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Abstract: Harmonics worsen the quality of electrical signals, hence, there is a need to eliminate
them. The test objects under discussion are single-phase versions of cascaded H-bridge (CHB)
multilevel inverters (MLIs) whose switching angles are optimized to eliminate specic harmonics. The
Dragony Algorithm (DA) is used to eradicate low-order harmonics, and its statistical performance
is compared to that of many other optimization techniques, including Particle Swarm Optimization
(PSO), Accelerated Particle Swarm Optimization (APSO), Differential Evolution (DE), and Grey Wolf
Optimization (GWO). Various scenarios of the algorithms’ search agent population for inverters with
seven, nine, and eleven levels of output voltages are comprehensively addressed in this research.
No algorithm shows total dominance in every scenario. The DA is least impacted by the change in
dimensions of the narrated problem.

Keywords: selective harmonics elimination (SHE); cascaded H-bridge (CHB); multilevel inverter
(MLI); switching angles; metaheuristic algorithms; dragony algorithm (DA)

1. Introduction

Harmonic content is an indicator of the quality of an electrical system and is affected
by the nature of the load. It stipulates the extent to which the concerned waveform drifts
from being a pure sinusoid. In selective harmonic(s) elimination (SHE), the earmarked
harmonic(s) are abolished by having the fundamental component set to the desired value.
The singled-out harmonics are mostly lower-order ones that are closer to the working
frequency. Optimized switching is performed with pulse width modulation by ascertaining
the optimum angles with the assistance of metaheuristic algorithms.

Multilevel inverters (MLIs) are preferred as their output waveform is closer to the
perfect sinusoid with the increasing number of steps per cycle of their waveforms [1]. The
number of steps at different voltage levels indicates the number of levels associated with
the inverter. With the growing number of levels, more switches and switching angles need
to be tracked in order to approach a pure sinusoid [1]. This paper presents a cascaded
H-bridge (CHB) inverter for seven, nine, and eleven output voltage levels. Each H-bridge
has four switches, shown in Figure 1, and can provide three different voltage levels. Such
individual units are connected in series to increase the number of voltage levels further [2].
Complementary switches must have the same operational time to maintain symmetry.

CHB reduces voltage imbalance with a minimum number of capacitors in the circuit
compared to other topologies like diode clamped, ying capacitor, etc. [2]. The output
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waveform of MLI has odd-quarter-wave symmetry, and the harmonic content equations
are transcendental, having multiple maxima/minima and have been solved using various
methods [3]. High voltage and power applications prefer the inclusion of MLIs because
their output voltage waveform is in the vicinity of a pure sinusoid while employing a
reduced switching frequency [4,5]. The literature is lled with topologies intended to
obtain the desired multilevel voltage waveform, and the CHB technique is one of them [2].

Figure 1. Structure of H-bridge.

A separate DC supply is attached to each H-bridge, which can be equal to or different
from the other(s). Different pulse width modulation techniques have been put into use for
switching inverters. Fourier analysis of phase voltage shows that the odd-quarter-wave
symmetry results in the automatic deletion of even harmonics [6]. The remaining harmonics,
especially low-order ones, are mitigated via programmed pulse width modulation or SHE
through proper switching angles [7].

Historically, the iterative process known as the Newton–Raphson method has been
deployed for solving non-linear equations linked with low-order harmonic components [8].
The lack of a strong initial guess has weakened the application of the aforementioned
method for the problem examined here [9]. Moreover, the lack of randomness and lagging
performance in the increased number of unknowns has increased the demand for an
alternative procedure. Another popular technique that has been used for the generation of
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switching pulses is sinusoidal pulse width modulation, in which the sinusoid is compared
with a triangular wave with a set of desired characteristics [3]. The lack of meticulous pulses
augments total harmonic distortion. Optimization algorithms have lled up the space
created by the shortcomings of the abovementioned methods. Particle Swarm Optimization
(PSO) [10] is one of the earlier optimization processes that has been deployed for guring
out the optimized angles needed to solve the SHE problem. The modus operandi for PSO
involves a swarm of the desired number of particles interacting. Each particle has a specic
velocity and location, which is updated based on personal and global best criteria after
each iteration [10]. In [11], two H-bridges were cascaded, and PSO was applied to diminish
the desired low-order harmonics in an effort to reduce the total harmonic distortion using
varying values of the modulation indices.

Field programmable gate arrays (FPGAs) served as tests, and the switching was
performed multiple times in the period of a quarter cycle, depending on the number
of contents to be removed. In the following equation, the number of inverter levels is
represented by the variable l. The number of H-bridges deployed according to the number
of inverter levels is represented by the variable s [12].

s =
l − 1
2

(1)

As the number of unknown angles grows with the levels of inverter and harmonics
to be dealt with, eliminating all odd harmonics results in many angles to be found. The
low-order harmonics (3rd, 5th, etc.) are considered the primary target, whereas the high-
order ones are removed by a lter [13]. Accelerated Particle Swarm Optimization (APSO),
Differential Evolution (DE), and Grey Wolf Optimization (GWO) have also been used in
SHE [14–16]. By concentrating the role of algorithms only for the neighboring harmonics
of a system frequency, a reduced size lter is required to cut out the remaining harmonic
content because smaller constituent components are needed [17]. The Dragony Algorithm
(DA) is based on the swarming technique of dragonies and has already been used for
the optimal placing and sizing of distributed generation [18] and in studies of optimal
power ow [19]. PSO, APSO, DE, GWO, and the DA are deployed here in an effort to nd
the optimized switching angles exhibited through the positions of globetrotters involved
in the algorithms.

This article applies the DA to solve the SHE problem in three different scenarios in-
volving cascaded H-bridge multilevel inverters (CHBMLIs). The results are then compared
with the ndings from the other four algorithms. The DA is the latest algorithm discussed
here and has the additional feature of moving the search agents away from the worst results
obtained in each iteration [20]. Detailed characteristics of all algorithms are discussed later
in this paper. The paper is structured as follows: the SHE problem is explained in Section 2.
The methods deployed are explained in Section 3. The problem is determined with the
assistance of all the mentioned optimization algorithms in Section 4. The methods above
are juxtaposed via the aid of a statistical approach in Section 4. The conclusion is drawn in
Section 5.

2. Selective Harmonics Elimination Problem

It can be seen that the waveform of MLI has quarter-wave-symmetry, as shown in
Figure 2.

The Fourier analysis of such a waveform shows that only odd components are left to
be treated. According to [1]:

Vn =
s

∑
i=1

cos(nαi) (2)

and

f (t) =
∞

∑
n=1

Vn sin(2πn f t) (3)
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where Vn is the amplitude of nth harmonic, and f (t) is the Fourier expansion function.
α is the switching angle, i is the switching angle number, s is the number of H-bridges
used, and k is a factor depending on the dc supply connected to the bridge. The harmonic
number is given by n, which only consists of odd harmonics because of the symmetry
mentioned above. There are three switching instants in the rst quarter of one cycle, as
shown in Figure 3. According to Equation (1), the harmonic components V1, V3, and V5
are linked with the angles α1, α2, and α3 respectively. The same link is developed for the
increased number of levels, harmonics, and switching angles. Fundamental component
aside, the rest of the desired low-order harmonics are made to equal zero by setting the
following condition:

s

∑
i=1

cos(nαi) = 0 (4)

where n is odd and does not include the fundamental component. The fundamental
component V1 is set according to the modulation index and is given by:

s

∑
i=1

cos(αi) = s∗
π
4


∗ M (5)

where M = V/(s ∗Vdc) is the modulation index, V is the desired value of the fundamental
component, and Vdc is the value of the DC supply. Equations (4) and (5) are the transcenden-
tal equations solved in terms of the switching angles by the aforementioned algorithms.

Figure 2. Multilevel output voltage waveform.
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Figure 3. Switching instants in a quarter of a cycle.

The problem under discussion concerns multimodal NP-hard optimization in the
search for optimized switching angles, which are the solutions of the following equations
in the case of a single phase 7-level inverter:

cos(α1) + cos(α2) + cos(α3) =
(
3π
4

)
M (6)

and the other two are:
cos(3α1) + cos(3α2) + cos(3α3) = 0 (7)

and
cos(5α1) + cos(5α2) + cos(5α3) = 0 (8)

The following condition must be fullled:

α1 < α2 < α3 ≤
π

2
(9)

Equations (6)–(8), which are expansions of (4) and (5), indicate the fundamental
component and lower-order odd harmonics. Equation (9) indicates that the switching
involving three angles in increasing order is done within a quarter of the cycle. The
number of switching angles equals the number of H-bridges employed in the circuit, which,
according to Equation (1), is three for a 7-level inverter as indicated by Equation (9). The
objective function is the summation of the absolute values of the fundamental and harmonic
components. After the angles are found they are fed into the CHBMLI structure involving
pulse generation depending on the number of switches and bridges. The values of angles
give the working durations for the high state switches and the moments at which they
turn ON. The exact process is repeated for the 9-level inverter with the addition of another
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bridge as indicated by Equation (1), and Equations (6)–(9) are modied. Augmentation of
another H-bridge or switching angle enables us to eliminate another lower-order harmonic,
and all the switching must be performed within a quarter of a cycle. Here the 7th harmonic
is also targeted. A similar procedure is repeated for the 11-level inverter by augmenting
another bridge, and the 9th harmonic is additionally targeted.

3. Methodology

This section presents the details about all the mentioned algorithms, including the
equations and terminologies.

3.1. Particle Swarm Optimization

Particle Swarm Optimization is based on swarming behavior similar to the schooling
of sea animals and birds using the deployment of randomness along with the interaction
among search particles [10]. Each particle’s current position and velocity are updated via
personal and global best locations [10]. The collection of desired switching angles is hidden
in the particle’s location for which the concerned objective function reaches its desired
value [10]. The advantages of this search technique include exibility in handling closely
related problems, efcient global search, and effectively dealing with any discontinuity.
In contrast, lagging introduces the critical factor of a weak local search that results in
optimization only on a partial level. The generic equations that are linked with the named
algorithm are [10]:

vt+1
i = vti + aβ1.

[
g− xti

]
+ bβ2.

[
xp − xti

]
(10)

and
xt+1
i = xti + vt+1

i (11)

where vi is ith particle’s current velocity, xi is ith particle’s current location, g is the global
best value, xp is the personal best value, ‘.’ indicates entry-wise product, t is the iteration
number, a and b are constants, whereas β1 and β2 are random vectors with each member
within 0 and 1 [10]. Its pseudocode present in the literature is:

• Initialize positions and velocities for each particle.
• Find the personally ttest and globally ttest particles.
• Set the termination criterion.
• Start the iterations.
• Deploy Equations (10) and (11) to get new positions of each particle.
• Repeat the second step and jump to the fth step.
• Repeat the sixth step until termination is reached.
• Consider the globally ttest position as the answer.

For a seven-level inverter, the SHE system is linked with the narrated algorithm by
considering [α1, α2, α3] hidden inside xi, giving the lowest values for Equations (7) and (8).
The global best is the lowest value of the harmonics’ absolute sum that has been achieved.
For a nine-level inverter, the optimized location of best cost particle(s) gives the set of four
switching angles [α1, α2, α3, α4] with the objective function being the same as before. Five
switching angles are there for the inverter with eleven output voltage levels.

3.2. Accelerated Particle Swarm Optimization

This algorithm is a single update equation variant of canonical PSO [21]. It is mathe-
matically written as:

xt+1
i = (1− β)xti + βg+ αe (12)

where α and β are constants and e is a random number between 0 and 1. The variable xi is
ith particle’s current location, g is the global best value, and t is the iteration number. The
pseudo-code is as follows:

• Initialize the position for each particle and set the parameter values.
• Find the tness function value for each particle.
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• Find the globally ttest particle.
• Update the position of each particle by using Equation (12).
• Repeat the above three steps till the stopping criterion is reached.
• Note down the position of the globally ttest particle.

The globally ttest particle at the end of this process envelops the switching angles
that are used to calculate the desired switching intervals and instants to eliminate the
specied harmonics.

3.3. Differential Evolution Algorithm

Differential evolution is free from the involvement of derivatives, and the processes
involved in this algorithm are mutation, cross-over, and selection [22]. The following
equation depicts the mutation involved in this algorithm:

yt+1
i = xt1 +W


xt2 − xt3


(13)

where xt1 is the vector that performs best for the iteration t according to the dened objective
and xt2 and xt3 are the randomly chosen vectors for that particular iteration. The variable
W is varied between 0 and 1. It is called differential weight and includes the impact of
the current and total number of iterations. A comparison between a predened parameter
and a random number denes the cross-over procedure [22]. The predened parameter is
called the cross-over parameter and is kept between 0 and 1. A mutated vector version is
deployed if the parameter exceeds the random number [22]. Otherwise, this process has no
impact. In the present scenario, the selection process compares the objective function value
with the existing and updated vector. Since this is a minimization problem, the new current
vector is chosen to be the one giving a lesser objective function value. The pseudo-code is
written as:

• Initialize the population randomly.
• Set the differential weight and cross-over parameters to desired values.
• Start the iterative process.
• According to the dened procedure for the current iteration, choose the vectors x1, x2

and x3.
• Deploy Equation (13) to perform mutation.
• Perform cross-over procedure.
• Perform the selection process.
• Repeat the four steps above until the stopping criterion is met.
• Note down the ttest vector after the whole process.

The ttest vector contains information about the switching angles that are needed to
eliminate the targeted harmonics.

3.4. Grey Wolf Optimization

GWO is inspired by the manner in which grey wolves hunt. This process involves
tracking, encircling, and attacking the prey. Encircling can be mathematically summarized
as [23]:

yti =
∣∣∣ct1xtp − xti

∣∣∣ (14)

and
xt+1
i = xtp − ct2y

t
i (15)

where ct1 and ct2 are the coefcient vectors for iteration t. Variables xtp and xti are position
vectors for the prey and the grey wolves. The variable yti is used to nd the updated position
of the grey wolves. The coefcient vectors are calculated via the following equations:

c1 = 2ar1 − a (16)
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and
c2 = 2r2 (17)

where r1 and r2 are random vectors between 0 and 1, and a goes from 2 to 0 as iterations go
from minimum to maximum. The solution provides the prey’s position which is obtained
by giving equal weightage to the top three performers (alpha, beta, and gamma wolves) for
the desired objective function in each iteration. A diverse selection of wolves is an added
benet of this algorithm. The pseudo-code is written as:

• Initialize the population of grey wolves randomly.
• Initialize the values of involved constants c1, c2, and a.
• Calculate alpha, beta, and gamma wolves (the top three best value positions).
• Start the iterations.
• Calculate the prey’s position with the aid of alpha, beta, and gamma wolves (the top

three best value positions at the current iteration).
• Use Equations (14) and (15) to update the position of each grey wolf.
• Update the constants involved.
• Update alpha, beta, and gamma wolves’ positions.
• Repeat the four steps above until the stopping criterion is met.
• Note down the best vector after the whole process.

The best position obtained by GWO has the optimized switching angles that are fed
inside the pulse generators to make the optimized waveform in MATLAB.

3.5. Dragony Algorithm

A relatively new algorithm, called the Dragony Algorithm, is based on the swarming
behaviors of dragonies that include hunting (static) and migration (dynamic) swarm-
ing [20]. In the former, dragonies make small groups exploiting small areas to hunt; in the
latter, many dragonies move over a long distance. These characteristics form the basis
of exploitation and exploration. The corrective patterns of dragonies in a swarm include
separation to avoid a collision, alignment for velocity matching, cohesion for moving
towards the center of the neighborhood, attraction towards food, and distraction away
from the predator [17–20]. The position of each y is updated via step vector, which is
obtained with each of the above patterns contributing in addition to the inertial factor as
follows [20]:

∆X(i,t+1) = w ∗ ∆X(i,t) + a ∗A(i,t) + s ∗ S(i,t) + c ∗ C(i,t) + f ∗ F(i,t) + e ∗ E(i,t) (18)

where ∆Xi, Ai, Si, Ci, Fi, and Ei stand for the step, alignment, separation, cohesion, food
attraction, and enemy distraction for ith dragony with w (inertia), respectively, a, s, c,
f , and e being the respective weights, and t is the iteration number. These weights are
decided by including the impact of randomness and the number of iterations. Their values
generally decrease as the process proceeds. The next location of a dragony is the sum of
the step and current location.

S(i,t) is the negative sum of the distance of ith dragony with every neighbor in tth

iteration. A(i,t) is given by the average velocity in tth iteration. C(i,t) is obtained through the
distance of ith dragony from the average location in the neighborhood in tth iteration. F(i,t)
is calculated as the distance of ith dragony from a location with the best objective value
so far in tth iteration to move towards the best location and E(i,t) is determined by nding
the sum of the location of ith dragony and the location with the worst objective value so
far in tth iteration to move away from it [17–20]. All the weights play an essential part in
the convergence of the solution by controlling the nature of the swarm’s behavior. The
radius of the neighborhood also depends on the point of procedure. In the absence of any
neighbor, a random walk named Levy’s ight is performed [24]. As nature does not have a
uniform distribution of resources, Levy’s walk introduces randomness when no neighbor
is found. The current position is multiplied by the Levy parameter of randomness and is



Energies 2022, 15, 6826 9 of 18

added to the current position to get the new location of the individual dragony [17–20]. A
owchart of the DA process is given in Figure 4, and the steps included in this process are:

• Assign random locations to the dragonies and nd the tness. Assign values to food
and enemy.

• Decide the stopping criterion and start iterations.
• Update the weights based on iteration number and randomness.
• In the presence of a neighbor, calculate ‘Ai’, ‘Si’, ‘Ci’, ‘Fi’, and ‘Ei’ for each y. Update

the position by adding the current position in Equation (18).
• In the absence of a neighbor, assign a new position to dragony using a random walk.
• Perform the third step and then the fourth or fth step depending on the neighbor’s

presence after updating food and enemy.
• Repeat the above step till termination is reached.
• Note down the food position.

Start

Evaluate the objective
function

Is there any
neighboring
dragonfly?

Separation, Alignment,
Cohesion, Food Attraction
and Enemy Distraction

motions

Best solution

End

Is stopping
criterion reached?

Initialize the dragonflies
randomly

Levy Flight motion

Update dragonflies'
positions

Yes

No

Yes

No

Figure 4. Flowchart for Dragony Algorithm (DA).
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The food position at the end of all steps contains the collection of desired switching
angles. The number of switching angles depends on the dimensions of the problem.

4. Results and Discussion

The test system is run on MATLAB installed on an Intel (R) Core (TM) i5 CPU in a
2.50 GHz system with 4 GB RAM.

4.1. Implementation of Seven Level Inverter

The circuit is shown in Figure 5 and is similar to the one deployed in [13]. The
fundamental component is set with a mostly deployed modulation index of 0.8. The
objective function is the sum of the absolute values of the harmonics to be deleted and
the desired setting of the fundamental component. For the seven-level inverter, 3rd and
5th harmonics are targeted. For 500 iterations, the best results obtained along with the
respective switching angles for each of the narrated algorithms are tabulated in Table 1.
The population mentioned is the one for which the particular best result is obtained. The
computed switching angles are fed to the pulse generators via pulse widths and switching
instants. A variable step (ode-45) solver is used to perform the FFT analysis, and the
results obtained are stated in Table 2. All the algorithms are run 51 times for different
population sizes with maximum iterations equal to 500, as the convergence patterns show
lesser activity afterward. A sample size of 51 is chosen because it is moderate and also sets
the degree of freedom [25] for the statistical test to a round number. Figure 6 summarizes
the best objective function values for the seven-level inverter under every scenario.

4.2. Implementation of Nine Level Inverter

The modulation index is again chosen to be 0.8 for deciding the fundamental com-
ponent value. In the present scenario, the 3rd, 5th, and 7th harmonics are treated along
with the desired setting of a fundamental component inside the objective function. The
maximum number of iterations is kept equal to 500. The rest of the settings are kept as
described previously, and the results are in Tables 3 and 4. Figure 7 summarizes the best
objective function values for the nine-level inverter, and Figure 8 shows the results of the
FFT analysis.

Table 1. Optimized switching angles for seven-level cascaded H-Bridge (CHB) inverter.

Algorithm α1 (rad) α2 (rad) α3 (rad) Time (s) Best Result (V) Population

PSO 0.2305 0.6640 1.4476 1 3.89 × 10−16 50
APSO 0.2305 0.6641 1.4476 1.8 5.26 × 10−4 500
DE 0.2309 0.6635 1.4471 2 1.565 × 10−3 500

GWO 0.2305 0.6640 1.4475 1.9 6.113 × 10−5 1000
DA 0.2335 0.6592 1.4430 610 1.257 × 10−2 500

Table 2. Percentage harmonics (w.r.t. fundamental) for seven-level CHB inverter.

Algorithm
Particle Swarm
Optimization

(PSO)

Accelerated Particle
Swarm Optimization

(APSO)

Differential
Evolution

(DE)

Grey Wolf
Optimization

(GWO)

Dragony
Algorithm

(DA)

3rd Harmonic 0.19% 0.19% 0.19% 0.19% 0.18%
5th Harmonic 0.07% 0.07% 0.07% 0.07% 0.47%
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Figure 5. Seven-level inverter circuit.
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Figure 6. Summary of algorithms’ performance for a seven-level inverter.

Table 3. Percentage harmonics (w.r.t. fundamental) for nine-level CHB inverter.

Algorithm PSO APSO DE GWO DA

3rd Harmonic 0.44% 0.66% 0.11% 0.44% 0.24%
5th Harmonic 0.36% 0.26% 0.14% 0.36% 0.27%
7th Harmonic 0.47% 0.06% 0.14% 0.47% 0.18%

Table 4. Optimized switching angles for nine-level CHB inverter.

Algorithm α1 (rad) α2 (rad) α3 (rad) α4 (rad) Time (s) Best Result (V) Population

PSO 0.1892 0.4600 0.9260 1.5380 1.6 6.25 × 10−16 500
APSO 0.1895 0.4604 0.9281 1.5394 5.6 8.23 × 10−3 2000
DE 0.1857 0.4649 0.9224 1.5335 15.8 2.51 × 10−2 2000

GWO 0.1891 0.4600 0.9259 1.5379 2.9 4.14 × 10−4 2000
DA 0.1925 0.4638 0.9429 1.5483 647 6.32 × 10−2 500

Figure 7. Summary of algorithms’ performance for a nine-level inverter.
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Figure 8. FFT analysis for a nine-level inverter via DA.

4.3. Implementation of Eleven Level Inverter

Themodulation index is again set to 0.8 for corresponding the fundamental component
value to the desired level. In the current scenario, the 3rd, 5th, 7th, and 9th harmonics are
targeted along with the desired setting for the fundamental component in the objective
function. The maximum number of iterations is set to 500. Tables 5 and 6 show the results
regarding harmonic percentages and switching angles for the eleven-level inverter. The
best objective function values for an eleven-level inverter with all narrated algorithms
under various scenarios of the population are summarized in Figure 9.

Table 5. Percentage harmonics (w.r.t. fundamental) for eleven-level CHB inverter.

Algorithm PSO APSO DE GWO DA

3rd Harmonic 0.08% 0.12% 0.11% 0.08% 0.3%
5th Harmonic 0.2% 0.23% 0.15% 0.21% 0.36%
7th Harmonic 0.31% 0.3% 0.38% 0.3% 0.41%
9th Harmonic 0.08% 0.15% 0.00% 0.08% 0.31%

Table 6. Optimized switching angles for eleven-level CHB inverter.

Algorithm α1 (rad) α2 (rad) α3 (rad) α4 (rad) α5 (rad) Time (s) Best Result (V) Population

PSO 0.0150 0.4338 0.6133 1.0620 1.5707 1.86 7.225 × 10−2 250
APSO 0.0064 0.4340 0.6120 1.0614 1.5707 6.9 7.81 × 10−2 2000
DE 0.0305 0.4312 0.6152 1.0615 1.5707 12.5 1.07 × 10−1 1500

GWO 0.0158 0.4338 0.6135 1.0620 1.5707 3 7.328 × 10−2 1500
DA 0.00 0.4349 0.6127 1.0628 1.5707 865 9.085 × 10−2 500
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Figure 9. Summary of algorithms’ performance for an eleven-level inverter.

4.4. Statistical Comparison

The average output values for all the mentioned algorithms run for every discussed
level of the inverter are depicted in Figures 10–12. The statistical comparison was made on
IBM SPSS software, and an ANOVA test was used to compare the means of all algorithms
with the most commonly used signicance level of α = 0.05 [25]. Herein, each sample
size is 51, and the comparison is performed for varying scenarios of generation sizes with
500 iterations. Rankings are assigned based on the post hoc test Tukey Ba. This post hoc test
compares all possible pairs of means and informs where the difference exists. The results
are tabulated in Table 7. The rst position means that the algorithm has performed best
under that particular scenario. The joint position shows that the means are not different
according to the set signicance level. Overlapping positions mean that the result is on the
verge and can be considered to have achieved any of the two positions.

Figure 10. Algorithms’ average performance for a seven-level inverter.
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Figure 11. Algorithms’ average performance for a nine-level inverter.

Figure 12. Algorithms’ average performance for an eleven-level inverter.

Table 7. Statistical comparison for the average performance of algorithms.

Inverter Generation
Best Average Ranking

PSO APSO DE GWO DA

7 Levels

50 1st 1st/2nd 4th 2nd/3rd 3rd
100 1st 1st 3rd 1st 2nd
250 1st 1st/2nd 4th 2nd 3rd
500 1st 1st 3rd 1st 2nd
1000 1st 1st 3rd 1st 2nd
1500 1st 1st 3rd 1st 2nd
2000 1st 1st 3rd 1st 2nd
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Table 7. Cont.

Inverter Generation
Best Average Ranking

PSO APSO DE GWO DA

9 Levels

50 2nd 2nd 3rd 1st 2nd
100 2nd/3rd 1st/2nd 4th 1st 3rd
250 1st 1st 3rd 1st 2nd
500 1st 1st 3rd 1st 2nd
1000 1st 1st 3rd 1st 2nd
1500 1st 1st/2nd 4th 2nd 3rd
2000 1st 1st 3rd 2nd 3rd

11 Levels

50 2nd 2nd 3rd 1st 2nd
100 3rd 2nd 4th 1st 2nd/3rd
250 2nd 2nd 3rd 1st 2nd
500 2nd 2nd 3rd 1st 2nd
1000 2nd 2nd 4th 1st 3rd
1500 2nd 2nd 4th 1st 3rd
2000 2nd 2nd 3rd 1st 2nd

4.5. Discussion

Table 2 shows that all the algorithms except the DA gave precisely the same harmonic
elimination for a seven-level inverter. The DA gave a slightly better result for the 3rd
harmonic but worse for the 5th one. If the fundamental is of immense value and the user is
more concerned about the 3rd harmonic then, in that case, the DA does perform slightly
better. Clearly, if the step size is decreased these harmonics will be mitigated, but here, the
purpose is for comparison. Table 1 shows that the DA takes much more time to run under
similar circumstances, and it is an inbuilt aspect because it considers more factors than the
other discussed methods. Table 3 shows that DE gives the lowest harmonic percentages as
its best result was under a nine-level inverter, with the DA in second place. The other three
algorithms lag behind these two. Tables 4 and 6 show that as the dimension of the problem
increases, the DA lags slightly behind and takes much more time to complete the maximum
iterations than others. In addition to Table 1, these tables also show that the DA’s results
remain approximately stable under the variation in the dimensions of the problem while
all other algorithms are impacted more. Table 7 shows that PSO, APSO, and GWO provide
better average objective function values under all the scenarios followed by the DA. DE
delivers the highest average values among the narrated methods in all discussed cases.

Moreover, these varying performances under different scenarios also validate the
‘No Free Lunch Theorem’ [26]. The DA takes more factors into account compared to
other relatively more straightforward algorithms. In turn, this aspect affects its speed and
increases its complexity.

5. Conclusions

The central aspect discussed and presented in this article is the DA’s performance
comparison, the impacts of generation, the type of algorithm, and the dimension of the
problem on the result obtained for the SHE problem. SHE is solved with the DA, and a
comparison is made with four other algorithms under varying population numbers. The
comparison is provided in tabular and graphical forms. The results show that different
methods, populations, and dimensions impact the algorithms’ results. Even though the
problems are similar, no algorithm shows total dominance in every scenario.

The best objective function values delivered by the DA remain stable under varying
dimensions of the problem. On average, the DA performs better than DE for this problem
but its best results lag. The performances of PSO, APSO, and GWO are good and nearly
identical with regard to the average values and performance times. The GWO algorithm
shows sustained dominance regarding the average output values. The DA takes much
more time than other discussed algorithms.
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