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This paper exhibits the formulation for the coordination problem of a set of directional 
overcurrent relays in a power distribution networks. By analyzing the topology of the network to 

identify the primary or back up pairs, the coordination problem is solved by using the particle 
swarm optimization method. In this paper, the relay operating time and time multiplier setting 
of all relays were considered as optimization parameters. The propose algorithm is utilized to 

obtain the optimal setting of directional overcurrent relays in a realistic distribution network. 

 
Keywords: Directional overcurrent relay; coordination time interval; time multiplier setting; current 

setting. 

 

1. Introduction 
 

Protective relay is a device that is used to protect other equipment’s in the distribution 

network from damages prior to fault such as overcurrent or over voltages. Coordination of 

protective relay is a process of determining the best timing of current interruption due to 

abnormal electrical conditions. It is used in a distribution network to isolate the fault from 

affecting other equipment’s. Therefore, it is important to ensure a reliable protective relay is 

installed in the system. The primary relay that is nearest to the fault location must react first 

before the backup relay can take action. Backup relay should function with respect to its 

time delay setting depending to the selectivity requirement. Time delay setting is to ensure 

the protective device function in the right time when the main system fails. It is appropriate 

to use the optimization method to coordinate the primary and backup relay protection 

system. In the past few decades, several methods have been proposed for the coordination 

of overcurrent protection relay. The method that have been used are trial and error, 

topological analysis and optimization method [1-7].  

In distribution network, the optimal placement of protective devices allow better 

operation and it will also improve the reliability indices of the system. This optimization is 

considered as one of the main task in the planning process due to several constraints such as 

non-linear and non-differential objective functions that has to be taken into account [8-10]. 

This research will apply the Particle Swarm Optimization (PSO) technique in solving the 

optimization [11] problem and obtain the best location to install the protective devices with 

the objective function to improve the system reliability. The most important thing that has 

to be considered during the installation of directional overcurrent relays in a distribution 

network is to adjust the suitable Time Setting Multiplier (TSM) to minimize the relay 

operating time and minimize the relay coordination time as well as solving the mis-

coordination problem. The essential of the coordination is the calculation of the relay 

operating time. This technique has been implemented on an 8 bus test system. 
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2.  Notation 
 

The notation used throughout the paper is stated below. 

 

Indexes: 

ti 
the ith relay operating time for a fault close to the circuit breaker (CB) of the ith 

relay 

∆tpb the operation time difference for relay pairs 

N the number of relays 

P the number of primary/backup relay pairs 

i represents each relay and varies to N 

α1   control the weight of  � ��� �
���  

α2 control the weight of  	 
∆�� − ��∆�� − �∆�������

���
 

β2 the parameter to consider mis-coordination 

Tbackup   operating time of the backup relay 

Tprimary   operating time of the primary relay 

Isc relay short circuit current 

Ip pickup current 

M ratio of relay short circuit to actual pickup current. 

TSM     time setting multiplier 

PSM plug setting multiplier 

OF Objective function 

 

3. Problem formulation 

It the analysis of coordination of directional overcurrent relay, it is important to 

accurately calculate the TSM and Plug Setting Multiplier (PSM). It is important that the 

directional overcurrent relays tolerate for the continuous time dial settings but separate 

(discontinuous) during pickup current settings [12]. Therefore, the TMS and PMS 

constraint can be obtained from equation (1) and (2), respectively: 

 

TSMi min ≤ TSMi ≤ max, where i = 1,...m                                            (1) 

 

PSMi min ≤ PSMi ≤ max, where i = 1,…m                                           (2) 

 

The relay operating time is a function of the fault current and pickup current seen by the 

relay and it is given by equation (3). 

tijmin ≤ tii  ≤ tijmax, where i = 1,…m                                                 (3) 

 

Where tijmin and tijmin are the minimum and maximum operating times of the ith relay at the 

jth fault location, respectively. 
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3.1 Objective function 

 

In order to coordinate two overcurrent relays, one is set as the main relay and the other 

one as the backup relay. The important factor in coordination problem is to set the pickup 

current and time multiplier for each relay [13]. This is to make sure that the overall 

operating time for the primary relays can be minimized. Therefore, the objective function 

can be determined as in equation (4). 

 

min(OF) = �� � ��� �
��� +  �� 	 
∆�� − ��∆�� − �∆�������

���
)                   (4) 

 

The primary and backup protective system must be coordinated together. The coordination 

time interval (CTI) is the criteria that have to be considered for the coordination [14]. The 

value of CTI is depends on the type of relays. Coordination time interval (CTI) is the time 

interval for the coordination of backup relay and the main relays. Therefore, the setting CTI 

must be greater than the time setting for the main and backup relay operates [1]. To ensure 

the reliability of this protective system, the backup protection system will not function 

unless the primary system is not functioning [6]. Therefore, if the value of CTI exceed the 

time interval, backup relay should be functioning. This case can be expressed as in equation 

(5): 

 

∆��  = � – �� – CTI                                                     (5)       

3.2 Relay characteristics 

 

An inverse overcurrent unit (time dependent) and instantaneous unit (time independent) 

are the units of the inverse time directional overcurrent relays. The pickup current (Ip) is 

the value that have to be set on time independent unit. The relay operates on minimum 

value of pickup current as in equation (6).   

 

                       � =   !"
#$                                                                 (6) 

 
%

&'( = )� + *+
(,� + *-

((,�)+ + *.
((,�)- + */

((,�).                            (7) 

 

The values of )�, )�, )1, )2, and )5 in equation (7) are scalar quantities which characterized 

the particular device that being simulated while t is the relay operating time. 

 

3.3 Particle Swarm Optimization 

 

Particle Swarm Optimization (PSO) was developed by Eberhart and Kennedy based on 

the analogy of swarm birds and schooling fish. PSO might sound complicated but it is 

really a simple algorithm. It is simple because it has few algorithm parameters, very 

efficient in performing global search especially dealing with a large database system and 

the objective function can be directly applied into the fitness function in PSO algorithm. In 

PSO, particles move around in a multi-dimensional search space in order to look for the 

best solution. Each particle will adjust its position based on its own and neighbors’ 
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experience. The particle keeps track of its coordinates in the solution space in each 

searching space. Generally, PSO maintain a population of particles or referred to as 

“swarm” where each of these particles represents potential solution to the objective 

function. Each particle in the swarm can memorize its current position by evaluation of the 

objective function, the best position and velocity during in search space which is referred as 

“personal best” (pbest) [2]. The pbest indicates the highest fitness value for that particle. 

For a minimization task, the position having a smaller value is regarded to as having a 

higher fitness. The best position among the best all the pbest positions referred to as “global 

best” (gbest). With the value of pbest and gbest, the velocity of the particle is updated using 

equation (8).  

 

6�78� =  96�7 + :�;)<= >�?@AB�� − >�7� + :�;)<= >�C@AB�� − >�7�                 (8) 

 

where 6� 7 is the previous velocity of particle i, rand  is the random numbers in the range of 

0 and 1, c1, c2 are two positive constants and ω is the inertia weight. Normally, the value of 

velocity is clamped to the range [-vmax, vmax] to reduce the possibility that the particle 

might fly out of the search space [3]. If the space is defined by the bounds [-xmax, xmax], 

then the value of vmax is typically set to that vmax = kx max.  

 

6D*E = k>D*E                                                             (9) 

 

where 

0.1 ≤ k ≤ 1 

 

From equation (8) the new position of the particle can be calculated using equation (10). 

 

>�78� = >�7 + 6�78�                                                    (10) 

 

The velocity and position update of a single particle during iteration k is illustrated in                   

Figure 1. A particle, which is represented by a bird, has a current position, x(k) and current 

velocity, v(k). To get the value of pbest and gbest, the particle next velocity can be 

determined at iteration k+1 which is become v(k+1). The next position of the particle is 

then updated according to its current position x(k) and the next velocity, v(k+1). As a result 

of the velocity adjustment, the next position of the particle is closer to the global optimum. 

The particle’s position and velocity updating process is repeated for the next iteration until 

the particle reach the target, which is the global optimum(gbest). 
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Figure 1. Concept of modification of searching point using PSO 

 

In the first part of equation (8), an inertia weight is assigned to enable the population to 

have a high chance in obtaining global optimum results. The inertia weight determines the 

probability of the particles to search for global optimum solution in the search space. 

Therefore, a careful selection of the inertia weight value is needed during the searching 

process. Any wrong defined value will reduce the effectiveness of the algorithm. The 

inertia weight approach is determined using a linearly decreasing inertia weight which can 

be calculated by using equation (11). 

 

9� = 9D*E − FGHI,FGJK
7GHI

× M                                               (11) 

 

where ωmax and ωmin are the maximum and minimum inertia weight respectively, while k 

and kmax are the current and maximum iteration respectively. Specified the inertia weight 

value with a starting range of 0.9 and ends at 0.4. By introducing the linearly decreasing 

inertia weight, the particles of the PSO tend to have more global search ability at the initial 

searching process. There are two positive constant, c1 and c2 which are the learning factors 

for the PSO algorithm. c1 is a cognitive parameter that expresses the particle trust towards 

its own experience. c2 is social parameter which reflects the particle’s confidence towards 

its neighbor. The value selection of c1 and c2 can affect the particles' exploration in the 

search space, which defined that the setting with c1 = c2 results in both the pbest and gbest 

of the population are considered equally during the searching process. The condition setting 

where c1 = c2 is the best option in order to obtain the best solution. According to other 

journal, the value of 2 is the most recommended value to be used in order to achieve the 

results. 
 

Table 1:  PSO parameters used during simulation 

 

 

 

 

 

 

 

 

 

 

 

Parameter Value 

Number of particle 100 

Number of iteration 200 

Minimum inertia weight 0.4 

Maximum inertia weight 0.9 

c1 & c2 2 
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4. Results 
 

In this section, the proposed method will be illustrated using the 8-bus system. This 

system consists of 8 buses, 7 transmission lines, 2 generating units, 2 transformers and 14 

overcurrent relays shown in Figure 2 [15]. This figure also specifies the location of 

directional overcurrent relays.  

 
Figure 2.  Single-line diagram of an 8-bus system 

 

The TSM of the relay continues and TSM varies from 0 to 1. The variation of ∝�, ∝� and 

�� are listed in the Table 2. 

 

Table 2: Parameters variations 
 

 

 

 

 

 

The characteristic coefficients; a1, a2, a3, a4 and a5 for the overcurrent (standard inverse) 

is given in Table 3. Table 4 shows the primary and backup relay short circuit current.   

 

Table 3: Relay characteristics coefficient 

 

 

 

 

 

 

  

Case number ∝� ∝� �� 

Case 1 1 2 100 

Case 2 1 2 0 

Coefficient 

Value 

 

a1 a2 a3 a4 a5 

1.98772 8.57922 -0.46129 0.0364465 
 

-0.0003199 
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Table 4: Primary and backup relay short circuit current 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the result shown in Table 5 the best total operating time is 1.212sec. Then, the 

second best value is 0.3099sec.  This value is obtained when the iteration is set to 500 

times. Subsequently, when the iteration is increased, it will lower value of total operating 

time and the objective function is obtained. The lower value obtained is the fastest time the 

relay to be functioning. If the iteration set is lower, the slow speed of the relay to be 

functioning. Therefore, the best case from the observation is case 2 when ∝�= 1, ∝�= 2 

and �� = 0.  

 

  

Primary 

relay 

Backup 

relay 

Primary short 

circuit (A) 

Secondary short 

circuit (A) 

8 9 4961.7704 410.8226 

8 7 4961.7704 1520.8911 

2 7 5362.2983 1528.066 

2 1 5362.2983 804.8782 

3 2 3334.5191 3334.5191 

4 3 2234.3308 2234.3308 

Primary 

relay 

Backup 

relay 

Primary short 

circuit (A) 

Secondary short 

circuit (A) 

5 4 1352.8751 1352.8751 

6 5 4965.0442 411.3675 

6 14 4965.0442 1522.9084 

14 1 4232.7243 794.092 

14 9 4232.7243 407.2292 

1 6 2682.4959 2682.4959 

9 10 1443.6699 1443.6699 

10 11 2334.6515 2334.6515 

11 12 3480.7511 3480.7511 

12 14 5365.0609 1529.3638 

12 13 5365.0609 805.5618 

13 8 2490.7454 2490.7454 

7 5 4232.634 407.2472 

7 13 4232.634 794.2711 
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Table 5: Relay operating time, operation time and objective function 

Case Case 1 Case 2 

Weight 
∝�= 1, ∝�= 2, 

�� = 100 

∝�= 1, ∝� = 2, 
�� = 0 

Generation 300 500 300 500 

 relay operating time, �� (s) 

�� 0.0426 0.5988 0.3060 0.0536 

�� 0.1128 0.0020 0.3506 0.0004 

�1 0.0483 0.0020 0.1160 0.1721 

�2 0.1455 0.2694 0.0004 0.0004 

�5 0.0006 0.0020 0.2501 0.0469 

�Q 0.0091 0.0020 0.0681 0.0221 

�R 0.1779 0.0020 0.0052 0.2463 

�S 0.0065 0.2708 0.1522 0.0004 

�T 0.4568 1.2259 0.5894 0.1901 

��U 0.0006 1.6236 0.1702 0.1200 

��� 0.0006 0.4041 0.0004 0.2647 

��� 0.1246 1.3022 0.3280 0.0638 

��1 0.0006 0.3049 0.3968 0.0303 

��2 0.3285 1.0208 0.0004 0.0004 

Total operating 

time 
1.455 7.029 2.734 1.212 

 ∆tpb (operation time difference for each relay pairs) 

Δtpb1 0.0508 0.5552 -0.4000 -0.2103 

Δtpb2 -0.2285 -0.6687 -0.4000 -0.1540 

Δtpb3 -0.3349 -0.4000 -0.4000 -0.1540 

Δtpb4 -0.4702 0.1968 -0.4000 -0.3468 

Δtpb5 -0.3354 -0.4000 -0.4000 -0.5717 

Δtpb6 -0.4972 -0.6674 -0.4000 -0.2283 

Δtpb7 -0.2551 -0.1326 -0.4000 -0.4465 

Δtpb8 -0.4085 -0.4000 -0.4000 -0.3752 

Δtpb9 -0.0805 0.6188 -0.4000 -0.4217 

Δtpb10 -0.6858 -0.8220 -0.4000 -0.3468 

Δtpb11 -0.2712 -0.1949 -0.4000 -0.2103 

Δtpb12 -0.4335 -0.9968 -0.4000 -0.4315 

Δtpb13 -0.8563 -0.0023 -0.4000 -0.4702 
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5. Conclusion 

 

This paper has presented optimal overcurrent relay coordination using particle swarm 

optimization. Results from the study revealed that the proposed PSO technique used to 

circumvent mis-coordination in relay operation has successfully been achieved. This 

technique has been tested and validated by using the 8 bus system. The proposed technique 

is feasible to be implemented in a larger system which in turn helps the power system 

operator to perform such protection scheme. 
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