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ABSTRACT 

This paper presents the execution of Differential Evolution (DE) algorithm in order to understand the principle 

operation of Harmonic Elimination Pulse-Width Modulation (HEPWM) switching technique. HEPWM utilizing the DE 

technique is proposed to eliminate low frequency harmonic components of three-phase inverter output voltage. Explanation 

of DE algorithm execution is given and the best approach of mutation strategy used in DE has been investigated. Switching 

angles of HEPWM are calculated offline by using the DE technique. Subsequently, the calculated switching angles are 

used to operate the three-phase voltage source inverter. Computation of DE algorithm and simulation of voltage source 

inverter using the calculated switching angles are carried out by using Matlab/Simulink software package. Simulation 

results show the effectiveness of proposed DE technique in eliminating the low order harmonic components of output 

voltage for three-phase voltage source inverter.  
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INTRODUCTION 

The Harmonic Elimination Pulse Width 

Modulation (HEPWM) switching technique has gained a 

lot of interest from many researchers due to its ability in 

generating low Total Harmonic Distortion (THD) of 

output voltage for single phase and three-phase inverter. 

HEPWM provides direct control of the output harmonics 

by utilizing a few arrangements of switching angles to 

eliminate undesirable harmonic components. HEPWM 

appears likely to be best suited for medium and high 

power application due to its predominant harmonic 

performances (Amjad, Salam, and Saif, 2015; Debnath 

and Ray, 2012; Moeed Amjad and Salam, 2014; Mohd 

Rashid, Hiendro, and Anwari, 2012). The first harmonic 

frequency of HEPWM is almost half compared to 

Sinusoidal Pulse Width Modulation (SPWM) for the same 

switching frequency. Accordingly, the HEPWM technique 

will reduce the switching losses of inverter (Amjad et al., 

2015; Moeed Amjad & Salam, 2014). 

There are a few computational strategies for 

HEPWM proposed by researchers. Computational 

strategies for the HEPWM can be divided into two 

categories, namely the calculus and the optimization based 

techniques. Calculation using Newton Raphson method is 

normally employed in calculus based technique (Amjad et 

al., 2015; Bahari, Salam, and Taufik, 2010; Debnath and 

Ray, 2012; Moeed Amjad and Salam, 2014; Mohd Rashid 

et al., 2012). It gives accurate result of switching angles 

when the initial angle values are chosen closed to global 

minima. Failing in guessing the suitable initial angles will 

lead to the non-convergence calculation result. Walsh 

method is also falling under the calculus based technique. 

It needs proper initial guessing angle values (Tsorng-Juu, 

O'Connell, and Hoft, 1997).  

Walsh utilizes a linear equation of the Pulse 

Width Modulation (PWM) switching waveform which in 

contrast with the Newton Raphson method that employs a 

nonlinear equation to calculate the switching angles of 

HEPWM. The optimization technique of soft computing 

provides significant advantage because the technique does 

not need any initial guess value in calculating the 

switching angles. In this way, this strategy will reduce the 

chances of non-convergence problem during the 

calculation process. Genetic Algorithm (GA), Particle 

Swarm Optimization (PSO) and Differential Evolution 

(DE) are a few examples of soft computing techniques 

(Amjad et al., 2015; Debnath & Ray, 2012).  

Differential Evolution (DE) algorithm is a 

population based search strategy presented in (Patel and 

Hoft, 1973, 1974). The DE technique is easy to perform 

and comprises an efficient evolutionary algorithm. The DE 

has superior advantages because of its capability to deal 

with non-differentiable, non-linear and multi modal 

objective function. Basic operation of DE is similar with 

GA but the mutation operation of DE is significantly 

different with GA (Qin, Huang, and Suganthan, 2009; 

Storn, 1996; Youyun and Hongqin, 2009). Performance of 

DE is depending on the mutation operation which is the 

most important strategy in DE algorithm (Mohd Rashid et 

al., 2012). 

 

HARMONIC ELIMINATION PULSE WIDTH 

MODULATION (HEPWM) 

The HEPWM switching technique will eliminate 

the odd number of harmonic components from the inverter 

output line voltage. The quarter wave symmetry of output 

voltage waveform is utilized in DE algorithm to reduce the 

computational effort during calculation process.  

All the triplen harmonics from line to line voltage 

are cancelled in the three-phase system. Only the non-

triplen and odd harmonic number exist (Amjad et al., 

2015). Figure-1 shows the generalized output voltage 

waveform of the three-phase inverter. The falling edge 

transition is determined by the odd switching angles (α1, α3 

and so on). The rising edge transition is determined by the 

even switching angles (α2, α4 and so on). 
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Figure-1. Generalized HEPWM quarter-wave 

symmetric waveform. 

 �� = ସ�� [−ͳ − ʹ ∑ ሺ−ͳሻ cosሺ݊�ሻ�=ଵ ],  (1)         ݀݀ ݏ� ݊

 

A generalized Fourier series of the nth harmonic 

is given as above, where the αk is the kth switching angle, 

n is the harmonic order and N is number of switching 

angle per quarter-cycle. The number of harmonics 

eliminated depending on N switching angle per-quarter 

cycle. By solving N switching angle from equation 1, (N-

1) harmonic will be eliminated from the waveform. The 

equation needs to be equated to zero for any (N-1) 

harmonics and to determine the value of fundamental, 

NP1. The equations to solve N switching angles α1, α2, …, 
αN are as follows: 

 

ଵ݂ሺ�ሻ = Ͷ݊� [−ͳ − ʹ ∑ሺ−ͳሻ cosሺ݊�ሻ�
=ଵ ] − ܯ = �ଵ 

ଶ݂ሺ�ሻ = Ͷ݊� [−ͳ − ʹ ∑ሺ−ͳሻ cosሺ݊�ሻ�
=ଵ ] = �ଶ 

�݂ሺ�ሻ = ସ�� [−ͳ − ʹ ∑ ሺ−ͳሻ cosሺ݊�ሻ�=ଵ ] = ��          (2) 

 

Where the variable ε to εN are normalized 

magnitudes (with respect to the fundamental) of the 

harmonic to be eliminated. M=V1 /Vdc is the modulation 

index. V1 is the amplitude of the fundamental component 

and Vdc is the DC input voltage.  

The objective function constructed for 

optimization is defined by: 

 ݂ሺ�ଵ, �ଶ, �ଷ, … , ��ሻ = �ଵଶ + �ଶଶ + �ଷଶ + ⋯ + ��ଶ        (3) 

 

The solution must satisfy the following constraint:  

 Ͳ < �ଵ < �ଶ < �ଷ … < �� < � ʹ⁄                                   (4) 

 

 

 

 

 

 

 

 

DIFFERENTIAL EVOLUTION TECHNIQUE 

APPLIED TO HEPWM 

DE use mainly operational search and selection 

of mutations as a mechanism for directing the search 

towards prospective areas in the search space (Qin et al., 

2009). Target vector for each generation is a current 

population individual. Mutant vector produced after the 

target vector has through the mutation operation by adding 

the weighted difference between two chosen vectors. Trial 

vector is generated after the crossover operation by mixing 

the mutant vector with the target vector. In the next 

generation, the trial vector will replace the target vector, if 

the trial vector yields a lower objective function value than 

a target vector. The process repeats for each generation to 

reach the stopping condition (Youyun & Hongqin, 2009). 

The following steps are the implementation of 

DE to determine the switching angles. Figure-2 shows the 

basic flow of the DE algorithms.  Parameters for DE need 

to be set first; which is population size (NP), mutation 

factor (F), crossover rate (CR), boundary constraints and 

maximum generation as stopping criteria. The next steps 

are as follows: 

 

(1) Initialization of the population 

DE begins the optimization process by 

initializing the population. The initialization is expressed 

by: 

ሺ�ሻݔ  = �ݔ + ݊�ݎ ݀(ݔு +  �)                                      (5)ݔ

 

Where xj(i) is the initial population and xjH and xjL 

are the upper and lower bound. Equation x is for j
th

 

switching angle and randj is a random number between 0 

and 1.  

 

(2) Evaluation of the initial population 

The fitness value of each switching angle of the 

population is considered based on equation (3). The 

process will stop if the last value is kept when the fitness 

value fulfills the specified criteria or else the target vector 

passed to mutation process.  

-Vdc 

Vdc 

ωt 

π 2π 
α1 α2 α3 α4 αn 
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Figure-2. DE algorithm flowchart. 

 

(3) Mutation operation 

The mutation operation produces the mutant 

vector by perturb two random vectors in current 

population. Mutation factor F, which is valued between 0 

and 1, controls the perturbation and improve the 

convergence. There are several mutation strategy 

described as follows: 

 

a) DE/rand/1: 

For each individual xi,G where i=1,2,….,NP, the 
perturb individual vi,G+1 is produced by the following 

equation : 

,ீ+ଵݒ  = ீ,ଵݔ + ீ,ଶݔ)� −  ଷ,ீ)                                   (6)ݔ

 

Where ݎଵ, ,ଶݎ ଷݎ ∈ [Ͳ, ܰ� − ͳ], mutually different integer.  

 

The r1, r2, and r3 are randomly chosen and 

different with running index i. The scale factor F is real 

and constant between 0 and 2, that control the 

amplification of the differential variation (xr2,G  - xr3,G). as 

randomly chosen vector and one weighted difference 

vector for the perturbation.  

 

DE/best/1: 

This strategy works as strategy DE/rand/1 but it 

uses difference equations to produce vi,G+1 as follows: 

,ீ+ଵݒ  = ீ,௦௧��ݔ + ீ,ଶݔ)� −  ଷ,ீ)                                 (7)ݔ

 

The best performance individual of the current 

population is chosen to be perturbed.  

 

b) DE/best/2: 

This strategy uses difference individual for 

perturbation based on the following equation: 

,ீ+ଵݒ  = ீ,௦௧��ݔ + ீ,ଵݔ)� + ீ,ଶݔ − ீ,ଷݔ −  ସ,ீ)(8)ݔ

 

Where ݎଵ, ,ଶݎ ,ଷݎ ସݎ ∈ [Ͳ, ܰ� − ͳ], mutually different 

integer. The r1, r2, r3 and r4 are randomly chosen and 

different with running index i. 

 

c) DE/rand-to-best/1: 

This strategy uses two different individuals, 

which is one is the best performing individual and the 

other one is randomly chosen based on following: 

,ீ+ଵݒ  = ீ,ݔ + ீ,௦௧��ݔ)� − (ீ,ݔ + ீ,ଶݔ)� −  ଷ,ீ)(9)ݔ

 

Where λ controls the greediness of this strategy.  Normally 

λ = F to reduce the control variable.  

 

d) DE/rand/2: 

This strategy generates vi,G+1 using the following 

equation: 

,ீ+ଵݒ  = ீ,ଵݔ + ீ,ଶݔ)� − (ீ,ଷݔ + ீ,ସݔ)� −  ହ,ீ)  (10)ݔ

 

Where ݎଵ, ,ଶݎ ,ଷݎ ,ସݎ ହݎ ∈ [Ͳ, ܰ� − ͳ], mutually 

different integer. The r1, r2, r3, r4 and r5 are randomly 

chosen and different with running index i. 

 

(4) Crossover operation 

The crossover process produces the trial vector 

by mixing the mutant vector with the target vector based 

on following: 

,,ீ+ଵݑ  = ≫ ݀݊�ݎ ݂�    , ,,ீ+ଵݒ} �  ݎ  �� =  (11)                                        ݁ݏ�ݓݎℎ݁ݐ    , ,,ீ+ଵݔ �

 

The crossover rate CR value in range 0 and 1 and 

it control the crossover process. rand is the value within 0 

and 1, and j is the element value of ith vector that through 

the crossover process.   

 

(5) Selection operation 

A selection process is executed after the 

evaluation of the objective function of the trial vector is 

done. The value of the objective function of the trial vector 

Start 

Generate initial population 

Evaluate initial population 

Produce mutant vector through 

mutation process 
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Produce trial vector through 
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generation 
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is compared to the target vector to determine the vector 

that will be carried to the next generation. The trial vector 

will be included in the population for the next generation 

if the value of the objective function of trial vector is less 

or equal to the target vector. If not, the target vector stays 

in the population for the next generation. The selection 

process can expressed as follows: 

,ீ+ଵݔ  = (,ீ+ଵݑ)� ݂�   , ,ீ+ଵݑ} < ீ,ݔ(ீ,ݔ)� �                        ݁ݏ�ݓݎℎ݁ݐ       ,  = ͳ,ʹ,͵, … , ܰ�                                                            (12) 

 

J is the fitness evaluation function. The above 

process is repeated to produce a new next generation until 

met the stopping criteria (Youyun and Hongqin, 2009), 

(Storn, 1996), (Qin et al., 2009).  

 

SIMULATION RESULT 

The mutation strategies give out the similar 

switching angle trajectories for all strategy. The difference 

output from the strategies is the computational time by 

each strategy. Even though the time taken for each 

strategy has small difference, its influence grows bigger as 

the number of harmonics to be eliminated increase. The 

strategy that suit most is DE/best/2 and DE/rand/1. The 

DE parameter is set as follows; the mutation factor, F = 

0.4, crossover probability, CR = 0.5, harmonic tolerance, 

VTR = 0.00001 and the maximum generation, Gmax = 400, 

to carry the comparison of the two strategies.   

 

Table-1. Computational time for two strategies 

for N=3, 5, 7. 
 

N 
Computational time (s) 

DE/best/2 DE/rand/1 

3 0.43260 0.42574 

5 0.66762 0.61690 

7 0.72506 0.70738 

 

From the Table-1, DE/rand/1 has the fastest 

computational time compare to DE/best/2. 

Matlab/Simulink is used for programming the DE 

algorithm. Figure-3 shows the switching angle trajectories 

versus modulation indices for DE/best/2 and DE/rand/1 

strategies. Both strategies give same switching angle 

trajectories, but have different computational time. Figure-

4 shows the switching angle trajectories versus modulation 

indices for N=5, 7, 9 and 13. Numbers of lines represent 

the value of N. Amount of line increase as N increase. The 

computational also increases as N increase.  

 

 
(i) 

 

 
(ii) 

 

Figure-3. Switching angle trajectories versus modulation 

indices for N=3 using (i) DE/best/2 strategy, (ii) 

DE/rand/1 strategy. 
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(b) 

 

 
(c) 

 

 
(d) 

 

Figure-4. Switching angle trajectories versus modulation 

indices for 

(a) N=5, (b) N=7, (c) N=9, (d) N=13. 

  

The switching angle obtained will be stored in 

memory and when needed for inverter they are called out. 

Figure-5 shows the experiment set up in Matlab/Simulink. 

Switching angle produce using differential evolution was 

then generated the pulses for inverter. The parameters of 

the inverter are Vdc=200, frequency=50Hz and load is 

4.5mH/0.12Ω.  
Figure-6 shows the line to line output voltage of 

the inverter after applying the switching angle from DE 

and Figure-7 shows line to neutral output voltage for N=13 

and M=0.85. 

 
 

Figure-5. Experiment set up in Matlab/Simulink. 

 

 
 

Figure-6. Line to line output voltage. 

 

 
 

Figure-7. Line to neutral output voltage. 

 

Figure-8 shows the spectrum for line to line 

voltage and Figure-9 shows the spectrum for line to 

neutral voltage for N=13. Both spectra eliminated 

harmonics until 37
th

 harmonic.  
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Figure-8. Spectrum of line to line output voltage for 

N=13. 

 

 
 

Figure-9. Spectrum of line to phase output voltage 

for N=13. 

 

Figure-10 shows the spectrum for output voltage 

line to neutral for N=5, 7, 9. Number of harmonic 

eliminated as expected based on N.  

   

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure-10. Spectrum of line to neutral output voltage for 

(a) N=5 (b) N=7 (c) N=9. 

 

CONCLUSIONS 

This paper presents the Differential Evolution 

(DE) algorithm for calculating the HEPWM switching 

angles. The DE technique is proposed and the best 

approach of mutation strategy has been analyzed. The 

proposed DE algorithm calculates the switching angles 

and stored the angle values in memory. The switching 

angles are then called upon when required to operate the 

three-phase inverter. The inverter output voltages and their 

harmonic spectrum waveforms have been presented in this 

paper. The number of eliminated harmonic components 

will increase as the number of switching angles is 

increased. As a result, the Total Harmonic Distortion 

(THD) of output voltage will reduce which improve the 

inverter performance. The calculation and simulation of 

the proposed DE algorithm applied to the three phase 

inverter have been performed by using Matlab/Simulink 

software package. 
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