the
proposed algorithm for protection coordination can reduce significantly compared with the use
of FA, of which the overall reduction for all cases with operating time is 38.38 %. For the
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convergence rate, the obtained result show that the proposed method is faster than the FA
convergence in finding the global optimum.
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