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ABSTRACT 

In the field of modern power system, protection devices attains a powerful role. The performance 

of any protection network is the result of combined operation of relays, breakers etc. Two types of 

relays, primary and backup relays are installed for increasing the reliability of power system. A 

primary relay is setup for the fast response of any faulty condition. If it fails, then backup relay 

perform the same task after some time gap. This simultaneous operation of primary and backup 

relays require some attention for preventing any malfunction occurring due to improper time gap 

between them. Due to this, it becomes a highly constrained optimization problem and structure of 

large power system increases its non-linearity. 

This dissertation presents a technique for estimating the optimal settings of relays which in turn 

provide the faster operating time for primary relays and suitable coordination time interval for the 

backup relay effective operation. The settings for relay operation includes TMS, PSM and pickup 

current settings. A very popular swarm based meta-heuristic Bat Algorithm (BA) is implemented 

for the calculation of optimal solution. 

This coordination problem is divided in to two categories: (I) Continuous settings optimization for 

TMS and pickup current, (II) Mixed integer settings optimization for TMS and PSM. For first 

category conventional form of bat algorithm and binary version of BA for second category is 

utilized. The IEEE 8 bus system with and without external grid is used to validate the proposed 

technique. The techniques based on bat behavior proves to generate optimal solution providing 

better convergence rate. 
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CHAPTER 1 

INTRODUCTION 

1.1. OVERVIEW 

The aim of electrical protection network is to segregate the defective part of our power network. 

This must be implemented so that remaining safe parts of network continue to work in normal 

conditions. In reality, circuit breakers prevents the working areas of electrical network from 

defective sections. CBs have the provision to open the circuit for imbalanced condition, as soon as 

receive the tripping pulse from protective relays. The ideology behind every protective mechanism 

is that there is no ability to stop the imbalance or transient current is present, yet instantly removal 

of the bad portion from network can be obtained. 

Fuse is the primary device used for removing the bad parts from any electrical circuit. The 

advantage in utilizing a security which relies on breaker is its simplicity and meanness. But this is 

hard to regulate the duration of the outing with the help of fuses. Hence it arises the issues related 

to primary-backup matching action. Fuse also possesses a big disadvantage of replacing every time 

it melts during faults. So, it require to perform the remote action [1]. These actions are the key for 

introduction of an overcurrent relay. 

The term ‘overcurrent’ gives a sight that there is a talk about an inherent higher boundary for the 

practical value of the current. That preset value is the maximum load current sustained by any load 

during their uninterrupted action. The main reason for overcurrent can also be given by short circuit 

faults. The current in the equipment is noted. This current is stepped down using a CT ratio. A 

cross examination with preset value of maximum load current is performed. The probability of a 

fault is more if a positive sign appears. Here proportion of current with preset value is also called 

as a Plug Setting Multiplier (PSM). 

This is a usual theory that all individual primary relays have their backup relay for the provision 

of alternative protection network. The execution interval for primary relay must be earlier than the 

starting of operation of backup relay for smooth protection mechanism. This concludes that safety 

provided by primary scheme of protection implement as early as possible, which ensure breaking 

of the faulty portion of electrical network. Certain time gap is necessary which is called as 

Coordination Time Interval (CTI). This should be provisioned between the execution intervals of 
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both protection schemes [2]. Overcurrent relays also offer primary protection as well as their 

backup protection. 

Protective relaying is very much desirable for the sound performance of electrical networks. The 

goal of coordination of relays is to effectively secure the power network by instantly isolating bad 

areas to maintain power supply in other healthy areas. Some tremendous achievement are taken 

place in the development and working of relays for the purpose of secure operation of power 

systems over last few decades. Directional Overcurrent Relays (DOCRs) have been utilized in the 

field of solutions for the primary as well as backup protection of power networks [3]. 

The coordination of power protection relays comes under the area of optimization problem. The 

primary relays must operate as fast as possible for the safety of remaining balanced portion of 

electrical network. But if there is some type of malfunction occurred in the working of primary 

relay and it unable to provide safety. Then backup relay should be in the position to handle this 

situation. For the starting of backup relays, a constraint in the form of a fixed interval of time, 

known as CTI, is necessary to avoid simultaneous working of both relays. In the presence of CTI 

constraint, this problem counts as a typical optimization problem. This optimization possess a 

objective function for minimization of tripping time for primary relay, having the constraints 

related to boundaries for interval of tripping for each relay and related to CTI. 

For the solution of the above presented optimization problem, many techniques are developed in 

a different span of time. The conventional optimization approaches have the limitations of pre 

mature convergence which leads to ineffectiveness in their operation. In case of handling of more 

complex and non-linear problems, conventional optimization models are inaccurate and not 

feasible. In spite of more drawbacks, conventional optimization methods are preferable where the 

fast rate of operation is required in comparison to the accuracy of obtained solution. 

Global optimization algorithms tries to find best possible solution which is more robust and 

effective. In such type of real world application, global optimization modes are preferred. The 

solution obtained from global optimization techniques are more accurate and preferable. Bat 

algorithm is one of the best available techniques, which provides the global optimized results. BA 

possess the advantages of both particle swarm optimization (PSO) and harmony search (HS). 

Furthermore, adjustment of parameters gives fast convergence of output. Application of BA is 

more complex because it combines the benefit of previous popular algorithms. It seems to provide 
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well solution in many real world problems. This is the reason, BA is to be utilized in the 

optimization problem of directional overcurrent relays. 

 

1.2. LITERATURE REVIEW 

Several optimization schemes have been utilized from the past 20-30 years for the best 

coordination solution of DOCRs. There are many researchers who published their work for the 

purpose of minimization of tripping interval of DOCRs. The desired intention to reduce time of 

primary relay is to facilitate the reliable operation of electrical power network. The optimization 

problems were computed manually using very large and complex calculations, when computers 

were not developed. These procedure takes very much time and are not accurate enough. 

Nowadays, many metaheuristic approaches are developed, that makes the solution more reliable 

and accurate. The complete work in this field can be divided into some categories: 

1. Topological approach 

2. Classical linear techniques 

3. Non-linear formulation 

4. Global optimization techniques 

Topological approaches involves the techniques based on graph theory and function developments. 

Albrecht et al. [4] tried to compute the solution for diverse settings of relays in order to design an 

electrical network layout. The digital computer aided interface for complex calculation was 

utilized to propose a sequential procedure for it. Damborg et al. [5] designed an approachable 

procedure for estimation of P/B relay pairs, settings for directional OC and distance relays utilizing 

the computer system tools. Urdaneta et al. [6] implemented the optimization approach relay 

coordination in grid networks. Various direct and decomposed mechanisms for suitable results of 

DOCRs up to 30 bus network were designed. Sankara et al. [7] proposed the requirement of 

sequence networks, starting from break points. Their approach is to cut the number of break 

sockets with the help of computer mathematical packages. Jenkins et al. [8] also adopted the 

procedure involving break points representing in the form of a matrix to design a dependent 

function for more exiting technique. 

Classical linear techniques involves the use of linear functions with simple computational efforts. 

Restrepo et al. [9] used the linear formulation for the small level variation in a network for which 

change in settings is not desired, hence require less computation. Chattopahyay et al. [10] proposed 
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a mechanism using simplex technique for auto updating settings in two phases. First phase checks 

for constraints and second phase computes the best possible settings. Abyaneh et al. [11] focused 

only on the covering of constraints. This technique start form lower values of settings and then 

taking higher values iteratively. 

The Evolutionary Algorithms (EA) and Covariance Matrix Adaptation ES (CMA-ES) are also the 

classical approaches available for coordination problem. Sueiro et al. [12] proposed a novel 

scheme for DOCR’s problem inside a meshed circuit. A combination of evolutionary as well as 

linear schemes gives the answer for current and time multiplier factors. Singh et al. [13] applied a 

co-variance mechanism using matrix auto updating tools. With the help of LINKNET, 

combinations of P/B relays are generated. Birla et al. [14] provide the effects of using distant faults 

and multiplication constants on the results of coordination problems. It is true that output does not 

change much but we lost a little accuracy of coordination constraints. 

The mechanism utilizing non-linear formulation are also developed for the computation of 

minimum trip time for relays. Saleh et al. [15] developed a tripping curve for time, current and 

voltage for decrease in the execution time of relays established in the hybrid distributed generation 

networks. Miguez et al. [16] discussed a hybrid EA and linear programming (LP) approach to 

perform the coordination optimization problems. If output is not feasible, then a partial solution is 

obtained neglecting particular constraints. 

The global optimization techniques started the discussion from genetic algorithm (GA) and their 

variants. Marcolino et al. [17] performed the solution approach based on the GA that contains the 

system properties and adjusting factors. Razavi et al. [18] used the genetic algorithm for the new 

and improved formulation to minimize the tripping time of both discrete and continuous time 

settings. Bedekar and Bhide [19] designed the continuous GA for coordination optimization of a 

looped network. Noghabi et al. [20] applied the hybrid GA for the variations that may come across 

the system causes increase in the number of constraints and makes solution more practical. 

Bedekar et al. [21] discussed the hybrid scheme for solving the limitations of GA and non-linear 

programming (NLP) for DOCRs problem. Adelnia et al. [22] proposed a GA mechanism for 

reducing the violation of constraints in finding suitable operation time for relays with the help of 

upgrading the current function to a new enhanced function. Moravej et al. [23] emphasis on 

minimizing the time delay from backup to primary relays, with the help of NSGA-II. Damchi et 

al. [24] performed their work on interval LP for solution of undetermined and constrained factors 
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in case of randomness of network system. Thakur et al. [25] included the conversion of bounded 

cross over and mutation into real coded GA for approaching more practical problem. 

PSO and their variants are also proved to be efficient. Asadi et al. [26] described PSO as a powerful 

mechanism for solving the relay problems for both types of decision variables using quantized 

approach. Zellagui et al. [27] developed approach for inverse relays in wind farms. A single 

objective formulation is implemented with the help of mixed integer PSO. Mansour et al. [28] 

proposed a method improving the conventional PSO for relay coordination due to its easy 

implementation. Leite et al. [29] presented an evolutionary PSO technique for large coordination 

problem. Zeineldin et al. [30] presented a new objective function and modified PSO for relay 

coordination of mixed integer type of problem using plug setting as a discrete variable. Farzinfar 

et al. [31] developed a different superior approach for improve the swarm diversity to find the 

operation time of distance relays, as they are back up by DOCRs. 

Gravitational search (GS) mechanism also used in some researches. Radosavljevic et al. [32] 

developed a hybrid approach using GS and sequential quadratic programming for solving relay 

problems. Srivastava et al. [33] prescribed the hybrid PSO-GS for relay problems. A design of 

wind and PV sources is utilized for the verification purpose. 

Differential evolution (DE) approach and their variants provide a new dimension in the field of 

relay coordination. Biswarup et al. [34] discussed a relative analysis on various solution strategy 

such as GA, PSO, HS and DE on DOCRs problem. DE comes out to be better in all other 

algorithms. Pant et al. [35] proposed three modified DE for small area search to calculate the time 

and plug settings for relays. It can be gained by expansion of nearby space of best result obtained. 

Mohseni et al. [36] provides the auto updating mechanism for DE, which seems to fit the results 

of overcurrent relay coordination. Moirangthem et al. [37] developed a technique based on DE to 

find suitable discrete time and plug settings as the problem is a non-linear problem. Thangraj et al. 

[38] presented five different methods for the traditional DE approach. Laplace distribution is 

utilized instead of constant scaling approach. Chelliah et al. [39] used the superbly constrained 

and nonlinear network of DOCRs. Two branches of opposition based chaotic DE schemes; 

OCDE1 and OCDE2 were proposed. Panigrahi et al. [40] discussed an auto upgraded re-clustering 

DE scheme for DOCRs problem with the help of LINKNET structure. Conde et al. [41] performed 

a study on different DE approaches regarding optimal coordination and provide a comparison 

based upon their time, sensitivity, power quality, life time and fast detection of faults. 



Chapter 1  Introduction 

6 | P a g e  
 

Teaching learning-based optimization (TLBO) and hybrid biogeography based optimization with 

linear programming (BBO-LP) are also developed. Abhyankar et al. [42] adapted the utilization 

of TLBO approach for Directional Overcurrent relays problem in a meshed electrical network. 

New function is used for suitable time of operation in between secondary to primary relay. Kalage 

et al. [43] proposed an improved variant of TLBO with the help of variable range of TMS. The 

range for PSM is kept constant. Albasri et al. [44] utilized the hybrid structure of BBO and LP for 

the minimization of operating time of DOCRs. 

Some more meta-heuristics are also utilized for approaching the coordination part of relays. Singh 

et al. [45] estimated the non-linear constrained optimization problem of OC relays with the help 

of extended discrete artificial bee colony technique for the proper application of electro-

mechanical relays. Amraee [46] presented seeker algorithm for mixed integer function of DOCR 

formulation. This work is depended upon the transformative detection of search space and interval 

size. Alipour et al. [47] developed a new improved group search optimization algorithm which 

enhances the convergence rate of traditional scheme. Othman et al. [48] proposed a new 

backtracking search scheme and a new target function for DOCRs problem. Benabid et al. [49] 

designed a mechanism based on firefly algorithm for a highly constrained relay problem. The 

effect of IFCL on the computed results are also examined. Bouchekara et al. [50] started their work 

for DOCRs based on the electromagnetic field optimization and perform some modification to get 

a new modified version. 

In past few years, a variety of work have been completed in the area of machine learning. This 

information also encourage some peoples to get focused in the area of protection system like 

coordination problem of relays. Artificial Neural Network (ANN) is also utilized for DOCRs 

problem of very large looped power systems. Emmanuel et al. [51] provides the method for finding 

the relay settings as per time-current curve. A hybrid GA-ANN approach is utilized with the help 

of a new fitness function to achieve global values. 

The wide range of global optimization techniques had been developed from the natural and/or 

physical activities. Every techniques possess some advantages and disadvantages. BA was 

developed in 2010 with the intention to provide the advantages of major mechanisms. The main 

theme is based on the food searching mechanism of bats. Bat algorithm is the effective technique 

in the field of optimization. Some of the optimization problems are resolved with the help of BA. 
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A review of all these literatures is discussed in a systematic manner to clarify the impression of 

both bat algorithm and its extended variants proposed. These are as follows,  

Xin-She Yang [52] presented a latest super heuristic algorithm, the bat algorithm, which gets 

formulated due to echolocation action of bats. The advantage of adjustment capability for rate of 

convergence is also observed. Rahman et al. [53] performed the recording of shifting of persons 

in an experimental space setup. BA proved to be better from particle filter and PSO. Fong et al. 

[54] developed BA for organizing various topological regions for micro-electronic equipment. 

Liao et al. [55] utilized the moving direction of bats for increasing the accuracy of maximization 

requirements for computing velocity for right zooming. Parika et al. [56] interpreted the BA in the 

field of cellular building network. They handle it as a non-computational function-time. Hannan 

et al. [57] presented their research work on stabilizer creation with the searching ability of BA. 

Gupta et al. [58] implemented a cross mixed BA to improve the search, hence to achieve the 

objective with the help of new results obtained. Jose [59] proposed an effective and durable answer 

to the problem of economic load discharge for wind power. BA handle those errors in a sensible 

way to give better solution. 

Hemis et al. [60] utilized the formulation of BA for the audio watermarking purpose. They 

disintegrate the genuine signal in many sectors. Manohar et al. [61] comes out with the 

methodology of decreasing the order of any multi-order system. BA is applied for leading 

structuring integral square approach. Tsai et al. [62] performed an experiment on joining the 

continuously variable and straightly reducing dc wave. Evolved BA proved to be much trust-

worthy. Jyoti et al. [63] comes out with the calculation based on cloud with the help of BA. This 

is further utilized in load equating. Seifi et al. [64] choose the field of optimum power discharge. 

BA is utilized for computing the superior fixing of control parameters. Gupta and Sharma [65] 

performed the maximization scheme for revenue increment of hydro operated units with the help 

of BA. Neagu et al. [66] implemented BA for finding the best location of placing capacitor bank 

for voltage regulation in a distribution network. Kulkarni et al. [67] prepared a unique BA for 

calculating crop kind detection with the help of multi scope space craft pictures. 

Xin-She Yang [68] extended his past work of bat algorithm to multi objective optimization 

problems. Niknam et al. [69] presented a multi-function self-growing bat scheme for calculating 

reserve bounded load dispatch. A new approach for settling the unprimed results comes out with 

the help of chaos BA technique. Yilmaz and Kucuksille [70] improved the BA by three 
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replacements for evaluation of proposed style of technique. Yılmaz et al. [71] improved the 

inspection approach of the bat algorithm. This is achieved by modification in the relations of wave 

exertion rate and sound intensity of bats with their previous values. Topal et al. [72] proposed a 

dynamic virtual BA for universal maximization on the character rooted finding criteria. Wang et 

al. [73] transformed BA into modified BA reducing the problem of collecting sound intensity and 

wave rate. 

Aadil et al. [74] proposed the mechanism of primal reactive power discharge with the utilization 

of BA and performed simulation in DigSILENT Power Factory and python. Komarasamy and 

Wahi [75] proposed a composition of K-means with BA to gain the advantage of effective 

clumping. Yammani et al. [76] performed their work on the integration of distributed energy 

resources applying BA. Oscar et al. [77] presented BA with improvement helping a fuzzy network 

for variably adaption of its factor. Othman et al. [78] proposed a scheme for spacing of 

photovoltaic setup in an interconnected network. The part involving BA is for finding the best 

location of module and inverter. 

Nakamura et al. [79] designed binary BA for feature selection using a wrapper approach, which is 

a combination of bat behavior and optimum-path forest classifier. Shukla et al. [80] studied the 

advantages of multi-parameter bat algorithm in the form of a discrete version of BA. Djelloul et 

al. [81] performed the operation to satisfy the graph coloration condition with the help of BBA for 

solving maximization situations. Yang et al. [82] also discussed about the discrete version of 

previously described bat algorithm. Application of BBA on a real world problem of optical buffer 

was performed. Rajalaxmi et al. [83] utilized the BBA on the feature selection process with 

addition of error square to be their objective relation. Ramesh et al. [84] emphasis on finding the 

person, who is sending spams in social sites utilizing BBA. Doreswamy et al. [85] highlighted the 

use of BBA in the field of breast cancer data selection. They designed a hybrid approach including 

neural network. 

 

1.3. SOLUTION APPROACH 

Apart from previously developed mechanism, BA for optimal coordination of DOCRs is chosen. 

The main reason for picking up the bat algorithm is its reliable operational approach and proves to 

be better in many other optimization mechanisms. Bats use the ability of sound bursts formation 

for day to day work. This quality helps them to easily locate the foods and any type of hurdles in 
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the path. Bats can also distinguish between various kinds of bugs without the utilization of light 

waves. To apply this property of bats on coordination problem, few theoretical models of their 

capability are required. One major concern is its complex implementation in comparison to another 

optimization models. Even the use of BA proves to be very much fruitful as provides a stable 

solution. BA provides the results after fine updating of frequencies, loudness and pulse emission 

rates. Loudness and rate of impulse does not affect the solution directly, but very much desirable 

to get a finer solution. The usefulness of BA can be increased with the help of provision of new 

model for wavelength or frequency changes [52]. 

The prime involvement of this dissertation is to develop a bat-inspired algorithm for the optimal 

coordination of directional overcurrent relays. In this dissertation the optimal time of DOCRs is 

derived in two ways: as a non-linear programming (NLP) and as a mixed integer nonlinear 

programming (MINLP) problem where both the time multiplier Settings (TMS) and pickup current 

(Ip) or plug setting multiplier (PSM) settings are optimized to minimize the relay operating times. 

The discrete behavior of PSM is utilized with the help of using the new variant of conventional 

BA in terms of binary mode. This makes our model to be suitable for the application in real world 

practical problems. 

 

1.4. ORGANIZATION OF DISSERTATION 

The dissertation titled as “Bat Algorithm for Optimal Coordination of Directional 

Overcurrent Relay System” has been explained in six chapters. In Chapter 1 dissertation 

detailed overview is mentioned, problem related literature survey and dissertation objective is 

provided. Chapter 2 introduces about problem formulation for minimal coordination of 

directional overcurrent relays. In Chapter 3 the overview, details and formulation of conventional 

BA mechanism and binary variant of BA is discussed. Chapter 4 describes the details about 

implementation for both continuous and mixed integer types of coordination approaches.  Chapter 

5 highlights and discuss the results for test system-I and test system-II. The dissertation conclusion 

and potential scope of work has been mentioned in Chapter 6 followed by the references and also 

the appendix. 
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CHAPTER 2 

PROBLEM FORMULATION FOR DIRECTIONAL 

OVER-CURRENT RELAYS COORDINATION 

The most important thing for calculation of optimized coordination of directional overcurrent 

relays focus to estimation of best suitable relay settings. These settings must guarantees that in 

every zones of protection, primary relays should operate first and prevent the system from any 

disturbance. If due to some reason, primary relays fails to operate, then with inclusion of certain 

predefined interval of time, known as CTI, backup relays must be in working mode. This complete 

process of protection should be feasible if they fulfil all the constraints [50]. The above description 

proves that, protection problem with several electrical sources comes under the category of 

optimization problem. Therefore, the protection system issues in estimation of operating time 

relays formulated with the help of an objective function and set of constraints, which must fulfil 

for feasible solution. 

The general steps for any optimization problem are to be followed, includes the estimation of 

objective function fulfilling all the system constraints. A procedure diagram of coordination of 

DOCRs is shown below: 

 

 

 

 

 

 

 

 

 

Fig 2.1: Solution process for DOCRs problem 

Relay settings 
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For better understanding, assume a fault situation, which is symmetrical balanced three phase fault. 

In the abnormal situation, both corresponding relays will identify the condition and initiate the 

process at same time. Relays will takes the ongoing data generated by the individual CT. A tripping 

pulse is provided to the corresponding CB. This will ensure that unbalance will not hunt the whole 

electrical network [2]. 

The required time for the operation of overcurrent relay can be estimated using the proper settings 

of PMS and TSM. IEC gives an inverse characteristic curve shown in fig 2.2 for operating time of 

these relays based on their types like standard inverse, very inverse or extremely inverse. There 

must be need of a separate protection scheme is to employ for individual status of operating voltage 

in DOCRs. 

 

 

 

 

 

 

 

 

 

 

Fig 2.2: Effect of TMS on operating time 

 

Protective relay coordination is the approach of estimating the "most suitable" operation of current 

breaking for any electrical imbalance arise. The aim of coordinating the DOCRs is to come across 

change in settings that reduce the process time to maximum possible value for faults inside the 

protective zone while at the same time there should present some pre-determined time backup for 

relays that are in the neighboring zones [86]. 

Two different approaches for the estimation of optimum relay settings are utilized. In first method, 

TMS and Ip are chosen as the decision variables and both of them are considered to contain the 

continuous values. Another approach includes continuous TMS and discrete PSM as their decision 

variables for mixed integer type problem. The formulation for both methods are discussed below:  
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2.1. PROBLEM FOR CONTINOUS DECISION VARIABLES 

2.1.1. Objective Function 

The fitness function for coordination of DOCRs contains the addition of tripping time of all 

primary relays [87]. The discussed relation of relay settings problem is focused to find the optimum 

value for aggregate burdened addition of execution intervals of primary relays. This is essential 

for maintaining the execution of backup relays to be organized. In accordance with all, the fitness 

function can be formulated as shown [47]: 

Fitness Function:                ∑ 𝜔𝑖𝑇𝑖
𝑛
𝑖=1                                                                (2.1) 

where ωi and Ti are allocated burden and starting time of the ith relay. 

For simplification purpose, consider ωi is equal to 1. According to the relation provided by IEC 

standards, operating time for inverse characteristic overcurrent relays are given as, 

                                        𝑇𝑖 =  
𝛼 ×𝑇𝑀𝑆𝑖

(
𝐼𝐹

𝑖

𝐼𝑝
𝑖⁄ )𝛽− 𝛾

 ,  𝑖 = 1,2, … . . 𝑁                                        (2.2) 

where, TMSi represents the time multiplier setting for ith relays, 

          𝐼𝑝
𝑖  represents the pickup current of the ith relay, 

         𝐼𝐹
𝑖  represents the magnitude of fault current passing from the ith relay, 

        α and β are fixed parameters, which are useful for deciding the type inverse relay i.e. standard 

inverse, very inverse or extremely inverse. All work is performed on standard inverse type, thus 

values are as, α = 0.14, β = 0.02 and γ = 1. 

2.1.2. Constraints 

The purpose for determining the lowest sum of execution intervals of all relays contains some 

constraints to be fulfilled. These boundary consists the variables related to operation of relays and 

parameters maintaining balance between primary and backup protection. 

(a) Relay settings constraints 

These constraints includes the limitations on TMS and Ip. The limitations on parameters 

influencing the objective function directly are shown below [48]: 

                                               𝑇𝑚𝑖𝑛
𝑖  ≤ 𝑇𝑖 ≤𝑇𝑚𝑎𝑥

𝑖                                                           (2.3) 



Chapter 2                                           Problem Formulation for Directional Over-Current Relays Coordination 

13 | P a g e  
 

                                       𝑇𝑀𝑆𝑚𝑖𝑛
𝑖 ≤ 𝑇𝑀𝑆𝑖  ≤𝑇𝑀𝑆𝑚𝑎𝑥

𝑖                                                   (2.4) 

                                                 𝐼𝑝𝑚𝑖𝑛
𝑖  ≤ 𝐼𝑝𝑖 ≤𝐼𝑝𝑚𝑎𝑥

𝑖                                                          (2.5)   

where,  𝑇𝑚𝑖𝑛
𝑖  and 𝑇𝑚𝑎𝑥

𝑖  are the minimum and maximum ranges for operating time of the ith relay. 

             𝑇𝑀𝑆𝑚𝑖𝑛
𝑖  and 𝑇𝑀𝑆𝑚𝑎𝑥

𝑖  are the minimum and maximum ranges for the TMS of the ith relay. 

    and, 𝐼𝑝𝑚𝑖𝑛
𝑖  and 𝐼𝑝𝑚𝑎𝑥

𝑖  are the minimum and maximum ranges for the Ip of the ith relay. 

Additionally, there are some more boundaries to be mentioned. First check that the pickup current 

values should always be small than lowest value of short- circuit current. Secondly, values of 

pickup current should also be more than the highest value of load current. This indicates that 𝐼𝑝
𝑖  

should be obtained very specifically. This happens because it seems to be a settlement in 

developing a more safe and flexible protection system. For dealing with the continuous values of 

TMS and Ip, our solution may be proceed to some less optimized output or to solution which is not 

practically possible. 

(b) Relay Coordination Constraints 

These constraints are relevant to combined working of primary and backup relays as a protection 

mechanism. Whenever any fault is occurred, both protection gets the alert signal at the same time. 

Due to parallel working of these devices, one must provide a safety tool, which prevent backup 

relay to send trip signal and perform mal-operation. 

Rj                             Ri 

 

                                                                                                                       F 

Fig 2.3: Primary and Backup relay representation 

This safety tool is CTI in coordination case, which provide a balance between both types of 

protection module. CTI should be selected so as to provide a time difference in which primary 

relay tries to clear the fault first. Hence CTI involves the addition of time taken by circuit breaker 

(CB) of primary relay to operate, the outreach duration for backup relay and some additional 

security time-gap. In case of fig. 3, the backup relay Rj should provide some certain delay of time 
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for the proper operation of the primary relay Ri. It is a very tough task to fulfil the usage of both 

protection mechanism. The relation for coordination balance is termed as:  

                                     𝑇𝑏𝑎𝑐𝑘𝑢𝑝 −  𝑇𝑝𝑟𝑖𝑚𝑎𝑟𝑦≥ CTI                                                (2.6) 

where, Tprimary and Tbackup are the execution intervals for primary and backup relay. 

The range for the CTI can be selected in between 0.2 sec and 0.5 sec, which is based upon various 

criteria and situations [88]. 

 

2.2. PROBLEM FOR MIXED-INTEGER DECISION VARIABLES 

This problem is stated as mixed integer because usage of both types i.e. continuous as well as 

discrete type of decision variables is stated. TMS is taken as continuous while PSM is taken as in 

discrete steps. The size or length of steps for PSM is dependent on the required problem. 

2.2.1. Objective Function 

The intention for solving the problem regarding the balancing of the DOCR operation is to estimate 

the lesser and possible executing interval of the primary relays for sound protection scheme. The 

fitness function for discrete or mixed-integer type problem is similar to continuous problem. Hence 

equation (2.1) is same. 

The formula for calculation of operating time contains some different part. These change occur 

due to the inclusion of PSM instead of Ip. This is provided as follows: 

𝑇𝑖 =  
𝛼 ×𝑇𝑀𝑆𝑖

(
𝐼𝐹
𝑖

𝑃𝑆𝑀𝑖∗𝐶𝑇𝑅𝑖
)

𝛽

− 𝛾

 ,  𝑖 = 1,2, … . . 𝑁                                          (2.7) 

where, TMSi, 𝐼𝐹
𝑖 , α, β and γ have the same meaning as stated in previous problem formulation. 

           PSMi represents the plug setting multiplier for ith relay. 

   and, CTRi represents the current transformer ratio for ith relay. 

2.2.2. Constraints 

Some of the constraints are similar to constraints applied in the continuous optimization problem. 

Some more boundaries are still considered, which is due to introduction of new variable. Here, 

constraints can be divided in two parts as: 
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(a) Relay settings constraints 

The expression shown in equation (2.3) and (2.4) will remain same. But instead of boundaries on 

pickup current, consider the range for PSM. This can be shown as: 

𝑃𝑆𝑀𝑚𝑖𝑛
𝑖 ≤𝑃𝑆𝑀𝑖≤𝑃𝑆𝑀𝑚𝑎𝑥

𝑖                                                   (2.8) 

where, 𝑃𝑆𝑀𝑚𝑖𝑛
𝑖  and 𝑃𝑆𝑀𝑚𝑎𝑥

𝑖  are the minimum and maximum ranges for the PSM value of the ith 

relay, respectively. 

Furthermore, in case of providing protection to phase, the value of PSM should be more than the 

highest load current and smaller than lowest fault current for every relay. The lowest value for 

TMS represents the speed for relay operation. The relay should maintain proper time for relay 

operation as it will not cause any type of false switching, whenever some transient situation arises. 

On the other hand, the highest value for TMS represents the greatest feasible duration for 

prevention of power network from any fault. 

The lower value PSM for the relay is the highest for the minimum accessible tap setting and a 4/3 

of the highest load current flowing from it. On the other hand, the higher value of PSM taken to as 

2/3 of the lowest fault current experience by the backup relay. All these criteria are selected to stop 

the tripping, if load gets increased on the system. The higher ranges are approximated to the 

minimum possible tap settings, while the smaller values are approximated to the maximum 

possible tap settings [89]. 

(b) Relay Coordination Constraints 

The boundaries applied on the coordination time of both relays contains the same relation as stated 

in equation (2.6). 
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CHAPTER 3 

BAT ALGORITHM 

3.1. INTRODUCTION 

The solution procedure followed for coordination optimization problem is centered on bat 

algorithm. This term ‘bat algorithm’ is firstly used by Xin-She Yang in 2010. This method slowly 

triggered people's solid observation. Since then it is growingly exerted to various areas. Bat-

aroused algorithm is acceptable for computing non-linear and global optimization problems. Yang 

[52] is interested to take the benefits of previous theories for creation a new bat algorithm. From 

through foundation and illustration of its utilization, this is finalized that the prescribed approach 

is superior in compared with other living theories, including genetic algorithms and particle swarm 

optimization. 

Yang [52] comes out with a positive outcome of a Bat Algorithm for steady constrained 

optimization programs. This algorithm seems to be probably more convincing in comparison to 

PSO, GA and HS. This can be understood because BA uses a sound composition of prime benefits 

of these theories in specified way. Bat algorithm gives better formulation of the variables that 

causes a fast convergence rate. One drawback of BA is his more complex implementation in 

comparison to other evolutionary algorithms. But its advantages can overcome this limitation. The 

solutions gets updated by changing frequencies, sound intensity and rates of wave exertion. The 

results achieved by Yang advocate that further analysis will likely be required to execute the 

sensitivity inspection, for understanding the pace of algorithm zooming. To enhance the zooming 

pace even better. A large scale correlation learning will cause fresh problems to the algorithms. 

For better application, vast span of present approaches with the help of toughest test operations in 

increasing dimensions are used. Such correlations will likely disclose the nobility and limitation 

of all the algorithms of concern. 

Two forms of bat algorithm are adopted in this thesis work. These two forms are:  

(i) Traditional bat algorithm, and 

(ii) Discrete or binary bat algorithm. 

A meaningful discussion about both of methods including their preferable usage conditions are 

written below. 
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3.2. BAT ALGORITHM 

The method for solution adopted is described in a suitable way. The starting of algorithm requires 

the understanding of behavior of a fascinating mammal bat. They possess a unique structure among 

mammals with their wings and a capability of echolocation. Among bats micro-bats are more 

preferable as they use echolocation extensively while mega bats are not. They used sonar, known 

as echolocation, to notice prey, escape from barriers and to get to their vents. They convey a very 

strong sound burst and hear for the reflection that rebound back from the bodies. Some bats prefer 

short frequency modulated pulse, while others use constant frequency signals [64]. 

Though each pulse only last in the range of 8-10 ms, it has an unchanged frequency in the span of 

25-150 kHz. Because pace of sound in wind is normally v = 340 m/s and wavelength λ of the 

supersonic burst for a fixed frequency is [52], 

λ =  
𝑣

𝑓
                                                                     (3.1) 

This appears to come in the span of 2-14 mm. The loudness of sound burst also deviates from the 

loudest when detecting prey and becomes calm when approaching near the prey. Studies provides 

that the incorporation time of the bat ear is commonly ranges from 300 to 400 µs. Micro bats have 

ability to control the evade barriers like compact as fine human hairs. 

Researches proved that micro bats utilize the time difference from the release and discovering of 

the echo. They distinguish action duration between their ears, and the intensity changes for the 

reflections to create a three dimensional plot of the scenarios. 

3.2.1. Approximate or idealized rules 

For a better model inspired from behavior of bats, idealization of some of its characteristics is 

required. The following approximations are [54]: 

1) All bats explore echolocation to determine position. They can predict the dissimilarity in 

bread/prey and obstacles in some mystical manner. 

2) Bats glide uncertainly having velocity vi at distance xi for a constant frequency fmin, unfixed 

wavelength λ and intensity of sound A0 to hunt for food. Bats can reflectively maintain the 

wavelength (or frequency) of produced waves and maintain the rate of wave extinction. Here r 

comes in range of [0, 1], defined with nearness of required aim. 
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3) The intensity burst can change in distinct paths. The intensity burst changes from a high value 

of A0 to a small fixed value Amin. 

In addition to these assumption, consider the frequency f for a span [fmin, fmax] analogous to a span 

of wavelengths [λmin, λmax]. Additional evident interpretation is that no beam uncovering is adopted 

in computing the time differences and three dimensional profile. 

 

3.2.2. Pseudo code of the bat algorithm 

An artificial code for the formulation of bat inspired method is given as shown below [52], 

 

Proposed function f(x), for design parameter x = (x1, ..., xd)T 

Give starting bat native xi (i = 1, 2, ..., n) and  velocities vi 

Decide beat frequency fi at each xi 

Initialize beat rates ri and the intensity of sound Ai 

while (t <Max number of iterations) 

Produce new parameters by varying frequency, and upgrading velocities and locations/solutions. 

if (rand > ri) 

Choose a solution from the leading solutions 

Create regional solution from the available best solution 

end if 

Produce a fresh output by flying uncertainly 

if (rand < Ai & f(xi) < f(x*)) 

Acquire new outputs 

Rise ri and decrease Ai 

end if 

Grade the bats and compute the present best x* 

end while 

Print the output 

3.2.3. Updating frequency, velocity and location 

To make this algorithm working, the equation for updating the parameters involved in the 

computation process are also provided. The updated positions 𝑥𝑖
𝑡 and velocities 𝑣𝑖

𝑡 at iterative step 

t are [52], 
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fi = fmin + (fmax − fmin) β                                                 (3.2) 

𝑣𝑖
𝑡 =  𝑣𝑖

𝑡−1 + (𝑥𝑖
𝑡 − 𝑥∗)𝑓𝑖                                                (3.3) 

𝑥𝑖
𝑡 =  𝑥𝑖

𝑡−1 + 𝑣𝑖
𝑡                                                             (3.4) 

where, β ∈ [0, 1] is a arbitrary vector selected using uniform dispatch. 

            x* is present global best position which is computed after analyzing all the solutions. 

For confined regional search, once a output is chosen from the present top outputs, a fresh output 

for every bat is produced regionally with casual march [52], 

𝑥𝑛𝑒𝑤 =  𝑥𝑜𝑙𝑑 +  𝜖𝐴𝑡,                                                    (3.5) 

where, 𝜖 ∈  [−1, 1] is a arbitrary number, 

           At is average sound intensity of each bats at iteration t. 

Moreover, sound intensity Ai and rate ri of impulse should be upgraded consequently as the 

iterations advance. The relations are as, 

𝐴𝑖
𝑡+1 =  𝛼 𝐴𝑖

𝑡  ;         𝑟𝑖
𝑡+1 =  𝑟𝑖

0[1 − exp (−𝛾𝑡)]                                 (3.6) 

where, 𝛼 and 𝛾 are fixed numbers in the range of 0 < 𝛼 < 1 and 𝛾> 0. 

For exchanging the alterations of the frequency fi using any arbitrary generated factor and 

substitute Ai = 0 and ri = 1, the bat algorithm basically get the form of standard PSO. Likewise, if 

velocities are neglected, but utilize a constant sound intensity and rate: Ai and ri. For example, Ai 

= ri = 0.8, process nearly get the form of HS. The designed new scheme is prospectively more 

effective. Therefore it should be scrutinized more in various implementations of engineering and 

industrial maximization studies. 

 

3.3. BINARY BAT ALGORITHM 

Along with conventional bat algorithm, another robust part of BA, known as binary bat algorithm, 

is also utilized. BBA seems to be very useful for handling the discrete behavior of plug setting 

multiplier in directional overcurrent relays. This becomes very helpful in developing a practical 

solution for coordination problem. In spite of availability of several optimization approaches in 

the market, our preference is given to BBA due to some underlined points: 

1. Closeness to optimal value: BA and their product are more suitable to get the nearest global 

optimum value. 



Chapter 3                                                                                                                                                 Bat Algorithm 

20 | P a g e  
 

2. Self-intensive: BBA is proved to get the capacity to search the complete space for encouraging 

results within less interval. 

3. Self-controlling: Search intensity is preferably depends upon self-driven control of mechanism. 

This property helps in diversion from exploration to exploitation, which is very much needed for 

any optimization approach. The effectiveness of algorithm become high with the help of self-

driven controlling mechanism. 

4. Parameter handling: BA is very much useful in terms of better handling of their parameters. 

Unlike other optimization approaches, they continuously change their parameters in every 

iteration. This ability is also beneficial for self-driven switching. 

5. Adjustment of Frequency: Frequency plays a vital role in creation of fine mirror copy of natural 

Bats. This adjustment of frequency is also shown in particle swarm optimization, CS, HS etc. 

Therefore this property gives the principal attributes of many other meta-heuristic models. 

Furthermore, with the references from other literature available, it will be more suitable to get 

global minimum or maximum values from the application of bat inspired products [85]. 

Binary version of BA is theoretically identical to the conventional Bat algorithm. Naturally Bats 

fly in an uninterrupted system area. And the working area for BBA is lies inside binary space. 

Binary area is confined for 0’s and 1’s. Therefore previous relations for updating location and 

velocity of bats as described in equation (3.3) and (3.4) are not useful in this case. To use the search 

space of 0s and 1s, another approach is required. Hence the path of relation mechanism is chosen 

and velocities are compared with some predefined function to get new location vector. That 

predefined function are chosen according to the requirements of problem. Generally, V-shaped 

(hyperbolic tangent function) or sigmoid function are preferred. The only condition to choose a 

suitable function is that its output should always lies in the range of [0, 1]. The mapping result of 

described function would directly reflect in updating of the velocity. After understanding these 

requirements, the function useful to their solution approach can be predicted very easily. 

A binary working area can be identified in the form of a hypercube. The working factors 

(parameters) of any binary optimization mechanism have only two option of moving either to 

closer and distant ends of the chosen hypercube. This can be achieved with the help of twisting 

different digits of bits [90]. Therefore, it is clear that to develop some strategy with the help of 

binary aspect of BA, few fundamental relation changing criteria must be regulated. 
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The continuous aspect of BA, uses the digital bats. These bats are used as search capable species 

throughout the solution area. They are better in searching with the help of location and velocity 

factors. These factors are constantly got changed as the iteration precedes in the real number range. 

And, change in position vector can be done simply by adding velocity term to position term. But 

here in case of discrete search area, this is quite different [91]. 

Whenever discussion is made for a discrete search area, change in position contains the 

overlapping of digits from ‘‘0’’ to ‘‘1’’ or vice-versa. The whole overlapping criteria is decided 

with the help of velocities and a decision making function. The difficulties arising from the process 

of change in position in discrete search area makes this more complicated. In reference of [92–94], 

the process of updating the location of any particle is directly proportional to the probability of 

velocity vector of that particle. 

 

Fig 3.1: Sigmoid and V-shaped transfer function [91] 

 

To understand the complete process, a transfer function is designed. This formulation is important 

to relate velocity vector to its probability results. Then these results will change the particle’s 

position. In another way, a mathematical formulation is required for estimating the probability of 

updating the positions between 1 and 0. Therefore transfer functions can be called as the driving 

cause for any particles to make his displacement limited to binary area. Rashedi et al. [92] 

described that, some points are necessary to be followed for proper application of binary version 

of bat algorithm or for maintaining the position vector inside binary space: 

• The selected transfer function should have a range in between 0 and 1. This is required because 

transfer function are equivalent to probability vector. 
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• This will be better if the selected function choose higher probability for updating the location for 

higher magnitude of velocity. Particles with higher magnitudes, are preferably at distant from their 

optimum values. Since they require to change current positions. 

• Similarly, for lesser magnitude, probability of updating the location should be less. 

• The output from the decision formula should be directly proportional to the velocity. For distant 

particles, probability will be large as it will ensure that previous values should be restored. 

Above mentioned points are surety for any transfer function. This confirms their capability to relate 

the work of maintaining a continuous solution area to a binary solution area. These rules are also 

essential for continuing the basics of any optimization mechanism. 

There are two famous transfer function. Any one of them can be chosen based on requirements. 

Sigmoid transfer function is presented as: 

𝑆 (𝑣𝑖
𝑘(𝑡)) =  

1

1+ 𝑒−𝑣𝑖
𝑘(𝑡)

                                                        (3.7) 

where, 𝑣𝑖
𝑘(𝑡) represents velocity for ith particle in kth dimension at t iteration. 

Once the values of above mentioned function for each particle are calculated, the new position is 

given according to relation described below [22]: 

𝑥𝑖
𝑘(𝑡 + 1) =

0    𝑖𝑓 𝑟𝑎𝑛𝑑 ≤ 𝑣𝑖
𝑘(𝑡 + 1)

1    𝑖𝑓 𝑟𝑎𝑛𝑑 ≥ 𝑣𝑖
𝑘(𝑡 + 1)

                                  (3.8) 

where, 𝑥𝑖
𝑘(𝑡 + 1)and 𝑣𝑖

𝑘(𝑡 + 1) represents the position and velocity of ith particle at iteration t in 

kth dimension. 

The sigmoid function model lacks their performance as it provide 0 and 1 values unwillingly [91]. 

This makes the updating process of position obsolete because in spite of increase in velocity, 

position does not changes. The solution to above problem is given with the help of developing a 

new different transfer function. Another V-shaped transfer function is described below with their 

relations for change in positions: 

𝑉 (𝑣𝑖
𝑘(𝑡)) =  |

2

𝜋
arctan (

𝜋

2
𝑣𝑖

𝑘(𝑡))|                                                (3.9) 

𝑥𝑖
𝑘(𝑡 + 1) =

𝑥𝑖
𝑘(𝑡)−1  𝑖𝑓 𝑟𝑎𝑛𝑑 ≤ 𝑉 (𝑣𝑖

𝑘(𝑡 + 1))

𝑥𝑖
𝑘(𝑡)   𝑖𝑓 𝑟𝑎𝑛𝑑 ≥ 𝑉 (𝑣𝑖

𝑘(𝑡 + 1))
                            (3.10) 
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where, 𝑥𝑖
𝑘(𝑡) and 𝑣𝑖

𝑘(𝑡) represent the position and velocity of ith particle at iteration t in kth 

dimension, and 𝑥𝑖
𝑘(𝑡)−1 and 𝑥𝑖

𝑘(𝑡) are conjugate or inverse of each other. 

V-shaped function is preferred instead of sigmoid function for the problem regarding calculation 

of plug settings of relays. Hence this will relate the velocities of BBA’s bats to the output of 

transfer function. This will in turn switch the position vectors of every particle. 

The pseudo codes are very much similar to BA. The changes will happen in the updating part of 

velocity and position vectors. One more change is to hold in the local search part of bat algorithm. 

There also, same transfer function is used, with average loudness being the dependent variable. 

This can be shown as follows: 

𝑉(𝜖𝐴(𝑡)) =  |
2

𝜋
arctan (

𝜋

2
𝜖𝐴(𝑡))|                                          (3.11) 

𝑥𝑖
𝑘(𝑡 + 1) =

𝑥𝑖
𝑘(𝑡)−1  𝑖𝑓 𝑟𝑎𝑛𝑑 ≤ 𝑉(𝜖𝐴(𝑡 + 1))

𝑥𝑖
𝑘(𝑡)   𝑖𝑓 𝑟𝑎𝑛𝑑 ≥ 𝑉(𝜖𝐴(𝑡 + 1))

                           (3.12) 

where, A(t) is the average loudness for iteration t.  

These two changes are the difference in the operation of conventional and binary aspect of bat 

algorithm. Other steps of BBA are similar to conventional bat algorithm. 
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CHAPTER 4 

BAT ALGORITHM FOR DIRECTIONAL  

OVERCURRENT RELAY SYSTEM 

4.1. IMPLEMENTATION FOR CONTINOUS DECISION VARIABLES 

Bat algorithm is a metaheuristic optimization procedure motivated by one of special types of flying 

insects i.e. micro-bats. The approach of pursuit and how bats handle the obstacles in their way is 

utilized in this dissertation work. Step-wise procedure of applying micro-bats behavior is discussed 

below: 

4.1.1. Reading the input values 

Read the minimum and maximum value of time multiplier settings (TMS), pickup current (Ip), 

operating time with the fault current level (IF) (primary and backup) and CTI for each relay. The 

minimum and maximum value of parameters used in bat algorithm like loudness and rate of 

impulse are also assigned. 

4.1.2. Defining starting values for particles 

Every optimization technique requires a group of possible results of desirable length N. The 

possible results are identified as individual bat particle in case of BA. Initially, results are predicted 

randomly with the consideration of their boundaries. The distribution is setup uniformly 

throughout the whole search area. 

If 𝑥 =  (𝑥1, 𝑥2, 𝑥3, … … … …  𝑥𝑛) is a particle result, minimum and maximum range for x is shown 

by 𝑥𝑗
𝑙 and 𝑥𝑗

𝑢, respectively. Here, ‘j’ denotes the chosen bat particle for decision variable 𝑥𝑗. As 

final destination is to find the position of prey, which is uncertain at the starting of mechanism. A 

mathematical equation is applied to get some approximations resides in their boundary ranges. Let 

us assume that whole set of solution is represented by vectors. The solution vector possess 

dimension d and particle count N, under considering the minimum and maximum range. Then, 

approximated initial position of prey are estimated as [95], 

𝑥𝑗𝑖 =  𝑥𝑚𝑖𝑛 +  ϕ(𝑥𝑚𝑎𝑥 −  𝑥𝑚𝑖𝑛)                                             (4.1) 

where, j = 1, 2. . . N, i = 1, 2. . . d, 𝑥𝑚𝑎𝑥 and 𝑥𝑚𝑖𝑛 are maximum and minimum limits for element 

i, respectively. ϕ is a random number lies between 0 and 1. 
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For problem of coordination of DOCRs, decision variable, 𝑥 =  {𝑇𝑀𝑆, 𝐼𝑝}. Therefore, equation 

(4.1) changed as follows, 

𝑇𝑀𝑆𝑗
𝑖 =  𝑇𝑀𝑆𝑚𝑖𝑛

𝑖 +  ϕ(𝑇𝑀𝑆𝑚𝑎𝑥
𝑖 −  𝑇𝑀𝑆𝑚𝑖𝑛

𝑖 )                               (4.2) 

𝐼𝑝𝑗

𝑖 =  𝐼𝑝𝑚𝑖𝑛

𝑖 +  ϕ (𝐼𝑝𝑚𝑎𝑥

𝑖 − 𝐼𝑝𝑚𝑖𝑛

𝑖 )                                            (4.3) 

where, 𝑇𝑀𝑆𝑗
𝑖 is the time multiplier setting for ith dimension of jth bat-particle, and 

           𝐼𝑝𝑗

𝑖  is the pickup current for ith dimension of jth bat-particle. 

4.1.3. Estimating frequency, velocity and new positions 

The initial fitness result for all particles is calculated with the help of random decision variables 

obtained in previous steps as discussed in chapter 2. A complete set of frequencies (𝑓𝑗) for each 

decision variable have been calculated previously using equation (3.2). Obtained frequencies are 

utilized for the calculation of velocity (𝑣𝑖) for each decision variable using equation (3.3). This is 

shown as, 

For TMS,                                      𝑣𝑇𝑗𝑖
𝑡 =  𝑣𝑇𝑗𝑖

𝑡−1 + (𝑇𝑀𝑆𝑗𝑖
𝑡 − 𝑇𝑀𝑆∗)𝑓𝑗                                        (4.4) 

For 𝐼𝑝,                                            𝑣𝑝𝑗𝑖
𝑡 =  𝑣𝑝𝑗𝑖

𝑡−1 + ( 𝐼𝑝𝑗𝑖

𝑡 −   𝐼𝑝
∗) 𝑓𝑗                                            (4.5) 

where, 𝑓𝑗  is the frequency related to the jth bat-particle, 𝑇𝑀𝑆𝑗𝑖
𝑡  and  𝐼𝑝𝑗𝑖

𝑡  are the time multiplier 

setting and pickup current for ith dimension of jth bat-particle at tth iterative step, respectively. 𝑇𝑀𝑆∗ 

and  𝐼𝑝
∗ are time multiplier setting and pickup current for ith dimension of jth bat-particle 

corresponding to present optimum or best solution at tth iterative step, respectively. 𝑣𝑇𝑗𝑖
𝑡  and  𝑣𝑝𝑗𝑖

𝑡  

are velocity for time multiplier setting and pickup current for ith dimension of jth bat-particle at tth 

iterative step, respectively. 

New positions (𝑥𝑗𝑖) or decision variables are estimated with the help of updated velocities using 

equation (3.4). This is shown below: 

For TMS,                                      𝑇𝑀𝑆𝑗𝑖
𝑡 =  𝑇𝑀𝑆𝑗𝑖

𝑡−1 + 𝑣𝑇𝑗𝑖
𝑡                                                       (4.6) 

For 𝐼𝑝,                                              𝐼𝑝𝑗𝑖

𝑡 =   𝐼𝑝𝑗𝑖

𝑡−1 + 𝑣𝑝𝑗𝑖
𝑡                                                            (4.7) 
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The steps for estimation of fitness function are performed using new decision variables and the 

best estimated value is selected to be global solution. The decision variables corresponding to the 

best solution will be assigned as present optimum variables. 

4.1.4. Exploitation ability of the mechanism 

The results based on the uniformly distributed decision variables are generated. The effectiveness 

of exploitation strength of proposed approach should be utilized. The local search process is 

provided in the algorithm. A mathematical formulation is given so that bat particle should enhance 

their output in the premise of present outputs. This equation is discussed in equation (3.5). For 

coordination problem approach, it can be stated as, 

For TMS,                                        𝑇𝑀𝑆𝑛𝑒𝑤 =  𝑇𝑀𝑆𝑜𝑙𝑑 +  𝜖𝐴𝑡                                                 (4.8) 

For 𝐼𝑝,                                                𝐼𝑝𝑛𝑒𝑤
=   𝐼𝑝𝑜𝑙𝑑

+  𝜖𝐴𝑡                                                     (4.9) 

where, 𝐴𝑡 is the mean value for loudness corresponding to all bat-particle at tth iteration. 

            𝜖 is uniformly estimated arbitrary real number lies between −1 and 1. 

𝑇𝑀𝑆𝑜𝑙𝑑 and  𝐼𝑝𝑜𝑙𝑑
 are used as current values of decision variable. 

    and, 𝑇𝑀𝑆𝑛𝑒𝑤 and  𝐼𝑝𝑛𝑒𝑤
 are used for updated values of decision variables. 

4.1.5. Updating loudness and rate of impulse 

The exploitation quality of bat centered technique is already utilized. Additional checks on two 

major parameters of bat algorithm are still performed. Bats tend to decrease the loudness as they 

are approaching towards prey, while the rate of sound impulses are tends to increase.  

A comparison of present loudness with randomly generated number and another comparison 

between current global fitness function and present fitness function are performed. If loudness and 

present fitness function appears to be greater, only then the formula for changing the current values 

of loudness as well as rate of impulse will be applied. This calculation utilize the mathematical 

equation discussed previously in equation (3.6). Therefore as the iteration proceeds, variations 

occur in the present values of loudness (Ai) and rate of impulse (ri). 

Finally, the results obtained from all the bats are compared, and the best optimal solution utilizing 

the fitness function are chosen. The flow-chart showing the complete steps for solution process is 

shown in fig. 4.1. 
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4.2. IMPLETATION FOR MIXED-INTEGER DECISION VARIABLES 

Mixed integer optimization aspect of coordination problem utilized both types of variables i.e. 

continuous as well as discrete. Most of the part for problem implementation will remain same. 

Binary version of bat algorithm is used for dealing with the discrete part of problem. The 

calculation for fitness function were discussed in equation (2.1) and (2.7). 

4.2.1. Reading the input values 

This step remain same except that in place of defining the lower and upper values of pickup current, 

the same for PSM will be defined. Two more change takes place in terms of defining the current 

transformer ratio (CTR) for each available relay and step size (ds) for the discrete decision variable 

PSM. All other values will remain similar as discussed in previous case. 

4.2.2. Defining starting values for particles 

There will also be two decision variables. But one of them will be discrete in nature. The decision 

variables for mixed-integer optimization problem are, 

𝑥 =  {𝑇𝑀𝑆, 𝑃𝑆𝑀} 

TMS is continuous, while PSM is discrete. Therefore, steps for calculating the initial values of 

TMS will be same using equation (4.2). But for PSM, some modifications are required. The 

minimum value of PSM in every dimension (i.e. relays) for each bat-particle is selected as initial 

solution. This can be written as, 

 𝑃𝑆𝑀𝑗
𝑖 =  𝑃𝑆𝑀𝑚𝑖𝑛

𝑖                                                           (4.10) 

where, 𝑃𝑆𝑀𝑗
𝑖 is the plug setting multiplier value for ith relay of jth bat-particle, and 

            𝑃𝑆𝑀𝑚𝑖𝑛
𝑖  is the minimum PSM value for ith relay. 

4.2.3. Estimating frequency, velocity and new positions 

For TMS, all the steps remain same as discussed in continuous optimization problem. But process 

for PSM is different. The velocities for PSM are estimated using mathematical equation: 

 𝑣𝑃𝑗
𝑖 (𝑡) =  𝑣𝑃𝑗

𝑖 (𝑡 − 1) + (𝑃𝑆𝑀𝑗𝑖
𝑡 −  𝑃𝑆𝑀∗)𝑓𝑗                                 (4.11) 

where, 𝑣𝑃𝑗
𝑖 (𝑡) is the value of velocity for PSM for ith dimension of jth bat-particle at tth iteration, 
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𝑃𝑆𝑀𝑗𝑖
𝑡  is the PSM value for ith dimension of jth bat-particle at tth iteration, and 

𝑃𝑆𝑀∗ is the value of PSM corresponding to the present optimum fitness function. 

The V-shaped function is used for the binary aspect of bat algorithm. This utilization takes place 

with the help of velocities calculated in equation (4.11). It can be shown as [96], 

𝑉(𝑣𝑃𝑗
𝑖 (𝑡)) =  |

2

𝜋
arctan (

𝜋

2
𝑣𝑃𝑗

𝑖 (𝑡))|                                              (4.12) 

𝑏𝑗
𝑖(𝑡) =

−1 ;   𝑖𝑓 𝑟𝑎𝑛𝑑 ≤ 𝑉 (𝑣𝑃𝑗
𝑖 (𝑡))

+1 ;    𝑖𝑓 𝑟𝑎𝑛𝑑 ≥ 𝑉 (𝑣𝑃𝑗
𝑖 (𝑡))

                                         (4.13) 

𝑃𝑆𝑀𝑗𝑖
𝑡 =  𝑃𝑆𝑀𝑗𝑖

𝑡−1 + (𝑏𝑗
𝑖(𝑡) ∗ 𝑑𝑠)                                             (4.14) 

where, 𝑏𝑗
𝑖(𝑡) is the binary parameter for ith dimension of jth bat-particle at tth iterative step, which 

provide the feasibility for discrete operation of PSM values. And, 𝑑𝑠 is the step length for PSM. 

4.2.4. Exploitation ability of the mechanism 

In the local search part, again all the equations related to TMS will remain similar to previous case. 

But different approach for PSM is required. The V-shaped function is utilized for the discrete value 

of decision variable PSM. This can be formulated as shown [96], 

𝑉(𝜖𝐴(𝑡)) =  |
2

𝜋
arctan (

𝜋

2
𝜖𝐴(𝑡))|                                        (4.15) 

𝑏𝑗
𝑖(𝑡) =

−1 ;   𝑖𝑓 𝑟𝑎𝑛𝑑 ≤ 𝑉(𝜖𝐴(𝑡))

+1 ;    𝑖𝑓 𝑟𝑎𝑛𝑑 ≥ 𝑉(𝜖𝐴(𝑡))
                                     (4.16) 

𝑃𝑆𝑀𝑛𝑒𝑤 =  𝑃𝑆𝑀𝑜𝑙𝑑 + (𝑏𝑗
𝑖(𝑡) ∗ 𝑑𝑠)                                        (4.17) 

where, 𝑃𝑆𝑀𝑛𝑒𝑤 and 𝑃𝑆𝑀𝑜𝑙𝑑 are the updated and current values for decision variable PSM. 

4.2.5. Updating loudness and rate of impulse 

The final step includes the updating of loudness and rate of impulse for each bat-particle. The 

mathematical part will remain similar to the previous case independent from type of variables. 

Finally, compare results obtained from all the bats, and choose the best optimal solution utilizing 

the fitness function. 
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also define the each combinational pairs 

 
Calculate the random first values for all decision 

variable (TMS, PSM or Ip) of DOCRs problem 

Calculate the fitness function for every bat-particle. 

Select the best value to be current optimal solution  

Generate the frequency for each bat-particle, 

and start the iterations 

it= itmax 

STOP 

Calculate velocities and update the decision 

variables for each bat and their relays 

rand > ri 

rand < Ai, & 

 f(xi) > global 

Evaluate new values around old values using Ai 

Accept new values, and change Ai & ri 

Print the solution 

Fig 4.1: Flow-chart Process for DOCRs problem implementation 
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CHAPTER 5 

RESULTS AND DISCUSSION 

The discussed meta-heuristic swarm based bat algorithm and its binary variant has been utilized 

for the feasible minimization of the operating trip time of directional overcurrent relays for the 

purpose of optimal coordination of protection system. This method is applied in two IEEE bus 

systems for verification purpose. The bus system includes the combination of generators, 

transformers, transmission lines and directional overcurrent relays. All the data used from the bus 

system have been detailed in Appendix A. 

For the execution of discussed mechanisms, some sets of codes in the form of a computer program 

are written. The software employed is Fortran PowerStation 4.0 developed by Microsoft Dev 

Studio. The computer system having Intel (R) Core™ i3-5005U CPU @ 2.00 GHz Processor and 

4.00 GB-RAM under Windows 10 pro environment have been operated. To work and validate the 

effectiveness of the utilized BA and BBA for the minimization of operating time required for 

coordination of relays, two different cases have been investigated using two test systems consisting 

their separate design variables. 

 

5.1. TEST SYSTEM 1 

5.1.1. Description of 8-bus test system-1 

The first network for testing purpose, which is utilized in the report is IEEE 8-bus test network 

depicted in Fig. 5.1. There is no link is provided for another network or any external grid. This 

system consists of 8 buses, 2 electrical sources, 2 T/Fs, 7 transmitting lines and 14 directional-

relays. 

Furthermore, the lower and higher settings with respect to the minimum and maximum limits of 

TMS are chosen 0.05 and 1.1, respectively. The settings for CTI is considered as 0.3 and upper 

limit for duration for tripping of every relay is chosen as 𝑇𝑚𝑎𝑥 = 2(s). It shows that, bus network 

consists 28 design variables (14 + 14, for TMS and Ip) and 40 constraints (20 + 20, for CTI 

and 𝑇𝑚𝑎𝑥, respectively). 
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              T2 

                 B8 

               G2 

Fig 5.1: Connection-Diagram for IEEE 8 bus network (without external grid) [97] 

5.1.2. Setting of parameters 

The setting of parameters for both test system under BA and BBA are as shown: 

i. N_population = 100 bat-particles 

ii. 𝑓𝑚𝑖𝑛 = -1 and 𝑓𝑚𝑎𝑥 = +1 

iii. 𝑐𝐴𝑚𝑖𝑛 = 0.1 and 𝐴𝑚𝑎𝑥 = 0.8 

iv. 𝑟𝑚𝑖𝑛 = 0.3 and 𝑟𝑚𝑎𝑥 = 0.9 

v. alpha = 0.8 and gamma = 0.8 

5.1.3. Obtained simulation output 

The implementation of bat algorithm has been applied in the computation of optimized settings of 

time multiplier and pickup current for determination of minimum possible operating time of 

directional OC relays. Applying the parameters shown above, problem for continuous relay 

settings is computed. The table 5.1 shows the coordination criteria for every combination of 

1 

8 14 2 

7 13 5 

9 3 10 4 

12 6 11 
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primary and backup relays. The solution for TMS and Ip is provided in table 5.2. A comparison of 

output for test system-1 is given in table 5.3. The curve for total operating time and error obtained 

in each iteration is depicted in fig 5.1. The fig 5.2 shows the variation of operating time for each 

relay corresponding to their coordination time interval.   

Table 5.1: P/B relay pairs and their coordination time interval for test system-1 

Primary Relay Backup Relay 
Coordination Time Interval 

(in sec) 

1 6 0.443759229 

2 1 0.772366496 

2 7 0.409386586 

3 2 0.503118229 

4 3 0.393492985 

5 4 0.33546824 

6 5 0.473558263 

6 14 0.428243057 

7 5 0.418815208 

7 13 0.362414745 

8 7 0.724896088 

8 9 0.466780606 

9 10 0.418502972 

10 11 0.353572783 

11 12 0.301457972 

12 13 0.300097102 

12 14 0.311182359 

13 8 0.342650958 

14 1 0.981852852 

14 9 0.360757459 
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Table 5.2: Optimal relay settings and their corresponding operating time for test system-1 

Relay TMS Ip (amp.) Tprimary (sec) Tbackup (sec) 

1 2.123749E-01 367.4811 0.735379781 1.881866601 

2 4.100184E-01 431.5169 1.109500105 1.376974028 

3 3.152213E-01 283.1635 0.873855799 1.050303191 

4 2.815073E-01 120.3419 0.656810206 0.799527426 

5 1.227719E-01 216.5255 0.464059186 1.371512559 

6 3.517292E-01 344.7491 0.897954296 1.179139011 

7 3.897926E-01 262.2001 0.952697351 1.51888669 

8 3.292817E-01 295.8777 0.793990602 1.062147098 

9 1.273637E-01 199.7853 0.445595273 1.260771208 

10 2.607722E-01 179.4607 0.695909773 0.864098245 

11 3.658836E-01 213.53 0.892820817 1.049482557 

12 4.458960E-01 271.9565 1.015014994 1.194278789 

13 2.649729E-01 200.4584 0.71949614 1.315112096 

14 4.305324E-01 166.1103 0.900013749 1.326197353 

 

Table 5.3: Result comparison for test system-1 

Algorithm Operating Time (secs) 

BAT 11.153 

HS [50] 11.921 

BH [50] 12.775 

EM [50] 18.489 

PSO [30] 20.797 
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Fig 5.2: Total operating time and Coordination error over iterations for test system-1 

 

Fig 5.3: Operating times of P/B relays and CTI for test system-1 
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5.2. TEST SYSTEM 2 

5.2.1. Description of 8-bus test system-2 

The second network for testing purpose, which is utilized in the report is IEEE 8-bus test network 

depicted in Fig. 5.4. A connection is provided for another network or any external grid, which is 

developed by the short circuit rating of 400 MVA at bus 4. This system also consists of 8 buses, 2 

electrical sources, 2 T/Fs, 7 transmitting lines and 14 directional-relays. 

 

Fig 5.4: Connection-Diagram for IEEE 8 bus network (including external grid) [97] 

Furthermore, the lower and higher settings with respect to the constraints for TMS are chosen 0.1 

and 1.1, respectively. And, the boundaries of PSM are 0.5 to 2.5. This is utilized in discrete 

numbers consisting of step length of 0.1. The settings for CTI is considered as 0.3 and upper limit 

for duration for tripping of every relay is chosen as 𝑇𝑚𝑎𝑥 = 2(s). It shows that, bus network consists 
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28 design variables (14 + 14, for TMS and PSM) and 40 constraints (20 + 20, for CTI and 𝑇𝑚𝑎𝑥, 

respectively). 

The Test system-1 and Test system-2 have a fully separate 3-phase fault currents as discussed in 

Appendix-A. Additionally, TMS and Ip are selected as continuous variables in test network-1, 

while TMS are the continuously changing variables and PSM are the discretely changing variables 

in the test system-2. One more difference is depicted in the lower bounds of TMS (0.05 in network-

1 and 0.1 in network-2). 

5.2.2. Setting of parameters 

The setting of parameters for both test system under BA and BBA are as shown: 

i. N_population = 100 bat-particles 

ii. 𝑓𝑚𝑖𝑛 = -1 and 𝑓𝑚𝑎𝑥 = +1 

iii. 𝐴𝑚𝑖𝑛 = 0.1 (PSM), 0.3 (TMS) and 𝐴𝑚𝑎𝑥 = 0.8 

iv. 𝑟𝑚𝑖𝑛 = 0 (PSM), 0.5 (TMS) and 𝑟𝑚𝑎𝑥 = 0.5 (PSM), 1.1 (TMS) 

v. alpha = 0.8 and gamma = 0.8 

5.2.3. Obtained simulation output 

The implementation of bat algorithm has been applied in the computation of optimized settings of 

time multiplier and pickup current for determination of minimum possible operating time of 

directional OC relays for 8 bus network containing an external grid. Applying the parameters 

shown above, problem for mixed integer relay settings is computed. The table 5.4 shows the 

coordination criteria for every combination of primary and backup relays. The solution for TMS 

and PSM is provided in table 5.5. A comparison of output for test system-2 is given in table 5.6. 

The curve for aggregate operating time obtained in each iteration is depicted in fig 5.4. The fig 5.5 

shows the operating time for each combination of primary and backup relays with respect to the 

CTI. 

 

 

 

 

 



Chapter 5                                                                                                                                  Results and Discussion 

37 | P a g e  
 

Table 5.4: P/B relay pairs and their coordination time interval for test system-2 

Primary Relay Backup Relay 
Coordination Time Interval 

(in sec) 

1 6 0.271357 

2 1 0.276642 

2 7 0.295576 

3 2 0.216745 

4 3 0.149648 

5 4 0.220412 

6 5 0.391711 

6 14 0.492149 

7 5 0.293318 

7 13 0.385469 

8 7 0.391207 

8 9 0.323034 

9 10 0.292027 

10 11 0.209763 

11 12 0.185596 

12 13 0.261462 

12 14 0.269749 

13 8 0.326636 

14 1 0.324671 

14 9 0.275434 
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Table 5.5: Optimal relay settings and their corresponding operating time for test system-2 

Relay TMS PSM Tprimary Tbackup 

1 3.858971E-01 6.000E-01 0.841555 1.36994 

2 6.026580E-01 6.000E-01 1.0933 1.27388 

3 5.953225E-01 5.000E-01 1.05713 1.20872 

4 5.405284E-01 5.000E-01 1.059074 1.2254 

5 4.433032E-01 5.000E-01 1.004982 1.31834 

6 5.412326E-01 5.000E-01 0.926631 1.11291 

7 6.092360E-01 6.000E-01 1.025024 1.38888 

8 5.542635E-01 6.000E-01 0.99767 1.24057 

9 4.829029E-01 6.000E-01 1.005614 1.3207 

10 5.432436E-01 6.000E-01 1.116632 1.29764 

11 5.436512E-01 6.000E-01 1.133959 1.3264 

12 6.326308E-01 6.000E-01 1.149031 1.31955 

13 4.336682E-01 5.000E-01 0.913936 1.41049 

14 6.205245E-01 6.000E-01 1.04527 1.41878 

 

Table 5.6: Result comparison for test system-2 

Algorithm Operating Time (secs) 

BBA 14.36 

GAMS [32] 17.25 

MPSO [32] 17.33 
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Fig 5.5: Total operating time, Error and Objective value over iterations for test system-1 

 

 

Fig 5.6: Operating times of P/B relays and CTI for test system-1 
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CHAPTER 6 

CONCLUSION 

 

6.1. CONCLUSION 

Namely various metaheuristic algorithm schemes, bat algorithm enjoy the benefits of easiness and 

elasticity. BA adopt sound bursts and frequency matching to unfold problems. The sound burst is 

not applied straight to simulate the true behavior in actuality, frequency deviations are also 

adopted. BA has a functionality of automatically zooming into a region thus followed by the 

instinctive channel from investigative passes to local concentrated profiteering. BA also applied 

parameter control. 

In the discussed approach, the tests on IEEE 8-bus system for computation of trip time in relay 

coordination is conducted. The given bus network can be designed in two models: 1) No 

connection to external grid and 2) connected to external grid, having a short circuit capacity of 400 

MVA. The aim of work is to provide the constrained outputs for given networks. 

Eventually, discussed bat algorithm and its binary variant are very capable. There is quiet a chance 

for upgrading the mechanism and boost the implementation more. Although, increased rate of 

convergence for an algorithm is quiet a very daring dispute for huge variety of problems in actual 

practical-life accomplishment. 

6.2. FUTURE SCOPE OF WORK 

 A modified bat-algorithm can be implemented with following heuristics:  

   (a) Inertia weight updating of velocity 

   (b) Adaptive formulation for alpha etc. 

 Further, to improve the performance of BAT algorithm, it can be integrated with other 

optimization technique. 

 The proposed approach can be tested to solve high dimension problems. 

 The provision of discrete settings for the plug settings multiplier values can also be extended 

to the time multiplier settings for checking of results obtained. 

 A more suitable fitness function can also be developed which may increase rate of convergence 

and provide better settings for the relays. 
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APPENDIX-A 

 

System Data for Test Systems 

 

Table A.1: Values of 3 phase short circuit currents corresponding to their relay pairs 

Primary relay 𝐼𝐹1
𝑝

 (A) 𝐼𝐹2
𝑝

 (A) Backup relay 𝐼𝐹1
𝑏  (A) 𝐼𝐹2

𝑏  (A) 

1 2666.3 3232 6 2663 3232 

2 5374.8 5924 1 804.7 996 

2 5374.8 5924 7 1531.5 1890 

3 3325.6 3556 2 3325.6 3556 

4 2217.1 3783 3 2217.1 2244 

5 1334.3 2401 4 1334.3 2401 

6 4975 6109 5 403.6 1197 

6 4975 6109 14 1533 1874 

7 4247.6 5223 5 403.6 1197 

7 4247.6 5223 13 805.5 987 

8 4973.2 6093 7 1531.5 1890 

8 4973.2 6093 9 403.2 1165 

9 1420.9 2484 10 1420.9 2484 

10 2313.5 3883 11 2313.5 2344 

11 3474.3 3707 12 3474.3 3707 

12 5377 5899 13 805.5 987 

12 5377 5899 14 1533 1874 

13 2475.7 2991 8 2475.7 2991 

14 4246.4 5199 1 804.7 996 

14 4246.4 5199 9 403.2 1165 
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Table A.2: Properties of relays for both test system 

Relay CT Ratio 
Pickup Current (A) 

Lowest Value Highest Value 

1 1220/5 120 480 

2 1200/5 120 480 

3 800/5 80 320 

4 1200/5 120 480 

5 1200/5 120 480 

6 1200/5 120 480 

7 800/5 80 320 

8 1200/5 120 480 

9 800/5 80 320 

10 1200/5 120 480 

11 1200/5 120 480 

12 1200/5 120 480 

13 1200/5 120 480 

14 800/5 80 320 

 

Table A.3: Boundary values for Decision Variables 

TMSmin 0.05 (Continous), 0.1(Discrete) 

TMSmax 1.1 

PSMmin 0.5 

PSMmax 2.5 

CTI 0.3 
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