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Abstract 

Power system harmonics has existed since the distorted current and voltage were 

observed in the power system. As newly advanced and developed technologies and the 

ongoing research efforts were made, awareness and interest were developed by 

pollution in the system created through harmonics. This research showed an advanced 

optimization solver called mixed-integer distributed ant colony optimization 

(MIDACO). The simulation is based on a single optimization of four objective 

functions, which minimizes the total of harmonic voltage distortions, maximizes the 

power factor, maximizes the transmission efficiency, and minimizes the resistor losses 

of the impedance of Thevenin. The presented solver is aimed at optimizing the size of 

a single-tuned passive filter based on harmonics elimination for all the objective 

functions involved. A completed and detailed study was conducted considering several 

significant constraints in designing the best filter. The global maximum and minimum 

can be achieved by maintaining the quality factor in a particular range, such as the 

harmonic resonance constraints and the capacitors that do not violate the limits of 

Institute of Electrical and Electronics Engineers (IEEE) standard 18-2012. The 

constraints also considered the design in which the harmonic voltage was below the 

standard limit, thus maintaining the desired range of power factor. The results are 

evaluated based on the system performance in four different cases in the study to be 

compared with the genetic algorithm (GA), particle swarm optimization (PSO), and 

previously published journals. In this research, a single-tuned filter design with and 

without damping resistor of the inductance was investigated. Then, the comparative 

study between the advantages and the disadvantages of damping over undamped filter 

was also presented in this research. Additionally, the numerical results were analyzed 

considering two objective functions simultaneously, which are total harmonic distortion 

(THD) and transmission losses. The results of the nondominated solution for the 

simulation of the multiobjective problem with different search effort on the part of the 

Pareto front have also been investigated. The advantages of multiobjective over single 

objective optimization are also presented and highlighted in this thesis.  
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Chapter 1 

Introduction 

1.1 General Overview About the Research 

In the power system, there are some types of loads from power electronically controlled 

device widely used in most of the facilities such as rectifiers, uninterruptible power 

supply (UPS), variable speed drive and switch-mode power supplies which certainly 

change the pure sinusoidal power of alternating current (AC) [1], [2]. The nonlinear 

load charges distort waveforms with high frequencies known as power system 

harmonics. These higher frequencies are the main concerns of all the issues related to 

the power quality problem in which the engineers are required to design a reliable 

supply system for the utilities [3], [4].  

Power system harmonics can cause many problems in the power system, such as the 

increase in the power losses that overall affects the efficiency and power quality 

reduction. Additionally, it will cause communication disturbance and the unpredicted 

failure of electrical appliances, which inconsiderably affects the rate of the production 

mainly in large industrial plants. With the growth of nonlinear loads and sensitive 

electronic equipment that can mostly be obtained at all power levels, thus, the harmonic 

problems will increase and continue to be a challenge for engineers in the future [5], 

[6]. Also, engineers have recently faced new challenges in maintaining the power 

quality due to other developments in power systems, such as the expansion of the 
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interconnected power grid and the massive renewable energy generation technologies 

[7]–[10]. 

Several methods have been used to reduce harmonics, such as 18-pulse converter, active 

power filter (APF), direct current (DC) choke, hybrid power filter, isolation 

transformers, linear reactor, passive power filter (PPF), and shifting transformer. 

Passive power filter is one of the many techniques used to eliminate harmonics because 

it is simple, robust, economical and almost free for the maintenance operation. The 

reactive compensation by the PPF has become an advantage for the utility and users in 

particular, where the filter not only increases the power factor but also reduces the 

power losses. Nevertheless, it can cause harmonic resonance when the filter is 

integrated into the circuit, which can damage the circuit as a whole. 

The topology and the parameters of the passive components need to be selected wisely 

to have the best PPF performance. It is not an easy task for engineers in the design of 

PPF because conditions, measurements and practical standard need to be studied and 

considered carefully. Because of the difficulties for the engineers have in obtaining the 

optimal PPF when designing using experimental procedures, nature has inspired many 

researchers to provide practical ways to solve the problem that include PPF designs. In 

recent years, there have been numerous PPF design methods in the power system, such 

as adaptive bacterial foraging optimization (BFO), adaptive carrier frequency 

optimization, artificial bee colony, genetic problem, and particle swarm optimisation 

have been numerous in the power system. With the inspiration from the scavenging 

behavior of artificial ants, MIDACO was proposed in its algorithm to extend the mixed-

integer search domains. This research presents the first application of MIDACO in 

passive filter design. The significant contribution of MIDACO is the ability to achieve 

rapid convergence to the global maximum or minimum, which was proven by 

comparison with the previous approaches. 

The effective method of PPF has been proved especially useful in improving power 

factor, along with reducing the power losses, as well as for eliminating harmonics. 

Because of the requirements in power factor specifications and standard limitation to 

the voltage THD, the power system design should be handled with caution as the 

problem is not straightforward as the careful design of PPF can reduce any harmful 

effects of harmonics. There were numerous strategies that have been proposed and 
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addressed in the previous literature for the optimal design of passive harmonic filters 

considering several objectives; nonetheless, the goal is the same, which is to mitigate 

harmonics. The objective functions include minimization of voltage THD, 

minimization of current THD, power factor maximization, transmission efficiency 

maximization, transmission losses minimization, filter loss minimization, and filter 

investment cost minimization.  

From the literature, finding an optimal PPF considering maximization of power factor 

as objective function has been widely used and become the top priority [11]–[13], 

whereas designing PPF by maximizing the load power factor and minimizing 

transmission losses as well as maximizing transmission efficiency has been commonly 

used as a main objective with the aim of achieving a practical level of THD [14], [15]. 

Nevertheless, maximizing only power factor may not succeed to reduce total voltage 

and current harmonic distortion in the power system, although it may work to reduce 

them [16]. Therefore, there is another goal to minimize voltage THDV [17], [18] to 

obtain an optimal passive filter design while considering the nonlinearity of the load in 

which having the load PF at an acceptable, pre-specified level is used as a constraint. 

Additionally, the previous study also considered several elements in the design of 

passive filters, such as capacitor size, cost, harmonic standard, locations, power factor, 

resonance, the system structure, and the source of harmonics. However, less information 

is needed when designing this type of filter, wherein it considers only two or three 

aspects from the previous. Therefore, this thesis considers four important objectives that 

have been widely used for harmonics elimination, which are (i) minimization of voltage 

THD, (ii) power factor maximization, (iii) transmission efficiency maximization, and 

(iv) losses in Thevenin’s resistor. The design PPF also will consider the quality factor, 

the range of power factor to ensure efficiency, voltage THD, harmonic resonances and 

an adequate standard of capacitors using the application of MIDACO. Besides, this 

research will design a filter according the latest standard by the IEEE which is IEEE 

Std. 18-2012 and IEEE Std. 519-2014.  
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1.2 The Purposes and Targets to Be Achieved in This 

Research 

The primary objective of the study is to design an optimal single-tuned passive filter 

under nonsinusoidal conditions using new executed optimization tool called MIDACO. 

The optimization is based on four objective functions to design the best filter. In this 

research, two designs are considered as follows:  

• Undamped single-tuned filter—The previous studies have proposed several 

optimization techniques for the design of undamped single-tuned filters. 

However, the efficiency of the previous design lacked all the vital information 

when planning this type of filter. Therefore, the first objective of this research 

is to find the parameter of inductance and capacitance considering the design of 

the filter to avoid the harmonic resonance, at least minimum of 90% limit of 

power factor. The harmonic voltage limitation is required to comply with IEEE 

Std. 519-2014, and the power capacitor value is required to comply with IEEE 

Std. 18-2012. 

• Damped single-tuned filter—The second objective of this research is to consider 

the damping resistance value when finding the optimal parameter of the single-

tuned filter, considering similar constraints such as when designing the 

undamped single-tuned filter. However, this design considers the performance 

of the filter as one of the important critical constraints to be taken into 

consideration.  

The third objective of this research is to verify convergence capability and robustness 

when using MIDACO. This is completed in comparison with other published 

approaches and articles in which MIDACO is expected to reach global solutions that 

satisfy all the constraints that are faster than other techniques. 

The fourth objective of this research is to simulate the multiobjective problem of 

damped single-tuned filter considering two objective functions simultaneously, which 

are the total voltage harmonic distortion and the resistor losses of the impedance of 

Thevenin. To solve this problem, the simulations use the same constraints when solving 

single-objective optimization for the damped single-tuned filter. The numerical results 
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of nondominated solutions for all four cases are evaluated, which allows the selection 

parameters of the proposed algorithm to reach the best solution. The objectives of this 

research are summarized as follows: 

1. To discover the optimal value of inductance and capacitance based on the four 

objective functions while satisfying all the implied constraints  

2. To determine the optimal value of capacitance, inductance, and resistance, based on 

the four objective functions while satisfying all the implied constraints. The intrinsic 

resistance of inductance in which there is damping resistance is one of the variables 

that need to be optimized in this study  

3. To analyze the system performance of the optimal filter size obtained in which the 

consequences of the results are used to evaluate other functions 

4. To evaluate the efficiency and demonstrate the significant contribution of MIDACO 

to other techniques and other published articles 

5. To analyze and study the comparison between damped and undamped single-tuned 

filter 

6. To determine the optimal value of resistance, inductance, and capacitance based on 

the two objective functions instantaneously while satisfying all the implied 

constraints  

7. To evaluate and analyze the Pareto front of the multiobjective problem and the 

effects of the selection parameters to the nondominated solutions 

8. To analyze and study the comparison between optimization of the multiobjective 

and single-objective problem for all cases. 

 

1.3 Contributions of the Research 

This research contributes to the knowledge that the new advanced optimization solver 

known as MIDACO is used in its first design of PPF. The contributions developed in 

this thesis are highlighted and detailed as follows: 

1. This research proposed a new technique for finding the optimal single-tuned filter 

subject to all constraints involved. In the simulation, the proposed method is tested 

using matrix laboratory (MATLAB) software. Overall, the results of the proposed 

method appeared to achieve different optimal solutions to four different objective 

functions with the satisfaction of constraints.  
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2.  Two other evolutionary techniques are used to test the same power system 

implemented in IEEE Std. 519-1992 examples. The comparison with the other 

published methods showed that MIDACO has improved the solutions and satisfied 

all the constraints involved.  

3. Also, the proposed method proved the ability of the algorithm to process thousands 

of ideal solutions within a few seconds. 

4. The results of this research revealed that the resistor in the single-tuned filter had to 

be considered, and it was essential to take the power losses in the filter into 

consideration because it can affect the performance of the system. 

5. This research was also involved solving multiobjective damped single-tuned design 

problems with two objective functions concurrently. The improvements in 

multiobjectives over single-objective optimization are also highlighted. 

 

1.4 Thesis Outline 

In this thesis, there are seven chapters are structured and explained as follows: 

• Chapter 1 summarizes the research background in which its scope and the extent to 

which the specific research problem have been successfully studied. In this chapter, 

the ideas and the purposes of this research are clearly defined in which the 

contributions of the research are addressed. 

• Chapter 2 explains the preliminary design of a PPF in detail. The literature reviews 

on the previous simulation studies are cited that consider the different topologies 

of a passive filter, the advantages and disadvantages, and the earlier optimization 

techniques that the earlier researcher considers to find the optimal solution 

including the objective functions and constraints considered. 

• Chapter 3 describes the background study of the presence of harmonics and the 

previous methods that were used to remove the harmonics. Details of the 

explanation using single-tuned passive filter are also presented and discussed in 

this chapter.  

• The implementation of MIDACO, in general, is explained in detail in Chapter 4. 

Besides, this chapter also includes all the mathematical background, the parameter 

selection, the flowchart, and the advantages and disadvantages of this method.  
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• Chapter 5 applies the proposed method of designing the optimal undamped single-

tuned filter. The numerical results specifying the general design of the filter are 

then compared to the other published techniques and articles. The performance 

results of the filter were analyzed and are discussed in this chapter. 

• Chapter 6 presents the design of an optimal damped single-tuned filter that 

considers the damping resistance to inductance. The results are also compared to 

other published techniques. In this chapter, a comparative study between the 

damped and the undamped filters is also presented. Additionally, the design of this 

filter considering two objectives simultaneously was also analyzed, whereas the 

advantages of multiobjective over single objective are presented in this chapter.  

• Chapter 7 summarizes the overall findings of this research and explains the 

contributions made. Besides, this chapter also discussed the work that can be 

conducted to continue the investigation in the future. 

 

1.5 List of Publications Conducted from This Study 

In this research, there are few lists of papers that have successfully published and still 

under review.  

• N. H. A. Kahar and A. F. Zobaa, "Application of mixed integer distributed ant 

colony optimization to the design of undamped single-tuned passive filters based 

harmonics mitigation," Swarm and Evolutionary Computation, vol. 44, pp. 187-

199, February 2019.  

• N. H. A. Kahar and A. F. Zobaa, "Optimal single tuned damped filter for mitigating 

harmonics using MIDACO," in 17th International Conference Environment and 

Electrical Engineering, 2017.  
• N. H. A. Kahar, A. F. Zobaa, A. M Zobaa and S. H. E. Abdel Aleem, "Comparative 

analysis of optimal damped and undamped single tuned passive filters using mixed 

integer distributed ant colony optimization," submitted to 22nd International Middle 

East Power System Conference, 2020.
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Chapter 2 

Literature Review 

2.1 Introduction 

The extensive use of power electronic applications technology in the power system 

continues to develop. The nonlinear loads that are efficient and controllable can be 

discovered at all power levels with different applications, such as commercial, 

industrial, and residential. However, electrical pollution due to power system 

harmonics, such as current distortions or voltage and/or resonances, has become 

profoundly dangerous in which the problem can lead to overvoltage or overcurrent 

malfunctions in the facilities. Hence, it is indispensable for engineers to design a filter 

that can solve the problem of harmonics problem by reducing the harmonics to certain 

restrictions, for example, the limits as proposed by IEEE standard to improve the quality 

factor while keeping the investment costs to the lowest level possible. 

Passive power filter is the most cost-effective approach to eliminate harmonics in the 

power system. In the design of this type of filter, few considerations should be taken 

into account and given as follows: (a) power factor, (b) resonance, (c) source of 

harmonics, (d) positions, (e) price, (f) voltage/current harmonic standard, (g) capacitor, 

and (h) the system structure. The design of PPF has become a significant task and 

challenge for engineers because of measurements, conditions, and practical standard 

that need to be studied carefully, as in the previously mentioned (a–h) factors in which 
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the previous design addressed only parts of it [19]. This chapter explains the previous 

experimental and simulation methods when designing PPF. This study also includes the 

effects of the filter and equipment connected to the source network. These previous 

methodologies effectively deal with constraints and integer variables, as well as the 

selection of single-objective and multiobjective optimization. Besides, the research gap 

of this study will also be discussed in this chapter. The section covers any missing 

information from the previous literature and is covered in this research. 

 

2.2 Literature Review on PPF Design 

In the 1940s, the first PPF was successfully installed in the power system in which the 

advantages of the filter make the solutions attractive until today [20]. Although active 

filters are proven to be the most effective method for improving power quality problem, 

however, most engineers are still selecting PPF when planning a power system. It is 

done to eliminate harmonics because it is economical, efficient, reliable, and requires 

only simple configurations of passive components [21].  

Passive power filter can be categorized using either series or shunt filter connection. At 

the tuning frequency, the PPF series blocks the harmonics from entering by representing 

as series high-impedance series. On the contrary, the PPF shunt acts as a small 

impedance path. The advantages of shunt PPF, which are being capable of supporting 

voltage and compensating reactive power, have increased the interests among the 

researchers in this type of filter [22].  

Besides, PPF also can be categorized into several topologies with different 

characteristics of frequency response. The most common design of PPF can be 

categorized into the following types: (i) tuned filter [14], [18], [29]–[37], [19], [21], 

[23]–[28], (ii) high-pass filter [38]–[41], and (iii) combination of both [42]–[44]. The 

single-tuned PPF design was commonly used in many applications, including 

distribution systems and industrial applications. However, double-tuned filter was 

widely used in high-voltage DC (HVDC) system, whereas triple-tuned filter in high-

voltage applications [42].  

Contrariwise, a high-pass filter or a damped filter is used to reduce harmonics at the 

wide range of frequencies. Generally, the filter is installed in the distribution system, 
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HVDC system, industrial system, and transmission system [13], [45]. The main issues 

for engineers are with the concern of the selection topology, which is not only effective 

but also economical. Therefore, in  [46], the investigation was carried out to evaluate 

the effectiveness and the overall performance of various PPF topologies in which the 

results show that the single-tuned filter is sufficiently effective to reduce the voltage 

harmonics. Also, the authors in [47] also proved that a single-tuned filter was also 

considered as cost-effective in comparison with the damped filter.   

It is a lot of effort and challenge for engineers to produce good PPF design because of 

several objectives and constraints that need to be considered carefully. In previous 

literature, two methodologies were suggested for the optimal planning of the PPF 

design, including optimization of single-objective [13], [14], [50], [18], [19], [21], [24], 

[31], [39], [48], [49] and multiobjective approaches [26], [30], [35], [38], [51]–[53].  

The objective of the PPF design for single-objective optimization approach is either to 

maximize the power factor [13], [14], minimize the current THD [18], [49] or voltage 

THD [18], [19], [24], [49], or  minimize the transmission losses [14] including the 

power losses [19], [24], [48]. Additionally, the objective also minimizes the cost that 

includes total filter installation cost [31], total investment cost [24], [48], total filter cost 

[19], [21], [39] and the overall costs [18]. While some previous studies in [13], [14], 

[50], [18], [19], [21], [24], [31], [39], [48], [49] solve the multiobjective problem by 

explaining each of the objectives individually, the studies in [26], [30], [35], [38], [51]–

[53] implemented multiobjective optimization approach to optimize multiple objectives 

optimization when designing PPF. In [30], the bi-objective is applied to minimize the 

individual harmonic voltages and the cost of the filter. However, the multibjectives in 

[26], [35] are to minimize the NPV compensation and to reduce THD of the voltages as 

well as total demand distortions (TDD) of the current at the PCC. The optimization for 

the study in [51], includes three objectives: first reactive power compensation, 

investment costs, and losses. In [38], the author presented a PPF design with the 

objective functions of minimizing the budget for the installation while maximizing the 

power factor. Besides, the author in [52] also proposed PPF design based on bi-objective 

that minimizes voltage and current THD.  

Practically, testing and error methods are widely used in the design of PPF. A basic 

guideline for designing LC filter has been proposed in [54], where the experimental 
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investigations were prepared in Lappeenranta University of Technology. However, this 

method is challenging for engineers to obtain optimal solutions to solve the problems 

with many objectives and nonlinear constraints involved. Therefore, the field of 

optimization has promptly developed over the last few decades to solve the problems. 

Different algorithms have been used to optimize the selection or topology of the passive 

filter using either exhaustive search [46], deterministic optimization approaches or 

heuristic/metaheuristic algorithms [29]. 

In solving optimization problems of PPF design, it is usually preferred to select the 

components of the filter with the best performance. The classic  optimization algorithms 

using the exact techniques [46] is not suitable for solving the problem especially with a 

high-dimensional problem of search space. As the search space increases, the problem 

size will also increase, and the exhaustive search is shown to be impractical and not 

feasible because of being time-consuming in the search space. The authors in [55] also 

stated that the combination of preferred values to obtain the optimal design of the filter 

is also not realistic once the components are selected from the tighter tolerance series 

over a wide decade range. Thus, some intelligent search algorithms have to be found in 

filter design that requires high accuracy in a short computation time. 

Numerous methods have been proposed using optimization methods in order to improve 

solution at a reasonable computational time and to find the near-optimal solution to a 

problem that cannot be solved by classic methods. The recent developments in 

optimization techniques are therefore divided mainly into two approaches: deterministic 

approach and heuristic/metaheuristics approach. 

From literature, the deterministic method is used to solve the single optimization, where 

the sequence of a point converges to a global optimal or nearly global solution. The 

sequential quadratic programming (SQP) solver [31] and the golden section search 

method [15] are examples of deterministic methods.  

Sequential quadratic programming solver is a technique that solves constrained 

nonlinear optimization problem, where the minimization of single-tuned filter total 

installation price has been proposed in [31]. By combining two algorithms based on 

SQP, Zhou has implemented Fortran Feasible Sequential Quadratic Programming 

(FFSQP) optimization, which guarantees many benefits, such as fast convergence, 
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improvement in the accuracy, and robust to the optimal solution. FFSQP has been 

successfully applied in the design of C-type high-pass filters [17], [18] that minimized 

THD of the supply line current [18], minimized of voltage THD [17], [18], and 

minimized of the total cost [18]. The main drawbacks of this method are that it needs to 

be analyzed before iterating the solution that is cumbersome with massive problems, 

especially for C-type filter with conflicting objectives and constraints. 

The algorithm created based on nature has inspired many researchers in which the 

techniques are undergoing increasing development recently [56]–[58]. The heuristic 

algorithm, which is found to be more efficient and flexible, has been introduced in 

comparison with the deterministic approach. Besides, many researchers use these 

algorithms gradually to solve complex computational problems, such as filter modeling, 

objective functions and pattern recognition [59]–[62]. A heuristic technique is problem-

dependent, in which it attempts to gain full advantage of the problem, which makes it 

too avaricious. As a result, the algorithm is usually trapped to the local optimum and 

subsequently failing to achieve an optimal global solution. Some procedures have 

improved the resolution for some specific problems than others and consequently, there 

will be a problem when new heuristic algorithms are penetrated. 

The metaheuristic algorithm, on the other hand, is a high-level problem-independent 

technique for solving wide-ranging issues. It is not avaricious and would not take 

advantage of any particularity problem. Randomization is implemented in the 

formulation of the algorithm that allows them to start the search for solution space 

thoroughly on a global scale, thus making this algorithm a better solution and suitable 

for global optimization. The metaheuristic algorithms inspired by nature can be 

categorized into swarm intelligence (SI), bioinspired without SI basis, and the physical 

or chemical system has been actively used to solve PPF problems [63]. In recent years, 

the most popular to design PPF in the power system is based on an SI-based algorithm, 

such as ant colony optimization (ACO), bat algorithm (BA), crow search algorithm 

(CSA), GA, and PSO. All the algorithms are inspired by the cooperative performance 

of social insects, such as ants, bees, termites, and wasps. It was also inspired by the 

behavior of flocks of birds and fish. However, there is an algorithm that is bioinspired 

but does not directly use swarming behavior, such as differential evolution (DE), which 

can only be found in the application of active filters. [27]. The metaheuristic algorithm 
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is also categorized according to a physical and chemical system in which the algorithm 

imitates specific physical/chemical laws, such as gravity and river systems. The 

example of this algorithm can be found in simulated annealing (SA) and gravitational 

search in designing PPF. 

Holland invented GA, which was further described by Goldberg, which used artificial 

intelligence to solve the method of optimization [64]. In GA, the potential solution 

refers to the individual or chromosomes in a population where the algorithm modifies a 

population repeatedly to produce a new individual that is close to the optimal results. 

From the current population, GA selects random individuals at each step as parents use 

it to produce children for the next generation [65]. This search process will continue 

until a satisfied termination condition is met. Genetic algorithm has been widely used 

in many design applications involving locating and sizing of passive filter [19], [32], 

[36], [66], [67]. In [66], the objective is to minimize the harmonic voltage with regard 

to the optimal solution for the location of the bus, the quality factor, and the size of the 

passive shunt filter using GA and micro-GA applications. By using an actual three-

phase distribution system, [32] proposed GA to solve solution of replacing existent 

capacitor banks in [68] to harmonic filters where GA is used to find optimal filter size 

while minimizing the voltage distortions subject to all implied constraints. Reference 

[67] describes the application of GA with new coding in which the optimal parameters 

for the dimension and position of the filters are determined, which is cost-effective and 

below the standard harmonic distortion level following IEEE 519. Although GA is 

performed successfully in many different applications, the results of low efficiency and 

long running time overall degrade the effectiveness of this method. Kahar and Zobaa 

have recently designed an optimal undamped single-tuned filter using a new method, 

where the overall results have proven that GA is the least effective with a high 

computational burden and slow convergence time compared to other methods [14]. 

With the inspiration concept by Goldberg, Srivinas and Deb suggested a nondominated 

sorting GA (NSGA) from an extension of GA to optimize multiobjectives problem [69]. 

The updated version from classic NSGA known as NSGA-II succeeded in optimizing 

the design of PPF based on three independent objectives [26], [35]. Three predefined 

configurations of PPF have been proposed, where the user can select the filter-type 

algorithm before the optimization is completed. This algorithm was used to find Pareto 
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front, where NSGA shows better convergence and spread of solutions. However, the 

algorithm is restricted to the uniformity of few problems and requires few modifications 

to improve efficiency [70].  

The first ACO was introduced in 1992 by Marco Dorigo, where the algorithm mimics 

the biological behavior with artificial ants. The ability of the ants is the way in which 

they find food where a certain amount of pheromone trails will be leaving on the ground. 

This pheromone trail acts as a communication, which is preferred by the ants to travel 

along the path rich with pheromones [71]. However, the simulation based on real ant 

colonies has increased the interest where the first ant ACO algorithm known as ant 

system has been proposed in 1996 by Marco, Alberto and Vittorio [72]. Based on the 

originality of the ant system, the algorithms known as Max–Min Ant System (MMAS) 

and ant colony system (ACS) have been successfully implemented in [73] and [74], 

respectively, to improvise variants of the ant system. This system introduces ant 

algorithm where the major advantages of these artificial ants are some memories where 

they are not totally blind, which operates on a time-discrete signal. Many applications 

of ACO with different problems can be found in [75]–[77]. There are some researchers 

who have combined ACO with another algorithm, such as scatter search [78], beam 

search [79], and nearest neighbor [80], to improve ACO.  

The PSO was introduced in 1995, wherein the initial idea came from Dr. Kennerdy and 

Dr. Eberhart [81]. The traditional PSO was inspired by having a population or swarming 

behavior flocks of fish or birds. In PSO, each of the “bird,” called as “particle,” in the 

search space is represented by every single potential solution. The particles fly through 

the search space until the better positions are discovered. Then, it will guide the entire 

swarm best-known position. The process continues repetitively until an acceptable 

solution is eventually discovered. Although PSO shares many resemblances with GA, 

the information-sharing mechanism in PSO is entirely dissimilar. 

Additionally, PSO is simpler and more convenient compared to GA without genetic 

operators such as crossover and mutation. For the past few years, PSO has increased the 

interest among the researchers involving optimal PPF planning [33], [82]–[85] because 

of its advantages, which are easy implementation, efficient, and robust when compared 

to the other heuristic techniques. For the first time, PSO has been applied in [82] to find 

optimal PPF filter, where the results overall show outstanding performance. In [33], the 
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reference proved that PSO is capable of obtaining results, which is better than the 

penalty function method. To solve multiobjective problems, PSO has been combined 

with another algorithm for using the advantages of both algorithms when planning 

large-scale passive harmonic filters. However, PSO might be slow to converge. 

Therefore, Ying Pin has proposed a deterministic method—SQP to be combined with 

the PSO (SQP-PSO) approach to improve the convergence time, while PSO will help 

to escape from local optimal tripping to achieve near-optimal solutions [86]. 

Additionally, Ying Pin has also proposed PSO to be combined with nonlinear time-

varying evolution built on neural network [85] and orthogonal arrays [84]. 

Besides, Passino presented the first BFO in 2002, in which the technique was 

implemented from the behavior of bacteria [87]. In [48], the author proposed BFO in 

designing passive filter to define the dimension, harmonic tuning orders, and location 

of the filters. The aim is to reduce electricity losses and investment costs. The aim is to 

minimize power loss and investment costs. For a small-scale system, the comparison 

with GA, PSO, and ant-bee colony shows that BFO has fast convergence in a short 

computational time and better accuracy compared to other intelligence optimization 

methods. In [24], further investigation has been carried out in the large-scale system 

using the simplifies BFO algorithm known as adaptive BFO (ABFO). The study focused 

on optimization based on three objective functions: the investment costs, the 

minimization of the power loss, and THD. 

In this respect, new nature-inspired optimization approaches, such as BA and CSA, are 

still being established. In 2010, Yang proposed BA that was based on the behavior of 

microbats [88]. In many applications, BA proved to be practical [89], [90]. The first 

design of PPF using BA with added inertia weight into the algorithm was proposed in 

[51], where the algorithm showed a promising future for solving any optimization 

problems. In 2016, Alireza introduced CSA to solve the optimization problem of 

constrained engineering, where the method was nature inspired by the behavior of crows 

[91]. The crows can recall the appearances, effectively use the tools, and interconnect, 

storing as well as hiding their foods. Also, the crows can escape their food and take 

back the food once required. The advantage of CSA with its fast convergence capability 

and high-level sensitivity has increased the interests of the researchers in solving the 

engineering problem [39], [91]–[93]. In [39], the first application of CSA has been 
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successfully implemented in the design shunt PPF based on the reduction of filtering 

costs with the assurance that electrical hazards are not present in the system. 

In 1983, SA was recommended to solve complex nonlinear problems [94]. Simulated 

annealing is also known as one of the metaheuristic algorithms that inspire the creation 

of solid crystals in the process of heating and controlled cooling of the material. Authors 

proposed SA in [53] for optimal planning of PPF based on single optimization 

minimization of the current of the distribution bus root mean square (rms). On the 

contrary, the author in [50] solves the problems using SA after constructing four optimal 

subfunctions: (i) voltage THD, (ii) current THD, (iii) cost of the filter, and (iv) reactive 

power. SA has the ability to deal with multiobjectives and many constraints problems 

due to its advantages, which can be avoided by trapping the local optimal solutions. 

However, this method has no stopping characterization, where they cannot tell if the 

optimal solution has still been found [95]. 

 

2.3 Research Gap 

In this thesis, several issues were not covered in the previous literature and were carried 

out in this research. In addition, this thesis highlights any conflicts in the existing 

literature and the attempt to study these conflicts in order to improve their performance. 

The issues and conflicts, as well as contributions developed in this thesis, are presented 

in the following sections: 

 

2.3.1 Design of PPF 

The high-pass filter has good suppression and efficiently dampens the resonance 

without changing the tuning frequency to a lower harmonic order. In [38]–[41], the 

installation cost such as the additional features in C-type filters and competitiveness 

with other traditional shunt PPF filters, especially single-tuned filter, makes it less 

selective because it is simpler and more convenient to use and maintains the overall 

simplicity of the PPF concept. Hence, most engineers preferred the single-tuned filter 

[14], [18], [29]–[37], [19], [21], [23]–[28] which has simple configurations and is cost-

effective [47].  
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• In [14], [28], [33], [96], [97], the researchers ignored the resistive values when 

they found the optimal parameter of the single-tuned filter. However, this 

research revealed that the resistor in the single-tuned filter must be considered, 

and it is essential to evaluate the power losses in the filter into contemplation 

because it can affect the system performance.  

• The author in [22] suggested that the harmonic order should be tuned between 

3% and 10% of the harmonic frequency in order to overcome the problems 

caused by the effects of resonances. While some of the previous literature 

ignored the effects of resonance in its design [25], [37], [50], an author also 

determines the positions of the resonance in advance when designing PPF [36]. 

On the other hand, in this research, the positions of the resonance are set as the 

constraints and obtained by the optimization process when the optimal 

parameter of a single-tuned filter is found. 

 

2.4 Summary 

Many general recommendations from the relevant existing literature have been included 

using various methods describing the design of PPF, which includes the design 

topologies and the considerations of the objectives and constraints involved in order to 

improve the design of PPF. In summary, several topologies with different characteristics 

were previously used in many applications, where a single-tuned filter proved to be the 

most economical approach. A brief review was provided for the optimal planning of 

PPF, which includes single-objective and multiobjective optimization using various 

algorithms, such as exhaustive search, deterministic optimization approaches, and 

heuristic/metaheuristic algorithms. Besides, this chapter presents the research gap in 

which information from the previous literature covered in this research is missing in 

this section. 
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Chapter 3 

Background of Power System Harmonics 

3.1 Introduction 

Power system harmonics is not a new problem in power system, where the phenomena 

occurred since the 18th and 19th centuries, in which Joseph Fourier and several 

mathematicians established the basic calculations of harmonics. Alexander in his 

review mentioned that in the second half of the 19th century, several mathematicians: 

Cantor, Heine, Riemann, Gibbs, Stokes, Seidel, and Dini, have attracted to Fourier’s 

theory, which led to the discovery of the applications of Fourier series. From the 

equation of heat conduction in [99], the mathematicians extended the methods to many 

branches of physics and engineering, such as electricity, elasticity, and fluid mechanics 

[100]. However, at the end of the 1900s, only certain engineers–mathematicians were 

able to use the most necessary tool inherited from Fourier, where the tool was proven 

to be necessary for the expansion of electric power system [98]. 

In 1916, Steinmetz published a book on harmonics of the power system, in which his 

main concerns were the third harmonics in transformers and machinery. Besides, 

Steinmetz originally proposed the blocking third harmonic current using delta 

connections [101]. Then, the utilities recognized the effects of power system harmonics, 

where the distorted waveforms were observed in the transmission lines between the 

1920s until the early 1930s [100]. However, the effects of harmonics on the 
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synchronous machine, power capacitor failures, circuit breakers, fuses, electronic 

equipment, and telephone interference have become the main concerns because of the 

increasing use of the nonlinear loads in the power electronics application. The research 

has found that 60% ± 10% of the power factor reduction and 2% increase in the line 

losses are due to the extensive usage of the nonlinear loads [102]. Besides, the hysteresis 

in generators, eddy current in the transformers, and core losses in the induction motors 

have overall led the power quality problems to be vital matters than ever [103]–[105].  

Nowadays, electronic devices use silicon-controlled rectifiers (SCRs), diodes, inverters, 

and other electronic switches to control the power and convert fundamental frequency 

from AC to DC. Examples of power electronic loads include adjustable speed drives 

(ASDs), compact fluorescent lamps, air conditioners, and light-emitting diode lamps. 

The problems and challenges caused by harmonics in the modern system were restricted 

by Jain and Sing [106].  

The problems of power quality problems are commonly caused by sags, harmonics, 

flickers, imbalances, and transient or steady-state voltage where the problems caused 

discomfort and economic losses to the consumers and industry [107]. The recent study 

has investigated the impacts of harmonic current and revealed that power losses in real 

low-voltage distribution networks increase by more than 20%. For various harmonic 

levels, the additional power losses are in the range between 4% and 8.5% for the 

distribution network [108].  

In this chapter, the general background of power system harmonics is presented, which 

includes the definition, source, and identification of harmonics. In this chapter, 

technologies to eliminate harmonics were explained in order to solve the power quality 

problem, where the main focus is on the technique when using a single-tuned passive 

filter. 
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3.2 Power System Harmonics and Mitigation Techniques 

3.2.1 Definition of Power System Harmonics 

Harmonics refers to the periodical of a sinusoidal signal increasing its frequency with 

multiple integers with fundamental frequency [109]. Harmonic distortion can also be 

described as “wave distortions,” where the term can be more easily understood by 

understanding the simple power system circuit network shown in Figure 3.1 below. 

Figure 3.1: AC circuit network 

The figure above shows a combination of the AC circuit and an electrical load 

connecting the source to the linear or nonlinear loads. However, different types of loads 

produce different outputs of current drawings, which affect the power quality of the 

power system. Figure 3.2(a) below shows a current or voltage drawn when the source 

is connected to the linear loads with an ideal sine wave output. However, the linear load, 

such as a resistor, is generally producing sinusoidal waveforms and creates zero 

harmonics. From the observation after comparing the waveforms in Figure 3.2, the 

nonlinear loads inject harmonics that produced distorted sinusoidal supply waveforms 

where the current drawn by the loads no longer appears to be an ideal sinusoidal wave 

and could affect other linear devices as well. 

Today, the rapid development of the power electronics technology has affected the 

importance of DC as a power supply, which commonly converts the rectifier bridge 

from AC to DC power supply [110]. Hence, the uses of nonlinear loads in the power 

system are significant, especially in switching action and current disruptions.  
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Figure 3.2: Sine waveforms, (a) ideal sine wave, (b) 3rd harmonic wave and (c) distorted waveform 

 

There are a few types of “waveform distortion,” where the appropriate term can 

distinguish between harmonic, interharmonic, and subharmonic components: 

• Harmonic distortion is a sinusoidal waveform with a frequency 𝑓ℎ that 

multiplies 50/60 Hz by an integer number. For example, in the 60-Hz electrical 

power system, the second harmonics is 120 Hz, and the third harmonics is 

180 Hz. 

• Interharmonic distortion is a component in which the harmonics frequencies 

exist. Based on the International Electrotechnical Commission 61000-2-1, 

interharmonic distortion can be observed in cases where the nonintegral 

frequencies between harmonics occur between the two [111]. For example, in 

the 60-Hz electrical power system, the component with a frequency of 90 Hz is 

an interharmonic that exists between the first and second harmonics.  

• Subharmonic distortion is where the value of the frequency is less than 

50/60 Hz. For example, in the 60-Hz electrical power system, all the 

components with a frequency less than 60 Hz are called subharmonic 

components.  

 

All of the explanations for harmonic, interharmonic, and subharmonic components 

are summarized as shown in Table 3.1.  
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Table 3.1: The mathematical descriptions for all type of harmonics 

Type of harmonics Classification Comment 

Harmonics 𝑓𝑛 = 𝑛. 𝑓0 n is an integer, 𝑛 > 0 

Inter-Harmonics 𝑓𝑛 ≠ 𝑛. 𝑓0 n is an integer, 𝑛 > 0 

Sub-Harmonics 0 < 𝑓𝑛 < 𝑓0  or  𝑓ℎ = 𝑛. 𝑓0 where 0 < 𝑛 < 1 

In the power system, THD is the most common measure of distortion for harmonics. 

The voltage and current THDs are calculated as Equations (3.1) and (3.2), as shown 

below: 

𝑇𝐻𝐷𝑣 =
√∑ (𝑉𝑛,𝑟𝑚𝑠2 )

𝑛𝑚𝑎𝑥
𝑛=2

𝑉1
=
√𝑉2,𝑟𝑚𝑠

2 + 𝑉3,𝑟𝑚𝑠
2 +⋯+ 𝑉𝑛,𝑟𝑚𝑠

2

𝑉1
 

(3.1) 

𝑇𝐻𝐷𝑖 =
√∑ (𝐼𝑛,𝑟𝑚𝑠2 )

𝑛𝑚𝑎𝑥
𝑛=2

𝐼1
=
√𝐼2,𝑟𝑚𝑠

2 + 𝐼3,𝑟𝑚𝑠
2 +⋯+ 𝐼𝑛,𝑟𝑚𝑠2

𝐼1
 

(3.2) 

where 𝑉𝑛,𝑟𝑚𝑠
2  and 𝐼𝑛,𝑟𝑚𝑠

2  is the root mean the square (rms) voltage and current at n-th 

harmonics, respectively.  The value of nth harmonics for both current and voltage is 

varies from 2 to maximum. Besides, the value of 𝑉1 and 𝐼1 is referred to the rms voltage 

and current at the fundamental frequency, respectively.  

 

3.2.2 The Sources and Identification of Power System Harmonics 

From the beginning of the first generators, harmonics problems existed. However, the 

effects of the harmonic component are too small and considered insignificant until the 

existence of nonlinear loads. Prof. Victor Gosbell pointed out that harmonic distortion 

did not exist until the 1960s until customer loads started using electronic power supplies 

[112]. By explaining the waveform from household and factory applications, Gosbell 

has proven that harmonic distortion occurs because of the connections between 

customers with the electric power system [112]. 

The harmonics are usually produced by low-distortion-level generation, transmission, 

and distribution equipment, whereas harmonics are produced by industrial and domestic 

loads at a high distortion level. Generally, nonlinear devices are known as power system 
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harmonic sources and can be categorized into two types of power electronic devices and 

saturable magnetic devices [3]. 

A)  Harmonic Created by Saturable Magnetic Devices 

Transformers, power generators, and motors are referred to as saturable magnetic 

devices that have been widely used in the power system. The harmonics produced by 

these types of devices are mainly due to the iron saturation. The saturable magnetic 

devices have been designed to operate slightly above the knee of the curve for 

commercial purposes in the iron core saturation curve. However, these have led to 

highly distorted magnetizing currents in third harmonic, causing unbalanced operation 

[113]. 

• Transformer - Transformer is one of the familiar sources of harmonics generally 

caused by the nonlinearity of iron saturation in the magnetic circuit of the 

windings [114]. Ohm’s law states that voltages could be generated at the 

terminal for any currents that flow within the resistance or impedance. 

Therefore, Ohm’s law also applies in transformers because transformers also 

have impedance, where harmonic current flows and leads to harmonics voltage. 

The large current that flows through the windings in the secondary terminals 

increases the harmonic voltages generated, thus creating voltage distortions. 

Therefore, the outcome of the harmonic to the transformer can be determined 

from the design of the transformer and harmonic current.  

• Power Generator - Power generator is one of the primary sources of harmonic 

by comparing the utility power supplies. The problem is similar to the 

transformer, but the source of harmonics is very high because of the impedance 

of power generators, which is usually three to four times higher than the utility 

transformer. The significant impact of voltage and current distortions in power 

generator is due to the losses of iron and copper. However, unlike the 

transformer, the core iron is not the only source of harmonic in the generator, in 

which the generator produces a fifth harmonics nonsinusoidal flux distribution 

around the air gaps. The harmonics in the magnetic circuit can be minimized by 

changing the configurations of the stator windings in the generator. Besides, the 

selected pitch factor can also reduce and eliminate specific harmonics. 
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• Motor - In electric motor applications, there is an increasing use of variable 

frequency drive (VFD) connected to the motor. The sources of current and 

voltage from VFD that are used to power the motor have high harmonic 

frequency components. In the winding, there are also 𝐼2𝑅 losses, which vary as 

the square of rms current and the actual losses are slightly higher because of the 

skin effect. The interaction between positive and negative sequence harmonics 

results in torsional oscillations of the motor shaft causing vibrations of the shaft. 

Meanwhile, zero-sequence harmonics only causes additional losses but does not 

ripen any usable torque in the motor. Therefore, it is essential to perform 

harmonic analyses and to regulate the levels of harmonic distortions in the large 

VFD motor installations and to evaluate their effect in the motor.                                

 

B) Harmonic Created by Power Electronic Devices 

Several devices use power electronics devices, such as SCRs, diodes, and thyristors, 

where ASD and uninterruptable power supplies are commonly used. Another 

application of the power electronics device that has been used widely is static 

synchronous compensator and state VAR compensator, which is usually applied in the 

transmission system. The percentage load of all power electronic devices in the 

industrial power system has increased. 

• Static Synchronous Compensator/Condenser (STATCOM or STATCON) – 

STATCOM is part of the flexible AC transmission system (FACTS), which is 

used to improve the voltage stability and increase the capability of the power 

transfer for the AC transmission of electrical energy on power grids [115], [116]. 

STATCOM regulates the voltage at its terminal by controlling the amount of 

reactive power to be absorbed from or injected into the power system. The 

inductive and capacitive components in its primary circuit may cause resonance 

under certain conditions, such as distorted line voltage [117]. Many STATCOM 

controllers have been industrialized and commercialized based on voltage 

source converter technologies with a combination of self-commutating solid-

state turn-off devices such as gate turn-off thyristors, insulated gate bipolar 

transistors, or insulated gate commutated transistors under pulse width 

modulation switching principle [118]. In practice, the fundamental switching-
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based 48-pulse converter topology is widely used in high-power-rating 

STATCOMs because of its excellent operational and harmonics performance. 

In contrast, low pulse-order compensators such as 12-, 18-, or 24-pulse 

configurations under the square-wave mode of operation are not adopted 

because of the high impact of voltage harmonics, creating unacceptable 

harmonic distortion. 

• Static VAR Compensator (SVC) – SVC is also a member of FACTS, which is 

used to regulate grid voltage and control reactive power flow in the transmission 

network. The device acts in a similar way as STATCOM where SVC generates 

reactive power when the system voltage is low, whereas it absorbs reactive 

power when the system voltage is high [119], [120]. However, both STATCOM 

and SVC have a different way to operate. SVC operates as a dynamically 

controllable reactance connected in parallel compared to STATCOM, which 

works as a controllable voltage source. Negative phase sequence voltages within 

a three-phase power system are generally caused by unbalanced loads. Power 

utilities are generally required to limit the amount of negative phase sequence 

voltage on the grid because of the increased heating it causes in three-phase 

machines. SVC has been widely used to address unbalanced voltage problems 

in distribution, subtransmission, and transmission networks. Nevertheless, the 

SVC can introduce harmonic currents into the power system because of the 

power electronic switching of static reactive devices [121].. 

• Adjustable Speed Drive (ASD) - ASD is also known as adjustable frequency 

drives, where the harmonic distortion is caused by the nature of front-end 

rectifier design. Today, the six-pulse rectifier is the typical standard power 

circuit configuration with diode bridge rectifiers for most pulse-width–

modulated variable-speed devices. However, some of the manufacturers used 

12-pulse rectifiers in large-horsepower configurations because this type of 

rectifier eliminates the fifth and seventh harmonics and extends the primary 

characteristics up to the 11th and 13th harmonics. Besides, the 12-pulse rectifier 

provides a smoother current waveform compared to the six-pulse rectifier. 

• Uninterruptible Power Supplies (UPS) - UPS is also referred to as an 

uninterruptible power source or battery backup in which UPS supplies the 
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system from any disturbance in the primary power source. Besides, UPS 

considers fitting “in-line” between the main power supply and the loads in which 

UPS supplies energy stored in batteries to provide instant protection against 

interruptions input power. Therefore, UPS should also protect the main power 

supply by protecting the charges against harmonic charges generated by the 

loads. It is commonly known that UPS generates harmonic pollution by its 

design because of the rectifier connected to the main supply to convert the 

battery and inverter from AC to DC. In order to reduce harmonics, the passive 

filter can be installed next to the UPS. However, this can increase the cost of 

capital, wiring, and installation. 

 

3.2.3 The Recommended Harmonic Standard  

In the power system, the aims are to set goals for voltage and current waveform to keep 

the distortion below the standard limit as low as possible. Refer to Table 3.2 below, 

which shows the limit that applies following IEEE Std. 519-2014 [122]. 

Table 3.2: The recommended limit based on IEEE Std. 519-2014 

Bus voltage at PCC, 

𝑘𝑉 
Individual harmonics 

(%) 

Total harmonic distortion,  

𝑇𝐻𝐷𝑣 (%) 

𝑉 ≤ 1 3.0 8.0 

1 < 𝑉 ≤ 69 3.0 5.0 

69 < 𝑉 ≤ 161 1.5 2.5 

161 < 𝑉 1.0 1.5𝑎 

 

Based on the table above, the limit only applies to the PCC, and the characteristics of 

the system should be modified if the distortion level is exceeding the maximum 

limitations. 

 

3.2.4 The Technologies for Harmonics Elimination 

In the power system, harmonics can cause excessive heat in the equipment connected 

to the source of the harmonics if they affect the power factor-deficient and less-efficient 

system. Most harmonics techniques performances typically depend on the conditions of 

the system. Nonetheless, others require extensive system investigation to prevent from 

capacitor failure and resonance problems, where resonance can interrupt the operation 
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of the power system. Therefore, it is crucial and essential to controlling of harmonics 

voltages and currents. The selection of the best harmonic mitigation techniques can be 

a very complicated process, as the number of techniques available to eliminate 

harmonics that include passive and active methods is increasing. The most common 

approaches include phase multiplication [123], [124], linear reactors [125]–[127], 

passive harmonic filters [23], [37], [40], [128], phase-shifting transformers [129]–[131], 

isolation transformers [132], [133], k-factor transformer [134], [135], multi-pulse 

converter [136], and active harmonic filter [137]–[140].  

A) Line Reactor 

The line reactor is a series device that is also known as “choke” or “inductor,” where it 

is the most cost-effective and straightforward technique classified by voltage, 

impedance, and current. The impedance in the line reactor acts as a current-limiting 

device in which the magnetic form from the coil of the inductor limits the current flow 

through it, thus reducing harmonics and protecting the drive from power surge or 

transients [141]. The installation of a series reactor for current limitation and control of 

power load flow has continuously increased, especially in a high-voltage-power system 

[142], [143]. The current-limiting series reactor can improve the transient recovery 

voltage for high-voltage transmission lines [144]. Besides, the reactors can also be 

found in series with nonlinear loads, such as arc furnace and VFD for harmonic 

attenuation and protection to the drive or motor itself [125], [126], [145]. Conversely, 

this technique is less preferred, because it is suitable only for small drives and can 

handle only full load current.. 

B) Phase Multiplication 

Phase multiplication, which is also called phase cancellation, refers to the conversion 

of lower pulse device to higher pulse devices. By assuming three-phase, ideal converters 

with equal firing angles and perfect commutation angles, the harmonic order is given 

by the formula: 

ℎ = 𝑝𝑘 ± 1 

with p and k  as the converter number of pulses and an integer, respectively. 

Therefore, the quantities of the pulse increase the harmonic cancellation and eliminate 

several orders. This is because they feed the load because of the usual elimination of 
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harmonics within the converter connection circuits and the losses in the lines. The 

presence of positive and negative harmonics of the orders in the converter cancels one 

another. 

C) Passive Harmonic Filter 

The passive filter is a grouping of resistors, capacitors, and inductors in the network 

without external power supply and any active components. The classifications of 

passive filters are based on topologies, such as tuned filters and damped filters. Besides, 

it can also be categorized as series, shunt, and hybrid from its connection [146].  

The tuned shunt filter acts as a low pass, whereas damped filter acts as a high pass. 

However, the connected tuned or damped filter acts as a low block or a high block. It is 

usually more convenient to use the shunt filter compared to the passive filter series. The 

shunt filter can improve the voltage profile and provide the reactive power. Besides, the 

shunt filter carries only part of the load current compared to the full load current series 

filter [147]. 
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Figure 3.3: Typical shunt tuned filter, (a) single tuned and (b) double tuned. 
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Figure 3.4: Typical shunt high pass filter, (a) 1st order, (b) 2nd order, (c) 3rd order and (d) c-type. 

 

The typical type of passive tuned filter includes single-tuned [14], [28], [34] and double-

tuned filter as shown in Figure 3.3 above. For the typical shunt, high-pass filter for the 

first order can be referred in Figure 3.4(a), second-order in Figure 3.4(b) [148], [149], 

third order [39] in Figure 3.4(c), and C-type filter [17], [41] in Figure 3.4(d)). 

 

D) Phase-shifting Transformer 

Phase-shifting transformer is also known as harmonic cancellation transformer, where 

this technique used built-in electromagnetic technology in the transformer to remove 

harmonic order from the 3rd until the 21st. Several countries have installed or are 

interested in installing the phase-shifting transformer [150]–[152]. Although the 

technology is considered old, the method that is basic and cost-effective for harmonics 

elimination has gained many interests [153]–[157]. 

In the first and secondary windings, the transformer can be connected to any 

arrangement of delta and wye for harmonics cancellation. For example, the connection 

of delta-wye transformer traps all the triple harmonics in the delta. [131]. The additional 

special winding transformer is the polygon and zigzag, and extended delta windings can 

be used to cancel other harmonics on balanced loads. 

E) Isolation Transformer 

This method is based on two isolated Faraday screen or shield principles [158]. The 

transformer is used to separate two circuits that are connected to the device and the 

source of input. Refer to Figure 3.5, where the shield used between primary and 
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secondary is made of pure copper and must be connected to earth [159]. For power 

quality purposes, the ratio of the transformer is unity, where the typical configurations 

of the isolation transformer are delta primary and wye secondary generally. Also, the 

isolation transformer also allows the transmission of the AC signal while blocking the 

transmission of the DC signal.  

 

Figure 3.5: Isolation transformer [159]. 

Because of the capacitive coupling, the shield created a small impedance between each 

winding. This impedance acts as a path of reducing noise, transients, and zero sequence 

currents and avoiding any common disturbances caused by the acquisition and damage 

of sensitive electronic equipment. [159], [160]. 

 

F) K-factor Transformer 

The harmonics produced due to nonlinear loads can result in high-temperature effects 

when the harmonics are entering the transformer where the core saturates and causes 

failure [161]. Therefore, the value of K-factor transformers is designed to ensure that 

the transformer can stand with the harmonics load currents and operate within a safe 

temperature range [162]. 

The K-factor can be defined based on the equation below [163]. 

𝐾 = ∑(𝐼ℎ(pu))
2
ℎ2

∞

ℎ=1

 (3.3) 

where the harmonic current, 𝐼ℎis expressed in per unit. 
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Besides, the transformer also incorporates the eddy current losses, where the method of 

derating of the transformer can be found in [164]. The rating of load K-factor depends  

on the harmonic levels as shown below [165]. 

Harmonic Level          Load K-rating 

THD < 5%             K-1 

THD < 35%           K-4 

THD < 50%           K-7 

THD < 75%           K-13 

THD < 100%          K-20 

 

G) Active Power Filter 

Active power filter such as an amplifier and reactive elements, usually op-amps, 

improves power factor and stabilize the operation. An amplifier expands the 

performance and predictability of active filter, where it can also prevent the impedance 

of the load from disturbing the characteristic of the filter. In order to neutralize the 

distorted harmonic current, the opposite current phase is injected [166]. The active filter 

operates based on two parallel principles and series in which the filter acts as the current 

source and voltage source. Refer to Figures 3.6 and 3.7 for system configuration for 

shunt and series APF. 

 

 

Figure 3.6: The system configuration of shunt APF [167]. 

Active power filter is characterized into few classifications, which are two-, three-, and 

four-wire APFs. Different configurations of two-wire APFs or single phase are 

available to fulfill the requirements of single-phase nonlinear loads, such as oven, air 

conditioners, and many more [168]–[174].  
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  Figure 3.7: The system configuration of series APF [167]. 

For three-wire APFs, few articles and publications have been published with a typical 

configuration of the active shunt and series APFs along with a combination of passive 

filters with the active shunt and series APF. [175]–[181]. In addition, the system with 

four-wire APFs has been used with the system that has an excessive current neutral 

problem, mainly due to unbalanced nonlinear loads. Besides, the system with four-wire 

APFs was used with the system that has an excessive neutral current problem, mainly 

due to unbalanced nonlinear loads [182]–[185]. 

 

3.3 Single-tuned Passive Filter 

The filter also known as series or notch filter is designed based on three non-intricate 

quantities. The filter includes a series of 𝑅𝐿𝐶 configuration, which is tuned to resonate 

single harmonic frequency. Refer to Figure 3.8 below the filter schematic diagram, 𝑅 −

𝑋 plot and its typical frequency response [14].  

   
(a) (b) (c) 

Figure 3.8: Single tuned (a) arrangement, (b) 𝑅 − 𝑋 plot and (c) a typical characteristics of harmonic impedance 
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3.3.1 Design Equations 

The total impedance can be formulated as 

𝑍 = 𝑅 + 𝑗(𝑋𝐿 − 𝑋𝐶) (3.3) 

𝑍 = 𝑅 + 𝑗 (𝜔𝐿 −
1

𝜔𝐶
) (3.4) 

where the frequency in radians, 𝜔 = 2𝜋𝑓. Note that 𝑅 is ignored for undamped case. 

An ideal filter is when the values of the capacitor and reactor have equal reactance at 

the tuned harmonic frequency, 𝑓𝑛 [186].  

𝑓𝑛 = ℎ ∗ 𝑓0 =
1

2π√𝐿𝐶
 (3.5) 

where the 𝑓𝑛 = filter resonant frequency,𝑓0= fundamental frequency (50/60Hz), 𝐶 = 

filter capacitance, and 𝐿 = filter inductance. Then, ℎ is tuning order and given as  

ℎ =
𝑓𝑛
𝑓0
= √

𝑋𝑐
𝑋𝐿

  (3.6) 

where XC and XL are the values of the capacitive and inductive reactances, respectively.  

The resistance, 𝑅, in the Equation (3.3) is generally called "damping," which is referred 

as an intrinsic resistance to inductance. It usually causes small loss power in the filter, 

which cannot be merely ignored and must be taken into consideration when designing 

this type of filter. In contrast, the ohmic losses in the capacitor are usually insignificant 

[146], [187].    

 

3.3.2 Design performance 

The quality factor, QF, given in the Equation (3.7) defines the performance of the 

filter, which is related to energy loss in the filter. 
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𝑄𝐹 =
1

𝑅
√
𝐿

𝐶
 (3.7) 

The definition of filter passband, PB, can be explained based on Figure 3.4(c) where 

the frequencies are bounded at which the value of reactance of the filter is equal to the 

resistance. 

|𝑍| = √2𝑅 (3.8) 

From Figure 3.4(c), the graph shows an example impedance angle = 45𝑜 equal to the 

magnitude √2𝑅. Then, the relationship between the quality factor and passband can be 

expressed as follows 

𝑃𝐵 =
𝑓𝑛
𝑄𝐹

 (3.9) 

The following facts regarding the QF are of importance: 

• QF is infinite when a tuned circuit is said to be ideal (ignore 𝑅). However, there 

is always a particular R in the circuit that reduces the quality. 

• The value of QF is irregularly measured regarding filtering action.  

• QF can determine the sharpness of the resonance. At a specified tuned 

frequency, QF reveals the capability of the filter to provide a steady reduction 

of harmonic currents. 

• At a higher value of QF, the resonant peak becomes sharper and less damping. 

This results in high-frequency selectivity and better harmonic attenuation. The 

passband is also reduced with higher QF. The impact of resistance and QF on 

the impedance and frequency response is shown in Figure 3.9 below. 

• There are standard restrictions of 𝑄𝐹 where the typical value is between 20 and 

100. However, the responses are virtually indistinguishable, except for the 

magnitude of the peak [42]. 

• The damping effect on the circuit bandwidth shown in Figure 3.9 can only be 

obtained from the value of the resistor in the parallel resonant circuit. 
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Figure 3.9: Single tuned circuit response with a different value of QF. 

 

3.3.3 Design concerns 

In the design of a single-tuned filter, the main drawback is the presence of resonances. 

The spike of current and voltage caused by series and parallel resonance, respectively, 

will result in damage to the circuit. Usually, the problem related to both resonances 

usually is caused by filter detuning, where the common operations are due to the 

capacitor fuse blowing, capacitance and inductance manufacturing tolerance, system 

variants, and temperature.  

 

 

Figure 3.10: Impedance of the 5-the tuned filter [25]. 
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Therefore, it is beneficial for the value in Equation (3.5) for the filter to be tuned 3% to 

10% from the desired harmonic frequency in order to avoid both resonances [42]. Refer 

to Figure 3.10 above where the tuned frequency is slightly lower from the fifth harmonic 

order, where ℎ = 4.7.. 

 

3.4 Summary 

This chapter introduces the general background of power system harmonics. Then, the 

background study of the harmonics is also presented in this chapter, which includes the 

identifications of the problems found in the power system. This chapter also includes 

several typical nonlinear devices and several techniques for harmonics eliminations, 

while detailed explanation in this chapter focuses only on single-tuned filter. 
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Chapter 4 

Mixed Integer Distributed Ant Colony 

Optimization 

4.1 Introduction 

This technique is one of the evolutionary computation techniques created from the 

extent of ACO metaheuristics [188]. Ant colony optimization was motivated to reflect 

the natural behavior and function of ants [71], [72], [189]. However, there are many 

additions have been added from original ACO for escalation of the competencies of the 

ACO algorithm in MIDACO.  

In MIDACO, the innovative concept of general penalty method known as the Oracle 

penalty method is used to enhance the constraint handling, convergence, and general 

robustness of the algorithm. This technique subject to a single parameter known as 

Omega (Ω) directly linked to the objective function, which meant to be set near or 

slightly above the optimal solution [190].  

In this chapter, a description of the proposed technique that was used during the thesis 

and the rationale behind the choice are presented. Section 4.2 explains some background 

of ACO and the additions of the algorithm added in MIDACO. Section 4.3 defines the 

mathematical background of this proposed method, whereas Section 4.4 is specifically 

about multiobjective optimization in MIDACO. In Section 4.5, the parameters selection 
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is clarified, while lastly, the advantages and disadvantages of MIDACO are highlighted 

in Section 4.6 of this chapter.  

A relatively new problem-solving technique using SI was motivated by the behavior of 

insects and animals. Specifically, ants have inspired some methods and techniques in 

which the most effective optimization for the general purpose technique is when 

simulated using ACO. 

 

4.2 Ant Colony Optimization (ACO) 

A relatively new problem-solving technique using SI was motivated by the behavior of 

insects and animals. Specifically, ants have inspired some methods and techniques in 

which the most effective optimization for the general purpose technique is when 

simulated using ACO. 

 

Figure 4.1: The biological behavior of ant, (a) the ants searching food from the nest; (b) ants track the path; (c) 

ants discover and choose the shortest trail [191]. 

In ACO, the biological ants start to explore randomly at the area around their nest to 

search for food. After locating the food source, the ants leave chemical pheromone on 

the ground while going back to their nest, in order to mark the trail path. This pheromone 

trail acts as a means of communication that attracts other ants to follow the path to 

search for the food. Subsequently, the trail paths start to disappear. Therefore, the ants 

will be attracted to other updated tracks with higher-concentration and fresh, 

pheromone. Finally, the ant colony will discover a concise way between the nest and 

(a)                                 (b)                                

(c) 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjU4Mnnk8feAhWwxoUKHcNYCqEQjRx6BAgBEAU&url=https://www.sciencedirect.com/science/article/pii/S0142061515005840&psig=AOvVaw2se9YN5f6_s9LLlthCcSZa&ust=1541847534513819
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the food source with on-going time [71], [72], [189]. Refer to Figure 4.1, which shows 

the behavior of ants while finding the shortest path through the pheromone trail when 

searching for food [191]. This characteristic of ants is to solve combinatorial 

optimization problems by the artificial ant colonies [192].  

In the ACO algorithms, the optimization problem needs to be converted into the 

problem of finding the shortest path on a weighted graph. Each ant is going from one 

path to the other paths to figure the solution in which the ant is restricted to visit the 

track that has been visited earlier as illustrated in Figure 4.2.  

The ant colony is motivated to find the best solution in the shortest path. For every 

variable path, called a pheromone, the chance of an ant to select the route can be 

determined using the following basic ant system equation [72]: 

 

Figure 4.2: The graphical illustrations for the ant movement 

The ant colony is motivated to find the best solution in the shortest path. For every 

variable path called as a pheromone, the chance of ant to select the route can be 

determined using the following basic ant system equation [72]: 

𝑝𝑗 =
𝜏(𝑖, 𝑗)𝛼η(𝑖, 𝑗)𝛽

∑ 𝜏(𝑖, ℎ𝑂)𝛼η(𝑖, ℎ𝑂)𝛽ℎ𝑂𝜖𝑗

 (4.1) 

where 𝑝𝑗 represents the chance of ants visiting node j, 𝜏(𝑖, 𝑗), and (i, j) is the 

pheromone level and visibility factor from node i to node j, respectively. The unvisited 

node is given by parameter ℎ𝑂, whereas 𝛼 and 𝛽 represent weighing parameters, the 

positive values that determine the relationship between pheromone information and 

heuristic information.  

For the next path, the ants select the route according to a stochastic mechanism, whereby 

at each step of resolution construction influences the pheromone. Once all ants have 

AD 

BC 

BD 
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built a complete path and removed all loops, each of the ants will retrace its route to the 

source node and deposit the pheromones to each of the corresponding paths. Then, each 

of the iterations is allowed to evaporate before being reinforced from the newly 

constructed paths of pheromone in order to force the ants to explore more and avoid 

new convergence [193], [194].  

𝜏(𝑖, 𝑗) = (1 − 𝜌). 𝜏(𝑖, 𝑗) +∑∆𝜏𝑘(𝑖, 𝑗)

𝑚

𝑘=1

 (4.2) 

∆𝜏𝑘(𝑖, 𝑗) = {

𝑄

𝐹𝐿
     if ant 𝑘 uses curve (𝑖, 𝑗) in its tour      

0          otherwise                                             

} (4.3) 

where 𝜌 represents the evaporation rate while on the edge (i, j) laid by ant k, the amount 

of pheromone is given as ∆𝜏𝑘 for the number of ants m, Q is value the of constant, and 

𝐹𝐿 is the distance of the path.  

Then, the steps algorithm for ACO metaheuristic is described as follows:  

Step 1 Initialize input parameters 

 Set pheromone path 

Step 2 Iteration 

 Reiteration for individual ant, k 

    Build ant solutions 

    Run a local search (optional) 

    Pheromones intensification and evaporation 

 Until termination conditions 

Generally, the pheromone will be updated based on the good solution found earlier. 

There is a different way of updating pheromone in different ACO algorithm, for 

example, in ACS [74] and MMAS [73]. 

 

4.3 The Mathematical Background of MIDACO 

4.3.1 The ACO Framework 

In this thesis, the ACO framework considered is mainly based on the extended ACO for 

continuous domain proposed by Socha and Dorigo [195] and was extended to mixed-

integer search domain. The biological visualization of ants choosing their way through 
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a graph-like search domain does not hold any longer for these problems, as these belong 

to a completely different class. However, Socha proved that there is no significant 

conceptual change for the extension of the original ACO metaheuristic to a continuous 

domain. 

In this methodology, there are some standard well-known fundamental definitions to 

clearly define ACO metaheuristic for mixed-integer nonlinear programming, where the 

ACO algorithm requires stochastic samples, which correspond to the probability density 

function. The difference of this method is ACO, which works by the incremental 

construction of solutions regarding a probabilistic choice unlike original ACO, which 

requires a pheromone table. For the mixed-integer search domains, there are two types 

of probability density function (PDF) considered known as a continuous and discrete 

domain. The general equations are given in Equations (4.4) and (4.5) below. .  

A continuous Probability Density Function (cPDF) is when function 𝑃: ℝ → ℝ0
+ with 

∫ 𝑃(𝑥)𝑑𝑥 = 1
∞

−∞

 (4.4) 

A discrete Probability Density Function (dPDF) is when function 𝒬: ℤ → ℝ0
+ with 

∑ 𝒬(𝑑) = 1

∞

𝑑=−∞

 (4.5) 

In the optimization problem, the ants that act as individual agents in ACO 

metaheuristics will explore the search areas. The fitness of the individuals is relating 

directly to the objective function where the individual belongs to a different generation. 

For a constrained problem, the fitness of the individuals is related directly to the penalty 

function where the problem will be transformed into an unconstrained problem.  

The fittest individuals are chosen after each generation and kept in solution archive, 

which is stochastically used for the next generation. For this way, the algorithm aims to 

improvise the fitness of the individuals. Based on the information provided by the 

solution archive, a general evolutionary operator, ξ is responsible for the creation of a 

generation of individuals. A function ξ is given as: 
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ξ = (ℝ𝑛𝑐𝑜𝑛 × ℤ𝑛𝑖𝑛𝑡)𝐾 → (ℝ𝑛𝑐𝑜𝑛 × ℤ𝑛𝑖𝑛𝑡)𝑣 
(4.6) 

where the evolutionary operator creates v individuals based on the 𝐾 individuals of 

solution archive SA..  

𝑆𝐴 = {(𝑥, 𝑦)1, (𝑥, 𝑦)2, … , (𝑥, 𝑦)𝐾 } 
(4.7) 

The size K and v are independent parameters and normally assumed that the size of K 

is less than the size of v of the generated individuals.. 

An extension to the ACO metaheuristics was implemented in MIDACO for integer 

variables, where the algorithm was based on stochastic Gauss approximation technique 

[196]. Fast sampling time and easy implementation are some strong advantages of this 

function [197]. On the contrary, a single Gaussian function is only able to focus on one 

mean and therefore not able to describe situations where two or more disjoint areas of 

the search domain are promising. To overcome this disadvantage by still keeping track 

of the benefits of a Gaussian function, a PDFs Gi(x) consisting of a weighted sum of 

several one-dimensional Gaussian functions 𝑔𝑙
𝑖(𝑥) is considered. To generate ants or 

individuals, the algorithmic search process given by Gaussian PDFs, 𝐺𝑖(𝑥) is defined 

as Equation (4.8) below.. 

𝐺𝑖(𝑥) = ∑𝑤𝑘
𝑖 . 𝑔𝑘

𝑖 (𝑥)

𝐾

𝑘=1

=∑𝑤𝑘
𝑖 1

𝜎𝑖√2𝜋
𝑒

−(𝑥−𝜇𝑘
𝑖 )
2

2𝜎𝑖
2

𝐾

𝑘=1

 (4.8) 

Where:  

𝑤𝑘
𝑖 = weights within 𝐺𝑖 for every dimension i where 𝑖 = 1, … , 𝑛 

𝜎𝑖 and 𝜇𝑘
𝑖 = Standard deviations and means for corresponding 𝐺𝑖 for every 

dimension i  

K = Size of the solution archive (SA) 

k = k-th kernel number of individual 𝐺𝑖 

From Equation (4.8), the result of Gauss PDF 𝐺𝑖 and individual Gaussian 𝑔𝑘
𝑖  applied in 

one of the dimensions i can be presented as illustrated in Figure 4.3(a), where 𝑔𝑘
𝑖  

presented in orange line is used to generate 𝐺𝑖 thick blue for continuous domain. 
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Figure 4.3: Three individual kernels Gauss PDF, (a) continuous domain, (b) integer domain [188]. 

For the case of integer domain, a discretized version of multikernel Gauss probability 

density accumulating around an integer d in the interval [𝑑 −
1

2
, 𝑑 +

1

2
] is applied. 

Probability density functions known as cPDF and dPDF given in Equations (4.4) and 

(4.5) can be described as Equation (4.9) below: 

𝑃𝑖(𝑥) = 𝐺𝑖(𝑥)                            (𝑖 = 1, … , 𝑛𝑐𝑜𝑛) 

(4.9) 

𝒬𝑗(𝑑) = ∫ 𝐺𝑛𝑐𝑜𝑛+𝑗(𝑥)𝑑𝑥
𝑑+

1

2

𝑑−
1

2

    (𝑗 = 1,… , 𝑛𝑖𝑛𝑡) 

where 𝒬𝑗(𝑑) is a discretized version of 𝐺𝑖 around integer d between (d + 0.5) and 

(d − 0.5), which is illustrated as in Figure 4.3(b).  

In this thesis, the research considered continuous search domain where 𝑃𝑖(𝑥) given in 

Equation (4.9) is determined by the triplet parameters (𝑤𝑘
𝑖 , 𝜎𝑘

𝑖 , 𝜇𝑘
𝑖 ), which also referred 

to pheromones. In ACO metaheuristics, the pheromones play a significant role because 

the process of pheromones is directly connected to the procedure of the updated solution 

in solution archive (SA). One of the triplet parameters, which is the weight 𝑤𝑘
𝑖  for the 

individual Gaussian function designating the importance of ants can be defined as: 

𝑤𝑘
𝑖 =

(𝐾 − 𝑘) + 1

∑ 𝑘𝐾
𝑘=1

 (4.10) 

given that the total of all weights are equal to one, ∑ 𝑤𝑘
𝑖 = 1𝐾

𝑘=1 .  

(a) (b) 
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The solution of the first kernel is more preferred compared to the last kernel. Therefore, 

starting with 𝑠1 is the current solution found that is the most significant, and ending with 

𝑠𝑘 is the lowest interest that is saved in SA. For every new ant, solution is produced and 

evaluated; the attraction (penalty function value) is compared with the best solution 

found in SA.  

The standard deviations 𝜎𝑘
𝑖 , which is defined from a variety of solutions saved in SA, 

can be calculated from Equation (4.11) as described below: 

𝜎𝑘
𝑖 =

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑎𝑥(𝑖) − 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑖𝑛(𝑖)

#𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 (4.11) 

where 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑎𝑥(𝑖) = max{𝑥𝑖
𝑝 − 𝑥𝑖

𝑞} and 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑖𝑛(𝑖) = min{𝑥𝑖
𝑝 − 𝑥𝑖

𝑞} are 

maximal and minimal distance between individual dimension i of the ants 𝑥𝑘=1,…,𝐾 

stored in SA, given that the value of p,q=1,…,k and 𝑝 ≠ 𝑞 for 𝑖 = 1,…𝑛𝑐𝑜𝑛.  

The 𝜇𝑘
𝑖  expresses the means of individual Gaussian 𝑔𝑘

𝑖 , which can be easily calculated 

using Equation (4.12) below. 

𝜇𝑘
𝑖 = 𝑥𝑖

𝑘 (4.12) 

𝜇𝑘
𝑖  is given directly by one component (the ants 𝑥𝑘=1,…,𝐾) saved in the solution archive 

in respect to their dimension 𝑖 = 1,…𝑛𝑐𝑜𝑛. 

From the three individual parameters given in Equation (4.10) until (4.12), the steps of 

a new ant can be described as below [195]: 

Step 1 𝜇𝑘
𝑖  is chosen where the selection of means corresponds to 𝑤𝑘

𝑖 . This 

means that 𝜇1
𝑖  has a higher probability to be chosen compared to 𝜇𝑘

𝑖 . 

Step 2 Then, 𝜎𝑘
𝑖  generates a random number for sampling 𝜇𝑘

𝑖 . 

Step 3 Repeat Steps 1 and 2.  

 for i = 1,…,n 

 𝑥𝑛𝑒𝑤
𝑘 (new ant) is produced 

Step 4 Steps 1 to 3 are repeated for any ants (number of ants per generation) 

Step 5 Evaluate solutions (objective function value and constraint evaluations) 

Go to Step 1 again if the outcomes are not satisfied.  
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In this method, the algorithm proposed the modifications to the 𝜎𝑘
𝑖 , which is different 

from Socha, wherein this method allows the algorithm to handle the mixed-integer 

search domain as shown in Equation (4.13) below.  

𝜎𝑘
𝑖 = 𝑚𝑎𝑥

{
 
 

 
 
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑎𝑥(𝑖) − 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑖𝑛(𝑖)

#𝐺
,
1

#𝐺
,

(1 −
1

√𝑛𝑖𝑛𝑡
)

2

}
 
 

 
 

 (4.13) 

where 𝐺 = 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛. The maximal and minimal distances are calculated using 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑎𝑥(𝑖) = max{𝑦𝑝
𝑖−𝑛𝑐𝑜𝑛 − 𝑦𝑞

𝑖−𝑛𝑐𝑜𝑛} and 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑖𝑛(𝑖) = min{𝑦𝑝
𝑖−𝑛𝑐𝑜𝑛 −

𝑦𝑞
𝑖−𝑛𝑐𝑜𝑛} between individual components 𝑠𝑘

𝑖  stored in SA, given that the value of 

p,q=1,…,k and 𝑝 ≠ 𝑞, where 𝑖 = 𝑛𝑐𝑜𝑛 + 1,…𝑛𝑐𝑜𝑛 + 𝑛𝑖𝑛𝑡. 

By introducing fixed lower bound 
(1−

1

√𝑛𝑖𝑛𝑡
)

2
 for the deviation of integer variables, 𝑛𝑖𝑛𝑡 

enables the ACO metaheuristic to handle integer and continuous variable in the same 

framework, while the middle term 
1

#𝐺
 in Equation (4.13) ensures convergence of the 

deviation that is not too fast.  

From the above explanations of the equation to describe multikernel PDF𝐺𝑖(𝑥), the 

evolutionary operator given in Equation (4.6) can be applied to the solution archive SA 

to create the next-generation 𝐺𝑖+1 of v individuals {(𝑥)1, (𝑥)2, … , (𝑥)𝐾  } based on the 

K from solution archive 𝑆𝐴 = {(𝑥)1, (𝑥)2, … , (𝑥)𝐾  }, which is described in Equation 

(4.7). 

 

4.3.2 The Oracle Penalty Method 

In many real-world applications, the optimization problem that involved constraints has 

arisen and becomes essential in finding the best optimal solution. Generally, the 

constrained optimization problem is defined in Equation (4.14) below: 

Minimize 𝑓(𝑥) = 0 

Subject to: 𝑔
𝑖
(𝑥) = 0,    𝑖 = 1, … ,𝑚𝑒𝑞 ∈ ℕ 

                                       𝑔
𝑖
(𝑥) ≥ 0,    𝑖 = 𝑚𝑒𝑞 + 1, … ,𝑚 ∈ ℕ 

(4.14) 
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where the vector of decision variables is given as 𝑥 = (𝑥1, … , 𝑥𝑛) of dimensional search 

space 𝑛 ∈ ℕ. The objective function 𝑓(𝑥) has to be minimized subject to 𝑚𝑒𝑞  equality 

constraints (𝑔1, … , 𝑔𝑚𝑒𝑞
) and 𝑚 −𝑚𝑒𝑞 inequality constraints (𝑔𝑚𝑒𝑞

+ 1,… , 𝑔𝑚). On 

the other hand, two inequality constraints can also be expressed for any equality 

constraint. 

Penalty function method is simple and easy to use. However, the use of this method 

often becomes a challenging problem because of its difficulties in gaining adequate 

performance. Therefore, MIDACO introduced a new concept of general penalty 

method, called oracle penalty method, in order to enhance the control of the constraints. 

For a given problem, this method adjusts only a single parameter, called Oracle (Ω), 

which is allied to the objective functions in which this parameter will select the equal 

or slightly better optimal (feasible) solutions. The problem with applying this approach 

to the real-world problem is due to the unknown value of the target function. Thus, the 

performance of this method is essential to be acceptable even for bad selections of Ω 

[190]. 

Basic Oracle Penalty Function 

The idea of the new formulation is to transform the objective function 𝑓(𝑥) into 

additional equality constraint 𝑔0(𝑥) = 𝑓(𝑥) − Ω = 0. An objective function is 

unnecessary in the transformed problem definition and can be declared as a constant 

zero function �̅�(𝑥) as described in the form below: 

Minimize �̅�(𝑥) = 0 

Subject to: 𝑔
0
(𝑥) = 𝑓(𝑥) − Ω = 0,     Ω ∈  ℝ 

                         𝑔
𝑖
(𝑥) = 0,    𝑖 = 1, … ,𝑚𝑒𝑞 ∈ 𝕟 

                                     𝑔
𝑖
(𝑥) ≥ 0,    𝑖 = 𝑚𝑒𝑞 + 1, … ,𝑚 ∈ 𝕟 

(4.15) 

where 𝑓(𝑥) and Ω are the objective function and oracle parameter, respectively. If 𝑥∗ 

represents the optimal global solution of the problem in (4.14), therefore, Ω = 𝑓(𝑥∗) 

directly specifies that feasible solution of problem (4.15) is the global optimal of the 

problem (4.14). Therefore, by transforming to the equality constraint, the algorithm with 

minimizing new constraint 𝑔0(𝑥) and minimizing the residual of the original constraints 
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(𝑔1, … , 𝑔𝑚) will be directly comparable. The comparability can be exploited using basic 

oracle penalty function where the function balances the penalty weight on either the 

transformed objective function or the constraints. The basic oracle penalty function is 

described in Equation (4.16) below: 

𝑝(𝑥) = 𝛼. |𝑓(𝑥) − Ω| + (1 − 𝛼). 𝑟𝑒𝑠(𝑥) (4.16) 

Where 𝛼 factor is specified as: 

𝛼 =

{
 
 
 

 
 
 

                   

1 −
1

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

 

1

2
√
|𝑓(𝑥) − Ω|

𝑟𝑒𝑠(𝑥)
           

                                                        

 

, if 𝑟𝑒𝑠(𝑥) ≤ |𝑓(𝑥) − Ω| 

, if 𝑟𝑒𝑠(𝑥) > |𝑓(𝑥) − Ω| 

(4.17) 

where 𝑓(𝑥) and Ω are the objective function and oracle parameter, respectively. The 

basic oracle penalty function (4.16) indirectly includes |𝑓(𝑥) − Ω|, which is directly 

applicable to the optimization problem in (4.14) without the necessity of the problem 

transformation in Equation (4.15).  

From Equation (4.17), the 𝛼 factor will balance the penalty function 𝑝(𝑥) concerning 

the relationship between |𝑓(𝑥) − Ω| and 𝑟𝑒𝑠(𝑥), where the factor was constructed as a 

dynamic weight between 0 and 1. Let 𝑟𝑒𝑠(𝑥) ≤ |𝑓(𝑥) − Ω|, the quotient 
|𝑓(𝑥)−Ω|

𝑟𝑒𝑠(𝑥)
 will 

be greater than 1, which results in a value of 𝛼 between 0.5 and 1. Hence, the weight of 

the penalty function will concentrate on the transformed objective function. In case 

of 𝑟𝑒𝑠(𝑥) > |𝑓(𝑥) − Ω|, the quotient 
|𝑓(𝑥)−Ω|

𝑟𝑒𝑠(𝑥)
 will result in a value of 𝛼 between 0 and 

0.5. Therefore, the penalty function will focus its weight on the residual.   

𝑙1: 𝑟𝑒𝑠(𝑥) = ∑ |𝑔𝑖(𝑥)| − ∑ min{0, 𝑔
𝑖
(𝑥)}𝑚

𝑖=𝑚𝑒𝑞+1
𝑚𝑒𝑞

𝑖=1   

𝑙2: 𝑟𝑒𝑠(𝑥) = √∑ |𝑔𝑖(𝑥)|2 −∑ min{0, 𝑔
𝑖
(𝑥)}

2𝑚
𝑖=𝑚𝑒𝑞+1

𝑚𝑒𝑞

𝑖=1  (4.18) 

𝑙∞: 𝑟𝑒𝑠(𝑥) = 𝑚𝑎𝑥 {|𝑔𝑖(𝑥)|𝑖=1,…,𝑚𝑒𝑞,
|𝑚𝑖𝑛{0, 𝑔

𝑖
(𝑥)}

𝑖=𝑚𝑒𝑞+1+1,…𝑚
|}  

A residual function measures the constraint violations by applying a norm function over 

all m constraint violations of the problem (4.14). This approach is commonly used and 



 

48 

 

some explicit residual functions based on the 𝑙1, 𝑙2 and 𝑙∞ listed in Equation (4.18), 

where the 𝑙1 norm is assumed in this thesis..  

Extension for the Basic Oracle Penalty Function 

For the extension to the basic oracle penalty function, the modifications are still based 

on two conditions for oracle parameters: Ω ≥ 𝑓(𝑥∗) and at least one feasible solution 𝑥 

exist, Ω = 𝑓(𝑥) ≥ 𝑓(𝑥∗). For the first modification, the extension to the basic oracle 

penalty function is achieved by splitting the penalty function in Equation (4.16) into 

two cases as shown in Equation (4.19) below: 

𝑝(𝑥) = {
𝛼. |𝑓(𝑥) − Ω| + (1 − 𝛼). 𝑟𝑒𝑠(𝑥)

−|𝑓(𝑥) − Ω|
 

, if 𝑓(𝑥) > Ω or 𝑟𝑒𝑠(𝑥) > 0 

, if  𝑓(𝑥) ≤ Ω and 𝑟𝑒𝑠(𝑥) = 0 

(4.19) 

where the first case affects any iteration with an objective function value higher than 

the oracle or any infeasible iterate, whereas the second case concerns only feasible 

iterates with an objective function value lower than the oracle. 

For second modification, the concern is with the infeasible iterations corresponding to 

objective function values lower than Ω. Therefore, 𝛼 factor is modified with the 

addition of a new case, which will overcome the problem. Refer to Equation (4.20) 

below in which the new case has been added in case of 𝑓(𝑥) ≤ Ω; the 𝛼 factor will be 

zero. In this case, by referring to Equation (4.19), the penalty function should penalize 

the iteration with 𝑟𝑒𝑠(𝑥).  

𝛼 =

{
 
 
 
 

 
 
 
 

                     

1 −
1

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

        

1

2
√
|𝑓(𝑥) − Ω|

𝑟𝑒𝑠(𝑥)
   

0         

 

, if  𝑓(𝑥) > Ω  and 𝑟𝑒𝑠(𝑥) ≤ |𝑓(𝑥) − Ω| 

, if   𝑓(𝑥) > Ω and 𝑟𝑒𝑠(𝑥) > |𝑓(𝑥) − Ω| 

, if   𝑓(𝑥) ≤ Ω   

 

(4.20) 

For the third modification, the concern is for iterations (𝑥) with 𝑓(𝑥) > Ω and 𝑟𝑒𝑠(𝑥) ≤

|𝑓(𝑥)−Ω|

3
. Therefore, the new case for 𝛼 factor can be obtained based on the calculation 

of the penalty function below: 
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Let 

𝑓(𝑥) > Ω and and 𝑟𝑒𝑠(𝑥) ≤ |𝑓(𝑥) − Ω| 

Then  

𝛼 = 1 −
1

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

     

and  

𝑝(𝑥) = 𝛼. |𝑓(𝑥) − Ω| + (1 − 𝛼). 𝑟𝑒𝑠(𝑥) 

⟹      𝑝(𝑥) = 1 −
1

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

. |𝑓(𝑥) − Ω|

+

(

 
 
 
 

1 −

(

 
 
 

1 −
1

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

)

 
 
 

)

 
 
 
 

. 𝑟𝑒𝑠(𝑥) 

                     = |𝑓(𝑥) − Ω| − 1 −
|𝑓(𝑥) − Ω|

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

. +
1

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

. 𝑟𝑒𝑠(𝑥) 

                    = |𝑓(𝑥) − Ω| − 1 −
|𝑓(𝑥) − Ω|√𝑟𝑒𝑠(𝑥)

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

. +
𝑟𝑒𝑠(𝑥)√𝑟𝑒𝑠(𝑥)

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

 

The residual function 𝑟𝑒𝑠(𝑥) is substituted with ℛ and 𝑝(ℛ) can be expressed as 

follows: 

          �̃�(ℛ) = 1 −
1

2√
|𝑓(𝑥) − Ω|

ℛ

. |𝑓(𝑥) − Ω| +

(

 
 
1 −

(

 1 −
1

2√
|𝑓(𝑥) − Ω|

ℛ )

 

)

 
 
.ℛ 
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Then, the first derivative of �̃�(ℛ) is given as: 

          
𝑑

𝑑ℛ
�̃�(ℛ) = −

|𝑓(𝑥) − Ω|

4√|𝑓(𝑥) − Ω|√ℛ
+

3√ℛ

4√|𝑓(𝑥) − Ω|
 

Let if  

𝑑

𝑑ℛ
�̃�(ℛ) = 0 

Therefore 

|𝑓(𝑥) − Ω|

4√|𝑓(𝑥) − Ω|√ℛ
=

3√ℛ

4√|𝑓(𝑥) − Ω|
 

            
|𝑓(𝑥) − Ω|

√ℛ
= 3√ℛ 

                             ℛ =
|𝑓(𝑥) − Ω|

3
 

Based on the above, the second derivate of �̃�(ℛ) can be calculated as: 

          
𝑑2

𝑑2ℛ
�̃�(ℛ) =

√|𝑓(𝑥) − Ω|

8ℛ√ℛ
+

3

8√ℛ√|𝑓(𝑥) − Ω|
> 0 

Based on the assumptions, the penalty function takes it minimum for iterates (𝑥) with 

𝑓(𝑥) and 𝑟𝑒𝑠(𝑥) =
|𝑓(𝑥)−Ω|

3
. Then the penalty function for such an iterate can be 

calculated.  

Let  

𝑓(𝑥) > Ω and 𝑟𝑒𝑠(𝑥) =
|𝑓(𝑥)−Ω|

3
 

Then  

𝛼 = 1 −
1

2√3
     

 

⟹      𝑝(𝑥) = 1 −
1

2√3
. |𝑓(𝑥) − Ω| +

1

2√3
.
|𝑓(𝑥) − Ω|

3
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                     = |𝑓(𝑥) − Ω| −
|𝑓(𝑥) − Ω|

2√3
+
|𝑓(𝑥) − Ω|

6√3
 

                    = |𝑓(𝑥) − Ω|. (1 −
1

2√3
±

1

6√3
) 

                    = |𝑓(𝑥) − Ω|.
6√3 − 2

6√3
 

When penalty above is set equal to penalty function in equation (4.19), therefore the 𝛼 

factor is given as below.  

 

𝛼. |𝑓(𝑥) − Ω| + (1 − 𝛼). 𝑟𝑒𝑠(𝑥) = |𝑓(𝑥) − Ω|.
6√3 − 2

6√3
 

Then 

𝛼. (|𝑓(𝑥) − Ω| − 𝑟𝑒𝑠(𝑥)) + 𝑟𝑒𝑠(𝑥) = |𝑓(𝑥) − Ω|.
6√3 − 2

6√3
 

                         ⟹       𝛼. (|𝑓(𝑥) − Ω| − 𝑟𝑒𝑠(𝑥)) = |𝑓(𝑥) − Ω|.
6√3 − 2

6√3
− 𝑟𝑒𝑠(𝑥) 

                                                                ⟹           𝛼 =

|𝑓(𝑥) − Ω|.
6√3 − 2

6√3
− 𝑟𝑒𝑠(𝑥)

(|𝑓(𝑥) − Ω| − 𝑟𝑒𝑠(𝑥))
 

From the mathematical explanation of the third modification above, the value of the 𝛼 

factor above is now included in Equation (4.21) for iterations (𝑥) with 𝑓(𝑥) > Ω and 

𝑟𝑒𝑠(𝑥) ≤ |𝑓(𝑥) − Ω|. Then, all iterations (𝑥) with 𝑓(𝑥) > Ω and 𝑟𝑒𝑠(𝑥) ≤
|𝑓(𝑥)−Ω|

3
 

will then be penalized with |𝑓(𝑥) − Ω|.
6√3−2

6√3
. 

 

Extended Oracle Penalty Function in MIDACO 

In MIDACO, the extension of oracle penalty function to handle constraints is based on 

the three modifications from the basic oracle penalty function explained above. 

Therefore, the extended oracle penalty function can be written as: 
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𝑝(𝑥) = {
𝛼. |𝑓(𝑥) − Ω| + (1 − 𝛼). 𝑟𝑒𝑠(𝑥)

−|𝑓(𝑥) − Ω|
 

, if 𝑓(𝑥) > Ω or 𝑟𝑒𝑠(𝑥) > 0 

, if  𝑓(𝑥) ≤ Ω and 𝑟𝑒𝑠(𝑥) = 0 
(4.21) 

Where 𝛼 is given as: 

𝛼 =

{
 
 
 
 
 

 
 
 
 
 

                     

   

|𝑓(𝑥) − Ω|.
6√3 − 2

6√3
− 𝑟𝑒𝑠(𝑥)

(|𝑓(𝑥) − Ω| − 𝑟𝑒𝑠(𝑥))
     

1 −
1

2√
|𝑓(𝑥) − Ω|
𝑟𝑒𝑠(𝑥)

1

2
√
|𝑓(𝑥) − Ω|

𝑟𝑒𝑠(𝑥)
   

0         

 

, if  𝑓(𝑥) > Ω  and 𝑟𝑒𝑠(𝑥) ≤
|𝑓(𝑥)−Ω|

3
 

, if  𝑓(𝑥) > Ω  and 
|𝑓(𝑥)−Ω|

3
≤ 𝑟𝑒𝑠(𝑥) ≤

|𝑓(𝑥) − Ω| 

, if   𝑓(𝑥) > Ω and 𝑟𝑒𝑠(𝑥) > |𝑓(𝑥) − Ω| 

, if   𝑓(𝑥) ≤ Ω   

  (4.22) 

In this chapter, a simple and effective updated rule for the oracle parameter Ω is also 

presented where the parameter is applied if no information about optimal feasible 

objective function value is known and several optimization runs are performed. The 

oracle parameter Ω𝑖 is always equal to the lowest known feasible objective function 

value or sufficiently large for no feasible objective function value up until the feasible 

solution is found. Therefore, the proposed updated rule will initialize the oracle 

parameter Ω1 for the very first run with a sufficiently large parameter, which is therefore 

given as Ω > 𝑓(𝑥). Based on Equation (4.22), this means the method is focused entirely 

on the residual until a feasible solution is found.  

Any further optimization updated rule oracle parameter Ω𝑖=2,3,4,… should be calculated 

as follows: 

Ω𝑖 = {
𝑓𝑖−1,

Ω𝑖−1,
 

, if 𝑓𝑖−1 < Ω𝑖−1, 𝑟𝑒𝑠𝑖−1 = 0 

, else 

(4.23) 

where Ω𝑖 is given as oracle parameter used for the ith optimization run. The objective 

function and residual function values obtained by the ith optimization are given by 𝑓𝑖 

and 𝑟𝑒𝑠𝑖.  

The oracle parameter Ω𝑖=2,3,4,… is updated with the latest feasible solution, which has a 

lower objective function value than the present oracle parameter or leaving the oracle 
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parameter unaffected, in case the solution is infeasible or has a larger objective function 

value than the present oracle parameter. 

 

4.3.3 The Extended ACO Implementation (ACOmi) 

In this section, more detailed explanations on implementation of ACOmi are discussed. 

This method followed the ACO framework strictly explained in Section 4.3.1. While 

the fitness of ants (or attraction) is considered for solving objective value for the 

unconstrained problem, the oracle penalty function as fitness criteria is considered for 

the problem that involved a problem with constrained.  

Four new heuristic methods are included in the MIDACO execution in order to develop 

the global competency of the ACO algorithm, which are described as following: 

A. Dynamic Population Heuristic 

During the optimization process, the size for the number of ants per generation is not 

persistent, which allows additional ants to be used during the algorithm process, 

particularly for the critical parts. Based on a heuristic nature, the algorithm for the 

calculation of the dynamic population of ants and parameter selection is given in 

Algorithm I below:: 

Algorithm I  

 if #𝒊𝒕𝒆𝒓𝒂𝒕𝒊𝒐𝒏 ≤ 𝒅𝒚𝒏𝒎𝒆𝒂𝒏 

   𝑃𝑜𝑝𝑠𝑖𝑧𝑒 = [𝑛𝑎𝑛𝑡𝑠 + (𝑑𝑦𝑛𝑚𝑎𝑥 − 𝑛𝑎𝑛𝑡𝑠)
#𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛−1

𝑑𝑦𝑛𝑚𝑒𝑎𝑛−1
] 

else 

   if #𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 > 𝑑𝑦𝑛𝑚𝑒𝑎𝑛 and #𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ≤ 2. 𝑑𝑦𝑛𝑚𝑒𝑎𝑛 then 

      𝑃𝑜𝑝𝒔𝒊𝒛𝒆 = [𝑑𝑦𝑛𝒎𝒂𝒙 + (𝑛𝒂𝒏𝒕𝒔 − 𝑑𝑦𝑛𝒎𝒂𝒙)
#𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛

2𝑑𝑦𝑛𝑚𝑒𝑎𝑛
] 

else 

     𝑃𝑜𝑝𝒔𝒊𝒛𝒆 = 𝑛𝒂𝒏𝒕𝒔 

   end if 

end if 

 

  



 

54 

 

Based on the algorithm, the parameters of 𝑛𝑎𝑛𝑡𝑠 , 𝑑𝑦𝑛𝑚𝑎𝑥, and 𝑑𝑦𝑛𝑚𝑒𝑎𝑛 need to be 

selected to calculate the actual population size of ants 𝑃𝑜𝑝𝑠𝑖𝑧𝑒 for a given generation 

(#𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛). For each of every generation, 𝑛𝑎𝑛𝑡𝑠  is the minimum size of ants’ 

population that is allowed, whereas the actual population will increase until it reaches 

the maximum size,  𝑑𝑦𝑛𝑚𝑎𝑥 in the 𝑑𝑦𝑛𝑚𝑒𝑎𝑛-th iteration. The first stage of the algorithm 

is actually the most critical in the search process, and therefore more ants that are active 

during the algorithm process can be useful where the 𝑃𝑜𝑝𝑠𝑖𝑧𝑒 is enlarged equally to this 

point. Then, the size of ants will immediately be decreased about half of the population 

size after reaching 𝑑𝑦𝑛𝑚𝑒𝑎𝑛-th generation, and it will keep reducing until reaching the 

minimum size of 𝑛𝑎𝑛𝑡𝑠 . Refer to Figure 4.4 for a detailed explanation of the algorithm. 

 

Figure 4.4: The population size throughout 150 generations 

From the graph, it shows that the most critical part of the optimization process is 

between the first stage of iterations. At 𝑑𝑦𝑛𝑚𝑒𝑎𝑛, the size of ants reduced almost 50%, 

and it keeps decreasing linearly with increasing in iterations until it reaches a minimum 

of ants to ensure smoother change. 
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B. Single Dimension Tuning Heuristic (SDT) 

This heuristic helps to recover the current best solution 𝑠1 through sampling with proper 

deviation for the optimization of a single dimension out of its n components. For a 

continuous variable, a newly created ant 𝑥𝑠𝑑𝑡
𝑖  for every 𝑖 ≤ 𝑛𝑐𝑜𝑛𝑡 can be expressed as 

follows: 

𝑥𝑠𝑑𝑡
𝑖 = 𝑠1

𝑖 +
(𝑥𝑢

𝑖 − 𝑥𝑙
𝑖) .  𝑥𝑟𝑎𝑛𝑑

𝑖

#𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 (4.24) 

where 𝑥𝑟𝑎𝑛𝑑
𝑖  is a vector of component 𝑛 with a random number between [0,1].  

For integer variables, the current integer values are sampled with random numbers 

between 0 and 1, which increased or decreased by one unit and written as follows: 

𝑥𝑠𝑑𝑡
𝑖 = 𝑠1

𝑖 + {
1,            𝑖𝑓 𝑥𝑟𝑎𝑛𝑑

𝑖 ≥
1

2

−1,         𝑖𝑓 𝑥𝑟𝑎𝑛𝑑
𝑖 ≤

1

2

} (4.25) 

The advantage of this heuristics is the improvements to the high dimension and full-

range problem, especially for the case of mixed-integer optimization problems. This 

gives benefit to the algorithm to be flexible with the number of integer variables.  

C. Weighted Average Best Ant Heuristic (WABA) 

For this heuristic, its purposes are to improve all solution using the information saved 

in SA. By using previous weight 𝑤, the weighted average best ant (WABA) 𝑥𝑤𝑎𝑏𝑎
𝑖  is 

created out of the k solutions 𝑠𝑙 saved in SA and calculated as follows: 

𝑥𝑤𝑎𝑏𝑎
𝑖 =∑𝑤𝑙

𝑖 ∗ 𝑠𝑙
𝑖

𝑘

𝑙=1

 (4.26) 

where dimension i is referred to the dimension of the optimization variable. The value 

of 𝑥𝑤𝑎𝑏𝑎
𝑖  is rounded to the next integer for case i referring to an integer variable. There 

is only one additional function evaluation for each of the iteration to be performed, 

which causes this heuristic to be low in computational cost. 
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D. Final Stage Heuristic 

The local solvers are called frequently to solve around the present best solution when 

the algorithm reaches the “final stage” mode. The ACOmi detects its final stage by 

monitoring the fitness of ants. In the whole process, there are two different successive 

generations of ants that are computed, namely, maximum, 𝑑𝑐𝑚𝑎𝑥 and average 𝑑𝑐𝑎𝑣𝑒𝑟𝑎𝑔𝑒  

values. The final stage criterion is expressed as Equation (4.27) below: 

𝑠𝑡𝑎𝑔𝑒𝑓𝑖𝑛𝑎𝑙 = {
1,    𝑖𝑓   𝑑𝑐𝑎𝑣𝑒𝑟𝑎𝑔𝑒 <

𝑑𝑐𝑚𝑎𝑥
𝑊𝑓𝑖𝑛𝑎𝑙

   (𝑊𝑓𝑖𝑛𝑎𝑙𝜖𝑁
+)

0,    𝑒𝑙𝑠𝑒                                                              

 (4.27) 

where 𝑊𝑓𝑖𝑛𝑎𝑙 acts as a weight to compare with 𝑑𝑐𝑚𝑎𝑥 and 𝑑𝑐𝑎𝑣𝑒𝑟𝑎𝑔𝑒. 

If there is no feasible solution found between two different successive generations of 

ant, it will then be reset to avoid the solution from being stuck in that “current best 

solution.” A local solver will be called frequently during second ACO search process 

after every freq-th iteration for a given frequency 𝑓𝑟𝑒𝑞𝜖𝑁+. 

The implementation of MIDACO is categorized into two main stages known as Stage 

1: ACOmain and Stage 2: ACOfinal. Figure 4.5 illustrates the flowchart throughout the 

optimization process in MIDACO. 

First is initializing the pheromones in random. For Stage 1, ACOmain starts its simple 

ACO search process in which the number of ants is not fixed. This allows additional 

ants to be used throughout the process. 

On every generation, two additional heuristics are calculated, starting with single 

dimension tuning and then WABA. From the current best solution, both of these 

heuristics are used to improve the solution before they are saved in SA. At the end-stage 

generation in ACOmain, a stopping criterion is considered after every iteration, where 

the flag of 𝑠𝑡𝑎𝑔𝑒𝑓𝑖𝑛𝑎𝑙 will change the algorithm to the ACOfinal.  
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Figure 4.5: The flowchart implementation of ACOmi 
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There are three conditions of stopping criteria considered in this research:  

• The function evaluations that reach the maximum limit (MAXEVAL) 

• A CPU time to reach the maximum limit (MAXTIME) 

• The feasible solution achieved with the F(X) ≤ 𝑓𝑒𝑥 

If the stopping criterion is not met, the first step of Stage 1 will be repeated in which 

the selected pheromones are initialized according to 𝑠1. To avoid getting stuck in the 

same 𝑠1, SA will be cleared, but the best solution is represented in the pheromones in 

the hope that the solution will be sampled around the best solution and biased with the 

solution in SA.  

 

4.4 Multi-objective Optimization 

The multiobjective optimization problem is when the simulation considers more than 

one objective function to be optimized at the same time. In contrast to the single-

objective optimization, which usually results in a single solution as global optimum, 

multiobjective optimization results to the set of nondominated solutions or known as 

Pareto-optimal, which represents a trade-off curve (Pareto front) between the individual 

objectives. In MIDACO, the presented algorithm is based on a combination of a 

decomposition of the original multiobjective problem into a series of single-objective 

problem.  

The decomposition approach considered here is based on Utopia–nadir–balance 

concept [198]. By comparing this concept with previous traditional multiobjective 

approaches, the most significant advantage of Utopia–nadir–balance concept in 

MIDACO is that the objective function will fully automatically scale or measure the 

amount of weighting factor for its internal algorithmic process. The utopia 𝑈𝑖 

information is defined in Equation (4.28) as follows: 

𝑈𝑖 = min  {𝑓𝑖(𝑥)∀ 𝑥 ∈  ℱ} (4.28) 

where 𝑓𝑖(𝑥) is an individual objective that denotes the global minimum of the respective 

objective among all solutions 𝑥. ℱ is the set of all 𝑥’s that satisfy the feasibility 

constraints. 
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The nadir 𝑁𝑖 information can be described as shown in Equation (4.29) below. 

𝑁𝑖 = max  {𝑓𝑖(𝑥)∀ 𝑥 ∶ ∋ 𝑘 ≠ 𝑈𝑘} (4.29) 

where 𝑁𝑖 represents the worst respective objective 𝑓𝑖(𝑥) among all solutions 𝑥, which 

correspond to an 𝑈𝑘 of any other objective 𝑓𝑘(𝑥).  

Additionally, the most significant of MIDACO is the ability of this algorithm to freely 

choose to focus the algorithmic search effort on a particular area of the Pareto front. 

Therefore, MIDACO introduced scalar function based on the information given in 

Equations (4.28) and (4.29), where this function acts as an indicator for the balance of 

a solution x. Refer to Figure 4.6 for the graphical illustration of the concept of Utopia–

nadir–balance in MIDACO.  

Now, the concept of Utopia–nadir–balance decomposition is defined in detail. 

According to the balance, 𝐵𝑗(𝑥) can be defined as below. 

𝐵𝑗(𝑥) = ∑|𝑑𝑖
𝑗(𝑥) − 𝐷𝑗(𝑥)|

𝑀

𝑖=1

 (4.30) 

where 𝐵𝑗(𝑥) refers to the balance of a solution x to a subproblem j. From Equation 

(4.30), the parameter 𝑑𝑖
𝑗(𝑥) and 𝐷𝑗(𝑥) are the given weighted distance and average 

distance, respectively, and can be described as follows: 

𝑑𝑖
𝑗(𝑥) = 𝑤𝑖

𝑗 𝑓𝑖(𝑥) − 𝑈𝑖
𝑁𝑖 − 𝑈𝑖

 (4.31) 

𝐷𝑗(𝑥) =
∑ 𝑑𝑖

𝑗(𝑥)𝑀
𝑖=1

𝑀
 (4.32) 

By the given information that 𝑈𝑖 and 𝑁𝑖 are globally available among subproblems, 𝑑𝑖
𝑗
 

is calculated for a solution x in each 𝑓𝑖(𝑥) to subproblem j. Let S be the integer value 

that denotes the amount of single-objective subproblems in which the original 

multiobjective problem is decomposed into. That weight 𝑤𝑖
𝑗
 be a matrix of size O × S 

is bounded to the interval [0,1].  
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Figure 4.6: Graphical illustration of Utopia-Nadir-Balance decomposition with balance concept [198]. 

The target function is defined based on 𝐵𝑗(𝑥), 𝑈𝑖 , 𝑁𝑖, and 𝑤𝑖
𝑗
 for each of subproblem 

j. 

𝑇𝑗(𝑥) =∑𝑤𝑖
𝑗 𝑓𝑖(𝑥) − 𝑈𝑖
𝑁𝑖 − 𝑈𝑖

+ 𝐵𝑗(𝑥)

𝑀

𝑖=1

 (4.33) 

where the set of single-objective function T problem is given by 𝑇1, …., 𝑇𝑀, which 

therefore decomposes the multiobjective problem.  

The equation for the initial target function is given as below. 

Ť𝑗(𝑥) =∑𝑤𝑖
𝑗
𝑓𝑖(𝑥)

𝑀

𝑖=1

 (4.34) 

where there is no information for 𝑈𝑖 and 𝑁𝑖 for the first execution. Therefore, the first 

initial execution will replace the target function by a simple weighted sum 𝑤𝑖
𝑗
 

over 𝑓𝑖(𝑥) for all 𝑗 = 1, … , 𝑆 
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4.5 Parameter Selection 

The proposed method compromises several parameters to be tuned in order to modify 

the performance and behavior of the algorithm. For every problem, this method requires 

precise tuning because of the optimal values as these parameters are problem-specific. 

The detailed descriptions for every parameter are deliberated as follows: 

A. ACCURACY 

This parameter has a substantial impact on the performance of the constraint problem, 

where it defines the accuracy tolerance for the constraint violation. 

• Equality constraints: the solution is feasible if 𝐺(𝑋) ≤ ACCURACY. 

• Inequality constraints: the solution is feasible if 𝐺(𝑋) ≥ −ACCURACY. 

It is recommended to start the test with less accuracy, for example, ACCURACY = 0.1 

or 0.05 and increase the accuracy to 0.0001 or 0.00001 afterward to be more precise. 

B. SEED 

The initial SEED for the internal pseudorandom numbers is defined by this parameter 

in which the sequence number is sampled by the generator. The main advantage of using 

this method is that this parameter allows MIDACO runs to be 100% reproducible if it 

set with the same random SEED.  

The SEED parameter must be set to a number of an integer equal to or greater than 0, 

where the impact varies with the intricacy problematic. Therefore, it is advisable to 

execute several runs of MIDACO by utilizing different SEED rather than performing it 

using one number for a very long run, especially for severe problems.  

C.  FSTOP 

The FSTOP parameter is used to enable stopping criterion in MIDACO. The FSTOP 

will be assigned if it is set with a number greater than zero, where the simulation stops 

until the feasible solution reaches with objective function ≤ 𝐹𝑆𝑇𝑂𝑃. This parameter 

was not used during the simulation of this research. 
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D. ALGOSTOP 

The parameter is enabled if assigned with a positive integer value where the algorithm 

that calculates the maximal number of internal ACO restarts without improvement of 

the objective function. Besides, this parameter has some drawbacks, where it usually 

needs many function evaluations that can result in expensive CPU-time evaluations. 

However, it is the most advanced as an indicator of global optimality. In this research, 

this parameter also was disabled because of the times taken to tune this parameter. 

E. EVALSTOP 

This parameter works similarly with the criteria when using ALGOSTOP, but the 

difference lies in the stopping criteria, which is based on the evaluation of individual 

function without improvement of the objective function. It aims to provide stopping 

criteria that are not as expensive in CPU time as ALGOSTOP, nonetheless, is based on 

the algorithm measure. It is recommended to experience this parameter with a low 

number of function evaluation, such as 500 or 1000 to feel the effect of run time on a 

specific application in order to achieve optimal global solutions. In this research, this 

parameter was also disabled because MIDACO used hard limit criteria (MAXEVAL and 

MAXTIME) instead of algorithmic criteria (FSTOP, ALGOSTOP, and EVALSTOP) to 

stop the optimization process. Hard limit criteria are the process, where MIDACO will 

be stopped by setting the maximum number function evaluation, MAXEVAL, and 

maximal budget of CPU time, MAXTIME. 

F. FOCUS 

FOCUS is the utmost influential parameter, which is especially used for MIDACO to 

focus on its search process on the current best solution. This parameter must be set with 

an integer number in which it is recommended to test the first runs with smaller values 

without any specific starting point (e.g., 10 or 100). In contrast, more considerable value 

(e.g., 10,000 or 100,000) is typically used for improvement runs with a given specific 

solution as a starting point. 

G. ANTS 

This parameter allows MIDACO to fix the number of ants or iterates within one 

generation. The performance can be decreased when tuning this parameter, although it 
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is sometimes promising for specific problems especially large-scale problem or 

intensive CPU time application. 

H. KERNEL 

This parameter allows MIDACO to fix the number of the kernel within MIDACO’s 

multikernel Gauss PDF. This parameter with a combination of ANTS must be used 

together where tuning both of them is very much for precise problems.  

A large number of the kernel will result in expensive CPU time per generation compared 

to the small number of the kernel, which results in the fast convergence of solutions. 

However, a small number of kernels increase will increase the chance of MIDACO 

trapped in local solution. In contrast, a higher number of kernels give the advantage to 

reach the optimal global solution. 

I. ORACLE 

The Oracle tunes with only one parameter known as Ω, which uses penalty function in 

MIDACO to solve constrained problems. In this research, the initial Oracle used is 0 or 

109. Besides, this research also proves that this parameter will only affect the movement 

of the axis and will and will not affect the optimal solution.  

J. PARETOMAX 

In this thesis, the PARETOMAX is used explicitly to solve multiobjective problems 

where the effects of changing this parameter are presented in Chapter 6. This parameter 

defines the maximum Pareto points stored in SA. The high number of PARETOMAX 

will require more memory and slow down the internal calculation time due to the 

increasing Pareto filtering efforts.  

K. EPSILON 

This parameter is used in combination with PARETOMAX for the multiobjective 

problem. The precision used by MIDACO for its multiobjective dominance filter is 

defined by this parameter, where it has a big influence on the stored Pareto point and 

the internal calculation time. The lower value of EPSILON will increase the chance of 

the new solution to be introduced into the Pareto front. Most applications suggest using 
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EPSILON = 0.001 and EPSILON = 0.01 for two objectives and three objectives 

problems or more, respectively. 

L. CHARACTER 

This parameter allows the user to activate the internal parameter settings in MIDACO. 

There are three settings of CHARACTER offered by MIDACO, which are 1, 2, and 3 

for the internal parameters for the continuous problem, combinatorial problem, and all-

different problem types, respectively. For the thesis, only continuous variables are used, 

and thus this parameter was set to 0 (default). By setting the parameter to 0, MIDACO 

will decide its internal parameters between continuous or combinatorial problem by 

itself. 

 

4.6 MIDACO Advantages and Disadvantages 

MIDACO acts as a black box optimizer where it allows the objective function and 

constraints to be represented and formulated in maximum possible freedom without any 

restrictions. Therefore, the advantages and drawbacks of MIDACO are described as 

follows: 

1. The capability to solve the large-scale problem with up to 100,000 variables, 

thousands of constraints, and hundreds of objectives 

2. MIDACO has no requirement to try different values of initial conditions. This 

is because MIDACO is a global optimization algorithm 

3. MIDACO has smooth implementation and fast sampling time 

4. Fast local convergence because MIDACO is internally hybridized with 

backtracking line search 

5. A single Gaussian function can only focus on one mean, incapable of defining 

conditions with more disjoints area of the search domain. However, the 

weighted Gaussian PDFs, 𝐺𝑖(𝑥) given in Equation (4.8) is used to overcome the 

drawback. 
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4.7 Summary 

This chapter explains the inventiveness of ACO and the implementation of an extension 

to the ACO metaheuristics in MIDACO with a combination of Oracle penalty method 

for constraints handling. Besides, four new heuristic methods to develop the global 

competency of the ACO algorithm in MIDACO are also elaborated in this chapter. 

Furthermore, the concept of Utopia–nadir–balance has been explained where this 

concept is specifically used to solve the multiobjective problem. Besides, several 

parameters, including the non compulsory parameters that can be tuned, are briefly 

explained to understand the influence of each parameter toward the performance and 

behavior of the algorithm. Lastly, this chapter ends by explaining the advantages and 

disadvantages of MIDACO 
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Chapter 5 

Optimal Undamped Single Tuned Filter 

Design 

5.1 Introduction 

It is suggested to understand single tuned filter with least damping. Thus, the simulated 

and analysis of the results for the best design of filter without dissipation energy from 

the resistor in the single tuned filter is presented in this chapter. The analytic start with 

the equivalent system circuit, all the mathematical formulations involved were carefully 

presented in this chapter in which the main components of the undamped filter, namely 

inductance and capacitance are obtained based on the four objective functions. The 

primary intention of the filter design mainly considered the harmonics amplification 

problem caused as the parallel resonance frequencies are located at, or close to the 

eliminated harmonics. The application of IEEE 519 limit the voltage total harmonic 

distortion, at least minimum of 90% of the power factor and the standard of capacitors 

following IEEE 18 standard [22], [122], [199]. Four cased were studied and simulated, 

in which the performances of each case were investigated and compared to each other. 

The simulated results are also compared between the proposed method with GA, PSO 

and other published journals. Apart from that, the efficiency and significant 

contributions of the proposed method will be highlighted in this category. 
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5.2 Problem Demonstration and Equations 

5.2.1 Objective Functions 

In this research, the circuit consists of single-tuned filter, linear and non-linear load 

that are connected in shunt, where the filter placement in the circuit network performs 

as small impedance path. This filter allows harmonic current to go through the 

impedance which overall, will further reduce the voltage distortion [187], [200]. Refer 

to Fig. 5.1(a) and 5.1 (b) to see the equivalent circuits for uncompensated and 

compensated system, respectively. 

The utility supply and harmonic current source are written as Equation (5.1) and (5.2), 

while represented as 𝑉𝑇𝐻𝐾 and 𝐼𝐿𝐾 respectively.  

𝑣𝑡ℎ(𝑡) =∑𝑣𝑡ℎ𝑘(𝑡)

𝐾

 (5.1) 

𝑖𝑙𝑘(𝑡) = ∑𝑖𝑙𝑘(𝑡)

𝐾

 (5.2) 

The Kth harmonic of Thevenin and load impedance is shown in the Equation (5.3) and 

(5.4) and formulated as 

𝑍𝑇𝐻𝐾 = 𝑅𝑇𝐻𝐾 + 𝑗𝑋𝑇𝐻𝐾 (5.3) 

𝑍𝐿𝐾 = 𝑅𝐿𝐾 + 𝑗𝑋𝐿𝐾 (5.4) 

After some complex analysis of mathematical modelling, 𝐼𝑆𝐾 and 𝑉𝐿𝐾 which represented 

the current source and load voltage at harmonic number K can be determined through 

the calculation as below. 

𝐼𝑆𝐾 =
𝑉𝑇𝐻𝐾
𝑍𝑇

+
𝐼𝐿𝐾𝑍𝐶𝐿𝐾
𝑍𝑇

    (5.5) 

𝑉𝐿𝐾 = 𝑉𝑇𝐻𝐾 − 𝐼𝑆𝐾𝑍𝑇𝐻𝐾     (5.6) 
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(a) 

 
(b) 

Figure 5.1: System equivalent circuit, (a) uncompensated system, (b) compensated system 

Given 𝑍𝐶𝐿𝐾 is where 𝑍𝐹𝐾 in parallel with 𝑍𝐿𝐾 and can be written as 

𝑍𝐶𝐿𝐾 =
𝑍𝐹𝐾𝑍𝐿𝐾
𝑍𝐹𝐾 + 𝑍𝐿𝐾

 (5.7) 

𝑍𝑇 = 𝑍𝑇𝐻𝐾 + 𝑍𝐶𝐿𝐾      (5.8) 

So that 𝑍𝐹𝐾 is the total undamped filter impedance specified as 

Thevenin’

s Voltage 

Source 

Non-linear 

Load 

Linear Load 

𝐼𝑆𝐾 
𝑅𝑇𝐻𝐾 𝑋𝑇𝐻𝐾 

𝑅𝐿𝐾 

𝑋𝐿𝐾 

𝑉𝐿𝐾 

𝐼𝐿𝐾 
𝑉𝑇𝐻𝐾 

Thevenin’s 

Voltage 

Source 

Non-linear 

Load 

Linear Load 

𝐼𝑆𝐾 

𝑅𝐿𝐾 

𝑋𝐿𝐾 

𝑉𝐿𝐾 

𝐼𝐿𝐾 
𝑉𝑇𝐻𝐾 

𝑅𝑇𝐻𝐾 𝑋𝑇𝐻𝐾 

Undamped single 

tuned filter 
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𝑍𝐹𝐾 = 𝑗 (𝐾𝑋𝐿𝑈 −
𝑋𝐶𝑈
𝐾
)   (5.9) 

For 𝐼𝑆𝐾 in amperes (A) and 𝑉𝐿𝐾 in volts (V) given in Equations (5.5) and (5.6) are 

expressed as in the Equation (5.10) and (5.11) below.  

𝐼𝑆 = √∑ 𝐼𝑆𝐾
2

13

𝐾=1

    (5.10) 

𝑉𝐿 = √∑𝑉𝐿𝐾
2

13

𝐾=1

    (5.11) 

The system performance based on Fig. 5.1 is analyzed using Equation (5.12) until (5.15) 

and expressed as follows: 

The total harmonic voltage distortion, 𝑇𝐻𝐷𝑉 can be written as 

𝑇𝐻𝐷𝑉 =
√∑ 𝑉𝐿𝐾

213
𝐾=2

𝑉𝐿1
 

(5.12) 

The load power factor, 𝑃𝐹 can be defined according to 

𝑃𝐹 =
𝑃𝐿
𝐼𝑆𝑉𝐿

 =
∑𝑉𝐿𝐾𝐼𝑆𝐾 cos(𝜃𝐾 −𝜙𝐾)

√∑ 𝐼𝑆𝐾
2 ∑𝑉𝐿𝐾

2
     

      

(5.13) 

Then, the transmission efficiency, η is given as  

η =
𝑃𝐿
𝑃𝑆
=

∑𝑉𝐿𝐾𝐼𝑆𝐾 cos(𝜃𝐾 −𝜙𝐾)

∑𝑉𝐿𝐾𝐼𝑆𝐾 cos(𝜃𝐾 − 𝜙𝐾) + ∑ 𝐼𝑆𝐾
2 𝑅𝑇𝐻𝐾

 (5.14) 

Additionally, the losses in the Thevenin resistor, PLOSS describes as   

𝑃𝐿𝑂𝑆𝑆 =∑𝐼𝑆𝐾
2 𝑅𝑇𝐻𝐾

𝐾

    (5.15) 
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5.2.2 Constraints  

a) Practical Capacitor Compliance with IEEE Standard. 

In designing the capacitor, the specifications are selected from the industrial values of 

reactive power and voltage rating, as according to established IEEE Std. 18-2012. From 

the IEEE standard, it shows that the typical capacitor voltage of 2400V terminal to 

terminal has reactive power ratings of 50, 100, 150, 200 and 400kVAR [199]. 

Consequently, the capacitor intends to operate below the following limitation for its 

continuous operation: 

 135% of nominal current, 𝐼𝐶 (in rms), so that 

𝐼𝐶 = √∑𝐼𝐶𝐾
2

𝐾

 (5.16) 

By substituting Equation (5.6) and (5.7) into Equation (5.16), the value of Kth harmonic 

of capacitor current, 𝐼𝐶𝐾 is given as  

𝐼𝐶𝐾 =
𝑉𝐿𝐾
𝑍𝐶𝐿𝐾

  (5.17) 

 110% of capacitor voltage, 𝑉𝐶(in rms), so that 

𝑉𝐶 = √∑𝑉𝐶𝐾
2

𝐾

     (5.18) 

Where  𝑉𝐶𝐾 is Kth harmonic of capacitor voltage and can be expressed as 

𝑉𝐶𝐾 = 𝐼𝐶𝐾
𝑋𝐶
𝐾
    (5.19) 

 120% of rated peak capacitor voltage, 𝑉𝐶𝑃. 

𝑉𝐶𝑃 =∑𝐼𝐶𝐾
𝐾

𝑋𝐶
𝐾

 (5.20) 

 135% of the reactive power of capacitor, 𝑄𝐶 . 
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𝑄𝐶 = 𝐼𝐶𝑉𝐶   (5.21) 

Based on the explanations in IEEE Std. 18-2012, the capacitor unit voltage is increased 

when the capacitor associated with the reactor in series. Therefore, a higher rating of 

voltage is recommended for the protection during switching, sudden loss of load and 

voltage upsurge for the case beyond the standard limit. Besides, the tolerance value of 

the capacitor considers in this research is 1.05 [201].  

 

b) Design to Avoid Resonance. 

The nonlinear loads create harmonic currents, which is injected all over the system. This 

harmonic resonance is typically known as series and parallel resonance. In series or 

parallel RLC circuit, there will be a crossover point known as resonant frequency point, 

𝑓𝑟 for any power system that consists of the capacitor, where 𝑋𝐿 is equal to 𝑋𝐶.  

In parallel resonance, the occurrence of the resonance can happen in the condition 

known as a parallel resonant circuit, in which the total of load bus impedance, 𝑍𝐶𝐿𝐾 in 

Equation (5.7) is parallel with source Thevenin’s impedance, 𝑍𝑇𝐻𝐾 in Equation (5.3) 

and given as 

𝑍𝑃𝐴𝑅𝐴𝐿𝐿𝐸𝐿 =
𝑍𝑇𝐻𝐾𝑍𝐶𝐿𝐾
𝑍𝑇𝐻𝐾 + 𝑍𝐶𝐿𝐾

 (5.22) 

At this point, the parallel resonance can happen in which the voltage reaches maximum 

while the admittance is at a minimum, hence, consequently limiting the circuit currents. 

Refer to Figure 5.2 to see the impedance response of the parallel resonant circuit where 

the impedance is at maximum [202].  

In contrast, the impedance at a minimum for the series resonance can be risky due to 

the small value of resistance at resonance, which will result in the current flowing 

through the circuit to be dangerously high. Refer to Figure 5.3 to see the impedance 

response of the series resonant circuit where the impedance is at a minimum. The series 

resonance circuit can be obtained where the series resonance impedance in Equation 

(5.23) is equal to the total impedance,  𝑍𝑇 in Equation (5.8) and described as 

𝑍𝑆𝐸𝑅𝐼𝐸𝑆 = 𝑍𝑇 (5.23) 
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Figure 5.2: Impedance response in the parallel circuit [202] 

.  

Figure 5.3: Series resonance impedance response [203] 

The harmonic order activating resonance ℎ𝑟 can be expressed in Equation (5.24) as 

below. 

ℎ𝑟 = √
𝑋𝐶

𝑋𝐿 + 𝑋𝑇𝐻1
 (5.24) 

One approach to solving the harmonic resonances problem is by applying the de-tuned 

harmonic filter. Therefore, the constraints will consider the harmonic order in Equation 

(3.6) to be tuned 9% from the desired harmonic frequency to be eliminated and the 

harmonic order value which is always higher than the harmonic order activating 

resonance, ℎ𝑟 given in Equation (5.24) above. 
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c) Additional Constraints 

For the facility has loaded with poor power factor, a higher current will be supplied by 

the utility. Hence, the current-carrying component in the power system, such as cables, 

generators and transformers must be able to carry the total of higher current. In utilities, 

they are paid based on the energy consumed (kWh) where the current component is not 

registered by that. Thus, most of the utilities impose a penalty for power factor when 

delivering power to the customers to receive income, as well as to encourage efficient 

use of electricity. The established power factor imposed is as low as 0.85 to 0.95. With 

the increasing rate of energy and concerns to the power delivery efficiency, this research 

considered achieving at least a minimum of 90% of established PF.  

The voltage usually consists of fundamental and harmonics, whereas the harmonic 

voltage generated from the source increases with the increasing distance of the voltage 

measurement from the source power. This is due to the increasing number of 

impedances that needs to be passed by the harmonics current, which must flow through 

resulted in the higher generation of harmonic voltage. The distorted current that flows 

through the system is caused by the nonlinear loads that initiated them, and it is 

becoming more severe because of the increasing current, which can result in 

overheating. The total harmonic current distortion is described below. 

𝑇𝐻𝐷𝑖 =
√∑ 𝐼𝑆𝐾

2𝑘𝑚𝑎𝑥
𝑘=2

𝐼𝑆1
 

(5.25) 

For 𝑘 = 2,3,4,… 𝑘𝑚𝑎𝑥  and 𝐼𝑆1 is the RMS source current at fundamental. While 𝐼𝑆𝐾 is 

refer to the source current at k-th harmonic number. 

Other necessary consequences of current distortion are that it will cause the distortion 

of voltage distortion formed. It is becoming essential to limit the current distortion from 

the nonlinear loads at the PCC in order to avoid excessive voltage limits. Therefore, the 

practices and requirement for harmonics control recommended by IEEE 519 have been 

taken into consideration, which is imposed after the filter placement in the network. The 

IEEE 519 total harmonic voltage is given in Equation (5.12) must be equal or below to 

5%. 
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There four objective functions are presented as 𝑋𝐶𝑈 and 𝑋𝐿𝑈  functions using Equations 

(5.12) until (5.15). The parameter of 𝑋𝐶𝑈 and 𝑋𝐿𝑈 which refer to the value of capacitance 

and inductance, respectively are the decision variables to be optimized in this problem. 

In MIDACO, the definition of the mixed-integer term is referring to the type of the 

decision variables which is either continuous, discrete or combination of both. In this 

thesis, the value of decision variables 𝑋𝐶𝑈 and 𝑋𝐿𝑈 contains continuous variables only. 

After formulating the objective functions and constraints involved, the maximization 

and minimization for each of the objective functions are formulated as below: 

 

Objective 1: Minimize 𝑇𝐻𝐷𝑉(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(3) = ℎ > ℎ𝑟 

𝐺(4) = 0 ≤ 𝑉𝑇𝐻𝐷 ≤ 5% 

𝐺(5) = 90% ≤ 𝑃𝐹 ≤ 100%                                                                           (5.26) 

 

Objective 2: Maximize 𝑃𝐹(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(3) = ℎ > ℎ𝑟 

𝐺(4) = 0 ≤ 𝑉𝑇𝐻𝐷 ≤ 5% 

𝐺(5) = 90% ≤ 𝑃𝐹 ≤ 100%                                                                           (5.27) 
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Objective 3: Maximize η(𝑋𝐶𝑈, 𝑋𝐿𝑈) 

Subject to:  

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(3) = ℎ > ℎ𝑟 

𝐺(4) = 0 ≤ 𝑉𝑇𝐻𝐷 ≤ 5% 

𝐺(5) = 90% ≤ 𝑃𝐹 ≤ 100%                                                                           (5.28) 

 

Objective 4: Minimize 𝑃𝐿𝑂𝑆𝑆(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(3) = ℎ > ℎ𝑟 

𝐺(4) = 0 ≤ 𝑉𝑇𝐻𝐷 ≤ 5% 

𝐺(5) = 90% ≤ 𝑃𝐹 ≤ 100%                                                                           (5.29) 

For the problem formulation, there is no practical standard that needs to be followed 

when finding the optimal value of inductance, 𝑋𝐿𝑈. However, the value of 𝑋𝐿𝑈 be 

selected to achieve the desired tuning so that the filter is resonant at the desired 

frequency. Therefore, the constraints for ℎ given in 𝐺(2) in the equations above which 

represents the values of 𝑋𝐶𝑈 and 𝑋𝐿𝑈 is given to find optimal inductance at the desired 

tuning frequency which can be calculated using Equation (3.6) given in Chapter 3. The 

value of 𝑓𝑛 can be calculated by the multiplied value of ℎ in Equations (3.6) with 

fundamental frequency as shown in the Equations (3.5). 
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5.3 System Under Study 

There are four industrial plants with random harmonics that have been studied, in which 

the examples of the calculation for short circuit parameters are adopted from the IEEE 

519-1992 system. A 60Hz fundamental frequency supply bus voltage determined at 

4.16kV (line-to-line). Based on the system given in Figure 5.1, the settings for three-

phase load power is set to 5100kW and three-phase load reactive power is set to 

4965kVAR. Then, the calculations to find the short circuit and load parameters are 

performed and presented in Table 5.1. 

Table 5.1: The input parameters and harmonic sources for simulation 

Parameters & Harmonics I II III IV 

𝑀𝑉𝐴𝑆𝐶 150 150 80 80 

𝑅𝑇𝐻1(ohm) 0.01154 0.01154 0.02163 0.02163 

𝑋𝑇𝐻1(ohm) 0.1154 0.1154 0.2163 0.2163 

𝑅𝐿1(ohm) 1.742 1.742 1.742 1.742 

𝑋𝐿1(ohm) 1.696 1.696 1.696 1.696 

𝑉𝑆1(Volts) 2400 2400 2400 2400 

𝑉𝑆5(%𝑉𝑆1) 5 7 5 7 

𝑉𝑆7(%𝑉𝑆1) 3 4 3 4 

𝑉𝑆11(%𝑉𝑆1) 2 2 2 2 

𝑉𝑆13(%𝑉𝑆1) 1 1 1 1 

𝐼𝐿5(Ampere) 33 33 33 33 

𝐼𝐿7(Ampere) 25 25 25 25 

𝐼𝐿11(Ampere) 8 8 8 8 

𝐼𝐿13(Ampere) 9 9 9 9 

For the first two rows in the Table 5.1 above show different power system parameters, 

following with the parameters of the load and then the following rows show the related 

source and load harmonics. For Case I and II, the system represents a system which has 

high short-circuit capacity which is 150MVA while Case III and IV represent the system 

with low short-circuit capacity which is 80 MVA. For the first scenario, such as Case I 

and II or Case III and IV, represents the system with the same short capacity and current 

harmonic distortion (𝐼𝐿5 = 33𝐴, 𝐼𝐿7 = 25A, 𝐼𝐿11 = 8A, 𝐼𝐿13 = 9A) but with different 

harmonics voltage supply (𝑉𝑆5 = 120𝑉, 𝑉𝑆7 = 72V,𝑉𝑆11 = 48V,𝑉𝑆13 = 24V) and 

(𝑉𝑆5 = 168𝑉,𝑉𝑆7 = 96V,𝑉𝑆11 = 48V,𝑉𝑆13 = 24V), respectively.  
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For the second scenario, such as Case I and III or Case II and IV, represents the system 

with different short capacity but the same current harmonic distortion and harmonics 

voltage supply. The probabilistic of the harmonics voltage source and generated 

harmonic currents are randomly designated for all cases.  

 

5.4 Simulated Results 

5.4.1 Analysis of Simulated Results for Constrained Without Practical 

Values of Capacitor 

In this research, four cases have been studied and simulated and the results for each case 

were compared. In addition to that, the performance when the system has a different 

short circuit with same voltage source harmonics and the effects on the performance for 

additional voltage source harmonics with the same short circuit capacity is analysed. 

Table 5.2 below is included to show the results performed for the uncompensated 

system and for the comparison purpose. 

Table 5.2: The system performance before installing any filter 

No. of Cases I II III IV 

PF (%) 71.72 71.71 71.71 71.71 

 (%) 99.34 99.34 98.78 98.78 

PLOSS (kW) 10.48 10.48 18.45 18.45 

𝑇𝐻𝐷𝑉 (%) 6.20 8.22 6.38 8.29 

𝐼𝑆  (A) 953.03 953.17 923.58 923.71 

𝑑𝑝𝑓 (%) 71.65 71.65 71.65 71.65 

𝑉𝐿  (V) 2318.88 2322.26 2247.59 2355.48 

Table 5.3 shows the simulated results for single-objective function considering all 

constraints, however, without the practical value of the capacitor. There are four 

objectives involved where problems of the objective functions is expressed as below: 

Objective 1: Minimize 𝑇𝐻𝐷𝑉(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(2) = ℎ > ℎ𝑟 

𝐺(3) = 0 ≤ 𝑇𝐻𝐷𝑉  ≤ 5% 

𝐺(4) = 90% ≤ 𝑃𝐹 ≤ 100%  
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Objective 2: Maximize 𝑃𝐹(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(2) = ℎ > ℎ𝑟 

𝐺(3) = 0 ≤ 𝑇𝐻𝐷𝑉  ≤ 5% 

𝐺(4) = 90% ≤ 𝑃𝐹 ≤ 100%  

 

Objective 3: Maximize η(𝑋𝐶𝑈, 𝑋𝐿𝑈) 

Subject to:  

𝐺(1) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(2) = ℎ > ℎ𝑟 

𝐺(3) = 0 ≤ 𝑇𝐻𝐷𝑉  ≤ 5% 

𝐺(4) = 90% ≤ 𝑃𝐹 ≤ 100% 

 

Objective 4: Minimize 𝑃𝐿𝑂𝑆𝑆(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1) = ℎ ≤ 0.9 ∗ 𝑓𝑛 

𝐺(2) = ℎ > ℎ𝑟 

𝐺(3) = 0 ≤ 𝑇𝐻𝐷𝑉  ≤ 5% 

𝐺(4) = 90% ≤ 𝑃𝐹 ≤ 100%  

 

In this simulation, the settings for controlling parameter of MIDACO were set to 1) npop 

will change dynamically for every generation; 2) k is fixed to 100 and 3) Ω = 0.  From 

Table 5.3, the results show the impact of the designed filter on the different optimal 

solutions for each criterion are achieved subject to the constraints involved. When 

comparing Table 5.3 with Table 5.2, satisfying results are showing greatest 

improvement in the PF, , PLOSS and 𝑇𝐻𝐷𝑉. It can be noticed that for Case I, PF is 

improved from 71.72%, to 95.30%, 95.21%, 97.16% and 96.04%,  is increased from 

99.34% to 99.63%, 99.63%, 99.64% and 99.63%, PLOSS is decreased from 10.48kW to 

6.30kW, 6.28kW, 6.07kW and 6.15kW, 𝑇𝐻𝐷𝑉 is also reduced from 6.20% to 1.63%, 

1.77%, 2.17% and 2.42%, respectively. For Case II, PF is improved from 71.71%, to 

95.16%, 94.88%, 94.15% and 94.88%,  is increased from 99.34% to 99.62%, 99.62%, 

99.62% and 99.62%, PLOSS is decreased from 10.48kW to 6.51kW, 6.38kW, 6.45kW 
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and 6.37kW, 𝑇𝐻𝐷𝑉 is also reduced from 8.22% to 2.49%, 2.75%, 2.57% and 2.77%, 

respectively. For Case III, PF is improved from 71.71%, to 98.78%, 98.75%, 98.63% 

and 98.93%,  is increased from 98.78% to 99.35%, 99.35%, 99.35% and 99.35%, PLOSS 

is decreased from 18.45kW to 10.98kW, 11.02kW, 10.92kW and 10.88kW, 𝑇𝐻𝐷𝑉 is 

reduced from 6.38% to 1.43%, 1.56%, 1.23% and 1.52%, respectively. For Case IV, PF 

is improved from 71.71%, to 97.04%, 97.91%, 97.14% and 97.91%,  is increased from 

98.78% to 99.33%, 99.34%, 99.33% and 99.34%, PLOSS is decreased from 18.45kW to 

11.39kW, 11.01kW, 11.29kW and 11.08kW, 𝑇𝐻𝐷𝑉 is also reduced from 8.29% to 

1.23%, 1.98%, 1.28% and 1.82%, respectively. Overall, the results proved that better 

performance is achieved subject to the constraints involved where all the resultant value 

of 𝑇𝐻𝐷𝑉 below 5%, as suggested in IEEE 519 standards and the PF is greater than 90% 

with the employment of the undamped single tuned filter.  

Table 5.3: Simulated results without considering IEEE 18-2012 standards. 

No. of 

Cases 

XCU 

(Ω) 

XLU 

(Ω) 

PF 

(%) 
 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉 

(%) 

𝐼𝑆 
(A) 

𝑑𝑝𝑓 
(%) 

𝑉𝐿 
(V) 

Minimize 𝑇𝐻𝐷𝑉 

Case I 3.74 0.1459 95.30 99.63 6.30 1.63 738.74 99.95 2388.38 

Case II 3.40 0.1615 95.16 99.62 6.51 2.49 750.91 99.72 2397.26 

Case III 3.48 0.1607 98.78 99.35 10.98 1.43 712.61 99.88 2387.57 

Case IV 3.42 0.1271 97.04 99.33 11.39 1.23 725.54 99.84 2388.77 

Maximize PF 

Case I 4.11 0.1663 95.21 99.63 6.28 1.77 737.48 99.37 2381.83 

Case II 3.62 0.1777 94.88 99.62 6.38 2.75 743.78 99.99 2392.49 

Case III 3.42 0.1686 98.75 99.35 11.02 1.56 713.88 99.75 2390.91 

Case IV 3.88 0.1880 97.91 99.34 11.01 1.98 715.50 99.85 2372.28 

Maximize  

Case I 3.71 0.1783 97.16 99.64 6.07 2.17 725.48 99.99 2390.10 

Case II 3.91 0.1811 94.15 99.62 6.45 2.57 747.53 99.80 2386.16 

Case III 3.72 0.1492 98.63 99.35 10.92 1.23 710.38 99.88 2376.89 

Case IV 3.60 0.1328 97.14 99.33 11.29 1.28 722.47 99.99 2381.17 

Minimize PLOSS 

Case I 4.45 0.2150 96.04 99.63 6.15 2.42 730.02 98.53 2377.30 

Case II 3.71 0.1817 94.88 99.62 6.37 2.77 743.11 99.99 2390.39 

Case III 3.67 0.1719 98.93 99.35 10.88 1.52 709.30 99.99 2379.90 

Case IV 3.77 0.1766 97.91 99.34 11.08 1.82 715.65 99.96 2376.22 
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From Table 5.3 above, the improvement to the value of 𝑇𝐻𝐷𝑉 in the compensated 

system has proved that the quality of the load voltage also heightened for all cases. 

Therefore, the results in the table indicate that 𝑉𝐿 is increased from 2318.88V to 

2388.38V, 2381.83V, 2390.10V and 2377.30V for Case I, from 2322.26V to 2397.26V, 

2392.49V, 2386.16V and 2390.39V for Case II, from 2247.59V to 2387.57V, 

2390.91V, 2376.89V and 2379.90V for Case III and lastly from 2355.48V to 2388.77V, 

2372.28V, 2381.17V and 2376.22V for Case IV, respectively.  

Next, the results also show that the compensated system leads to the reduction in the 

rms value of supply current where 𝐼𝑠 is decreased from 953.03A to 738.74A, 737.48A, 

725.48A and 730.02A for Case I, while from 953.17A to 750.91A, 743.78A, 747.53A 

and 743.11A for Case II, accordingly. For Case III, the 𝐼𝑠  is reduced from 923.58A to 

712.61A, 713.88A, 710.38A and 709.30A and from 923.17A to 725.54A, 715.50A, 

722.47A and 725.65A for Case IV, respectively. This is because the system has become 

more linear after added the filter, which results in the reduction to the line current.  

Additionally, the results also proved that 𝑑𝑝𝑓 is increased for the compensated system 

from 71.65% to 99.95%, 99.37%, 99.99 and 98.53% for Case II, from 71.65% to 

99.88%, 99.75%, 99.88 and 99.99% for Case II, from 71.65% to 99.88%, 99.75%, 99.88 

and 99.99% for Case III and from 71.65% to 99.84%, 99.85%, 99.99 and 99.96% for 

Case IV, respectively. Overall, it is expected that the value of PF is lower than 𝑑𝑝𝑓 

because of the effects of the harmonic is excluded in the calculation of 𝑑𝑝𝑓 which 

therefore has no direct effects to the results. 

 

5.4.2 Analysis of Simulated Results for Constrained with Practical 

Values of Capacitor  

The capacitor produced from the optimal solution presented in Table 5.3 does not lie 

within the practical standard. Therefore, it is recommended to consider IEEE-18 for 

power shunt capacitors in order to solve the optimal solutions. 

Table 5.4 summarised simulated results while including the actual value of the capacitor 

in the constraints. The objective functions and all constraints involved are based on the 

formulation in Equation (5.12)-(5.15). For this simulation, the MIDACO controlling 

parameters are remaining constant. However, for each objective, the algorithm was run 
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with 100 different SEED parameters and the best solution out of a reasonable number 

of runs was chosen. From Table 5.4, the results show that different SEED values will 

results in different optimal filter solutions obtained for each of the objective functions. 

This is because of the highly sensitive nature of the internal random number generator 

which impies to different results. 

Table 5.4: Simulated results considering all the constraints involved. 

No. of 

Cases 
SEED 

XCU 

(Ω) 

XLU 

(Ω) 

PF 

(%) 
 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉 

(%) 

𝐼𝑆 
(𝐴) 

𝑑𝑝𝑓 
(%) 

Minimize 𝑇𝐻𝐷𝑉 

Case I 7 3.32 0.1513 96.27 99.6342 6.230 1.865 723.81 99.89 

Case II 25 3.40 0.1615 94.16 99.6176 6.506 2.485 750.91 99.72 

Case III 27 3.48 0.1607 98.78 99.3507 10.984 1.428 734.73 99.54 

Case IV 45 3.48 0.1654 97.85 99.3382 11.201 1.764 750.91 99.72 

Maximize PF 

Case I 11 3.85 0.1900 97.28 99.6417 6.045 2.315 724.72 99.99 

Case II 44 3.85 0.1889 94.91 99.6236 6.354 2.850 742.04 99.90 

Case III 55 3.48 0.1699 98.85 99.3516 10.974 1.559 723.81 99.89 

Case IV 25 3.65 0.1805 98.09 99.3414 11.083 1.962 742.04 99.90 

Maximize  

Case I 35 3.65 0.1805 97.32 99.6419 6.061 2.248 723.96 99.76 

Case II 70 3.95 0.1951 94.91 99.6235 6.345 2.923 741.50 99.76 

Case III 55 3.75 0.1829 98.97 99.3531 10.847 1.642 724.72 99.99 

Case IV 8 3.95 0.1950 97.89 99.3387 11.028 2.073 741.50 99.76 

Minimize PLOSS 

Case I 67 3.95 0.1951 97.18 99.6409 6.048 2.350 734.73 99.54 

Case II 49 3.85 0.1900 94.98 99.6241 6.345 2.880 741.55 99.90 

Case III 22 4.18 0.1922 98.27 99.3439 10.868 1.682 723.96 99.76 

Case IV 91 4.06 0.1980 97.67 99.3358 11.042 2.068 741.55 99.90 

By referring to Table 5.3 and 5.4, the results for the same values of Thevenin’s 

impedance with different harmonics, such as Case I and II, will reduce the power factor 

of the cases that have additional harmonics. By comparing the results Case I with Case 

II in Table 5.4, PF is reduced from 96.27% to 94.16% for Min 𝑇𝐻𝐷𝑉, from 97.28% to 

94.91% for Max PF, from 97.32% to 94.91% for Max  and from 97.18% to 94.98% 

for Min PLOSS. This is predictable because extra harmonics will result in an increasing 

number of compensated line current across the load. Therefore, the increasing 
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compensated line current will increase the 𝑇𝐻𝐷𝑉, causing more losses in the impedance 

at the source and reduce the efficiency of transmission. This is shown in the results of 

Case I and II in Table 5.4, 𝑇𝐻𝐷𝑉 is increased from 1.865% to 2.485% for Min 𝑇𝐻𝐷𝑉, 

from 2.315% to 2.850% for Max PF, from 2.248% to 2.923% for Max  and from 

2.350% to 2.880% for Min PLOSS. Besides, PLOSS also increased from 6.230% to 6.506% 

for Min 𝑇𝐻𝐷𝑉, from 6.045% to 6.354% for Max PF, from 6.061% to 6.345% for Max 

 and from 6.048% to 6.345% for Min PLOSS. Therefore,  is reduced from 99.6342% 

to 99.6176% for Min 𝑇𝐻𝐷𝑉, from 99.6417% to 99.6236% for Max PF, from 99.6419% 

to 99.6235% for Max  and from 99.6409% to 99.6241% for Min PLOSS. Overall, the 

additional harmonics affect the performance of the circuit.  

For the cases in which harmonics condition is identical but different short circuit, such 

as Case I and III, higher transmission impedance will increase of the power factor. By 

comparing the results Case I with Case III in Table 5.4, PF is increased from 96.27% 

to 98.78% for Min 𝑇𝐻𝐷𝑉, from 97.28% to 98.85% for Max PF, from 97.32% to 98.97% 

for Max  and from 97.18% to 98.27% for Min PLOSS. Conversely, low short circuit 

capacity has bigger Thevenin impedance where overall the results to lower 𝑇𝐻𝐷𝑉, more 

losses in the source and hence degrade the efficiency.  From Table 5.4, the comparison 

of results between Case I and III show that 𝑇𝐻𝐷𝑉 is increased from 1.865% to 1.428% 

for Min 𝑇𝐻𝐷𝑉, from 2.315% to 1.559% for Max PF, from 2.248% to 1.642% for Max 

 and from 2.350% to 1.682% for Min PLOSS. Besides, PLOSS also increased from 

6.230% to 10.984% for Min 𝑇𝐻𝐷𝑉, from 6.045% to 10.974% for Max PF, from 6.061% 

to 10.847% for Max  and from 6.048% to 10.868% for Min PLOSS. Therefore,  is 

reduced from 99.6342% to 99.3507% for Min 𝑇𝐻𝐷𝑉, from 99.6417% to 99.3516% for 

Max PF, from 99.6419% to 99.3531% for Max  and from 99.6409% to 99.3439 % for 

Min PLOSS. Generally, the resultants of 𝑇𝐻𝐷𝑉 values for all cases are not exceeding the 

standard limitation and the value of the capacitor can be attained from the real market 

as well. When comparing Table 5.4 with Table 5.3, the results proved that the size of 

the capacitor has no consequence to the result of the optimal solutions. 

Table 5.5 shows the simulated results when controlling parameters Ants and Kernel 

when the objectives maximize PF.  
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Table 5.5: Simulated results with different setting of ants and kernel  

Setting 
Parameters 𝑇𝐻𝐷𝑉 (%) 

Ants Kernel I II III IV 

1 2 2 2.46 3.09 1.84 1.98 

2 30 5 2.11 3.32 2.15 3.07 

3 500 10 2.13 2.65 1.55 4.95 

4 100 50 3.01 2.87 3.78 2.40 

5 0 100 2.32 2.85 1.56 1.96 

Setting 
Parameters PF (%) 

Ants Kernel I II III IV 

1 2 2 96.19 93.68 98.07 97.32 

2 30 5 95.45 92.06 93.97 88.88 

3 500 10 93.41 92.61 98.15 89.84 

4 100 50 90.12 93.61 95.51 93.09 

5 0 100 97.28 94.91 98.85 98.09 

Setting 
Parameters  (%) 

Ants Kernel I II III IV 

1 2 2 99.63 99.61 99.34 97.33 

2 30 5 99.63 99.60 99.28 99.20 

3 500 10 99.61 99.60 99.34 99.22 

4 100 50 99.58 99.61 99.31 99.27 

5 0 100 99.64 99.62 99.35 99.34 

Setting 
Parameters PLOSS (kW) 

Ants Kernel I II III IV 

1 2 2 6.13 6.46 10.89 11.09 

2 30 5 6.22 6.65 11.58 12.72 

3 500 10 6.46 6.61 10.89 12.65 

4 100 50 6.87 6.48 11.47 11.80 

5 0 100 6.05 6.35 10.97 11.08 

From Table 5.5, the results have shown that tuning the parameters of Ants and Kernel 

will reduce the chance of getting the best solutions for the results from getting the best 

solutions. From the table, it shows a small kernel, as Setting 1, will result in the 

solutions trapped in the local solution. With increasing the size of kernel 

correspondingly, the chance of the solutions to reach the global optimum also increases. 

However, the optimal solutions cannot be reached without proper adjustment of both 

parameters if the sizes of ants are changed.  
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Next, the impact of changing the Oracle parameter on the optimal solutions is shown in 

Table 5.6. For this test, the simulation is based on maximizing PF, given that only the 

Oracle parameter is changed while other parameters remain the same. As mentioned in 

the previous chapter, this parameter will select equal or slightly better optimal (feasible) 

solutions. Therefore, from the table, the results proved that changing the Oracle 

parameter would not affect the optimal solution. 

Table 5.6: Simulated results with a different Oracle parameter for all cases 

Parameters 𝑇𝐻𝐷𝑉 (%) 

Oracle I II III IV 

1 2.32 2.85 1.56 1.96 

3 2.32 2.85 1.56 1.96 

6 2.32 2.85 1.56 1.96 

Parameters PF (%) 

Oracle I II III IV 

1 97.28 94.91 98.85 98.09 

3 97.28 94.91 98.85 98.09 

6 97.28 94.91 98.85 98.09 

Parameters  (%) 

Oracle I II III IV 

1 99.64 99.62 99.35 99.34 

3 99.64 99.62 99.35 99.34 

6 99.64 99.62 99.35 99.34 

Parameters PLOSS (kW) 

Oracle I II III IV 

1 6.05 6.35 10.97 11.08 

3 6.05 6.35 10.97 11.08 

6 6.05 6.35 10.97 11.08 

Table 5.7 showed the effects on the results of 𝑇𝐻𝐷𝑉, PF,  and PLOSS when the total of 

iterations is increased for the optimisation when the objective was maximizing PF. 

From the table, it also pointed out that there is a higher chance to obtain optimal 

solutions when hard limit criteria of maximum function evaluation are increased.  
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Table 5.7: Simulated results when increasing number of iterations 

Parameters 𝑇𝐻𝐷𝑉 (%) 

Number of iterations I II III IV 

1000 8.67 12.16 1.54 3.99 

5000 3.66 3.40 1.42 1.68 

10000 2.32 3.52 1.22 1.88 

Parameters PF (%) 

Number of iterations I II III IV 

1000 80.34 76.41 96.79 82.07 

5000 83.75 86.36 96.87 95.88 

10000 97.28 91.18 97.33 98.02 

Parameters  (%) 

Number of iterations I II III IV 

1000 99.48 99.43 99.32 99.06 

5000 99.52 99.55 99.33 99.31 

10000 99.64 99.59 99.33 99.34 

Parameters PLOSS (kW) 

Number of iterations I II III IV 

1000 8.48 9.30 11.56 14.58 

5000 7.85 7.45 11.54 11.41 

10000 6.05 6.75 11.41 1.88 

 

Thus, Figure 5.4 is also added for a clear explanation of the convergence rate. From 

Figure 5.4a, the results show that the objective function for 𝑇𝐻𝐷𝑉 at 1000th iterations is 

10.82% can reduce down to 1.45% when the iterations reach 20000. While the graph of 

objective function when maximize PF is shown in Figure 5.4b, where the objective is 

82.65% at 1000th iterations and is increased up to 96.83% when the iterations reached 

to its maximum. Based on Figure 5.4c, the results show that the objective function for 

maximizing  at 1000th iterations is 99.53 % can increased up to 99.63% when the 

objective function reach up 20000 of maximum function evaluations. Lastly, Figure 

5.4d shows that the objective function reduced from 7620.11kW to 6119.89kW when 

the iterations increased from 1000 and reached to 20000 number of iterations. Overall, 

the results proved that there would be a chance for the objective function to reach its 

optimality by increasing the hard limit criteria of maximum function evaluation. 
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a) Objective 1 

 

b) Objective 2 
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c) Objective 3 

 

d) Objective 4 

Figure 5.4: The convergence graph for Case 1 a) min 𝑇𝐻𝐷𝑉  b) max PF, c) max η, and d) min 𝑃𝐿𝑂𝑆𝑆  
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Table 5.8 presents the results for the current source and load voltage for individual 

harmonics. From the table, the results showed that harmonic current ISK is higher in the 

case that has the same values of Thevenin’s impedance with extra supply voltage 

harmonic, such as Case III and IV. The increasing value ISK will also result in the high 

value of VLK which consequently gain more power source to be supplied to the load. On 

the other hand, small values of ISK are supplied for a power system that has large values 

of Thevenin’s impedance. Overall, this will result to lower VLK as well as the load power 

consumption. 

Table 5.8: The results for current source and load voltage for individual harmonics 

Harmonic 

order, K 

Minimize  

𝑇𝐻𝐷𝑉  
Maximize 

 PF 

Maximize 

   

Minimize 

PLOSS 

ISK  

(%) 

VLK  

(%) 

ISK 

(%) 

VLK 

(%) 

ISK 

(%) 

VLK 

(%) 

ISK 

(%) 

VLK 

(%) 

Case I 

5 25.29 0.69 22.62 1.19 22.87 1.14 22.50 1.21 

7 7.57 1.27 6.86 1.49 6.99 1.45 6.79 1.50 

11 2.72 1.02 2.47 1.14 2.52 1.12 2.44 1.15 

13 1.28 0.59 1.22 0.65 1.24 0.64 1.22 0.66 

Case II 

5 33.75 1.26 31.87 1.62 31.46 1.69 31.65 1.66 

7 9.68 1.76 9.06 1.94 8.92 1.98 9.02 1.95 

11 2.65 1.06 2.48 1.14 2.44 1.15 2.47 1.14 

13 1.26 0.61 1.23 0.65 1.22 0.66 1.22 0.65 

Case III 

5 14.35 0.47 13.83 0.64 13.79 0.68 13.93 0.64 

7 4.95 0.96 4.84 1.02 4.78 1.08 4.72 1.12 

11 1.88 0.78 1.84 0.81 1.81 0.85 1.77 0.89 

13 0.90 0.54 0.89 0.57 0.90 0.59 0.89 0.62 

Case IV 

5 18.98 0.79 19.49 0.86 21.56 0.12 19.12 0.99 

7 5.58 1.66 6.36 1.33 6.39 1.29 6.17 1.44 

11 1.57 1.03 1.83 0.83 1.78 0.86 1.77 0.89 

13 0.85 0.72 0.90 0.58 0.88 0.61 0.89 0.62 
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Meanwhile, Table 5.9 is added to ensure that the proposed capacitor is intended to 

operate without exceeding the limit suggested by IEEE 18-2012 [199]. From the table, 

the results show that the values of VCP, VC, IC and QC for all of the cases are below the 

recommended standard limit.  

Table 5.9: The recommended limit for the power shunt capacitor  

Objective 

Function 
VCP (%) VC (%) IC (%) QC (%) 

Case I 

Minimize 𝑇𝐻𝐷𝑉 68.01 90.82 98.14 87.44 

Maximize PF 68.02 90.76 98.16 87.34 

Maximize  67.99 90.90 98.10 87.55 

Minimize PLOSS 68.04 90.68 98.20 87.24 

Standard 120 110 135 135 

Case II 

Minimize 𝑇𝐻𝐷𝑉 69.33 91.03 100.51 88.50 

Maximize PF 69.45 90.83 100.86 88.30 

Maximize  69.48 90.79 100.95 88.27 

Minimize PLOSS 69.42 90.86 100.80 88.33 

Standard 120 110 135 135 

Case III 

Minimize 𝑇𝐻𝐷𝑉 66.35 90.40 95.99 86.12 

Maximize PF 66.44 90.66 96.18 86.60 

Maximize  66.29 90.25 95.89 85.85 

Minimize PLOSS 66.09 89.56 95.46 84.63 

Standard 120 110 135 135 

Case IV 

Minimize 𝑇𝐻𝐷𝑉 67.35 88.11 97.73 83.06 

Maximize PF 67.14 90.36 96.89 86.33 

Maximize  67.17 88.50 97.18 83.49 

Minimize PLOSS 67.05 89.88 96.74 85.52 

Standard 120 110 135 135 
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Finally, the filter must be tuned below the harmonic frequency to be eliminated when 

adding the filter into the power circuit. Therefore, Figure 5.5 is added to illustrate the 

impedance resonance for Case I, which has been recommended in this research in order 

to avoid any series or parallel resonance. The graph of the response is assessed and 

evaluated as follows: 

1) The series or parallel resonance can happen because of the interaction between the 

impedance at the source and the loads. 

2) The impedance is at the lowest point when the reactance of inductance is equal to 

the capacitance for the series resonance, thus canceling each other out. However, 

the impedance is at maximum for parallel resonance.  

3) For both resonances, the frequencies after the tuning are increased along with the 

impedance. 

4) It is vital to consider detuning effects when designing this type of filter. This is 

clearly shown in the sharp increase of in impedance in Figure 5.5 where the parallel 

resonance causes a sudden increase in voltage.   

5) This can also happen to series resonance where the small value of resistance at 

resonance wills results in the current flowing through the circuit to be dangerously 

high. 

6) Overall, the design of a de-tuned filter to avoid series or parallel resonance is very 

important to protect the circuit from damage. 
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a) Minimize 𝑇𝐻𝐷𝑉 

 
b) Maximize PF 
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c) Maximize  

 
d) Minimize PLOSS 

Figure 5.5: The filter, series and parallel impedance resonance for Case I based on four objectives 
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5.5  Comparison of Results with Other Published 

Techniques 

In this study, the capability of the suggested technique is compared with other two 

evolutionary computation optimizers [204], [205]. There are three objectives involved 

in this comparison which are maximizes PF, η and Minimize 𝑃𝐿𝑂𝑆𝑆. 

In GA, the optimization is inspired by relying on bio-inspired operators [204]. After 

generating a random initial population, then GA will select group of individuals 

(parents) from the current population who contributes their genes to produce  children, 

in order to form the next generation [206].  

Table 5.10 shows the outcome of the result when simulated using GA based on the 

problem formulation in Equation (5.26). For GA, the crossover rate, mutation 

probability, and population size are set to 0.8, 0.001 and 50 respectively.  

           Table 5.10: The simulation outcomes when using GA 

Objective Function 
XCU 

(Ω) 

XLU 

(Ω) 

PF 

(%) 
 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉  

(%) 

Maximize PF  

Case I 4.18 0.2062 96.83 99.64 6.07 2.42 

Case II 4.87 0.2406 93.14 99.61 6.51 2.99 

Case III 4.18 0.2062 98.36 99.35 10.85 1.80 

Case IV 4.18 0.2062 97.49 99.33 11.05 2.16 

Maximize  

Case I 5.41 0.2673 93.49 99.61 6.43 2.77 

Case II 6.09 0.3008 90.07 99.58 6.90 2.88 

Case III 4.87 0.2406 96.38 99.32 11.13 1.99 

Case IV 4.71 0.2328 96.06 99.31 11.25 2.34 

Minimize PLOSS 

Case I 4.87 0.2406 95.07 99.62 6.25 2.63 

Case II 5.22 0.2577 92.25 99.60 6.62 3.23 

Case III 4.87 0.2406 96.38 99.32 11.14 1.99 

Case IV 5.04 0.2489 95.07 99.30 11.42 2.45 

 

When comparing Table 5.10 with Table 5.4, the results show that the proposed method 

has improved the overall performance when compared to the consequences for GA in 
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Case I and II. Apart from that, the proposed method might also have several benefits 

over GA for the cases that have additional of losses with high Thevenin’s impedance, 

such as Case III and IV. Overall, the results showed that the results of 𝑇𝐻𝐷𝑉 is higher 

than the proposed method, which ultimately proves that the proposed technique has a 

better performance. 

PSO algorithm initialises with random initial population and updated generations in 

order to search for optima. The population members which is referred to by the term 

“particles” will change the accelerations and velocities, where small volume results in 

an enhanced direction of behaviour [147], [205]. From modified velocity, the particles 

will update their positions. 

In PSO, the searching procedure is based on modified velocity, 𝑉𝑖
𝑘+𝑖 and position 

updates, 𝑋𝑖
𝑘+1 where Pbest and Gbest. will be updated first before continuing the 

searching which can be described as below:  

𝑉𝑖
𝑘+𝑖 = 𝜔0𝑉𝑖

𝑘 + 𝐶1𝑟𝑎𝑛𝑑1 × (𝑃𝑏𝑒𝑠𝑡𝑖
𝑘 − 𝑋𝑖

𝑘) + 𝐶2𝑟𝑎𝑛𝑑2 × (𝐺𝑏𝑒𝑠𝑡𝑖
𝑘 − 𝑋𝑖

𝑘) (5.27) 

𝑋𝑖
𝑘+1 = 𝑋𝑖

𝑘 + 𝑉𝑖
𝑘+𝑖    (5.28) 

Where  𝜔0 = An inertia weight (ranging between 0 to 1) 

𝐶1 and 𝐶2 = Cognitive and social attraction (range 0 < 𝐶1 + 𝐶2 < 4) 

𝑟𝑎𝑛𝑑1 and 𝑟𝑎𝑛𝑑2 = Two random sequences (ranging between 0 to 1) 

𝑋𝑖
𝑘 = Current position of individual i at iteration k 

𝑉𝑖
𝑘 = Current velocity of individual i at iteration k 

𝑃𝑏𝑒𝑠𝑡 = Fitness best solution tracked in the population 

𝐺𝑏𝑒𝑠𝑡 = Fitness best value tracked in the population 

PSO also possesses an excellent memory, which is the key advantage of this algorithm. 

However, the disadvantage of PSO which depending on the initial point and parameters 

make it difficult for the algorithm to find their optimal solution.  
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Table 5.11 shows the simulation results based on the problem in Equation (5.26) when 

using PSO. For PSO simulation, some limitations are requiring to be set as follows: 

a) Cognitive and social attraction, 𝐶1 and 𝐶2 = 1.0 

b) Inertia weight, 0.4 ≤  𝐶0 ≤ 0.9 

c) Population size, 𝑛 = 50 

d) Maximum iterations, 𝑖𝑡𝑒𝑟𝑚𝑎𝑥 = 200 

Table 5.11: The simulation outcomes when using PSO 

Objective 

Function 

XCU 

(Ω) 

XLU 

(Ω) 

PF 

(%) 

 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉  

(%) 

Maximize PF  

Case I 3.95 0.3587 99.28 99.66 5.82 4.09 

Case II 3.95 0.3006 98.01 99.65 5.97 4.83 

Case III 3.65 0.4098 99.48 99.36 10.88 3.63 

Case IV 3.74 0.3843 99.33 99.36 10.97 4.48 

Maximize  

Case I 5.04 0.2562 94.77 99.62 6.28 2.79 

Case II 4.06 0.2418 96.53 99.64 6.13 3.91 

Case III 5.22 0.3030 95.64 99.31 11.88 2.59 

Case IV 4.55 0.2437 94.99 99.30 11.43 2.36 

Minimize PLOSS 

Case I 4.18 0.4060 99.19 99.66 5.81 4.30 

Case II 4.06 0.4486 99.06 99.65 5.85 5.91 

Case III 4.30 0.4310 99.28 99.36 10.70 3.67 

Case IV 4.30 0.4272 98.97 99.35 10.77 4.69 

The results from the between Table 5.3 with Table 5.10 and 5.11, has shown that tuning 

of the initial condition of the inductance and capacitance will affect the effective 

solutions. Besides, the table also showed that the PSO is less accurate since the value 

of the filter’s inductance is large compared to the proposed method and GA for all three 

objectives in all cases. Besides, the results for Case II also showed that the PSO 

optimiser is not satisfied with the involved constraints where the value of 𝑇𝐻𝐷𝑉 is 

beyond 5% as suggested by the IEEE 519 standard. 

Table 5.12 shows the estimation between the maximum number of evaluations and the 

time taken to complete simulations for each objective for all cases. From the results, the 

proposed method has shown that it has the shortest computation time, it can complete 
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the simulations within 17s to 18s when optimising up to 20 000 function evaluation. 

The second fastest is PSO where it can process up to 50 iterations within 7s to 11s while 

GA is the slowest where it will take up to 120s to process a maximum of 8 iterations. 

Table 5.12: The computation time up to the maximum function evaluation 

Objective 

Function 

Running Time, t/s Function Evaluation 

Proposed GA PSO Proposed GA PSO 

Case I 

Maximize PF 21 54.21 7.53 20 000 3 50 

Maximize  21 67.49 7.12 20 000 6 50 

Minimize PLOSS 22 33.98 8.31 20 000 4 50 

Case II 

Maximize PF 21 69.27 10.50 20 000 4 50 

Maximize  21 84.58 9.12 20 000 5 50 

Minimize PLOSS 22 38.02 8.76 20 000 4 50 

Case III 

Maximize PF 22 43.68 7.92 20 000 5 50 

Maximize  22 86.17 6.93 20 000 8 50 

Minimize PLOSS 22 23.94 9.13 20 000 4 50 

Case IV 

Maximize PF 21 36.47 7.81 20 000 5 50 

Maximize  22 119.29 7.34 20 000 8 50 

Minimize PLOSS 22 35.67 8.51 20 000 4 50 

Table 5.13 shows the comparison of statistical test based on the objective function when 

maximizing PF for all methods. From Table 5.13, it is observable that the proposed 

method has a significant standard deviation, followed by GA and PSO respectively. 

This is beneficial especially during the existence of resonance because it is essential to 

return different values to avoid resonances. Unlike GA and PSO, the methods have 

small variants which are challenging to differentiate visually.   
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Table 5.13: The statistical tests based on Objective 2 

Techniques 

Maximize PF 

Minimum Maximum Mean Middle 
Standard 

Deviation 

Case I 

Proposed  82.6462 96.8334 93.7704 96.8334 5.2531 

GA 96.9612 97.8850 97.3013 97.0578 0.5078 

PSO 98.8990 98.8993 98.8992 98.8992 0.0001 

Case II 

Proposed  79.4589 94.3707 91.1680 93.3035 4.6314 

GA 96.5421 94.2012 94.5491 94.2021 0.8841 

PSO 98.0259 98.0336 98.0311 98.0319 0.0019 

Case III 

Proposed  85.9370 97.1883 94.7749 93.8998 4.8013 

GA 99.0107 99.0549 99.0200 99.0110 0.0195 

PSO 99.4066 99.4146 99.4143 99.4145 0.0013 

Case IV 

Proposed  84.7486 97.0741 95.1597 96.9988 4.2046 

GA 98.0911 98.2382 98.1220 98.0938 0.0650 

PSO 98.9253 98.9397 98.9393 98.9397 0.0023 

Table 5.14 shows the comparison of harmonic tuning order for the proposed method 

with other techniques. From Table 5.15, the results showed that the optimal filter 

satisfied the resonance constraints that have been considered in this study.  In contrast,  

all the harmonic order is below the desired harmonic to be eliminated. Besides, the 

results also showed that the value of ℎ𝑟 is always lower than h. The design gives 

advantages to the system where it provides sufficient harmonic filtering action to avoid 

detuning effects.  
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Table 5.14: Comparison of tuning harmonic order for all methods 

Objective Function 
Proposed GA PSO 

h ℎ𝑟  h ℎ𝑟  h ℎ𝑟  

I 

Maximize PF 4.50 3.55 4.50 3.60 3.32 2.89 

Maximize  4.50 3.51 4.50 3.76 4.43 3.68 

Minimize PLOSS 4.50 3.95 4.50 3.70 3.21 2.83 

II 

Maximize PF 4.51 3.56 4.50 3.70 3.62 3.08 

Maximize  4.50 3.57 4.50 3.83 4.10 3.37 

Minimize PLOSS 4.50 3.55 4.50 3.74 3.01 2.68 

III 

Maximize PF 4.53 3.00 4.50 3.14 2.99 2.42 

Maximize  4.53 3.01 4.50 3.27 4.15 3.17 

Minimize PLOSS 4.60 3.18 4.50 3.27 3.16 2.58 

IV 

Maximize PF 4.50 3.03 4.50 3.14 3.12 2.50 

Maximize  4.50 3.10 4.50 3.24 4.55 3.31 

Minimize PLOSS 4.53 3.13 4.50 3.29 3.17 2.58 

 

5.6 Comparison of Results with Other Published Paper 

To show the validity of this research, the proposed method is also compared to other 

published journals using the golden section search method. The most significant 

advantage of this algorithm is that the requirements only need several steps and function 

evaluations in order for it to reach the optimal solution.  

Figure 5.6 shows the chart comparison of  𝑇𝐻𝐷𝑉 results between the suggested method 

with the method in [15].  
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a) Case I 

b) Case II 

c) Case III 

d) Case IV 

Figure 5.6: The comparison of  𝑇𝐻𝐷𝑉 results between the proposed method with method [15]. 
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The optimization problems are expressed based on the objective functions and 

constraints formulation [15]. 

Objective 1: Maximize 𝑃𝐹(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

      𝐺(2)        ℎ > ℎ𝑟                      

Objective 2: Maximize η(𝑋𝐶𝑈, 𝑋𝐿𝑈)  

Subject to: 

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

      𝐺(2)        ℎ > ℎ𝑟                          

Objective 3: Minimize 𝑃𝐿𝑂𝑆𝑆(𝑋𝐶𝑈 , 𝑋𝐿𝑈) 

Subject to:  

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

      𝐺(2)        ℎ > ℎ𝑟                      

Figure 5.6 shows the chart comparison of 𝑇𝐻𝐷𝑉 results between the suggested methods 

with the method in [15] are higher than the proposed method and far beyond the 

standard limit. Hence, it is becoming essential to limit the current distortion from the 

non-linear loads at the PCC in order to avoid excessive voltage limits. In a power 

system, voltage distortion can be found mainly in the transformer due to the flowing 

harmonic currents across its secondary terminal. These days, the phase-shifting 
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transformer with low impedance has been proposed for modifications to limit the 

harmonic currents while providing small impedance. 

 

5.7 Summary 

This chapter proposed MIDACO as the new approach in filter design. In this research, 

four cases that have been studied where each of the undamped filter designs is aimed to 

attain the best solution for all of the four single objectives that satisfy all the constraints 

involved. For each of the cases, the proposed method successfully found the best filter 

considering that the constraints for the power factor are greater than 90%, to avoid the 

series and parallel resonance problem which happen because of the interaction between 

the impedance at the source and the loads, all of the capacitors are following IEEE Std. 

18-2012 standard and the voltage total harmonic distortion below its limitation 

following IEEE Std. 519-2014. The overall performance and all the consequences of 

the performances were compared with other published approaches and journals to 

highlights the effectiveness and robustness of using MIDACO. 
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Chapter 6 

Optimal Damped Single Tuned Filter 

Design 

6.1 Introduction 

From the previous chapter, this research is continued with the concern of energy losses 

in the single tuned filter which must be considered because it certainly affects the 

performance of the system. Practically, there are low internal losses in the capacitor that 

are insignificant while inductor has reasonable resistance and other losses which cannot 

be neglected. Therefore, in this chapter, the simulation is carried out by considering the 

losses in the inductor. The research is then aimed at the optimisation of the capacitance, 

inductance and resistor based on four objectives. Besides, the design considers whether 

the constraints satisfy the performance of the filter, the values of a filter to avoid 

resonances, the range of power factor to ensure efficiency, as well as voltage total 

harmonic distortion and practical standard of capacitor following IEEE standards. Four 

cases based on the examples adopted in Chapter 5 were studied in which the 

performances of the proposed method are compared and analysed from the numerical 

results performances. Additionally, the performances of the results simulated by the 

proposed method are also compared with Genetic Algorithm (GA) and Particle Swarm 

Optimization (PSO). The comparative study to emphasise the advantages and 

disadvantages of damping over an undamped filter are also presented in this chapter. 



 

103 

 

Additionally, this chapter also studies the multi-objective optimisation considering two 

objectives to be minimized which are total harmonics voltage distortion and the losses 

of the Thevenin’s resistor. The performance of the simulated results for all cases was 

studied and analysed where the studies highlighted the effects of changing the 

parameters of MIDACO and the advantage of multi-objective optimisation over the 

results of single-objective optimisation. 

 

6.2 Problem Demonstration and Equations 

6.2.1 Objective Functions 

Figure 6.1 below shows a single line diagram for the 3-phase harmonic circuit. The 

circuit is combining linear load, which deliberated as impedance and non-linear loads 

that act as the harmonic current source. A damped single tuned filter is connected in 

shunt and assumed to provide small impedance where the resistor, RDF is responsible 

for preventing the harmonic current from going to the source and confining the 

harmonic current to flow across the filter.  

The total impedance for a damped single tuned filter, 𝑍𝐹 can be written as 

𝑍𝐹 = 𝑅𝐷𝐹 + 𝑗(𝑋𝐿𝐹 − 𝑋𝐶𝐹)    (6.1) 

After some complex mathematical modeling equations from (5.1) until (5.11) in 

Chapter 5, the objective functions are described as following: 

The total harmonic voltage distortion, 𝑇𝐻𝐷𝑉 can be written as 

𝑇𝐻𝐷𝑉 =
√∑ 𝑉𝐿𝐹𝐾

213
𝐾=2

𝑉𝐿𝐹1
     (6.2) 

The load power factor, PF can be defined according to 

𝑃𝐹 =
𝑃𝐿
𝐼𝑆𝑉𝐿

 =
∑𝑉𝐿𝐹𝐾𝐼𝑆𝐹𝐾 cos(𝜃𝐾 − 𝜙𝐾)

√∑𝐼𝑆𝐹𝐾
2 ∑𝑉𝐿𝐹𝐾

2
     (6.3) 
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Figure 6.1: The single line diagram for a compensated system  

Then, the transmission efficiency, η is given as  

η =
𝑃𝐿
𝑃𝑆
=

∑𝑉𝐿𝐹𝐾𝐼𝑆𝐹𝐾 cos(𝜃𝐾 −𝜙𝐾)

∑ 𝐼𝑆𝐹𝐾 𝑉𝐿𝐹𝐾cos(𝜃𝐾 −𝜙𝐾) + ∑ 𝐼𝑆𝐹𝐾
2 𝑅𝑇𝐻𝐾

 
 

(6.4) 

Additionally, the losses in the Thevenin resistor, PLOSS describes as   

𝑃𝐿𝑂𝑆𝑆 =∑𝐼𝑆𝐹𝐾
2 𝑅𝑇𝐻𝐾

𝐾

    (6.5) 

 

6.2.2 Constraints 

In this case, there is an additional constraint that is added to the constraints involved 

when designing an undamped single tuned filter in the previous chapter, known as a 

quality factor. The quality factor value defines the energy losses, which consequently 

𝑅𝑇𝐻𝐾 

𝑋𝑇𝐻𝐾 
𝐼𝑆𝐾 

𝑅𝐷𝐹  

𝑋𝐿𝐹 

𝑋𝐶𝐹 

𝑉𝐿𝐹𝐾 

𝑅𝐿𝐾 

𝑋𝐿𝐾 

𝐼𝐹𝐾 

𝐼𝐿𝐾 

Load Power=5.1kW 

Reactive Power=4965kVAR  
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explain the performance of the filter from the minimum or maximum value of intrinsic 

resistance of the inductance in the filter. A high value of resistance will result in the low 

value of 𝑄𝐹 , hence, it is essential to measure this value irregular for filtering action.  

Higher 𝑄𝐹  the value indicates a sharper peak for the resonance, thus resulting in higher 

frequency selectivity and enhanced harmonic attenuation. Therefore, it is essential to 

set limitations for the value of 𝑄𝐹 , where the recommended standard restriction is 

usually set in the middle of 20 to 100. Thus, the problem formulation for simulation can 

be written as:  

Objective 1: Minimize 𝑇𝐻𝐷𝑉(𝑋𝐷𝐹, 𝑋𝐶𝐹, 𝑋𝐿𝐹) 

Subject to:  

𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = 20 ≤ 𝑄𝐹 ≤ 100 

𝐺(3) = ℎ𝐷𝐹 ≤ 0.9𝑓𝑛 

𝐺(4) = ℎ𝐷𝐹 > ℎ𝐷𝐹𝑟  

𝐺(5) = 𝑇𝐻𝐷𝑉 ≤ 5% 

𝐺(6) = 𝑃𝐹 ≥ 90%                                                                                          (6.6) 

 

Objective 2: Maximize 𝑃𝐹(𝑋𝐷𝐹 , 𝑋𝐶𝐹, 𝑋𝐿𝐹) 

Subject to:  

 𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = 20 ≤ 𝑄𝐹 ≤ 100 

𝐺(3) = ℎ𝐷𝐹 ≤ 0.9𝑓𝑛 

𝐺(4) = ℎ𝐷𝐹 > ℎ𝐷𝐹𝑟  

𝐺(5) = 𝑇𝐻𝐷𝑉 ≤ 5% 

𝐺(6) = 𝑃𝐹 ≥ 90%                                                                                          (6.7) 
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Objective 3: Maximize (𝑋𝐷𝐹, 𝑋𝐶𝐹, 𝑋𝐿𝐹) 

Subject to:  

 𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = 20 ≤ 𝑄𝐹 ≤ 100 

𝐺(3) = ℎ𝐷𝐹 ≤ 0.9𝑓𝑛 

𝐺(4) = ℎ𝐷𝐹 > ℎ𝐷𝐹𝑟  

𝐺(5) = 𝑇𝐻𝐷𝑉 ≤ 5% 

𝐺(6) = 𝑃𝐹 ≥ 90%                                                                                          (6.8) 

 

Objective 4: Minimize 𝑃𝐿𝑂𝑆𝑆(𝑋𝐷𝐹, 𝑋𝐶𝐹, 𝑋𝐿𝐹) 

Subject to:  

 𝐺(1)      𝐼𝐶 = 1.35 × 𝐼𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶 = 1.1 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑉𝐶𝑃 = 1.2 × √2 × 𝑉𝐶(𝑟𝑎𝑡𝑒𝑑) 

                𝑄𝐶 = 1.35 × 𝑄𝐶(𝑟𝑎𝑡𝑒𝑑) 

𝐺(2) = 20 ≤ 𝑄𝐹 ≤ 100 

𝐺(3) = ℎ𝐷𝐹 ≤ 0.9𝑓𝑛 

𝐺(4) = ℎ𝐷𝐹 > ℎ𝐷𝐹𝑟  

𝐺(5) = 𝑇𝐻𝐷𝑉 ≤ 5% 

𝐺(6) = 𝑃𝐹 ≥ 90%                                                                                          (6.9) 

 

6.3 Simulated Results 

In this case, the same utilities which have been explained in the previous chapter were 

simulated when designing this filter, in which all the parameters are kept constant and 

presented in Table 5.1 in Chapter 5. The inductive load and reactive power as well as 

supply bus voltage, remain the same which, are set to 5100kW, 4965kVAR and 4.16kV 

(line to line), respectively. Besides, all the source and load harmonics are also kept 

constant. 
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Table 6.1 shows the simulated performance for the uncompensated system. From the 

table, it showed that the system has very poor power quality with high harmonics 

distortions before the passive filter was added into the system.  

Table 6.1: The numerical results for uncompensated system 

No. of cases I II III IV 

PF (%) 71.72 71.71 71.71 71.71 

 (%) 99.34 99.34 98.78 98.78 

PLOSS (kW) 10.48 10.48 18.45 18.45 

𝑇𝐻𝐷𝑉 (%) 6.20 8.22 6.38 8.29 

𝐼𝑆  (A) 953.03 953.17 923.58 923.71 

𝑑𝑝𝑓 (%) 71.65 71.65 71.65 71.65 

Table 6.2 summarised the simulated results after including damped single tuned filter 

into the system. The best value of RDF, XCF and 𝑋𝐿𝐹 were found by using the proposed 

method in which these results will be used for evaluating the overall performance. In 

this simulation, the controlling parameters of MIDACO were set to: 1) npop will change 

dynamically for every generation; 2) k is fixed to 100 and 3) Ω = 0. For each objective, 

the algorithm was run with 100 different SEED parameter and the best solution out of 

a reasonable number of runs was chosen. 

From Table 6.2, the results showed that the optimal filter obtained proved the validity 

and effectiveness of this proposed solver with an enhancement in the power factor and 

transmission efficiency as the losses in the resistor of Thevenin impedance and total 

harmonic voltage distortion reduced.  

It can be noticed that for Case I, PF is improved from 71.72%, to 95.74% 97.12%, 

97.06% and 97.05%,  is increased from 99.34% to 99.62876625%, 99.63592182%, 

99.63860524% and 99.63906499%, PLOSS is decreased from 10.48kW to 6.31kW, 

6.27kW, 6.17kW and 6.15kW, 𝑇𝐻𝐷𝑉 is also reduced from 6.20% to 1.63%, 2.18%, 

2.17% and 2.17%, respectively. For Case II, PF is improved from 71.71%, to 93.00%, 

95.13%, 95.53% and 95.03%, is increased from 99.34% to 99.60697930%, 

99.62067483%, 99.61155946% and 99.62352366%. PLOSS is decreased from 10.48kW 

to 6.74kW, 6.49kW, 6.51kW and 6.38kW, 𝑇𝐻𝐷𝑉 is also reduced from 8.22% to 2.20%, 

2.85%, 3.00% and 2.84%, respectively.  
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Table 6.2: The numerical results using MIDACO 

No. of 

Cases 
SEED 

XCF 

(Ω) 

RDF 

(Ω) 

XLF 

(Ω) 

PF 

(%) 
 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉 

(%) 

𝐼𝑆 
(𝐴) 

Minimize 𝑇𝐻𝐷𝑉 

Case I 74 3.54 0.1431 0.0121 95.74 99.62876625 6.31 1.63 739.70 

Case II 70 3.18 0.1451 0.0068 93.00 99.60697930 6.74 2.20 764.07 

Case III 6 3.04 0.1251 0.0062 97.06 99.32601203 11.63 1.09 733.37 

Case IV 88 3.48 0.1447 0.0071 97.49 99.33200995 11.32 1.39 723.42 

Maximize PF  

Case I 8 3.43 0.1694 0.0381 97.12 99.63592182 6.27 2.18 736.97 

Case II 32 3.75 0.1846 0.0415 95.13 99.62067483 6.49 2.85 750.07 

Case III 47 3.95 0.1867 0.0134 98.72 99.34767025 10.91 1.62 710.09 

Case IV 92 3.95 0.1940 0.0437 97.94 99.33211438 11.26 2.07 721.12 

Maximize   

Case I 26 3.43 0.1693 0.0120 97.06 99.63860524 6.17 2.17 731.08 

Case II 4 4.57 0.2188 0.0104 95.53 99.61155946 6.51 3.00 750.96 

Case III 72 3.95 0.1951 0.0088 98.80 99.34942015 10.87 1.74 708.86 

Case IV 45 3.95 0.1951 0.0119 97.91 99.33701020 11.09 2.08 716.02 

Minimize PLOSS  

Case I 13 3.43 0.1694 0.0077 97.05 99.63906499 6.15 2.17 730.10 

Case II 38 3.75 0.1851 0.0085 95.03 99.62352366 6.38 2.84 743.64 

Case III 55 4.06 0.1762 0.0121 98.34 99.34309933 10.94 1.45 711.12 

Case IV 48 3.85 0.1807 0.0084 97.87 99.33700710 11.11 1.86 716.69 

For Case III, PF is improved from 71.71% to 97.06%, 98.72%, 98.80% and 98.34%,  

is increased from 98.78% to 99.32601203%, 99.34767025%, 99.34942015% and 

99.34309933%, PLOSS is decreased from 18.45kW to 11.63kW 10.91kW, 10.87kW and 

10.94kW, 𝑇𝐻𝐷𝑉 is reduced from 6.38% to 1.9%, 1.63%, 1.74% and 1.45%, 

respectively. For Case IV, PF is improved from 71.71% to 97.49%,  97.94%, 97.91% 

and 97.87% ,  is increased from 98.78% to 99.33200995%, 99.33211438%, 

99.33601020, and 99.33700710%, PLOSS is decreased from 18.45kW to 11.32kW, 

11.26kW, 11.09kW and 11.11kW, 𝑇𝐻𝐷𝑉 is also reduced from 8.29% to 1.39%, 2.07%, 

2.08% and 1.86%, respectively. Overall, the results proved that the proposed filter 

showed satisfactory improvement in the entire performances. Furthermore, the results 

for all cases also showed that the value of 𝑇𝐻𝐷𝑉 satisfied with the constraints, where 



 

109 

 

the value is reduce below 5% as suggested by IEEE519-2014 and PF is always greater 

than 90%.  

Besides, the reduction in short circuit capacity has a higher value of Thevenin 

impedance. The increasing number of resistors in the Thevenin impedance and losses, 

are also increasing, which results in the decrease of transmission efficiency. 

Nevertheless, the power factor is increased because less harmonic current will flow to 

the source system which also results in improvement of the 𝑇𝐻𝐷𝑉. Please refer to the 

results for Case I and III in Table 6.2. 

In contrast, the same value of Thevenin' impedance with additional supply voltage 

harmonics in the system will reduce the power factor, which results in increasing value 

of 𝑇𝐻𝐷𝑉 because of the additional line current passes through the source. Due to the 

increasing number of the line current, the losses in the source impedance and the voltage 

drop will increase while the transmission efficiency will decrease. Refer the results for 

Case I and II in Table 6.2. 

Next, Table 6.3 displays the effect of tuning the parameter of ants and kernel when the 

objective maximizing PF. Only these two parameters are varying in five different 

settings, while other parameters are set with the same setting.  

From Table 6.3, the results showed that the optimal value of a solution could be reached 

by increasing the number of the kernel. This confirms that a large kernel provides the 

solution for the proposed method from getting stuck in local optimum and provides a 

higher chance for it to reach its global optimum. However, tuning the ants and kernel 

parameters might significantly reduce the performance. Overall, the result showed that 

Setting 5, which was the setting used for the base case is the best setting for ant and 

kernel to get the best solutions.  
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Table 6.3: The effect of changing npop and k parameters based on Objective 2  

Setting 
Parameters 𝑇𝐻𝐷𝑉 (%) 

Ants, npop Kernel, k I II III IV 

1 2 2 1.63 2.72 1.95 2.10 

2 30 5 2.18 2.98 1.37 1.88 

3 500 10 1.78 2.48 1.08 2.34 

4 100 50 1.38 2.26 1.30 1.81 

5 0 100 2.18 2.85 1.62 2.07 

Setting 
Parameters PF (%) 

Ants, npop Kernel, k I II III IV 

1 2 2 94.80 92.88 96.92 96.80 

2 30 5 97.12 93.96 98.26 95.61 

3 500 10 95.55 91.61 98.29 96.14 

4 100 50 90.97 89.63 98.12 93.92 

5 0 100 97.12 95.13 98.72 97.94 

Setting 
Parameters ƞ (%) 

Ants, npop Kernel, k I II III IV 

1 2 2 99.62 99.60 99.32 99.32 

2 30 5 99.64 99.61 99.34 99.30 

3 500 10 99.62 99.59 99.34 99.31 

4 100 50 99.59 99.57 99.34 99.28 

5 0 100 99.64 99.62 99.35 99.33 

Setting 
Parameters 𝑃𝐿𝑂𝑆𝑆 (kW) 

Ants, npop Kernel, k I II III IV 

1 2 2 6.64 6.65 11.24 11.35 

2 30 5 6.27 6.56 11.08 11.43 

3 500 10 6.52 6.87 11.33 11.44 

4 100 50 7.18 7.17 11.23 11.87 

5 0 100 6.27 6.49 10.91 11.26 

Meanwhile, Table 6.4 shows the effect of tuning the Oracle parameter while others are 

kept constant. From the results collected, it is proven that the different Ω does not affect 

the obtained optimal solutions as explained in Chapter 4, Section 4.4. 
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Table 6.4: Effects of tuning Oracle parameter only 

Setting 
Parameters 𝑇𝐻𝐷𝑉 (%) 

Oracle I II III IV 

1 1 2.18 2.85 1.62 2.07 

2 3 2.18 2.85 1.62 2.07 

3 6 2.18 2.85 1.62 2.07 

Setting 
Parameters PF (%) 

Oracle I II III IV 

1 1 97.12 95.13 98.72 97.94 

2 3 97.12 95.13 98.72 97.94 

3 6 97.12 95.13 98.72 97.94 

Setting 
Parameters  (%) 

Oracle I II III IV 

1 1 6.27 99.62 99.35 99.33 

2 3 6.27 99.62 99.35 99.33 

3 6 6.27 99.62 99.35 99.33 

Setting 
Parameters PLOSS (kW) 

Oracle I II III IV 

1 1 99.64 6.49 10.91 11.26 

2 3 99.64 6.49 10.91 11.26 

3 6 99.64 6.49 10.91 11.26 

 

Table 6.5 shows the resultant individual voltage and current harmonic distortions for all 

the cases based on the objective maximize PF.  

From Table 6.5, the results showed that there is more current that passes through the 

system for Case I compared to Case III, as the system has a small value of Thevenin 

resistance in the same harmonics condition. These will increase the load voltage, which 

overall increases the load power feeding to the power system. However, an additional 

supply of voltage harmonics to the same system will cause more current source for Case 

II compared to Case I supplied to the load, which will also reduce the load voltage. 

Hence, these also benefit to the higher power source as well.  
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Table 6.5: Simulated results for each of individual harmonic current and voltage 

Number of 

harmonic 

order, K 

Minimize 

𝑇𝐻𝐷𝑉 

Maximize 

PF  

Maximize 

ƞ 

Minimize 

PLOSS 

𝐼𝑆𝐹𝐾 

(A) 

𝑉𝐿𝐹𝐾 

(V) 

𝐼𝑆𝐹𝐾 

(A) 

𝑉𝐿𝐹𝐾 

(V) 

𝐼𝑆𝐹𝐾  

(A) 

𝑉𝐿𝐹𝐾 

(V) 

𝐼𝑆𝐹𝐾 

(A) 

𝑉𝐿𝐹𝐾 

(V) 

Case I 

5 29.08 0.12 22.99 1.12 23.07 1.09 23.07 1.09 

7 8.07 1.16 7.12 1.40 7.13 1.40 7.13 1.40 

11 2.84 0.98 2.57 1.08 2.58 1.08 2.58 1.08 

13 1.31 0.57 1.24 0.62 1.24 0.62 1.25 0.62 

Case II 

5 35.21 0.94 31.78 1.65 31.28 1.67 31.82 1.63 

7 10.08 1.63 9.12 1.92 8.48 2.07 9.11 1.92 

11 2.75 0.99 2.49 1.13 2.29 1.21 2.49 1.13 

13 1.28 0.58 1.23 0.65 1.18 0.69 1.23 0.65 

Case III 

5 15.12 0.08 18.65 0.95 13.59 0.76 14.90 0.32 

7 5.20 0.74 5.80 0.52 4.70 1.13 4.94 0.99 

11 1.97 0.65 2.12 0.58 1.77 0.88 1.84 0.82 

13 0.90 0.46 0.94 0.42 0.89 0.61 0.90 0.58 

Case IV 

5 21.50 0.18 19.03 1.04 18.99 1.04 19.76 0.79 

7 6.85 1.06 6.19 1.43 6.18 1.44 6.37 1.34 

11 1.95 0.72 1.77 0.88 1.77 0.88 1.82 0.84 

13 0.91 0.51 0.89 0.61 0.89 0.61 0.90 0.59 

Table 6.6 indicates the limitations of the proposed main capacitors in the filter to follow 

the IEEE Std. 18.  From the table, the results showed that all capacitors are capable of 

operating below the standard limitation. 
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Table 6.6: The capacitor limitation  

Objective Function 𝑉𝐶𝐹𝑃 (%) 𝑉𝐶𝐹 (%) 𝐼𝐶𝐹 (%) 𝑄𝐶𝐹  (%) 

Case I 

Minimize 𝑇𝐻𝐷𝑉 78.85 104.07 114.06 115.38 

Maximize PF 78.42 105.11 113.14 116.97 

Maximize  78.43 105.12 113.17 116.99 

Minimize PLOSS 78.43 105.12 113.17 117.00 

Standard 120 110 135 135 

Case II 

Minimize 𝑇𝐻𝐷𝑉 69.32 91.06 100.46 88.54 

Maximize PF 69.37 90.90 100.66 88.34 

Maximize  69.93 90.35 102.38 88.03 

Minimize PLOSS 69.38 90.92 100.67 88.39 

Standard 120 110 135 135 

Case III 

Minimize 𝑇𝐻𝐷𝑉 66.47 90.71 96.23 86.68 

Maximize PF 66.16 89.82 95.61 85.09 

Maximize  66.22 90.03 95.74 85.46 

Minimize PLOSS 66.04 89.32 95.35 84.22 

Standard 120 110 135 135 

Case IV 

Minimize 𝑇𝐻𝐷𝑉 67.08 89.98 96.78 85.69 

Maximize PF 67.03 90.03 96.75 85.76 

Maximize  67.07 90.07 96.78 85.84 

Minimize PLOSS 67.06 89.97 96.76 85.67 

Standard 120 110 135 135 

The filter impedance in the resonant circuit and the effects of the resonance peak for 

different values of 𝑄𝐹  for four objective functions in case I are shown in Figure 6.2, 

where the characteristics of the filter responses are evaluated and explained as follows: 
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a) Objective 1 

 

b) Objective 2 
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c) Objective 3 

 

d) Objective 4 

 

Figure 6.2: Graphs of impedance resonance for case I for four different objective functions 
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1. Adding the single tuned filter into the system can result in the occurrences of series 

and parallel resonance. This can happen because of the interaction between the 

impedance at the source and the compensated load. 

2. For series resonance, the value of inductance and capacitance reactance is equal, 

thus allowing the resistance to reach the local minimum at resonant.  In contrast, the 

resistance is at a local maximum for parallel resonance.  

3. The value of R determines the resonant peak. A lower value of R results in a higher 

value of 𝑄𝐹  where the resonant peak becomes sharp. This results in high-frequency 

selectivity and better harmonic attenuation. However, the passband is reduced with 

higher 𝑄𝐹 . 

4. It is recommended to always tuned the filter below the harmonic to be filtered in 

order to avoid resonance.  

 

6.4 Comparison of Results with Other Published Techniques 

In this chapter, the same system is also tested with two conventional optimisers in power 

quality areas which are GA and PSO. 

Table 6.7 show simulated results when using GA. In this test, three parameters are used, 

where crossover rate, mutation probability, and population size are set to 0.8, 0.001 and 

50, respectively.  

Table 6.8 show the results when simulated using PSO. The learning factors which are a 

cognitive attraction and social attraction are set to 1 and 1.5, respectively. During 

iterations, the inertia weight is decreases from 0.9 to 0.1.  

From Table 6.7 and 6.8, GA and PSO showed that the method caused very high 𝑇𝐻𝐷𝑉 

satisfied the constraints and came out well below the standard limit. From Table 6.7 and 

6.8, GA and PSO showed that the method caused very high 𝑇𝐻𝐷𝑉 for all the cases and 

exceeded the standard limits for the cases that have additional voltage harmonics in the 

power system, such as Case II and IV.  
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Table 6.7: Simulated results using GA to design damped tuned filter 

Objective Function 
XCF 

(Ω) 
RDF 

(Ω) 

XLF 

(Ω) 

PF 

(%) 
 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉  

(%) 

Maximize PF 

Case I 4.18 0.018 0.370 99.01 99.65 5.88 4.12 

Case II 3.85 0.025 0.502 99.24 99.65 5.94 6.16 

Case III 4.30 0.017 0.347 98.96 99.35 10.82 3.18 

Case IV 4.18 0.020 0.414 99.17 99.35 10.87 4.62 

Maximize  

Case I 4.06 0.017 0.337 99.03 99.65 5.88 3.94 

Case II 3.95 0.021 0.418 99.02 99.65 5.93 5.77 

Case III 3.32 0.032 0.641 96.01 99.30 12.37 4.35 

Case IV 3.40 0.030 0.609 97.01 99.32 12.01 5.55 

Minimize PLOSS 

Case I 3.40 0.023 0.603 97.11 99.64 6.36 4.88 

Case II 3.48 0.029 0.577 97.62 99.64 6.24 6.40 

Case III 3.75 0.027 0.536 99.50 99.35 11.08 4.11 

Case IV 3.40 0.030 0.611 96.99 99.32 12.02 5.56 

Table 6.8: Simulated results using PSO to design damped tuned filter 

Criteria 
XCF 

(Ω) 
RDF 

(Ω) 

XLF 

(Ω) 

PF 

(%) 
 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉 

(%) 

Maximize PF 

Case I 3.85 0.020 0.406 99.48 99.66 5.88 4.34 

Case II 3.65 0.020 0.464 98.85 99.65 6.00 6.03 

Case III 3.48 0.027 0.657 97.45 99.33 11.83 4.39 

Case IV 4.30 0.022 0.429 98.99 99.35 10.87 4.70 

Maximize  

Case I 3.11 0.022 0.627 93.07 99.60 6.98 4.91 

Case II 3.85 0.023 0.620 99.23 99.65 5.96 6.51 

Case III 3.11 0.024 0.631 93.09 99.26 13.29 4.32 

Case IV 3.65 0.024 0.650 98.58 11.41 99.34 5.67 

Minimize PLOSS 

Case I 3.65 0.023 0.557 99.01 99.65 6.01 4.80 

Case II 3.48 0.026 0.650 97.23 99.64 6.31 6.57 

Case III 3.65 0.025 0.618 98.88 99.35 11.32 4.32 

Case IV 3.56 0.026 0.699 97.70 11.74 99.33 5.79 
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Table 6.9 shows the running time up until maximum iterations are reached for all 

methods. The comparison of the proposed method with other techniques proved that 

this method has the shortest running time over GA and PSO, as it can process a thousand 

iterations within a few seconds. From the table, the results also proved the disadvantage 

of GA as mentioned in Chapter 2, where it consumed the longest time when compared 

to PSO, hence, degrading the efficiency of GA. 

Table 6.9: The convergence time up until maximum iterations are reached  

Criteria 
Running Time, t/s No. of Function Evaluation 

Proposed  GA PSO Proposed GA PSO 

Case I 

Maximize PF 22.00 21.10 8.22 20 000 3 62 

Maximize  20.00 30.83 11.27 20 000 5 57 

Minimize PLOSS 21.00 28.43 12.93 20 000 6 88 

Case II 

Maximize PF 20.00 26.23 8.83 20 000 3 62 

Maximize  21.00 48.31 11.53 20 000 5 59 

Minimize PLOSS 21.00 39.18 6.83 20 000 6 63 

Case III 

Maximize PF 21..00 27.57 8.22 20 000 3 57 

Maximize  21.00 60.51 8.22 20 000 5 59 

Minimize PLOSS 20.00 33.15 15.00 20 000 5 103 

Case IV 

Maximize PF 21.00 21.37 8.54 20 000 3 58 

Maximize  19.00 39.02 7.49 20 000 6 55 

Minimize PLOSS 19.00 29.91 11.42 20 000 4 60 

Table 6.10 presents the statistical test results for all methods at their best run when the 

objective function is based on Objective 2, where the objective maximizes PF. From 

the table, the proposed method proved that it has a high standard deviation for PF values 

compared to GA and PSO. Therefore, the proposed method will have a more significant 

opportunity to the extent of getting the best solution up until the hard limit of MAVEVAL 

achieved. Due to the critical fact that the existence of resonance can be avoided with 

different returned values, this ultimately benefited to the proposed method. However, 

GA and PSO have minimal variants of standard deviation which are challenging to tell 

apart from the minimum to maximum of optimal solution visually. 
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Table 6.10: The statistical measurement based on objective 2 (maximize PF) 

Optimization 

Tool 

PF 

Minimum Maximum Mean Middle 
Standard 

Deviation 

Case I 

Proposed  97.4173 97.2736 97.2713 97.2692 0.0411 

GA 99.6827 99.7239 99.7117 99.7175 0.0148 

PSO 99.2157 99.2164 99.2162 99.2162 0.0001 

Case II 

Proposed  89.7608 94.3214 93.2128 92.8802 1.0262 

GA 99.3513 99.4848 99.4612 99.4829 0.0442 

PSO 98.2808 98.7809 98.7809 98.7809 0.0001 

Case III 

Proposed  94.3264 98.6867 97.3919 98.6863 1.9881 

GA 99.4642 99.8360 99.7594 99.8348 0.1485 

PSO 99.6648 99.6650 99.6649 99.6649 0.0001 

Case IV 

Proposed  96.3828 97.8815 97.3940 97.7322 0.6298 

GA 99.3924 99.6656 99.5970 99.6651 0.1364 

PSO 99.3656 99.4423 99.4384 99.4409 0.0111 

Table 6.11 shows the series and parallel resonance harmonic tuning order for all cases. 

From the table, the results showed that the optimal filter satisfied the resonance 

constraints that are considered in this study. In contrast, the harmonic order is less than 

the desired harmonic that need to be eliminated. Besides, the results also showed that 

the value of ℎ𝐷𝐹𝑟 is always lower than ℎ𝐷𝐹  . Apart from that, the designs give 

advantages to the system, in which it provides sufficient harmonic filtering action to 

avoid detuning as explained in the Chapter 5. 
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Table 6.11: Harmonic tuning orders for series and parallel resonance 

Criteria 
Proposed Method GA PSO 

ℎ𝐷𝐹  ℎ𝐷𝐹𝑟 ℎ𝐷𝐹  ℎ𝐷𝐹𝑟  ℎ𝐷𝐹  ℎ𝐷𝐹𝑟  

Case I 

Maximize PF 4.50 3.47 3.36 2.93 3.75 3.26 

Maximize  4.50 3.47 3.47 2.99 3.58 2.99 

Minimize PLOSS 4.50 3.47 2.37 2.18 3.89 3.15 

Case II 

Maximize PF 4.51 3.53 2.77 2.50 3.61 3.17 

Maximize  4.57 3.70 3.07 2.72 4.07 3.31 

Minimize PLOSS 4.50 3.53 2.46 2.24 3.60 2.98 

Case III 

Maximize PF 4.60 3.13 3.52 2.76 3.95 3.08 

Maximize  4.50 3.10 2.28 1.97 3.07 2.36 

Minimize PLOSS 4.80 3.22 2.64 2.23 3.86 2.75 

Case IV 

Maximize PF 4.51 3.10 3.18 2.57 3.57 2.85 

Maximize  4.50 3.10 2.36 2.03 4.04 2.90 

Minimize PLOSS 4.61 3.11 2.36 2.03 4.21 3.02 

 

Table 6.12 shows the comparison results of R and 𝑄𝐹  for all cases. From Table 6.12, 

the dissimilar value of R proved that it has a different value of 𝑄𝐹 . Thus, the higher the 

value of 𝑄𝐹 , the sharper the peak, which consequently resulted in high-frequency 

selectivity of the circuit. 
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Table 6.12: The quality factor for all cases 

Objective 

Function 

Proposed Method GA PSO 

R 𝑄𝐹  R 𝑄𝐹  R 𝑄𝐹  

Case I 

Maximize PF 0.0381 20.02 0.0182 68.09 0.0202 61.89 

Maximize  0.0120 63.70 0.0166 70.28 0.0216 64.81 

Minimize PLOSS 0.0077 99.50 0.0298 48.09 0.0231 61.73 

Case II 

Maximize PF 0.0415 20.04 0.0248 56.04 0.0201 64.78 

Maximize  0.0104 96.11 0.0206 62.26 0.0232 66.67 

Minimize PLOSS 0.0085 98.28 0.0285 49.74 0.0262 57.42 

Case III 

Maximize PF 0.0134 64.20 0.0171 71.33 0.0270 55.93 

Maximize  0.0088 99.98 0.0317 46.08 0.0241 58.15 

Minimize PLOSS 0.0121 70.16 0.0265 53.52 0.0246 61.00 

Case IV 

Maximize PF 0.0437 20.02 0.0204 64.36 0.0217 62.72 

Maximize  0.0119 73.91 0.0301 47.84 0.0236 65.30 

Minimize PLOSS 0.0084 98.67 0.0302 47.72 0.0262 60.35 

 

6.5 A Comparison Study of Undamped and Damped Single 

Tuned Filter 

In this section, the comparison between damped and undamped filter is discussed to 

give a better understanding of the effects of damping resistor. Table 6.13 shows the 

simulated results for damped and undamped filter based on Objective 2 when 

maximizing PF for all cases. From the table, the results proved that additional damping, 

namely 𝑅𝐷𝐹  in the filter would increase of the power losses in the filer, which 

consequently reduced the system performance. The comparison results in Table 6.13 

illustrated that the damped filter overall has weak PF, low , increase PLOSS as well as 

𝑇𝐻𝐷𝑉.  
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Table 6.13: Simulated results of the damped and undamped filter when the objective 

maximize PF 

Type of 

filter 
Damped filter Undamped filter 

No. of cases I II III IV I II III IV 

𝑋𝐶𝐹, 𝑋𝐶𝑈(Ω) 3.43 3.75 3.95 3.95 3.85 3.85 3.48 3.65 

RDF (Ω) 0.0381 0.0085 0.0134 0.0437 - - - - 

𝑋𝐿𝐹𝑋𝐿𝑈(Ω) 0.1694 0.1851 0.1867 0.1940 0.1900 0.1889 0.1699 0.1805 

𝑇𝐻𝐷𝑉 (%) 2.18 2.84 1.62 2.07 2.32 2.85 1.56 1.96 

PF (%) 97.12 95.13 98.72 97.94 97.28 94.91 98.85 98.09 

(%) 99.64 99.62 99.34 99.33 99.64 99.62 99.35 99.34 

PLOSS (kW) 6.15 6.38 10.91 11.26 6.05 6.35 10.97 11.08 

ℎ𝐷𝐹 , ℎ 4.50 4.50 4.60 4.51 4.50 4.51 4.53 4.50 

ℎ𝐷𝐹𝑅 , ℎ𝑟 3.47 3.53 3.13 3.10 3.55 3.56 3.00 3.03 

𝐼𝑆𝐹, 𝐼𝑆  (A) 730.10 743.64 710.09 721.46 723.81 742.04 712.29 715.83 

Besides, the results also showed that the harmonic tuning order is closer to the fifth 

harmonics; therefore, it seems that the undamped filter needs high ratings of reactor 

current and capacitor voltage. In consequences, the total value of the filter bank will 

increase. Nevertheless, the additional of 𝑅𝐷𝐹 will cause high maintenance requirements 

because of added the number of components.  

Besides, more current supply will be supplied to the power system which is equipped 

with a damped filter instead of the undamped filter. This is because the damping 

resistance provides additional impedance that results to increase current supply when 

added with damped filter, compared to the undamped filter. 
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a) Damped single tuned filter 

 

b) Undamped single tuned filter 

Figure 6.3: Comparison of impedance resonance Case I 
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a) Damped single tuned filter 

 

b) Undamped single tuned filter 

Figure 6.4: Comparison of impedance resonance Case II  
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a) Damped single tuned filter 

 

b) Undamped single tuned filter 

Figure 6.5: Comparison of impedance resonance Case III  
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a) Damped single tuned filter 

 

b) Undamped single tuned filter 

Figure 6.6: Comparison of impedance resonance Case IV  
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Based on Figure 6.3 until 6.6, it is evident that resistance does not affect the resonance 

frequency but affect the circuit bandwidth. The resistor in a parallel resonant circuit has 

a damping effect, which made the circuit to have wide band instead of narrowband and 

overall making the circuit less selective for a damped filter. 

A comparative investigation between the advantages and the disadvantages of the 

damped and undamped filter crucial to the engineers and manufacturers, as the damping 

resistor must be taken into concern when designing this type of passive filter. 

 

6.6 Multi-objective Optimisation of Damped Single Tuned 

Filter 

In this section, the simulation presents the numerical results achieved by the proposed 

algorithm when the simulation considers more than one objective to be optimized 

concurrently. For this task, the simulations are based on two out of four objective 

functions given from the previous section in this chapter. There are two objective 

functions to be minimized simultaneously.  First is the total harmonic voltage distortion 

and second, the losses in the Thevenin’s resistor to find the optimal damped single tuned 

filter subjects to the same constraints involved when simulating single-objective 

optimization for the damped filter in the previous section. Thus, the multi-objective 

problem is formulated as below: 

Objective 1: Minimize 𝑇𝐻𝐷𝑉(𝑅𝐷𝐹, 𝑋𝐶𝐹, 𝑋𝐿𝐹) 

Objective 2: Minimize 𝑃𝐿𝑂𝑆𝑆(𝑅𝐷𝐹, 𝑋𝐶𝐹, 𝑋𝐿𝐹) 

Subject to:  

 𝐺(1) = Capacitor is lower than 135% of 𝐼𝐶𝐹, 110% of 𝑉𝐶𝐹, 120% of 𝑉𝐶𝐹𝑃 and 135% 

of 𝑄𝐶𝐹  

𝐺(2) = 20 ≤ 𝑄𝐹 ≤ 100 

𝐺(3) = ℎ𝐷𝐹 ≤ 0.9𝑓𝑛 

𝐺(4) = ℎ𝐷𝐹 > ℎ𝐷𝐹𝑟  

𝐺(5) = 𝑇𝐻𝐷𝑉 ≤ 5% 

𝐺(6) = 𝑃𝐹 ≥ 90%                                                                                         (6.10) 

Table 6.14 summarized the simulated results for the multi-objective problem given in 

Equation (6.10) after including damped single tuned filter into the system. The best 
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value of RDF, 𝑋𝐿𝐹 and XCF was found by using the proposed method in which these 

results will be used for evaluating the overall performance. In this simulation, the 

controlling parameter of MIDACO was set to: 1) npop will change dynamically for every 

generation; 2) k is fixed to 100 and 3) Ω = 0. For each of every objective, the algorithm 

was run with 100 different SEED parameter and the best solution out of a reasonable 

number of runs was chosen. The setting for the adjustable parameter of multi-objective 

problem were set to default setting where PARATEMOX=1000 and EPSILON=0.001. 

In this simulation, MIDACO will focus its search effort on the part of the Pareto front, 

which offers a best equally balanced trade-off between all objectives by setting the 

parameter BALANCE=0.   

Table 6.14: The simulated results for multi-objective problem 

No. of 

Cases 
SEED 

XCF 

(Ω) 

RDF 

(Ω) 

XLF 

(Ω) 

PF 

(%) 

 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉 

(%) 

𝐼𝑆 

(𝐴) 

Case I 91 3.78 0.0083 0.1802 97.09 99.64 6.10 2.17 727.16 

Case II 99 4.06 0.0090 0.1982 94.67 99.62 6.39 2.91 744.40 

Case III 50 3.78 0.0083 0.1827 98.94 99.35 10.89 1.63 709.55 

Case IV 65 3.92 0.0087 0.1902 97.89 99.34 11.08 2.00 715.87 

From Table 6.14, the results show that the ideal damped filter is successfully obtained 

while considering two objective functions concurrently subject to the constraints 

involved. By comparing Table 6.14 with the results of single-objective optimization in 

Table 6.2, the overall performance of the multi-objective optimization is satisfied with 

providing enhanced to the power factor, transmission efficiency as well as the losses in 

the resistor of Thevenin impedance.  

It can be noticed that for Case I, PF is improved to 97.09% for multi-objective 

optimization from 95.74% and 97.05% for the single-objective optimization of the 

𝑇𝐻𝐷𝑉 and PLOSS, respectively. For Case II, PF is improved to 94.67% for multi-

objective optimization compare to 93.00% and 95.03% for the single-objective 

optimization of the 𝑇𝐻𝐷𝑉 and PLOSS, correspondingly. While for Case III, PF is 

improved to 98.94% for multi-objective optimization from 97.06% and 98.34% for the 

single-objective optimization of the 𝑇𝐻𝐷𝑉 and PLOSS, individually. For Case IV, PF is 

improved to 97.89% for multi-objective optimization from 97.49% and 97.87% for the 

single-objective optimization of the 𝑇𝐻𝐷𝑉 and PLOSS, consistently. 
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The increasing value of PF will result in an increased value of  as well.  It is shown in 

Case I, the multi-objective optimization results to  increased to 99.64% from 

99.62876625% when the objective minimize 𝑇𝐻𝐷𝑉 and 99.63906499% when the 

objective minimize PLOSS. For Case II, the multi-objective optimization results to  

increased to 99.62% from 99.60697930% when the objective minimize 𝑇𝐻𝐷𝑉 and 

99.62352366% when the objective minimize PLOSS. For Case III, the multi-objective 

optimization results to  increased to 99.35% from 99.32601203% when the objective 

minimize 𝑇𝐻𝐷𝑉 and 99.34309933% when the objective minimize PLOSS. For Case IV, 

the multi-objective optimization results to  increased to 99.34% from 99.33200995% 

when the objective minimize 𝑇𝐻𝐷𝑉 and 99.33700710% when the objective minimize 

PLOSS.  

While the increasing value of PF will result from the increasing value of   which 

overall decrease the PLOSS. Furthermore, the results show there is an improvement in the 

results of PLOSS between multi-objective optimization and single-objective optimization. 

As shown in Table 6.14 and Table 6.2, the results of PLOSS when solving multi-objective 

optimization in Case I is 6.10kW which is lower compared to the objective when solving 

individual optimization for  𝑇𝐻𝐷𝑉 and PLOSS which is 6.31kW and 6.15kW. For Case 

II, the results for solving multi-objective optimization is 6.39kW which is better than 

solving individual optimization for  𝑇𝐻𝐷𝑉 and PLOSS which is 6.74kW and 6.38kW. For 

Case III, the results for solving multi-objective optimization is 10.89kW which is better 

than solving single optimization for  𝑇𝐻𝐷𝑉 and PLOSS which is 11.63kW and 10.94kW. 

For Case IV, the results for PLOSS also lower for multi-objective optimization which is 

11.08kW comparing to 11.32kW and 11.11kW when the simulation optimize single 

objective of 𝑇𝐻𝐷𝑉 and PLOSS, respectively.  

When compare the results of 𝑇𝐻𝐷𝑉 in Table 6.14 with Table 6.2, the results show that 

the value of 𝑇𝐻𝐷𝑉 is slightly higher for multi-objective optimization comparing to the 

single-objective problem. Because of the objective when maximizing 𝑇𝐻𝐷𝑉 is 

conflicting with the objective when minimizing PLOSS. Thus, improvement of PLOSS 

results to worsening 𝑇𝐻𝐷𝑉. It is shown in Case I, the results for 𝑇𝐻𝐷𝑉 for multi-

objective optimization slightly higher which is 2.17% compare to 1.63% when the 

objective minimize 𝑇𝐻𝐷𝑉 and 2.17% when the objective minimize PLOSS. For Case II, 

the results for 𝑇𝐻𝐷𝑉 for multi-objective optimization is 2.91% which is higher when 
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compare to single-objective optimization of 𝑇𝐻𝐷𝑉 and PLOSS which is 2.20% and 

2.84%, respectively. For Case III, the multi-objective optimization results to 𝑇𝐻𝐷𝑉 

increased to 1.63% from 1.09% when the objective minimize 𝑇𝐻𝐷𝑉 and 1.45% when 

the objective minimizes PLOSS. For Case IV, the multi-objective optimization results to 

𝑇𝐻𝐷𝑉 increased to 2.00% from 1.39% when the objective minimize 𝑇𝐻𝐷𝑉 and 1.86% 

when the objective minimizes PLOSS. However, although there is a slight increase in the 

results of 𝑇𝐻𝐷𝑉, but overall 𝑇𝐻𝐷𝑉 is still below than 5% which is below than suggested 

standard by IEEE.  

In table 6.14 also shows the performance of the proposed filter to the current source, 𝐼𝑆 

for multi-objective problem where for a Case I, Case II, Case III and Case IV, the results 

for the 𝐼𝑆  is 727.16A, 744.40A, 709.55A and 715.87A, respectively. Generally, the 

value of 𝐼𝑆 for multi-objective is lower than the value of 𝐼𝑆 for single-objective 

optimization given in Table 6.2. This reduction of current source flow will reduce the 

resistive losses in the circuit which generally results in an improvement to the power 

factor as well as transmission efficiency.  

Based on the simulation results in Table 6.14, the final set of non-dominated solutions 

for Case I until Case IV is shown in Figure 6.7 until 6.10, respectively. In Figures 6.7a, 

6.8a, 6.9a and 6.10a, the graph shows the closed-up Pareto front the best equally 

balanced trade-off between PLOSS and  𝑇𝐻𝐷𝑉. Although each of the figures shows 

different non-dominated solutions, for example the number of Pareto Front of Case II 

in Figures 6.8 has visibly less non-dominated solutions than Case III in Figures 6.9, the 

results still capture the most relevant trade-off part of the front between both objectives. 

Figures 6.7b, 6.8b, 6.9b and 6.10b show that from the last 20,000 evaluation, which is 

marks as small cross red on how MIDACO concentrates its search effort on that part of 

the Pareto front, which contains the MIDACO solution. The position of the individual 

MIDACO solution among the Pareto front is highlighted as semi-transparent green 

hexagon.  
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a) The set of non-dominated solutions 

‘

The set of non-dominat                         

b) The set of non-dominated solutions with the last 20,000 evaluation 

Figure 6.7: The best set of Pareto Fronts obtained for Case I 
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a) The set of non-dominated solutions 

‘   

b) The set of non-dominated solutions with the last 20,000 evaluation 

Figure 6.8: The best set of Pareto Fronts obtained for Case II 
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a) The set of non-dominated solutions 

‘   

b) The set of non-dominated solutions with the last 20,000 evaluation 

Figure 6.9: The best set of Pareto Fronts obtained for Case III 
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a) The set of non-dominated solutions 

‘

  

b) The set of non-dominated solutions with the last 20,000 evaluation 

Figure 6.10: The best set of Pareto Fronts obtained for Case IV 
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Table 6.15 shows the impact of varying BALANCE parameter on the optimal solutions 

where this parameter only assigned to non-priority between objectives. In contrast to 

the results in Figure 6.7, a more exceptional epsilon tolerance for the Pareto dominance 

filtering was used to create the plots in Figure 6.11 until Figure 6.15, which generally 

results generally in more display of non-dominated solutions. For this simulation, the 

EPSILON parameter is set to 0.0001. 

Table 6.15: The simulated results with different BALANCE parameter 

Set BALANCE  
XCF 

(Ω) 

RDF 

(Ω) 

XLF 

(Ω) 

PF 

(%) 
 

(%) 

PLOSS 

(kW) 

𝑇𝐻𝐷𝑉 

(%) 

𝐼𝑆 

(𝐴) 

1 0 3.78 0.0083 0.1795 97.06 99.64 6.11 2.15 727.37 

2 1.0 3.54 0.0069 0.1345 95.08 99.62 6.38 1.57 743.37 

3 2.0 3.32 0.0070 0.1482 96.16 99.63 6.27 1.80 737.35 

4 0.91 3.78 0.0080 0.1503 95.50 99.63 6.30 1.66 738.67 

5 0.18 3.78 0.0083 0.1796 97.07 99.64 6.10 2.15 727.34 

From Table 6.15, the results show five different set simulation with different 

BALANCE parameter where each of the simulations will results in different optimal 

solutions of the optimization. For the first setting, the BALANCE parameter is set to 

zero which means that the search effort on the part of the Pareto front which offers the 

best equally balanced trade-off between both objectives. When the BALANCE 

parameter is set to 1.0 and 2.0, MIDACO will be assigned to focus its search effort 

exclusively only to the first and second objective, respectively. For settings 4 and 5, the 

search effort represents some unequal priority between objectives. For setting 4, the 

simulation search effort focuses primarily on Objective 1 and minor on Objective 2. 

Setting 5 is vice versa to setting 4. Based on the table, the results show that the optimal 

filter can be obtained with different optimal solutions considering four objective 

functions simultaneously where the BALANCE parameter is significant and has a high 

impact to each of the solutions. Figure 6.11 until Figure 6.15 shows clearly the impact 

of different BALANCE parameter on the shape of the Pareto front for all five settings 

applied in Table 6.15.  
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Figure 6.11: The set of non-dominated solutions when parameter BALANCE=0 

 

Figure 6.12: The set of non-dominated solutions when parameter BALANCE=1.0 
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Figure 6.13: The set of non-dominated solutions when parameter BALANCE=2.0 

 

 

Figure 6.14: The set of non-dominated solutions when parameter BALANCE=0.91 
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Figure 6.15: The set of non-dominated solutions when parameter BALANCE=0.18 

 

6.7 Summary 

In this chapter, the simulation of the previous chapter is continued with finding the 

optimal parameters in the same system with additional consideration of intrinsic 

resistance of the inductance as one of the variables that need to be optimised. Four cases 

that have been studied where the results obtained are based on three objectives. Then, 

the comparison results with GA and PSO highlighted the advantages of the proposed 

method. Lastly, the comparison of the damped and undamped single tuned filter is also 

discussed and proved that the value of the inductance resistor affects the performance 

of the power system. Overall, the numerical results revealed that the proposed method 

does highly benefit for multi-objective approaches over single-objective optimization 

on comprehensive passive filter design. 
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Chapter 7 

Conclusions and Future Works 

7.1 Conclusions 

This research has raised the importance of harmonics in the power system, which is 

mainly because of the growth of the nonlinear load usage. The electrical pollution 

caused by power system harmonics such as voltage or current distortions and 

resonances has become a severe problem. This may result in the malfunctions, 

overvoltage, or overcurrent of the facility.  

The research motivation and determination of this thesis have been presented in Chapter 

1. The main aim of this research is to implement a metaheuristic optimization algorithm, 

MIDACO, for the design of passive harmonic filters. However, there are many types of 

shunt passive filter that has been proposed in previous wherein the single-tuned filter is 

the most common, and it is still extensively used in industry until today. Besides, there 

are many advantages of the single-tuned filter as it is simple, reliable, and cost-effective 

and because of the dual purpose of the filter, which does not only eliminate the 

harmonics but can improve the power factor, as well making it the first choice.  

In designing a passive filter, it is a large task and challenge for engineers to meet the 

measurements, criteria, and practical standard that must be carefully followed. 

Therefore, Chapter 2 presented a comprehensive review on the effects of the filter, as 

well as the equipment connected to the source network, the choice of different types of 
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passive filter, and the previous methodologies with the selections of single-objective 

optimization and multiobjective optimization. Furthermore, the research gap that was 

not addressed and investigated by previous research was also identified. Hence, this 

research is introduced to overcome the previous studies with MIDACO as a first-time 

method to be used in the literature for power harmonics topic. This has led to the 

proposed main research objectives and contribution to investigate two types of single-

tuned filter, namely, undamped and damped filter. The designs for both filters 

considered the parameters of the filters, which can avoid the harmonic resonance, at 

least to a minimum of 90% limit of power factor. In contrast, the voltage THD must not 

be greater than 5% to follow IEEE Std. 519-2014 and the capacitor value based on IEEE 

Std. 18-2012. 

In Chapter 3, the general background of power system harmonics is presented, which 

includes the definition, source, and identification of harmonics. Various technologies 

of harmonics that aimed to eliminate harmonics have been explained in this chapter in 

order to solve the power quality problem where the main focus is on the technique when 

using a single-tuned passive filter. Although active filters are proven to be the most 

effective method in terms of improving power quality problem, nonetheless, most 

engineers still select PPF when planning the power system for harmonics elimination 

because it is economical, efficient, and reliable. Moreover, it requires only simple 

configurations of passive components.  

In Chapter 4, the proposed method has been presented in detail. Apart from that, several 

explanations on the background of ant colony algorithm and the four new heuristic 

methods that were included in the MIDACO execution to develop the global 

competency of the ant colony algorithm were also included. Besides, this chapter also 

has included the concept of Utopia–nadir–balance, where this concept is specifically 

applied when solving the multiobjective problem. This chapter also presents specific 

descriptions of the parameter selection including the non-compulsory parameters when 

using MIDACO, where each of the parameters must be carefully chosen for the solution 

in order to achieve the best performance and results. 

The first objective of this thesis has been executed where all of the performance results 

are presented in Chapter 5. There are four cases that have been tested, and the results 

were achieved, which satisfied four objective functions and the involved constraints. 
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The results of this investigation present the importance of adding single-tuned filter into 

an existing network, where overall the results highlight the importance of considering 

IEEE-18 for power shunt capacitors in order to solve the optimal solutions.  

The results of this investigation also prove the robustness using MIDACO when 

compared with the simulated results using other two evolutionary computation 

optimizers in the literature, which is a GA and PSO. The main highlights of the results 

are on the better solution and the fastest computation time for the proposed method to 

reach an optimal solution compared to the other methods.  

The accuracy of the proposed method is also proven when the proposed method is tested 

and compared to the prior publications. In contrast, the objective functions and 

constraints follow the comparative journal. The results of the investigation show that 

the voltage THD for the proposed method is below the standard limit, whereas the prior 

publications exceed the standard limit. Overall, the numerical performance for all 

methods has certified that the proposed method designates the robust software tool with 

better solution subject to constraint satisfaction with the fastest convergence capability 

to achieve the optimal solution subject to the condition applied.  

In Chapter 6, this thesis continued with the concern of energy losses in the single-tuned 

filter that must be considered. Therefore, the simulation is continued with additional 

consideration of intrinsic resistance of the inductance as one of the variables that need 

to be optimized. Addition of resistance is a standard passive damping method, which 

aims to attenuate the peak of the LC filter resonance. 

In this chapter, four cases were studied in which the results obtained are also based on 

four objectives functions. Besides, there is an additional constraint known as a quality 

factor that was added to the constraints involved in the previous chapter. Additionally, 

the aim of this research is also to compare this proposed technique with other 

metaheuristic techniques. The most apparent outcomes from the study displayed that 

the proposed technique recorded constraints satisfaction and better efficiency as the 

simulation findings exhibited that global maximum and minimum could be attained to 

satisfy all constrictions set and functions outlined. Besides, this research also exhibits 

the competency of fast convergence for the proposed technique toward obtaining the 

best solution to the issues highlighted. As such, a damping resistor of the single-tuned 
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filter was weighed in, whereby the benefits and glitches of damping filter over 

undamped filter were identified. Besides, the study in this chapter also has been to focus 

on solving the multiobjective problem. Overall, the numerical results revealed that the 

proposed method does highly benefit from multiobjective approaches over single-

objective optimization on a comprehensive passive filter design. Also, the advantages 

and disadvantages of damping over the undamped filter were also presented in this 

thesis. 

To summarize, the proposed method provides a helpful tool where the performance 

result is satisfactory, apart from exhibiting a reasonably good solution. Besides, the 

proposed method proved the precision and efficiency of this technique to reach the 

optimal solutions. In terms of single-tuned filter design, this proposed method 

guaranteed that this design is safe and that there are no risks of electrical resonance, and 

the capability of this design to operate following the standard limit is proven. 
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7.2 Future Work 

The following describes the future research concerning the application of the proposed 

method designing passive filter for harmonics elimination: 

• To include the cost such as cost for the maintenance, investment, and total filter as 

the objective function needs to be minimized to highlight the advantage of the 

single-tuned filter.  

• The planning of the passive filter is very critical especially to the performance in 

order to satisfy the standard of harmonic filtering. Therefore, it is suggested to do 

multiset or different types of single-tuned filter at a high-voltage system with more 

complex harmonic situations using the proposed method. 

• To test the proposed method with different industrial power system and more 

complicated case study. 

• In this research, the proposed method only optimizes single-tuned filter, which only 

has up to three optimization variables. Therefore, it is suggested to extend the 

research using the proposed method for different types of passive filter such as 

double-tuned filter, C-type filter, and more, which consist of four or more 

optimization variables. 

• To compare the proposed method with advanced DE, PSO, and ACO variants 

published in reputable journals including the recent winners of single-objective real-

parameter optimization competitions on the IEEE Congress on Evolutionary 

Computation.  

• The proposed method is also suitable for solving general many-objective single-

tuned design problems with up to thousands of variables and hundreds of objectives. 

Therefore, in the future, it is suggested for future researchers to design different 

comprehensive passive filter designs through as many objective approaches as 

possible.             

.   
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