
 

 

 

Abstract—This paper presents a meta-heuristic method based on 

the discrete firefly algorithm (DFA) for solving the optimal location 

and sizing problem of an active voltage conditioner (AVC) to 

improve overall power quality of radial distribution systems. The 

problem is formulated in terms of multi-objective optimization. The 

goal is to minimize voltage total harmonic distortion and total 

investment cost as well as to improve voltage profile of the system. 

The proposed method is tested on the IEEE 34-bus radial distribution 

system to demonstrate performance efficacy. The results are 

compared with those derived through the conventional firefly 

algorithm as well as particle swarm optimization. Comparative results 

indicate that the proposed DFA method is superior to existing 

methods in the quality of solution and in determining the optimum 

location and size of the AVC in distribution systems. 

 

Keywords—Active voltage conditioner, optimal placement, 

discrete firefly algorithm, power quality, discrete optimization  

I. INTRODUCTION 

UE to the rapid increments in system size and load 

demands in the recent smart distribution systems, more 

power disruptions with different levels of severity are 

going to happen which may pose a huge financial drawback to 

utility providers in particular and industry in general. 

Therefore, the state-of-the-art power electronic-based 

controllers called custom power devices (CPDs) have gained 

interest and have been widely used to mitigate power quality 

disturbances and to ensure that the delivered power in smart 

grids [1]. An active voltage conditioner (AVC), which is 

categorized as a type of series CPD, can inject a set of three 

independent single-phase voltages of an appropriate magnitude 

and duration in series with the supply voltage synchronized 

through an injection transformer. This ability effectively 

mitigates various types of power quality disturbances including 

momentary voltage interruption, voltage sags/swells, 

unbalanced and unregulated voltage, and harmonic distortion. 

The placement and sizing of the AVC should be determined 

based on economic feasibility, in which optimization is 
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generally considered.  

Numerous methods and approaches to solve the optimal 

location and sizing problems of CPDs and capacitors have 

been reported. Among these methods, distributed generation 

(DG) is one of the efficient approaches to improve power 

quality. In these methods, different objective functions and 

constraints are considered to form a multi-objective 

optimization problem for minimizing cost and power quality 

disturbances such as voltage sag and harmonic distortion. In 

1998, a hybrid optimization algorithm that combined 

simulated annealing (SA) and a Lagrange multiplier was 

applied to optimal static VAR compensator (SVC) planning to 

enhance the voltage profile and voltage stability of the system 

[2]. Likewise, a SA-based method was presented to determine 

the optimal size and location of a dynamic voltage restorer 

(DVR) in a power distribution system for voltage sag 

mitigation [3]. Genetic algorithm (GA) was applied to seek the 

optimal location of several flexible alternating current 

transmission system (FACTS) devices such as SVC to increase 

the system loadability and performance [4, 5]. GA and the 

optimal placement methods based on the niching type of GA 

(NGA) were proposed to mitigate voltage sag and minimize its 

imposed cost on the distribution system. The proposed 

methods used CPDs, which included the static compensator 

(STATCOM) and the DVR [6, 7]. Particle swarm optimization 

(PSO) was employed to optimize the various process 

parameters involved in FACTS devices in a power system with 

the aim of reducing the losses and the cost of generation [8]. 

PSO was also applied in an unrestrained manner to solve the 

optimal placement problems of DGs so that power quality 

could be improved and voltage sag could be mitigated [9]. In 

[11],  a solution to D-STATCOM placement was suggested 

using  the binary gravitational search algorithm to improve 

reliability and mitigate voltage sag in distribution systems 

[10]. Taher and Afsari [12] applied differential evolution 

algorithm for optimal placement and sizing of unified power 

quality conditioner to improve the voltage and current profiles 

of the system. Combined GA and PSO [11] and shuffled frog-

leaping algorithm [12] were also suggested to address the 

optimal DG location and sizing in distribution systems.   

This paper presents a new heuristic optimization method 

based on the discrete firefly algorithm (DFA) to solve the 

optimal size and location problems of AVCs. The main goal is 
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to form a multi-objective optimization problem to improve the 

voltage profile and THD index of the system with respect to 

minimization of total investment cost that includes installation 

and incremental costs of the installed AVCs. The optimization 

constraints are formulated by using the voltage limits, AVC 

capacity limits, power flow limits, and voltage THD for each 

individual bus. The performance of the proposed DFA is 

tested on radial IEEE 34-bus test system. To evaluate the 

effectiveness of the proposed DFA, the results are compared 

with the results obtained from other optimization techniques 

such as the firefly algorithm (FA) and PSO.  

II. MULTI-OBJECTIVE PROBLEM FORMULATION 

The optimization objectives associated with the AVC 

placement process in distribution networks have a key function 

from both the perspectives of both utility providers and 

customers. Therefore, the optimization problem is carefully 

formulated to cover three main technical-economic objectives, 

which are presented in the following sections.  

A. Objective Functions 

1) Minimization of total investment cost 

The primary factor is the total investment costs that should 

be considered to minimize the optimization process. The total 

investment cost of an AVC consists of the installation cost and 

the incremental cost, which can be determined in terms of a 

normalized-summation function as follows:  
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where CAVC, C1, C0, α, and IAVC are the total cost, cost (in USD 

per year) per kilovolt-ampere, fixed installation cost, 

maximum voltage regulation range, and current rating of the 

AVC, respectively. In this study, C1 and C0 are 150 USD/year 

and 0.5% of the initial cost per year, respectively. In addition, 

Costmax is the maximum cost used to normalize (1). 

2) Minimization of voltage deviation 

Voltage deviation index is the other factor considered in this 

study. The voltage deviation index can be expressed as the 

deviation of the voltage magnitudes of all buses from the 

reference voltage. Thus, for a given M-bus system, the voltage 

deviation index can be obtained as follows:  
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where Vi-ref  is the i-th bus reference voltage, and Vi is the 

measured voltage at bus i. Given the presence of background 

harmonic components in the system, all voltages in (2) should 

be calculated in terms of the root mean square (RMS) value. 

Therefore, when using (2), we can express the normalized-

average voltage deviation index of an M-bus system as   

M

V
Vf dev

avrdev :2
       (3) 

Equation (3) can be employed to measure deviations of the 

bus voltages from the reference voltage because of the 

unregulated voltage or voltage drop caused by the start-up of 

the motor in the system. 

3) Minimization of average voltage total harmonic 

distortion (THDV) 

THDV is applied as the third factor in the formation of the 

optimization problem in the proposed method. To control the 

THDV level of the entire system, the average of normalized 

THDV of system buses is considered as   
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where THDV-i
norm

 is the normalized THDV at bus i.  

B. Problem Constraints 

Together with the optimization objective function, 

optimization constraints have a significant function by 

imposing conditions that the variables must satisfy during the 

optimization process. In the proposed method, four constraints 

are considered to control the variables of the problem as 

follows: 

1) Bus voltage limits 

To prevent system voltage instability or power quality 

events, the bus voltages at each bus i must be maintained 

around its nominal value Vi-nom within a permissible voltage 

band, specified as [Vi-min,Vi-max]. Vi-min is the minimum 

permissible value of the voltage at bus i, and Vi-max is the 

maximum permissible voltage at bus i. These limits can be 

expressed in terms of the following inequality function:  

  

maxmin   iii VVV        (5) 

where Vi is the RMS value of the voltage at bus i in the 

presence of voltage harmonic components H, which is derived 

as follows:  
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2) AVC capacity limits 

The chosen capacity of AVCs during the optimization 

process should be maintained within a permissible band 

specified as [SAVC-min, SAVC-max]. SAVC-min is the minimum 

permissible value, and SAVC-max is the maximum permissible 

value of the AVC capacity. These limits can be expressed in 

terms of an inequality function as follows:  

 
maxmin   AVCAVCAVC SSS       (7) 

3) Power flow limits 

The apparent power, Sl, which is transmitted through the 

branch l must not exceed the maximum thermal limit Sl-max 
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under steady state operation. Thus, 

 
max ll SS           (8) 

4) THD limits 

The THDV value at each bus i should be maintained at less 

than the maximum value to meet the limits defined in IEEE 

Standard 519 [13]. Thus, 

 
max  ViV THDTHD         (9) 

C. Overall Objective Function 

In this section, the weighted sum method is applied to 

combine all of the aforementioned objective functions (1), (3) 

to (4) in relation to a single objective function. To ensure that 

all of the constraints introduced in (5), (7) to (9) are satisfied 

in the optimization procedure, the penalty function method is 

applied to the overall objective function. Thus, the final single 

objective function to be minimized is defined as 
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where wi represents the relative fixed weight factors assigned 

to the individual objective functions. In addition, λ, L, P, and 

M are the penalty multipliers for violated constraints, which 

are the large, fixed scalar number; the total line number; the 

total AVC number; and the total bus number, respectively. 

III. PROPOSED OPTIMIZATION ALGORITHM 

A. Discrete Firefly Algorithm Theory 

Fireflies, which belong to the Lampyridae family, are small, 

winged beetles that can produce cold light flashes to attract 

mates. The light attenuation over the distance and the mutual 

attraction of fireflies were the inspiration behind the 

formulation of the FA. Developed by Yang in 2008 as a novel 

nature-inspired metaheuristic algorithm, the FA can solve 

continuous multi-objective optimization problems [14]. The 

superior success rates and efficiency of the FA has been 

proven over other conventional optimization algorithms such 

as PSO and GA for continuous problems [15]. Generally, the 

FA formulation can be formed by using the variation of light 

intensity I and the attractiveness β. In its simplest form and by 

considering the firefly attractiveness β in proportion to the 

light intensity I, the firefly attractiveness β, which varies with 

the distance r, can be expressed as 

       )exp()( 2
0 rr           (11) 

where β0 is the attractiveness at r = 0, and γ is the fixed light 

absorption coefficient.  

The distance between any two fireflies i and j at locations xi 

and xj can be determined by using the Euclidean distance as 

follows: 
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where xi,d is the d-th component of the spatial coordinate xi 

of the i-th firefly, and D is the dimension of the problem. Thus, 

the movement of a firefly i toward another more attractive 

firefly j can be expressed as 
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where α is the randomization parameter, and ξi is a vector of 

random numbers with Gaussian or uniform distributions.  

To discretize the FA during the movement of firefly I 

toward firefly j, the position of firefly I changes from a binary 

number to a real number. To replace the produced real number 

with a binary number, the tangent hyperbolic sigmoid function 

can be used to constrain the position value to the interval [0, 

1]: 
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where λ is a constant coefficient close to 1, and rand is a 

random number in the interval [0, 1]. By changing the 

positions of the fireflies to more attractive positions and 

decreasing the distance, the probability of S in (14) tends to be 

zero. In other words, when the distances between fireflies are 

extremely far at a specific position, the probability of moving 

xi
k
 in (15) to new location xi

k+1 
is high. Meanwhile, decreasing 

the distance in further iterations decreases the probability of 

moving xi
k
. Finally, when the distance is zero, position xi

k
 

remains unchanged and becomes the new location, xi
k+1

. The 

procedure in implementing the DFA is described in terms of a 

pseudo code as shown in Fig.1.  

 
Fig.  1 Implementation procedure of DFA 

 

B. Application of DFA for optimal location and sizing of 

AVCs 

In this study, the proposed DFA is applied to minimize the 

objective function (10) for solving the optimal placement and 

sizing problems of AVCs in distribution systems and to 

mitigate the overall power quality disturbances of the system. 

Thus, the system data, which include bus and line data, should 
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be inserted as the DGA input at the first step. Furthermore, the 

real and reactive power of the AVC at fundamental and 

harmonic frequencies and the location of placed AVCs (system 

buses) are considered as the variables of the optimization 

problem. Subsequently, the bus voltages of the system in 

fundamental and harmonic frequencies in (2) and (3) should be 

calculated by using the firefly populations (the initialized 

variables) and the backward/forward sweep power flow 

method. The obtained bus voltages and initialized AVC 

capacities are employed to calculate the voltage variation 

index THDV and total device cost of the system to compute the 

objective function (10) and rank the fireflies. Consequently, 

the current global solution can be determined and the 

proceeding iterations can be conducted as shown in Fig.  2. 

The convergence criteria are set to t=MaxGeneration, which is 

also adhered to when the current global solution does not 

change for a specific number of iterations. Otherwise, the 

algorithm continues to the next generation.  

IV. TEST RESULTS 

To test the performance of the proposed DFA method in 

solving the optimal placement and sizing problem of AVCs in 

distribution systems, the proposed method is implemented on 

the modified IEEE 34-bus test system illustrated in Fig.  3. The 

system feeds the distributed linear and non-linear loads with a 

total apparent power of 0.925 MVA. The non-linear loads, 

which are the main sources of harmonic distortion, are 

modeled as harmonic current sources based on the harmonic 

components presented in Table 1 [16]. A heavy induction 

motor is placed in the system, which creates problems of 

voltage variation and voltage drop (caused by motor starting 

current) in the systems.  
TABLE I 

HARMONIC SPECTRA 

Harmonic 
order 

Delta Connected TCR ASD 

Mag. 
(p.u.) 

Angle 
(deg.) 

Mag. 
(p.u.) 

Angle 
(deg.) 

1 1.0000 46.92 1.0000 0.00 

5 0.0702 -124.4 0.1824 -55.68 

7 0.0250 -29.87 0.1190 -84.11 

11 0.0136 -23.75 0.0573 -143.6 

13 0.0075 71.50 0.0401 -175.6 

17 0.0062 77.1 0.0193 111.4 

19 0.0032 173.4 0.0139 68.30 

23 0.0043 178 0.0094 -24.61 

25 0.0013 -83.45 0.0086 -67.64 

29 0.0040 -80.45 0.0071 -145.5 

 

 

 

Fig.  2. Implementation steps of the proposed DFA-based method 

9 10 11 128765432

13

14 15 16 18 19

20

21

22 23 24 25 26 28

343332
31

17

27 3029

1

Non linear load

Linear load

M

 

Fig.  3 Single-line diagram of IEEE 34-bus test system 

To improve the overall power quality of the system using 

the proposed optimal AVC placement method, three sets of 

AVCs, which contain 3 and 5 AVC sets, are considered to be 

in placed in the system.  In addition, the power rating limits of 

[0-1.5] p.u. with base power of 100 kVA are considered for 

each AVC. To verify the accuracy and efficiency of the 

proposed DFA method, the results are compared with those 

obtained by using the FA and PSO as reported in Table 2. 
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TABLE II 

OPTIMIZATION RESULTS OF 34-BUS TEST SYSTEM 

 
AVCs 

Location 

(Bus) 
Rating (p.u.) 

AVC 

total cost 

(US $) 

Objectiv

e 

Function, 

F 

DFA 

3 4,3,19 0.732,0.891,0.581 3,322,587 0.5724 

5 
2,3,4, 

5,19 

0.576,0.588,0.466, 

0.580,0.124 
3,518,285 0.4245 

FA 

3 20,19,3 0.875,0.562,1.059 3,763,063 0.7447 

5 
3,2,21, 

4,9 

0.859,0.552,0.225, 

0.823,0.302 
4,161,565 0.4602 

PSO 

3 19,3,5 1.246,0.446,0.880 3,876,998 0.7802 

5 
4,5,6, 

14,2 

0.645,0.405,0.692, 

0.413,0.963 
4,701,272 0.4774 

 

 The results validate the superior performance of the DFA in 

minimizing the objective function F. Table 2 also shows that 

the application of continuous optimization methods such as the 

FA and PSO on discrete problems may cause trapping of the 

algorithm in the local minima. This situation may worsen as 

the size of the problem increases, which implies the function of 

discrete optimization methods.  

To check the sensitivity of the DFA against the randomness 

of the initial values, the relative standard deviation (RSD) and 

the mean value are calculated for 20 run times of the algorithm 

while the optimization parameters are kept constant. Table 3 

shows the calculated RSD and the mean value when 5 AVC 

devices are considered for placement in 34-bus system. 
 

TABLE III  

RSD AND MEAN FOR DIFFERENT INITIAL VALUES 

 
RSD (%) Mean Fmin Fmax 

DFA 0.0822 0.4432 0.4245 0.750 

FA 0.1253 0.5177 0.4602 0.841 

PSO 0.1773 0.5108 0.4774 0.722 

The results presented in Table 3 prove the higher accuracy 

and robustness of DFA in which the computed RSD and mean 

value are small compared with those for the other methods. 

To illustrate the convergence performance of DFA in the 

described optimization problem, the convergence 

characteristics of the proposed DFA to place 5 AVCs in 34-

bus systems for 750 iterations is shown in Fig.  4. The figure 

indicates that DFA converges faster to the global minima and 

its performance is better than those of the other methods, 

where FA and PSO are trapped in the local minima. 

 
Fig.  4 Convergence characteristic of DFA to place 4 AVCs in IEEE 

16-bus test system 

 

Fig.  5 presents the voltage profiles of the test system before 

and after the placement of different AVC sets via the proposed 

DFA method. Results show that the placed AVCs can 

effectively correct the voltage profile in all cases even when 

voltage drops occur in the systems. 

 
Fig.  5 Voltage profile of 34-bus test system 

 

The summarized THDV and voltage deviation levels in the 

34-bus test system before and after the optimal placement of 

different numbers of AVC is measured. The results reported in 

Table 4 indicates that the general voltage profile and voltage 

harmonic distortion indices of the system after optimal 

placement of AVC sets is enhanced significantly. Given the 

effect of introduced constraints, increasing the number of 

installed AVCs can recover THDV and voltage deviation levels 

within an acceptable level as defined by international 

standards such as IEEE Standard 519. According to the 

simulation results, excessive increase in the number of AVCs 

in a large system may not improve the system performance 

significantly. The more certain result is the increase in the 

device costs. Therefore, to meet both technical and economic 

requirements, careful selection of the number of AVCs is 

necessary during system planning. 

 
TABLE IV  

THDV AND VOLTAGE DEVIATION LEVELS BEFORE AND AFTER AVC 

INSTALLATION IN 34-BUS TEST SYSTEM 

Bus 

No. 

THDV (%) Voltage dev. (%) 

No 

AVC 

3 

AVCs 

5 

AVCs 

No 

AVC 

3 

AVCs 

5 

AVCs 

4 5.83 0.27 0.50 3.30 0.73 0.43 

5 7.70 0.34 0.44 4.45 0.05 0.68 

6 9.60 0.43 0.38 5.57 1.01 0.34 

7 9.79 0.44 0.38 6.10 1.52 0.17 

8 9.90 0.44 0.37 6.32 1.72 0.37 

9 10.06 0.45 0.37 6.58 1.97 0.61 

17 9.80 0.44 0.38 6.21 1.62 0.27 

18 9.81 0.44 0.38 6.28 1.68 0.33 

22 16.19 0.70 0.29 8.52 2.01 2.02 

23 18.34 0.80 0.31 9.43 2.85 2.88 

24 20.52 0.89 0.35 10.29 3.65 3.70 

28 23.21 1.00 0.42 11.71 4.97 3.48 

29 23.22 1.00 0.42 11.73 4.99 3.50 

30 23.22 1.00 0.41 11.74 5.00 3.15 

33 10.38 0.46 0.36 6.79 2.17 0.81 

34 10.38 0.46 0.36 6.79 2.17 0.81 
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V. CONCLUSION 

In this study, a novel optimization method based on DFA is 

presented to determine the optimal location and size of AVCs 

in radial distribution systems for power quality improvement.  

The performance of the proposed DFA method is validated on 

the radial IEEE 16-, 34-, and 69-bus test systems by using 

MATLAB software. The results are compared with those for 

the FA, PSO, GA, and DPSO to prove that our proposed 

method is superior to the others in solving the problem of 

optimal location and size of AVCs. In addition, the located 

AVCs are effectively able to improve general power quality by 

minimizing the harmonic distortion and regulating the bus 

voltages of the system.  
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