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AN IMPROVED HARMONIC REDUCTION TECHNIQUE 

FOR THE PV-WIND HYBRID GENERATION SCHEME 

USING MODIFIED WHALE OPTIMIZATION ALGORITHM 

(MWOA) 

Swati SUMAN1*, Debashis CHATTERJEE2, Mukul ANAND3, Rupali 

MOHANTY4, Anagha BHATTACHARYA5 

This paper contributes to the field of power quality by using MWOA 

search based SHEPWM application for a microgrid system. Generally, large 

number of switching angles are used to remove harmonics, but higher-order 

harmonics are left unattended, increasing the switching losses and reducing 

system efficiency. Here, both lower and higher orders are suppressed with just 

five switching angles. These angles give equivalently good results as the seven, 

but with reduced losses. Amongst all MWOA works best as THD achieved was 

only 1.6% suitable for practical applications. It was executed in MATLAB2016b 

and an experimental setup was developed to justify the results. 

 

Keywords: Harmonic analysis; Selective Harmonic Elimination Pulse Width 

Modulation (SHEPWM) inverters; Metaheuristic techniques 

1. Introduction 

In recent years, renewable sources of electricity have been gaining 

increased importance. The clean and green features are what are making these 

resources popular. Solar and wind power have additional advantages in that they 

are both readily available and free [1]. 

The choice of a proper converter is necessarily important for feeding the 

power grid. Multilevel converters can efficiently convert DC to AC [2]. There are 

many PWM techniques adopted, such as Sinusoidal Pulse Width Modulation 

(SPWM), Space Vector PWM (SVPWM), and SHEPWM for the same. It has 

been reported that the Total Harmonic Distortion (THD) of SPWM, was 

approximately 40%, which is considered significant in terms of maintaining 

power quality. Power quality was maintained by using a static var compensator 

[3]. Several articles discuss the attractive features of the SHEPWM inverter. It has 

 
1 JADAVPUR UNIVERSITY, India, e-mail: swati.sep@gmail.com 
2 JADAVPUR UNIVERSITY, India, e-mail: debashisju@yahoo.com  
3 India, e-mail: mukulanand.anand209@gmail.com  
4 India, e-mail: rups.mohanty25@gmail.com 
5 India, e-mail: anaghabhattacharya@gmail.com 

mailto:swati.sep@gmail.com
mailto:debashisju@yahoo.com
mailto:mukulanand.anand209@gmail.com
mailto:rups.mohanty25@gmail.com
mailto:anaghabhattacharya@gmail.com


232     Swati Suman, Debashis Chatterjee, Mukul Anand, Rupali Mohanty, Anagha Bhattacharya 

decreased switching and conversion losses, better electromagnetic interference 

(EMI), etc. Therefore, SHEPWM is considered a good option in terms of higher 

power applications and has also been used in the present paper. It eliminates "d-1" 

of lower order harmonics with "d" of triggering angles [4]. To achieve this, the 

solving of non-linear equations was difficult using the Gauss-Newton Raphson 

method [5]. To solve a higher degree polynomial equation, this method would 

increase the computation time and complexity and decrease the convergence 

speed. 

There are many optimization techniques adopted to solve the problems. 

These evolutionary techniques are appropriately suited depending upon the 

problem statement. A detailed discussion of the wind-penetrated microgrid system 

has been discussed [6]. DFIG operations at sub and super synchronous speeds and 

their control have been discussed in detail [7-9]. A control technique using a 

piecewise-mixed model for storing angles offline has been described [19]. 

       BBO based SHEPWM technique, [10] in a DFIG connected microgrid 

system. A comparison with several other search-based algorithms such as Particle 

Swarm Optimization (PSO), Cuckoo Search Algorithm (CSA), etc., has been 

performed in which BBO performed better. In [11], the Grey Wolf Optimization 

(GWO) technique is used in the hybrid system to solve the real and reactive power 

problems. A modified grey wolf optimization technique has been used in the 

hybrid cascaded multilevel inverter for harmonic reduction [12]. MPP was tracked 

using the bacterial foraging method [13]. WOA has been thoroughly discussed in 

[14, 15] for a variety of engineering field applications. A comparative analysis of 

different optimization algorithms has been executed in standalone systems [16]. 

Later, [17] introduced a modified whale optimization technique for solar 

parameter identification. [18] has used an adaptive genetic algorithm technique to 

track the MPPT in a PV system. 

      A modified whale optimization technique has been used in the present 

technique as its usage for harmonic reduction is not noted much in the literature 

for hybrid systems. The MWOA is superior when compared to PSO, GWO, and 

BBO. The use of objective functions in the MWOA easily reduces both higher 

and lower order harmonics, which was a limitation in the simple SHEPWM 

technique. The adopted modified WOA-based optimized SHEPWM control 

technique has easier implementation and faster convergence in the hybrid 

microgrid connected system, which marks the novelty of the paper. Standard 

reports have been used for comparison [20,21] in the present paper. The hardware 

results are also included to justify their applications in the practical scenario. 

        The paper has been presented in the following sections. Section 2 discusses 

the proposed scheme, Section 3 comprises the harmonic elimination technique in 

detail, Section 4 presents the whale optimization technique, Section 5 presents the 

PV-wind characteristics equations, and Section 6 deals with the simulation and 
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hardware results with various comparison tables, and last of all, conclusion is 

discussed in Section 7. 

2. Proposed Scheme 

The proposed model is illustrated in Fig. 1. Generally, the microgrid is 

powered by a distributed storage system or generators. Contrary to that, a hybrid 

source of PV and wind has been introduced here. The stator is coupled with the 

microgrid at a frequency of 50 Hz. The direction of the wind tends to rotate the 

wind turbine. The turbine is accountable for the pitch angle control, which adjusts 

the speed for the blade’s protection. The induction generator is directly coupled to 

the gearbox.  

As shown in Fig. 1, there are two types of converters used in the process: 

rotor-side converters (RSC) and grid-side converters (GSC). RSC is directly 

connected to the IG rotor, whereas GSC, as the name says, is connected to the 

grid.  

 
Fig. 1. Proposed model 

 

When the wind speed is high, the DFIG will operate in a super-

synchronous mode, and when the wind speed is low, it will operate in a sub-

synchronous mode. In the latter part, active power is given to the rotor from the 

DC bus and vice-versa. At the time of sub-synchronous mode, PV with a DC-DC 
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boost converter supports and helps to maintain the voltage dip. The MPPT 

controller helps track the maximum power. Perturb and Observe (P & O) has been 

used in this regard. Conventional control strategies, converters, and non-linear 

loads all produce harmonics, thus leading to major power quality issues. This 

leads to an extensive need for harmonic compensation. The back-to-back 

converters use an optimized SHEPWM technique that helps to deal with the 

harmonics. It works at a low frequency to avoid switching losses, thus making the 

system more competent. The SHEPWM technique uses the MWOA technique. 

The angles found are given to the lookup table for offline usage. The five 

switching angles produce equivalently good results as seven switches, but with 

fewer switching losses, thus improving the system efficiency. A comparison with 

other search-based techniques was carried out, but MWOA solves the purpose 

more efficiently and gives a satisfactory result.  

 

3. SHEPWM application in converters for harmonic analysis 

 

The output voltage, shown in Fig. 2, can be illustrated in terms of the 

Fourier series. According to the quarter-wave symmetry, only odd harmonics are 

present, i.e., (an=0). 

1
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                                           (1) 

 
Fig. 2.  The voltage waveform of unipolar SHEPWM inverter 
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On expanding equation (2a) we get, 

1 1 2 3 4 5cos cos cos cos cosb M    = − + − + =                       (2a) 

5 1 2 3 4 5cos5 cos5 cos5 cos5 cos5 0b     = − + − + =  

7 1 2 3 4 5cos7 cos7 cos7 cos7 cos7 0b     = − + − + =  

29 1 2 3 4 5cos 29 cos 29 cos 29 cos 29 cos 29 0b     = − + − + =
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The objective function can be given as  
2 2 2

1 17 17 17( ) ( ) *( ) ... *( )n n ny b M K b e K b e = − + − + + −      (3) 

Subjected to 

1 20 ....
2m      

                                   (4) 

where, n is the harmonic order; 1.... d  are the five triggering angles; y is the 

objective function; e is a value close to zero, so that the harmonics value should 

be close to it; k is known as the priority setter value, because it prioritizes the 

harmonic that is too high and urgently needs to be reduced; b1, b5, b7... bn= 

amplitude of harmonic voltage., in the case of line-to-line voltage triple-n and the 

even harmonics are non-existent. 

The fundamental component was adjusted within the range set for the 

modulation index. Lower order harmonics such as b1, b5, b7... were removed by 

finding the five numbers of triggering angles. These angles were calculated by b5, 

b7, b11, and b13, equating the non-linear equations to zero. If the switching angles 

are considered to be of a ‘d’ number, then it is efficient enough to remove the ‘(d-

1)’ number of harmonics. Generally, odd harmonics are present, and even 

harmonics are mostly zero. In the present case, five switching angles were found 

which dealt with the lower order harmonics such as 5th, 7th, 11th, and 13th, and the 

rest of the higher-order harmonics were controlled by the objective function in 

equation (3) by following the condition mentioned in equation (4). In the present 

case, harmonics of up to twenty-nine were taken into consideration. On 

considering an odd number of switching angles, such as three, the harmonics such 

as the 5th and 7th were removed. Similarly, by considering an even number of 

switching angles like four, the harmonics of the 5th, 7th, and 11th would be 

mitigated. So, the advantage is that by using the least number of triggering angles, 

a wider number of harmonics can be removed, as that would decrease the 

switching losses and would increase the performance capability and efficiency of 

the system. By using equations (2), (3), and (5) in the search-based algorithm, the 

minimum THD possible was generated with corresponding angles, which were 

further considered. As shown later, the harmonics up to the 29th order were 

decreased with five triggering pulses, reducing the switching losses. This limits 

the use of a higher number of triggering pulses and maintains the efficiency of the 

system. 
2 2 2
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4. Whale Optimization Algorithm  
 

WOA is a swarm-based optimizing technique that is motivated by how the 

whale hunts. Its implementation is easier, and it has superior performance over 

many other complex evolutionary techniques. It has only one controlling 

parameter, i.e., the time, which is to be tuned finely. Humpback whales search for 

their food in a multidimensional search space. The algorithm is very similar to 

grey wolf optimization (GWO). The location of these whales is considered a 

decision, whereas the distance between the whales and the food can be denoted as 

an objective function. The hunt for food involves three steps, as follows: 

a) Encircling the prey: The whales forage for and surround their prey. Initially, 

the optimal design is unknown, so the current best solution is considered the 

target prey or close to the optimum solution. Meanwhile, the search for the 

supreme search agent continues so that the other search agents update their 

positions near to it. It can be expressed by equations: 
 

      
. *( ) ( )

( 1) *( ) .

D C X t X t

X t X t A D

= −

+ = −

                                         (6, 7) 

    
12 .A a r a= −                                                         (8) 

  
22C r=                                                        (9) 

 

where, Aand C  coefficient vectors, t refers to the present iteration,  *X  is 

the position of the prey, and X is the position of the whale. ‘.’ is the element-by-

element multiplication and || is the absolute value, a  decreases from 2 to 0 in each 

iteration, 
1r and 

2r
are taken as random vectors in [0, 1].    

b) Bubble-Net attacking Method (Exploitation phase): It is bifurcated into two 

steps: 

i) Shrinkage of the encircling mechanism: This is accomplished by lowering 

the value of a . The updated current position was achieved by the previous 

position and obtained the best position.  

ii) Spiral updating position: When whales approach their prey, they produce 

bubbles in a spiral pattern. They do this to compute the distance between them 

and the prey, which forms a spiral shape which is denoted as 'D . 
 

   ( 1) '. .cos(2 ) *( )blX t D e l X t+ =  +                                 (10) 

      ( 1) *( ) .X t X t A D+ = −       if p<0.5                         (11) 

  ( 1) '. .cos(2 ) *( )blX t D e l X t+ =  + if p>=0.5                     (12) 
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where l is the arbitrary value between [-1,1], b is the fix coefficient of the spiral 

shape, and p is the probability parameter. 

a) Searching for prey (Exploration phase): A  is considered responsible for 

the exploration of the search for the prey and 
randX is the current spot of the whale 

arbitrarily taken from the whale population. If A <=1 the whales will approach the 

prey (exploitation) and if A >1 the whales will not update their position based on 

the best solution but will choose a random whale as the best position 

(exploitation). It is given in the equations below: 

   . randD C X X= −                                              (13) 

                     ( 1) .randX t X X D+ = −                                       (14) 

4.1 The Proposed Compensation technique using MGWO 

Some of the limitations of WOA have compelled the authors to develop 

MWOA. For the exploration and exploitation phases, mostly the values are based 

on randomization, which would increase the computational complexity and time 

for the complex problems. As it has been mentioned earlier, it depends on one 

parameter i.e., a , which decreases the convergence speed. Some of the limitations 

of WOA have compelled the authors to develop MWOA. For the exploration and 

exploitation phases, mostly the values are based on randomization, which would 

increase the computational complexity and time for the complex problems. As it 

has been mentioned earlier, it depends on one parameter i.e., a , which is which 

decreases the convergence speed. There is a lack of proper balance between 

exploration and exploitation phases.  As the location of the best search is not 

considered a priority, therefore, it cannot jump out of the local optima, which 

represents a decline in performance. 

   If the vector position changes during the process, it might result in a larger step 

calculation and the search space not being explored properly. Correction factors 

Cf1 and Cf2 are introduced to minimise the change in vector position. The 

modified equations can be written as: 

                 
1. /randD C X X Cf= −                                            (13a) 

               
1( 1) . /randX t X X D Cf+ = −                                    (14a) 

    The equation (14a) helps the whale survey the space of search efficiently in 

small steps and approach the prey. By modifying equation (12a), whales are made 

to swim in the shrunk space to catch their prey, thus enhancing the exploitation of 

the search space efficiently. 

           
2( 1) '. .cos(2 ) *( ) /blX t D e l X t Cf+ =  +                                (12a) 



238     Swati Suman, Debashis Chatterjee, Mukul Anand, Rupali Mohanty, Anagha Bhattacharya 

The exploration phase is also modified by the Cf2 amount to limit the 

random movement of the whales. The values of Cf1 and Cf2 are 2.3 and 1.9, 

respectively. It was found that the whales reach the optimal solution in a search 

space efficiently and speedily compared to WOA. The steps followed to achieve 

the results are given as follows:  

Step 1. Whales’ population was initialized using 
iX  where, (i = 1, 2, 3, …, n) 

Step 2. The values were updated for each search agent a, A, C, l, and p by using 

the condition (t < maximum iteration). 

Step 3. For (p<0.5), if (|A| < 1), present search agent was updated using equation 

(7)  

Step 4.  If (|A| >=1), 
randX  was selected and the present search agent was updated 

using equations (14a), (3), and (4) 

Step 5.  For (p>=0.5), the location of the present search agent was updated using 

equation (12a)  

Step 6. If any search agent goes beyond the search space, then the process restarts 

from step 2. 

Step 7. The fitness of each search agent and upgraded *X  was computed. If the 

termination criteria are met, optimal solution (switching angles with the minimum 

corresponding THD) would be displayed otherwise process restarts from step 4. 

5. PV-Wind characteristics equation 

5.1 Wind turbine characteristics 

 

A wind turbine consists of blades that are fixed to the shaft through the 

gearbox and rotor hub. It transforms the kinetic energy to mechanical energy 

which is further converted to electrical energy by the shaft. The energy of the 

wind can be measured by  is the air density,  v  is the wind speed. The output 

mechanical power (
mP ) achieved can be expressed as 

  31
( , )

2
m pP Av C  =                                          (15)        

where, A is the swept area of the turbine, 
pC is the coefficient which judges the 

performance and also which is a non-linear function of Tip Speed Ratio (TSR), 

( ) and pitch angle (  ). TSR can be written as 

  
wR

v
 =                                                  (16)            

where, w is the speed of the turbine, R=radius of the blade. 

  5 /

1 2 3 4( , ) ( / )
C

p iC C C C C e
    −

= − −                    (17) 

The value of (C1, C2, C3, C4) can be computed by estimating from the non-

linear function or by the lookup table (Mahela et al. in 2018). 
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1

3

1 0.035

.089 1
i

 

−

 
= − 

+ + 
                                     (18) 

The aim was to keep tracking the rotor speed with the changing wind 

velocity so that 
pC  is set to the maximum value. To achieve maximum power from 

IG, 
pC should remain set to the highest value as shown in Fig. 3. 

 
 

Fig. 3. Turbine power output versus speed of the shaft 

 

5.2 Mathematical modeling of DFIG 

 

There are two categories of generators, comprising an induction generator 

and a synchronous generator. The present paper deals with the induction 

generator, which has three types: squirrel cage induction generator (SCIG), wound 

rotor induction generator (WRIG), and doubly fed induction generator (DFIG). 

Amongst all, DFIG is the most popular because of its simple pitch control, which 

deals with both active and reactive power. Besides this, it can work at variable 

speed, sub or synchronous speed to obtain maximum power as well. Power 

converters are much cheaper, lighter, and have less power loss as their ratings are 

only 30% of the power rating. The rating of DFIG can be observed in Table 1. 
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DC

DCsR e dsw lsL

mL

lrL ( )e r drw w −

rR qri

qrVqsV
qs qr

qsi

 
b 

Fig. 4. DFIG (a) Equivalent circuit (b) Dynamic equivalent circuit in q axis frame 

 

Equations (15)–(27) show the conventional equations for DFIG in a 

synchronous rotating frame. The equivalent circuit can be seen in the d and q axis 

frames in Fig. 4 and Fig. 5.  

 
Fig. 5. Dynamic equivalent circuit in d axis frame 

 

The d-q frame stator and rotor equations are given below. 

   
qs s qs qs e ds

d
V R i w

dt
 = + +                                                 (19) 

    
ds s ds ds e qs

d
V R i w

dt
 = + +                                                   (20)                                              

( )qr r qr qr e r dr

d
V R i w w

dt
 = + + −                                               (21) 

 

  ( )dr r dr dr e r qr

d
V R i w w

dt
 = + + −                                              (22) 

Flux linkage equations can be written as 

 ( )qs ls qs m qs qrL i L i i = + +                                           (23) 

 ( )ds ls ds m ds drL i L i i = + +                                             (24) 

( )qr lr qr m qs qrL i L i i = + +                                                 (25) 

 ( )dr lr dr m ds drL i L i i = + +                                               (26) 
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where, dsV ,
qsV , 

qrV , drV , ds , 
qs , 

dr , 
qr , dsi , dri ,

qsi , 
qri , lsL , lrL , 

sR , rR  are 

the stator and rotor voltage, current, flux, difference of self-inductance and the 
mutual inductance and the resistance respectively, 

mL is the mutual inductance, 

ew , rw are the angular and the rotor speed respectively. The active and reactive 

power of stator and rotor  sP , sQ , 
rP , rQ respectively can be written as: 

                                ( )
3

2
s ds ds qs qsP V i V i= +                                                (27) 

                                ( )
3

2
s qs ds ds qsQ V i V i= −                                               (28) 

                              ( )
3

2
r dr dr qr qrP V i V i= +                                               (29) 

                                ( )
3

2
r qr dr dr qrQ V i V i= −                                               (30) 

By (31) electromagnetic torque (
emT ) can be determined. 

                             ( )em ds qs qs dsT p i i = −                                              (31) 

where, p is no of pole pairs. 
 Table 1  

Ratings of the model used 

6. Results and discussion 

The proposed model has been carried out in MATLAB 2016b. The angles 

for the inverters were found by the WOA. The five switching angles obtained for 

both the converters are 

1 10.33 , = 2 18.16 , = 3 24.33 = , 4 25.07 , = 5 27.50 = ; 1 16.33 , =

2 22.45 , = 3 23.45 = , 4 28 , = 5 32.47 = , respectively for reducing the lower and 

DFIG Specification Solar Panel 

Specifications 

Grid 

Specification Stator Parameters Rotor Parameters 

Supply Voltage 415 V Rotor 

Voltage 

110 V Voltage 110 V Grid 

voltage 

415 

V 

Stator 

frequency 

50 Hz Resistan

ce  

8 Ω Rated power 260 w Frequency 50 Hz 

Power 2.8 kw Rotor 

speed 

1450 

rpm 

Open Circuit 

Voltage 

35.24 V  

Inductance  0.06 H Inductan

ce 

0.06 H Short Circuit 

Current 

8.57 A  

Resistance  9 Ω     

Mutual 

inductance 

0.79 H     
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higher-order harmonics. These angles were stored in the lookup table offline for 

use later for online applications. The proposed control strategy has been used to 

get the outputs shown in Figures 6 and 7. The voltage waveforms at the stator and 

rotor sides are taken at a speed of 1450 rpm under both with and without 

harmonic elimination conditions. 
 

 
a                                                                   b 

Fig. 6. System output at 1450 rpm (a) rotor voltage output without harmonic elimination (b) rotor 

voltage output with harmonic elimination 

 

 
a                                                                b 

Fig. 7. System output at 1450 rpm (a) stator output voltage without harmonic elimination (b) stator 

output voltage with harmonic elimination 

 

By using the SHEPWM based MWOA control strategy, the pulses were 

generated at a modulation index of 0.85. The objective function equation (3) was 

used to get the optimized switching angles. Fig. 8 shows the different numbers of 

switching angles for n = 3, 5, and 7, over the range of modulation index. It was 

considered for up to twenty-nine harmonics. Higher orders can also be taken for 

testing the present system. For the computation of five switching angles, the 5th, 

7th, 11th, 13th harmonics, and fundamental were set to zero and the desired value, 

respectively. It was found that with just five switching angles, an equivalently 

good result was achieved with seven triggering pulses, keeping the system 

efficiency intact as well as keeping the switching losses low, as shown in Fig. 8. 

This means that with seven switching angles, the 5th, 7th, 11th, 13th, and 17th can 

be controlled, but by using five triggering pulses, these lower orders can be 

controlled along with the higher orders like the 19th, 23rd, 25th, and 29th... etc. by 

using equation (3). 
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a                                          b                                          c 

Fig. 8 Switching angles vs. modulation index (a) for five switching angles (b) for three switching 

angles (c) for seven switching angles 

 

Fig. 9 (a) shows the THD variation over the modulation index for the 

different switching angles. The THD found by using different optimization 

algorithms at varying iterations is shown in Fig. 9 (b). It was discovered that using 

MWOA produces better results than other evolutionary techniques. The angles 

found when applying MWOA to the SHEPWM inverters are equally efficient in 

working as the seven switching angles, hence with reduced switching losses. The 

details of the parameters used have been given in Table 2. Harmonic spectra for 

various switching angles (n = 3, 5,7) at the rotor and stator side under with and 

without harmonics conditions have been shown in Fig. 10. 
 

 
a                                                                       b 

Fig. 9. Characteristics behavior (a) THD vs. modulation index for various switching angles (b) 

THD vs. no. of iterations for various algorithms used 
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a 

 

 

b 

 
c 

Fig. 10. DFIG harmonic spectra with and without harmonic (a) at rotor side (b) for three 

switching angles at stator side (c) for seven switching angles at stator side 
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Table 2  

 

Comparison of metaheuristic techniques with the proposed technique 

 

6.1 Experimental results 
 

A laboratory setup is shown in Fig. 11. The stator was coupled with the 

grid, and the rotor was fixed to the converter system. A set of insulated gate 

bipolar transistors (IGBT) was used, which were given the gate pulses from the 

microcontroller PIC18F452 based programmer. A driver circuit was made using 

TLP250H and it was powered by individual rectifier circuits.  
 

 
Fig. 11. Laboratory setup 

 

 A PV panel of 260W was used by VIKRAM Solar Company, powered by 

artificial insolation using incandescent bulbs. The outputs were observed on a 

Digital Storage Oscilloscope (DSO). The ratings used have been mentioned in 

Table 1. 

PSO MWOA GWO BBO 

Weight (w) 0.4 Population 

matrix 

10*5 Population 

matrix 

10*5 Population 

size 

50 

Balance 

factors 1c , 

2c , 3c , 4c  

1.3,0.6, 

1.9, 1.7 

    Genes in 

each 

population 

5 

Random 

variable: 

1r , 2r   

0.6, 0.5  Random 

variable 1r , 2r   

0.7, 

0.6  

Random 

variable 1r , 2r   

0.7, 

0.6  

Elitism 

value  

2 

No. of 

equations 

Low No. of 

equations 

Low No. of 

equations 

Low No. of 

equations 

High 

Complexity Easy Complexity Easy Complexity Easy Complexity Moderate 

CPU time (s)  0.43 CPU time (s)  0.22 CPU time (s)  0.26 CPU time 

(s)  

0.34 

THD (%)  2.8 THD (%)  1.6 THD (%)  2.2 THD (%)  2.5 
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a                                                               b 

 

 
c                                                          d 

 

Fig. 12. Stator side FFT analysis for five switching’s (a) FFT analysis in simulation (b) per phase 

voltage waveform at the stator side (channel 1: Y axis: 250V/div.) (c) experimental FFT analysis 

showing without harmonic elimination (d) experimental FFT analysis showing harmonic 

elimination 

 

FFT analysis of the voltage at the stator side can be seen in Fig. 12 both 

for simulation and hardware model by applying the five angles obtained from 

MWOA in SHEPWM inverters. Hence, the software and experimental results 

obtained can be seen to be clearly in agreement.  In the proposed technique, a load 

of 1.2 KVA was used at a power factor of 0.8 lag under before and after harmonic 

elimination conditions. In Table 3, a comparative analysis has been shown 

between the values of voltage harmonics deduced by b5, b7… of the standard 

reports and the proposed technique.  
Table 3  

Comparison of voltage harmonic amplitudes of literature survey with the proposed 

technique 
Standard Reports used 

Voltage harmonics 

amplitude on grid 

synchronisation 

b5 b7 b11 b13 b17 b19 b23 b25 b29 THD  

(%) 

IEC 1996 5 4 3 2.5 1.6 1.2 1.2 1.2 1.06 6.5 

CIGRE 2004 6 5 3.5 3 2 1.5 1.5 1.5 -- 8 

Proposed Technique used 



An improved harmonic reduction technique for the PV-wind hybrid generation scheme (…) 247 

Voltage harmonics 

amplitude on grid 

synchronisation  

b5 b7 b11 b13 b17 b19 b23 b25 b29 THD 

(%) 

Values 0.89 0.27 0.17 0.35 0.5 0.9 0.17 0.08 0.05 1.6 

 

7. Conclusion 

 

In the present paper, MWOA, BBO, PSO, and GWO-based inverters were 

used to reduce the lower and higher-order harmonics obtained at the stator and rotor 

side of the DFIG system. The best performance of all was that of MWOA, 

considering factors such as convergence time, minimum THD possible, etc. The 

angles obtained from the evolutionary techniques were stored offline in the 

microcontroller memory for online usage. Thus, with five switching angles, they 

achieve equivalently good results as seven switches. Thus, with fewer switching 

losses, system efficiency is maintained. A test system was also modelled to 

corroborate the simulation results for harmonics up to the 29th order. Various 

characteristic curves such as THD vs. iterations, THD vs. modulation index, etc. 

were carried out to justify the same. Thus, the proposed method achieves the desired 

purpose, and both the experimental and simulation results justify that it can be used 

for practical scenarios.  
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