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Determination of Optimal Breakpoint Set of Overcurrent Relays Using 

Modified Depth-First Search and Mixed-Integer Linear Programming

Mahdi Ghotbi-Maleki1, Reza Mohammadi Chabanloo1, Mohammad Amin Ebadi1
, Mehdi Savaghebi2 

1 Department of Electrical Engineering, Shahid Beheshti University, A.C., Tehran, IRAN 
2 Electrical Engineering Section, Dept. Mech. and Elec. Eng., University of Southern Denmark, Odense, Denmark 

Abstract: In the process of determination of breakpoints for overcurrent relays (OCR) in power delivery systems, different 
sets with equal number of OCRs can be selected as minimum breakpoint set (MBPS). Therefore, determination of the most 
appropriate MBPS is an issue which must be considered. This paper proposes a prioritization between different MBPSs based 
on the sum of operating times of OCRs. In this case, a set which results the minimum sum of operating times is selected as 
the appropriate MBPS. For this purpose, the proposed method combines two problems: determination of MBPS and 
coordination of OCRs, and is expressed in mixed-integer linear programming (MILP) form. Also, a modified depth-first search 
(DFS) algorithm is applied to determine the OCRs contained loops of studied networks. It is shown that the proposed method 
has the capability to be combined with previous defined expert rules in this field in order to consider the network conditions 
in the process of determination of optimal breakpoint set (OBPS). In order to reduce the number of removed coordination 
constraints, a novel expert rule is added to the existing ones. The proposed method has been implemented on small (8-bus), 
medium (14-bus and 30-bus) and large (118-bus and 3120-bus) networks, and the results show the effectiveness of proposed 
method in determining breakpoint set with the least number in first priority and minimum operating times of relays in 
second priority. 

1. Introduction

Overcurrent relays (OCR) are the most widely used relays in 

power networks, therefore, obtaining the optimal settings of 

these relays for their fast operation and preventing operation 

interference is an important problem. This action which is 

known as the coordination of OCRs, has been presented in 

the form of an optimization problem that can be solved with 

different types of optimization algorithms such as intelligent 

algorithms [1]-[4] and mathematical ones [5]-[6]. A 

comprehensive study about optimization algorithms has been 

provided in [7] and [8], also, a powerful optimization 

algorithm which made based on series and parallel 

combination of Genetic Algorithm (GA), Particle Swarm 

Optimization (PSO) and Non-Linear Programming (NLP) 

has been presented. Some of the issues of OCRs coordination 

using optimization algorithms are described below: 

• It is not possible to achieve full coordination in some

networks and some coordination constraints must be

removed [9].

• Establishing the coordination constraints at places far

from the generators increases the operating times of

OCRs because of low level of short-circuit currents

(SCC) [5].

• The weakness of intelligent optimization algorithms for

OCRs coordination causes large and unacceptable

operating times for OCRs, especially in large networks

[5].

These issues demonstrate the necessity of using 

breakpoints (BP) for converting meshed networks to radial 

ones in order to achieve proper OCRs coordination. Using 

BPs reduces the complexity of the OCRs coordination 

problem and makes short-circuit clearing faster by breaking 

loops of the network containing OCRs. Coordination 

constraints of an OCR is eliminated when it is selected as a 

BP; therefore, it is important to use the least number of BPs 

in the view of protection. Previous studies on the 

determination of minimum breakpoint set (MBPS) are 

categorized in two general computational/analytical and 

optimization methods. 

The papers of first category determine the MBPS 

based on pre-processing assumptions and computational 

methods such as graph theory. For instance, it has been 

assumed in [10] that the OCRs with the most backup tasks are 

selected as MBPS. Converting meshed graphs to radial ones 

is the aim of determination of breakpoints, therefore, k-trees 

making approach has been presented in [11] for this purpose. 

The proposed method in [12] uses some matrix computation 

approaches like the reduction approaches for uniting parallel 

lines, the permutation approaches for making spanning trees 

of network, and the LU (upper-lower) factorization 

approaches for final determination of MBPS. A new method 

based on depth-first search (DFS) has been presented in [13] 

for determination of MBPS or a BPS close to it. Some other 

computational methods such as functional dependency 

method [14] for dealing with three-end branches such as 

three-terminal lines and three-winding transformers, and 

network reduction method [15] for reducing the main 

network into several sub-networks can also be used for MBPS 

determination. These methods are not capable for involving 

the specific conditions of network to the process of 

determination of MBPS. For this purpose, expert rules based 

on various items like important loads, pilot protection, higher 

speed protection, number of feeders, close up and far away 

feeders from sources, fault levels, and etc., have been used in 

[16]-[18] to determine the MBPS based on network 

conditions. 

In the papers of second category, OCRs that can break 

all loops of network are selected as MBPS using intelligent 
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optimization algorithms such as GA [18], PSO [19] 

Biogeography-Based Optimization (BBO) [20], and 

mathematical optimization algorithm LP [21]. The 

coefficients of objective function in [18] are obtained based 

on the expert rules. Relays dependency relation has been used 

in [20] for breaking the loops of networks instead of relays 

themselves. Authors in [21] have worked on determination of 

the MBPS with respect to minimizing dependency within 

BPs. 

The second step after determination of MBPS in the 

process of designing an overcurrent protection system is 

coordination of OCRs with respect to removed backup tasks 

of determined BPs. The mentioned methods in [10]-[21] try 

to reduce the number of elements of MBPS but they do not 

have any consideration over the effects of first step on the 

efficiency of second step. In the other word, some possible 

choices for MBPS are not appropriate in the view of 

coordination process, and the previous methods are not able 

to distinguish between the possible choices and the 

appropriate ones. 

In this paper, the appropriate MBPS is determined by 

considering the possibility of coordination of OCRs in 

addition to the reduction of their operating times. To this end, 

both MBPS determination and OCRs coordination need to be 

implemented simultaneously in order to achieve the optimal 

breakpoint set (OBPS). It should be noted that, ‘optimal’ 

covers the minimum number of breakpoints, too. The first 

priority of proposed method is selecting minimum number of 

BPs; and determining optimal settings for OCRs is the second 

priority. Since mathematical algorithms can achieve better 

results compared to intelligent algorithms, therefore, the 

proposed optimization problem is presented in a form that can 

be solved by mixed-integer linear programming (MILP) in 

Section 2. DFS is a graph traversing algorithm that is not able 

to detect graph loops. Modifying the DFS to determine the 

simple OCRs contained loops is described in Section 3. The 

simulation results of the proposed method and its comparison 

with the previous ones are available in Section 4. Section 5 

draws the conclusion. 

2. Optimally determination of MBPS 

In the case of having more than one MBPS with equal 

number of BPs for studied network, there must be a solution 

to choose the best option. Considering the possibility of 

OCRs coordination, the amounts of their operating times can 

be a good index for determining the OBPS. If a non-optimal 

breakpoint set is selected, the OCRs are not properly 

coordinated. For instance, the operating time of some OCRs 

may exceed the acceptable value. In addition, the sum of 

operating time of OCRs using non-optimal breakpoint sets 

will be bigger than optimal one. 

2.1. Problem statement 

Without dashed line in Fig. 1, the studied network 

consists of two loops containing OCRs which are based on 

backup tasks of OCRs, see Fig. 2. According to Fig. 2, the 

number of BPs of this reduced network is equal to 2 because 

of two separated simple loops; and 6×6 OCRs pairs can be 

selected as reduced network’s BPs, as shown in (1). Selecting 

each of these 36 possible choices as the MBPS and 

coordinating OCRs in the next step, accordingly result in 

different settings for OCRs and thus different operating times. 

Table 1 shows the sum of operating times of OCRs for all 36 

possible choices of MBPS. These operating times are 

calculated for maximum SCCs in the OCRs’ own protection 

zones, mentioned in [5]. As can be seen, if {6,8} or {3,11} is 

selected as the MBPS, the sum of operating times will be 5.25 

seconds (the maximum value) and 4.33 seconds (the lowest 

value), respectively. Since the faster operation of OCRs is 

expected in OCRs coordination problem, the BPs of network 

must be determined optimum not only minimum. As a result, 

set {3,11} should be selected as OBPS of this network among 

all possible MBPSs because of lower operating times of 

OCRs. 
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Fig. 1. IEEE 8-bus network 
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Fig. 2. Simple loops of reduced network of Fig. 1 

 

 
Table 1 Sum of operating times of OCRs of reduced network for 

various MBPSs in seconds 

 

 8 9 10 11 12 13 

1 4.91 4.87 4.66 4.52 4.54 4.67 

2 4.80 4.76 4.56 4.42 4.44 4.57 

3 4.71 4.67 4.47 4.33 4.35 4.48 

4 4.90 4.86 4.66 4.52 4.54 4.67 

5 5.23 5.19 4.99 4.85 4.87 5.00 

6 5.25 5.21 5.01 4.87 4.89 5.02 

 

 

(1) 

{
 
 

 
 
{1,8}, {1,9}, {1,10}, {1,11}, {1,12}, {1,13}
{2,8}, {2,9}, {2,10}, {2,11}, {2,12}, {2,13}

{3,8}, {3,9}, {3,10}, {3,11}, {3,12}, {3,13}

{4,8}, {4,9}, {4,10}, {4,11}, {4,12}, {4,13}

{5,8}, {5,9}, {5,10}, {5,11}, {5,12}, {5,13}
{6,8}, {6,9}, {6,10}, {6,11}, {6,12}, {6,13}}

 
 

 
 

 

 

Given that the number of MBPSs increases as the 

network grows, it will be difficult to extract all possible 

MBPSs and select the OBPS among them. As a result, both 
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MBPS determination and OCRs coordination problems 

should be implemented simultaneously to determine OBPS.  

 

2.2. Proposed method 

For simultaneous MBPS determination and OCRs 

coordination, two sets of variables for OCRs are considered 

include binary variables 𝐱𝐛𝐩 = [𝑥𝑏𝑝1 ⋯ 𝑥𝑏𝑝𝑛𝑟]
T for using 

in the MBPS determination process, and continuous variables 

𝐓𝐌𝐒 = [𝑇𝑀𝑆1 ⋯ 𝑇𝑀𝑆𝑛𝑟]
T for time settings of the OCRs 

used in OCRs coordination process. 𝑛𝑟 represents the number 

of OCRs of network. Having 1 for any of the 𝑥𝑏𝑝 variables 

demonstrates the selection of its corresponding OCR as a BP. 

The objective function of the proposed optimization problem 

given in (2) consists of two parts: the number of BPs and the 

sum of operating times of OCRs. Coefficients 𝑐1 and 𝑐2 are 

used to weigh the two parts of the objective function. The 

elements of matrix 𝐚𝐦 = [𝑎𝑚
1 ⋯ 𝑎𝑚

𝑛𝑟]T which are constant 

coefficients of 𝑇𝑀𝑆s, are obtained by (3) in case of replacing 

𝐼 with maximum SCCs of main relays. In (3), 𝐼 and 𝐼𝑝 denote 

the SCC seen by OCR and its pickup current setting, 

respectively. Constraints of proposed optimization problem 

are the modified form of constraints of two sub-problems, 

which are presented in the following: 

 
(2) 𝑚𝑖𝑛:   𝑐1(𝟏

𝐓 × 𝐱𝐛𝐩) + 𝑐2(𝐚𝐦
𝐓 × 𝐓𝐌𝐒) 

 

(3) 𝑡 =
0.14

(𝐼 𝐼𝑝⁄
)
0.02

− 1

⏞        
𝑎

× 𝑇𝑀𝑆 

 

The constraint in (4) is related to the MBPS 

determination problem. This constraint expresses that at least 

one OCR of each loop must be selected as a BP, therefore, 

establishment of this constraint breaks all loops of the 

network containing OCRs. 𝐀𝐜 is a binary matrix which 

indicates the existence of OCRs in each loop. The number of 

rows and columns of this matrix are equal to the number of 

network’s loops and the number of network’s OCRs, 

respectively. According to (5), if the OCR 𝑞 is present in the 

loop 𝑝, the element 𝑝𝑞 of matrix 𝐀𝐜 will be equal to 1, and 

otherwise, will be equal to 0. 

 
(4) 𝐀𝐜 × 𝐱𝐛𝐩 ≥ 𝟏 

 

(5) [𝐴𝑐]𝑝𝑞 = {
1            if 𝑝𝑡ℎ loop contains OCR 𝑞        

0     if 𝑝𝑡ℎ loop does not contain OCR 𝑞
 

 

Since it is approximately impossible to analytically 

determine the loops of large networks, a new method based 

on the modified DFS algorithm is presented in the next 

section to computationally determine the loops. 

The second type constraints of proposed optimization 

problem given in (6) are related to the coordination of main 

and backup relays. 𝑖 and 𝑗 represent the main and backup 

relays numbers, respectively. The 𝐒𝐒𝐏 (set of selection pairs) 

is a set contains all pairs of main and backup relays. 

Coefficient 𝑎𝑏 is obtained by applying the maximum SCC 

passing through the backup relay for a fault in the protection 

zone of main relay to eq. (3). 𝐶𝑇𝐼 shows the Critical Time 

Interval between the operation of main and backup relays. 

Since the backup relay 𝑗 might be selected as a BP, the 

coordination constraints of the proposed method have been 

modified as (6) in such a way that its effect appears on the 

coordination process. If the OCR 𝑗 is selected as a BP 

(𝑥𝑏𝑝𝑗 = 1), the term (1– 𝑥𝑏𝑝𝑗) at both sides of inequality 

indicates that OCR 𝑗 is not considered as a backup relay for 

neither of other OCRs. The OCR 𝑗 will have the backup task 

only when the value of binary variable 𝑥𝑏𝑝𝑗 is equal to zero. 

 

(6) 
(𝑎𝑏

𝑗
𝑇𝑀𝑆𝑗–𝑎𝑚

𝑖 𝑇𝑀𝑆𝑖) × (1– 𝑥𝑏𝑝𝑗) ≥ 𝐶𝑇𝐼 × (1–𝑥𝑏𝑝𝑗) 

(𝑖, 𝑗) ∈ 𝐒𝐒𝐏 

2.3. Linearization of proposed method 

The proposed optimization problem with the objective 

function as (2) and the constraints given in (4) and (6) can be 

solved with intelligent optimization algorithms, and in case 

of linearization, it can be solved with mathematical 

optimization algorithms as well. The only nonlinear term in 

the equations of the proposed method is the modified 

coordination constraints in (6) which a binary variable has 

been multiplied to a continuous variable. By replacing the 

nonlinear term 𝑇𝑀𝑆 × 𝑥𝑏𝑝 with the linear term 𝑋 and adding 

two inequalities given in (7) and (8) to the pre-existing 

constraints, the proposed optimization problem becomes 

linear. 𝑇𝑀𝑆 and 𝑇𝑀𝑆̅̅ ̅̅ ̅̅  represent the minimum and maximum 

values of the variable 𝑇𝑀𝑆, respectively. Inequality (7) states 

that if the value of 𝑥𝑏𝑝 becomes zero, the value of the new 

variable 𝑋 will also be equal to zero. According to (8), the 

value of 𝑋 is equal to 𝑇𝑀𝑆 when 𝑥𝑏𝑝 is equal to 1.  

 
(7) 𝑥𝑏𝑝 × 𝑇𝑀𝑆 ≤ 𝑋 ≤ 𝑥𝑏𝑝 × 𝑇𝑀𝑆̅̅ ̅̅ ̅̅  

 

(8) 
𝑇𝑀𝑆– (1– 𝑥𝑏𝑝) × 𝑇𝑀𝑆̅̅ ̅̅ ̅̅ ≤ 𝑋 

𝑋 ≤ 𝑇𝑀𝑆– (1– 𝑥𝑏𝑝) × 𝑇𝑀𝑆 

 

As can be seen below, the objective function and 

constraints are linearized by applying the linearization 

method to the proposed optimization problem. Therefore, the 

problem can be solved by MILP because of its linear binary 

and continuous variables. Constraints in (11)-(15) must be 

considered for all pairs of main relays 𝑖 and backup relays 𝑗 
available in 𝐒𝐒𝐏 matrix. 

 
(9) 𝑚𝑖𝑛:   𝑐1(𝟏

𝐓 × 𝐱𝐛𝐩) + 𝑐2(𝐚𝐦
𝐓 × 𝐓𝐌𝐒) 

 

(10) 𝐀𝐜 × 𝐱𝐛𝐩 ≥ 𝟏 
 

(11) 𝑎𝑚
𝑖 𝑋𝑖𝑗– 𝑎𝑏

𝑗
𝑋𝑗𝑗 + 𝑎𝑏

𝑗
𝑇𝑀𝑆𝑗– 𝑎𝑚

𝑖 𝑇𝑀𝑆𝑖 ≥ 𝐶𝑇𝐼 × (1– 𝑥𝑏𝑝𝑗) 
 

(12) 𝑥𝑏𝑝𝑗 × 𝑇𝑀𝑆 ≤ 𝑋𝑖𝑗 ≤ 𝑥𝑏𝑝𝑗 × 𝑇𝑀𝑆̅̅ ̅̅ ̅̅  
 

(13) 𝑥𝑏𝑝𝑗 × 𝑇𝑀𝑆 ≤ 𝑋𝑗𝑗 ≤ 𝑥𝑏𝑝𝑗 × 𝑇𝑀𝑆̅̅ ̅̅ ̅̅  
 

(14) 
𝑇𝑀𝑆𝑖– (1–𝑥𝑏𝑝𝑗) × 𝑇𝑀𝑆̅̅ ̅̅ ̅̅ ≤ 𝑋𝑖𝑗 

𝑋𝑖𝑗 ≤ 𝑇𝑀𝑆𝑖– (1– 𝑥𝑏𝑝𝑗) × 𝑇𝑀𝑆 
 

(15) 
𝑇𝑀𝑆𝑗– (1–𝑥𝑏𝑝𝑗) × 𝑇𝑀𝑆̅̅ ̅̅ ̅̅ ≤ 𝑋𝑗𝑗  

𝑋𝑗𝑗 ≤ 𝑇𝑀𝑆𝑗– (1–𝑥𝑏𝑝𝑗) × 𝑇𝑀𝑆 

 

2.4. Combination of proposed MILP method with 
expert rules 

The proposed method can also be combined with 

expert system. According to (9), the possibility of selection 
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of each OCR as a BP is equal. Applying the expert rules 

prioritizes the OCRs to be selected as BPs by considering 

different coefficients for their corresponding 𝑥𝑏𝑝 instead of 

coefficients 𝟏𝐓. The seven expert rules mentioned in [18] are 

as follows: 

• Rule 1: Close up and far away feeders from the source; 

• Rule 2: Fault level; 

• Rule 3: Higher speed protection; 

• Rule 4: Pilot protection; 

• Rule 5: Number of feeders; 

• Rule 6: Important loads; 

• Rule 7: Six current pairs. 

Whit combining the proposed method and the expert 

system, the objective function of the proposed method is 

modified as (16). The matrix 𝛌 are new coefficients for 𝑥𝑏𝑝s 

which are obtained by applying the seven expert rules to the 

studied network. 

 
(16) 𝑚𝑖𝑛:   𝑐1(𝛌

𝐓 × 𝐱𝐛𝐩) + 𝑐2(𝐚𝐦
𝐓 × 𝐓𝐌𝐒) 

 

The selection of different MBPSs changes the number of 

removed constraints (RC), because each OCR has different 

backup tasks, and in the view of network protection, 

maximum number of lines must have backup protection. 

Therefore, this subject can be considered as an effective 

factor in the selection of OBPS. The new added rule in this 

paper to the previous seven rules states that if an OCR has 

more backup tasks, its possibility of selection as a BP will be 

reduced (Rule 8). Applying this rule helps the OCRs with 

fewer backup tasks are selected as BP. 

3. Modified depth-first search 

The DFS is a graph traversing algorithm which is used 

for determining paths of a graph. In this algorithm, a vertex is 

selected as the starting point and the neighbours of this vertex 

are identified through its output edges. If a previously unseen 

vertex is reached, that vertex will be considered as the new 

starting point and the algorithm will identify new vertex’s 

neighbours. If all neighbours were already seen, the algorithm 

returns one step back and selects another unseen vertex as the 

starting point. This process will continue until all points 

accessible from the starting point are seen. The steps of DFS 

are presented below [22]. 

• Step 1: Select a vertex as the initial starting point. 

• Step 2: Identify neighbours of the starting point through 

the output edges. 

• Step 3: Select one of the previously unseen neighbours 

as the new starting point and return to step 2. 

• Step 4: If all neighbours have been seen, go back to 

previous neighbours which have not ever been seen, and 

return to step 3. 

• Step 5: Continue the algorithm until all traversable paths 

contains unseen vertexes are traversed. 

According to the steps of DFS, it becomes clear that 

the algorithm is not allowed to select vertices that have been 

seen before. However, the modified version of this algorithm 

can select the vertices that have been seen previously, 

provided that the previously seen vertex is the initial vertex 

which the traverse had begun from it. In this case, the DFS 

will be able to determine the loops. The steps of the modified 

DFS will be as follows: 

• Step 1: Select a vertex as the initial starting point. 

• Step 2: Identify neighbours of the starting point through 

the output edges. 

• Step 3: If the initial starting point is available among the 

neighbours, the crossed vertices are stored as a loop. 

• Step 4: Select one of the previously unseen neighbours 

as the new starting point and return to step 2. 

• Step 5: If all neighbours have been seen, go back where 

some neighbours have not ever been seen, and return to 

step 4. 

• Step 6: Continue the algorithm until all traversable paths 

contains unseen vertexes are traversed. 
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Fig. 3. Modified DFS flowchart 

 

 

Fig. 3 shows the flowchart of simple and modified 

DFSs. Adding ‘the modified part’ to the simple DFS makes 

the loops of graph to be determined. In the following, it is 

represented that how this modified graph 

traversing algorithm can be implemented on a power 

network. 

To implement the modified DFS, the main and backup 

pair OCRs must be illustrated in a directed graph. Each edge 

represents a backup task, and the backup and main relays are 

respectively considered as the sending and receiving vertices. 

Assuming the existence of the dashed line in Fig. 1, Fig. 4 

shows the directed graph of main/backup relays of the 

network in Fig. 1. This figure is the full version of Fig. 2. 
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Fig. 4. Directed graph of main and backup relays of Fig. 1 
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Fig. 5. Performance of modified DFS for OCR 1 of Fig. 1 
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Fig. 6. Non-repetitive loops of Fig. 1 

 

 

By applying the modified DFS to the graph of Fig. 4, 

all loops of this graph can be determined. Fig. 5 shows the 

performance of applying the modified DFS to the vertex 1 of 

Fig. 4. As it is obvious, the proposed method can determine 

paths that lead to its own initial starting point. Also, when 

there is no way forward, the proposed method can backtrack 

and choose another path. After applying the modified DFS 

algorithm to all vertices of Fig. 4, it becomes clear that some 

of obtained loops are repetitive. To reduce the size of the 

problem and computation burden, repetitive loops should be 

removed. 

The binary backup/main matrix (𝐁𝐁𝐌) which is given 

in (17), can be used to remove the repetitive loops. The value 

of element 𝑝𝑞 of this matrix is equal to 1 when OCR 𝑝 is the 

backup of OCR 𝑞, otherwise, it will be 0. The 𝐁𝐁𝐌 of loop 
〈1 → 2 → 3 → 4 → 5 → 6 → 1〉 in Fig. 5 is mentioned in (18). 

Since the 𝐁𝐁𝐌 of given loops in (19) are the same as the 

𝐁𝐁𝐌 in (18), therefore, this matrix is the same for repetitive 

loops. Therefore, it is possible to detect whether any loop is 

repetitive or not by comparing its 𝐁𝐁𝐌 with 𝐁𝐁𝐌s of 

previously determined loops. 

 

(17) [𝐵𝐵𝑀]𝑝𝑞 = {
1            if 𝑝 is the backup for 𝑞        
0            if 𝑝 is not the backup for 𝑞

 

 



6 

 

(18) 𝐁𝐁𝐌 =

[
 
 
 
 
 
 
 
 
 
 
 
 
0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0]

 
 
 
 
 
 
 
 
 
 
 
 

 

 

(19) 

2 → 3 → 4 → 5 → 6 → 1 → 2
3 → 4 → 5 → 6 → 1 → 2 → 3
4 → 5 → 6 → 1 → 2 → 3 → 4
5 → 6 → 1 → 2 → 3 → 4 → 5
6 → 1 → 2 → 3 → 4 → 5 → 6

 

 

After removing the repetitive loops of network in Fig. 

1, the remained non-repetitive ones have been shown in Fig. 

6. It can be seen that some of OCRs have not been selected as 

the starting point because the loops of these OCRs are similar 

to the loops of first OCR of their series (3, 4, 5 are series with 

2; 6 is series with 1; 13 is series with 8; 10, 11, 12 are series 

with 9). It is also observed from Fig. 6 that the numbers of the 

second column onwards are greater than the number of the 

starting point. It results that the OCRs which were previously 

investigated do not appear in non-repetitive loops (reason for 

not having OCR 14 as a starting point). By investigation 

about repetitive and non-repetitive loops, two points can be 

empirically derived about repetitive loops. 

• The loops of series OCRs are the same as the loops of 

first OCR of those series. 

• If an OCR number whose loops have already been 

investigated appears in a loop, this loop is repetitive. 

 

4. Simulation results 

This method has been implemented on IEEE 8, 14, 30, 

118 and 3120 bus networks whose information are available 

in [23]; and the proposed method is compared with previous 

methods in terms of number of BPs and sum of operating 

times of OCRs to validate the performance of the proposed 

method. The coefficients 𝑐1 and 𝑐2 in the objective function 

are considered 100 and 1. The operating times of OCRs are 

calculated based on the maximum SCCs in their protection 

zones. The lowest and highest 𝑇𝑀𝑆 values are set 0.05 and 1, 

respectively. Also, 𝐶𝑇𝐼 has been assumed 0.3 s. Function 

“intlinprog” of MATLAB 2018 is used for solving the 

proposed method in a system with Intel Core i5 CPU running 

at 2.53 GHz and 4 GB of RAM. The listed results for 

intelligent algorithms in the following are the best ones 

among 50 runs with different initial points. 

 

4.1. Study on IEEE 8-bus network 

This network has 14 OCRs as shown in Fig. 1. This 

network has 56 loops which 8 of them are non-repetitive. The 

results of applying the proposed method to this network, and 

comparison with the results of previous graph-based methods 

are presented in Table 2. According to this Table, all methods 

have obtained 3 BPs, but the sum of operating times obtained 

from the proposed method is less than the sum of operating 

times when the OCRs obtained from these previous methods 

are selected as BPs. “No. of RCs” in this Table illustrates the 

number of removed coordination constraints. The 𝑇𝑀𝑆s and 

OCRs’ operating times after applying the BPs obtained from 

mentioned methods and the OCRs coordination process are 

listed in Table 3. The 𝑇𝑀𝑆s of selected OCRs as the BPs are 

equal to the minimum allowed value. 

The proposed optimization problem is solvable with 

the intelligent algorithms, too. Therefore, the results of 

solving the proposed method with the objective function in 

(2) and the constraints given in (4) and (6) by the intelligent 

algorithms FPA (Flower Pollination Algorithm), GA, TLBO 

(Teaching-Learning Based Optimization), GWO (Grey Wolf 

Optimization), and BBO are compared with the results of 

proposed MILP method with objective function as (9) and the 

constraints as (10)-(15) in Table 4. As it is known, the 

proposed method selects OCRs 2, 13 and 14 among all three 

OCRs combinations that have the ability to break all loops, 

which results in the lowest operating time for OCRs. As a 

conclusion, the results of Tables 2 and 4 show that the MBPS 

obtained from the proposed method can be considered as the 

OBPS in comparison with MBPSs of other methods. 

 

 

 

 

 

 

Table 2 Results of applying methods of [10], [12], [13] and proposed method to 8-bus network 

 

Proposed Method Method of [13] Method of [12] Method of [10]  

3 3 3 3 No. of BPs 

6.4423 7.7532 7.0791 7.6472 ∑ 𝑡 (s) 

{2,13,14} {5,13,14} {4,8,14} {1,7,9} 𝑀𝐵𝑃𝑆 

5 6 4 6 No. of RCs 

 

 

 

 

 



7 

 

Table 3 𝑇𝑀𝑆s and operating times of OCRs obtained from methods of [10], [12], [13] and proposed method for 8-bus network 

 

 

 

 

Table 4 Results of proposed method obtained from intelligent and mathematical optimization algorithms for 8-bus network 

 

MILP BBO GWO TLBO GA FPA  

3 3 3 3 3 3 No. of BPs 

6.4423 6.5038 6.5049 6.5385 7.6003 10.6468 ∑ 𝑡 (s) 

{2,13,14} {3,13,14} {3,13,14} {1,7,11} {5,13,14} {3,8,14} 𝑀𝐵𝑃𝑆 

5 5 5 5 6 4 No. of RCs 

 

 
Table 5 Implementation of expert system on 8-bus network 
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26 21 5 3 4 3 5 3 1 2 1 

20 19 1 3 1 1 5 3 3 3 2 

16 15 1 3 1 3 1 3 2 2 3 

19 18 1 3 1 3 5 3 1 2 4 

20 15 5 1 1 3 5 3 1 1 5 

24 23 1 3 5 1 5 3 3 3 6 

21 16 5 3 1 1 5 1 2 3 7 

24 23 1 3 5 1 5 3 3 3 8 

20 15 5 1 1 3 5 3 1 1 9 

20 19 1 3 1 3 5 3 2 2 10 

20 19 1 3 1 3 5 3 2 2 11 

16 15 1 3 1 1 1 3 3 3 12 

26 21 5 3 4 3 5 3 1 2 13 

21 16 5 3 1 1 5 1 2 3 14 

 

 
Table 6 Result of proposed method without and with expert system for 8-bus network 

 

With Rules 1-8 With Rules 1-7 without Expert system  

3 3 3 No. of BPs 

5.8594 5.8278 6.4423 ∑ 𝑡 (s) 

{3,8,14} {1,7,12} {2,13,14} 𝑀𝐵𝑃𝑆 

4 5 5 No. of RCs 

 

 

Proposed Method Method of [13] Method of [12] Method of [10] 
OCR 

𝑡 (s) 𝑇𝑀𝑆 𝑡 (s) 𝑇𝑀𝑆 𝑡 (s) 𝑇𝑀𝑆 𝑡 (s) 𝑇𝑀𝑆 

0.288 0.118 0.794 0.327 0.645 0.266 0.121 0.050 1 

0.096 0.050 0.805 0.419 0.603 0.313 0.938 0.488 2 

0.808 0.380 0.590 0.277 0.366 0.172 0.738 0.347 3 

0.630 0.257 0.376 0.153 0.122 0.050 0.549 0.224 4 

0.470 0.157 0.156 0.052 0.617 0.206 0.371 0.124 5 

0.476 0.242 0.887 0.451 0.766 0.389 0.341 0.173 6 

0.511 0.248 0.903 0.438 0.728 0.353 0.103 0.050 7 

0.334 0.170 0.335 0.170 0.098 0.050 0.874 0.444 8 

0.360 0.124 0.374 0.129 0.229 0.078 0.145 0.050 9 

0.547 0.227 0.563 0.234 0.438 0.182 0.369 0.153 10 

0.737 0.352 0.754 0.360 0.643 0.306 0.582 0.278 11 

0.951 0.495 0.980 0.510 0.864 0.450 0.809 0.421 12 

0.124 0.050 0.125 0.050 0.851 0.340 0.810 0.324 13 

0.103 0.050 0.104 0.050 0.103 0.050 0.891 0.431 14 
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To implement the expert system on the 8-bus network, 

some assumptions are taken into account. There is a steel 

plant on the OCRs 1 and 13 connected bus as an important 

load. OCRs 7 and 14 have higher speed protection and OCRs 

4 and 11 are equipped with pilot protection. In order to weight 

the OCRs in rules 1, 2, 3, 5 and 7, integers between 1 and 3 

are used; and integers between 1 and 5 are used to weight the 

OCRs according to rules 4 and 6. This is because the two rules 

4 and 6 are more important than others. The values of 𝛌 are 

obtained in Table 5. According to Table 6, it can be seen that 

the OBPS obtained by applying the expert system is different 

from the OBPS obtained by assuming equal possibility of 

selection for all OCRs. The reduction in the sum of operating 

times is due to the higher speed protection of OCRs 7 and 14. 

If OCRs are weighted according to the new rule with integers 

between 1 and 5, the new 𝛌 will be as last column of Table 5. 

According to Table 6, the OBPS obtained with considering 

the new rule is different from the obtained OBPS when 

conventional 7 rules are used; and the addition of this new 

expert rule reduces the number of RCs. 

 

4.2. Study on IEEE 14-bus and 30-bus network 

These networks which are shown in Fig. 7 and 8, have 

32 and 70 OCRs, respectively. The number of loops of these 

networks using conventional approach are 31280 and 

717044, however, the proposed method obtains 230 and 4558 

non-repetitive loops for them. The results of comparison of 

the proposed method with methods of [10], [12] and [13] are 

listed in Table 7. Also, the results of solving the proposed 

method with a variety of intelligent algorithms and 

mathematical algorithm MILP are listed in Table 8. 

For IEEE 14-bus network: The number of BPs 

obtained from previous methods (Table 7) and intelligent 

algorithms (Table 8) are approximately same with the 

proposed method, however, the advantage of proposed 

method is obtaining the optimal settings for OCRs, which 

results lower operating times for them. 

For IEEE 30-bus network: As can be seen, the 

proposed method has the ability to detect the appropriate and 

minimum breakpoint set compared to those graph theory-

based methods. The sum of operating times obtained from the 

proposed method is greater than the others, however, this is 

not because of the weakness of the proposed method but this 

is due to its greater number of BPs compared to the three other 

methods. When an OCR is selected as a BP, the 𝑇𝑀𝑆 of that 

OCR is set to the lowest possible value, therefore, its 

operating time reduces compare to a situation that the same 

OCR is not BP. It should be reminded that reducing the 

number of BPs is important than reducing the OCRs’ 

operating times in the view of network protection. This point 

has been observed by considering the coefficient 𝑐1 greater 

than 𝑐2 in the objective function. 

As can be seen in Table 8, solving the proposed MILP 

method has resulted in the determination of appropriate and 

minimum breakpoint set. All intelligent algorithms have 

obtained more BPs than the proposed method. Fig. 9 shows 

the operating times of 70 OCRs of 30-bus network obtained 

from the GWO, TLBO, and MILP algorithms. As can be seen, 

the number of points of GWO and TLBO algorithms near to 

origin (OCRs with low operating times) are greater than the 

ones of MILP. This indicates the GWO and TLBO have 

selected more BPs than MILP. 

MILP is also better than the intelligent algorithms in 

terms of simulation time. The intelligent algorithms need 

several hours to reach their optimal solutions for the 30-bus 

network; however, the proposed method takes less than 10 

seconds for this purpose. 
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Fig. 7. IEEE 14-bus network 
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Fig. 8. IEEE 30-bus network 

 

 

 

 

 

 

 

 

 

Table 7 Results of applying methods of [10], [12], [13] and proposed method to 14-bus and 30-bus networks 

 

Results of IEEE 14-bus network 

Proposed Method Method of [13] Method of [12] Method of [10]  

8 8 9 8 No. of BPs 

12.9062 14.6832 15.5138 14.4868 ∑ 𝑡 (s) 

{2,4,7,9,11,18,22,30} {1,3,8,10,12,17,21,29} {1,3,9,11,13,17,19,26,30} {1,3,8,10,12,18,20,22} 𝑀𝐵𝑃𝑆 

14 25 18 26 No. of RCs 

Results of IEEE 30-bus network 

Proposed Method Method of [13] Method of [12] Method of [10]  

15 16 18 22 No. of BPs 

33.9958 32.4746 29.1886 27.3162 ∑ 𝑡 (s) 

{1,3,8,14,19,21,23,29, 

31,33,35,37,39,65,69} 

{1,3,5,13,16,17,22,24,32, 

34,36,38,40,45,67,69} 

{1,3,8,10,14, 19,23,25,27, 

29,31,39,43,56,57,60,65,68} 

{1,3,8,12,13,14,16,20,21,22,28,29, 

30,32,34,36,39,43,46,63,65,66} 
𝑀𝐵𝑃𝑆 

32 45 37 72 No. of RCs 
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Table 8 Results of proposed method obtained from intelligent and mathematical optimization algorithms for 14-bus and 30-bus network 

 

Results of IEEE 14-bus network 

GWO GA FPA  

8 9 9 No. of BPs 

17.3026 12.8026 39.1754 ∑ 𝑡 (s) 

{2,4,9,11,13,20,22,27} {1,3,9,10,12,16,21,29,32} {2,4,9,11,13,18,21,29,32} 𝑀𝐵𝑃𝑆 

15 26 18 No. of RCs 

MILP TLBO BBO  

8 8 8 No. of BPs 

12.9062 13.8310 14.7526 ∑ 𝑡 (s) 

{2,4,7,9,11,18,22,30} {2,4,9,11,13,19,21,24} {1,3,10,12,14,20,22,31} 𝑀𝐵𝑃𝑆 

14 14 22 No. of RCs 

Results of IEEE 30-bus network 

BBO GWO FPA  

20 22 24 No. of BPs 

26.6071 25.0652 138.2901 ∑ 𝑡 (s) 

{1,3,5,14,15,19,23,25,31,33, 

35,43,44,50,53,54,59,64,66,67} 

{2,4,7,9,15,17,18,22,24,31,33, 

39,40,41,46,50,54,56,58,60,67,68} 

{2,4,9,10,14,15,17,18,24,25,26,27, 

29,31,33,39,43,56,53,56,57,60,65,68} 
𝑀𝐵𝑃𝑆 

37 42 43 No. of RCs 

MILP TLBO GA  

15 18 19 No. of BPs 

33.9958 27.4116 27.8288 ∑ 𝑡 (s) 

{1,3,8,14,19,21,23,29,31,33, 

35,37,39,65,69} 

{2,4,7,11,13,22,25,28,30,31, 

33,35,37,39,46,50,65,69} 

{1,2,8,10,14,18,21,23,31,33, 

37,44,49,52,54,56,59,67,69} 
𝑀𝐵𝑃𝑆 

32 40 35 No. of RCs 

GWO TLBO MILP

Inner Cycle=0.45 s          Middle Cycle=0.9 s          Outer Cycle=1.35 s
 

 

Fig. 9. Operating times of OCRs of IEEE 30-bus network obtained from GWO, TLBO and MILP 

 

 

4.3. Study on IEEE 118-bus and 3120-bus 
networks 

The 118-bus network has three voltages levels 345 kV, 

161 kV and 138 kV, 186 branches (lines and transformers) 

and 372 OCRs. The number of loops of this network without 

removing repetitive ones is 7225228, and it has been reduced 

to 52126 after 𝐁𝐁𝐌 comparing approach. The results of 

implementation of methods [10], [12], [13] and the proposed 

method listed in Table 9 indicate that the obtained MBPSs by 

these methods are 123, 98, 86 and 80, respectively. Also, the 

sum of operating times of OCRs obtained from these methods 

are 87.0905 s, 92.7283 s, 96.3914 and 99.4558 s, respectively.  

Fewer number of BPs obtained from proposed method 

indicates that less branches would be without backup 
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protection in the case of using this method. According to 

Table 9, the number of removed coordination constraints 

which means removed backup tasks are 372, 201, 182 and 

169, respectively. Maintaining backup protection for a branch 

is important than reducing its main OCR’s operating time, 

therefore, the proposed method is more efficient than the 

previous methods. 

The coefficients 𝐶1 and 𝐶2 in the objective function (9) 

are used for specifying the priority of the proposed method, 

therefore, changing their amounts affects the results of 

proposed method. Table 10 includes the results of proposed 

method with respect to various amounts of these coefficients. 

As expected, decreasing 𝐶1 fades the first priority of the 

manuscript which is minimizing the number of BPs. In this 

case, operating times of OCRs decreases, and in opposite, the 

number of removed backup tasks increases which is not 

acceptable in the view of network protection. It results that 

the coefficient 𝐶1 must be larger enough than the coefficient 

𝐶2.

 

 

Table 9 Results of applying methods of [10], [12], [13] and proposed method to 118-bus network 

 

Proposed Method Method of [13] Method of [12] Method of [10]  

80 86 98 123 No. of BPs 

99.4558 96.3914 92.7283 87.0905 ∑ 𝑡 (s) 

169 182 201 372 No. of RCs 

 

 
Table 10 Results of proposed method with considering various coefficients for objective function 

 

No. of RCs ∑ 𝑡 (s) No. of BPs 𝐶2 𝐶1 

169 99.4558 80 1 1000 

169 99.4558 80 1 100 

169 99.4558 80 1 10 

174 95.6974 82 1 5 

187 78.9467 90 1 1 

354 44.4168 176 5 1 

478 38.1066 219 10 1 

533 36.6805 238 100 1 

533 36.6805 238 1000 1 

 

 

The large 3120-bus network contains 3693 branches 

with 400, 220, 110, 32, 24 and 16 kV voltage levels. Also, the 

number of main and backup relays in this network are 7386 

and 14734, respectively. 169213330 loops including 

repetitive ones are obtained from conventional method, 

however, the proposed method obtains 612052 loops after 

removing repetitive ones. Table 11 shows the results of 

comparison of proposed method with previous ones. As can 

be seen, the proposed method obtains 746 BPs which is 464, 

98 and 59 less than numbers of BPs obtained from methods 

[10], [12] and [13], respectively. 

 

 

 
Table 11 Results of applying methods of [10], [12], [13] and proposed method to 3120-bus network 

 

Proposed Method Method of [13] Method of [12] Method of [10]  

746 805 844 1210 No. of BPs 

 

 

 

5. Conclusion 

In this paper, a method in the form of MILP has been 

proposed to find the optimal breakpoint set. Initially, it has 

been shown that optimally selection of MBPS helps to reduce 

the operating times of OCRs. For this purpose, two individual 

problems including OCRs coordination and MBPS 

determination problems have been combined for 

simultaneously implementation. It has been demonstrated 

that the mathematical algorithm MILP is better than the 

intelligent optimization algorithms in terms of number of 

BPs, operating times of OCRs and the simulation time for 

solving the proposed problem. The proposed method is 

capable to take network’s conditions into account by combing 

with expert system. In this paper, a new expert rule has been 

presented to reduce the number of removed coordination 

constraints. There is also a detailed discussion about finding 

loops of network containing OCRs by modifying the DFS 

algorithm and removing the repetitive loops by comparing 

their binary backup/main matrices with each other’s. The 

results of applying the proposed method to the IEEE 8, 14, 

30, 118 and 3120 bus networks show the efficiency of the 

proposed method in selecting the appropriate and minimum 

breakpoint set compared to other methods. 
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