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Abstract: This paper shows the implementation of the Moth–Flame Optimization algorithm in a
Cascade-H multilevel inverter with five and seven levels to determine the optimal switching se-
quence of the inverter’s semiconductor devices. The algorithm was coded in Matlab software, and
the obtained switching sequences were implemented in a Cascade-H multilevel inverter laboratory
prototype, where the output voltage waveform was obtained using a digital oscilloscope. The experi-
mental Total Harmonic Distortion was obtained using a power quality analyzer. The experimental
results show the improvement of the Total Harmonic Distortion in the voltage output. These results
were compared with other papers in the literature with different metaheuristic methods concerning
the same modulation. These findings demonstrate the feasibility of employing the Moth–Flame
Optimization Algorithm to significantly reduce the Total Harmonic Distortion, obtaining a lower
value than most analyzed papers.

Keywords: total harmonic distortion; multilevel inverter; metaheuristic optimization methods;
moth–flame optimization

1. Introduction

In recent times, there has been a growing adoption of multilevel inverters within
renewable energy setups. This is primarily attributed to their qualities such as minimal
common-mode voltage, reduced distortion in the input current, and the potential to incor-
porate semiconductors with lower switching frequencies [1,2]. The resultant voltage from
a multilevel inverter takes the form of a stepped waveform, achieved through a suitable
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sequence of the semiconductor switches within the inverter structure [3–5]. However, a
poor sequence of the multilevel inverter semiconductors leads to a high level of THD in the
output voltage. Due to the above, a well-suited arrangement of semiconductors can generate
a seamless output voltage featuring minimal total harmonic distortion (THD) [6–10]. The
sequence of the semiconductors can be mainly established using digital platforms, like
microcontrollers or Digital Signal Processors, among others.

Numerous articles have tackled the optimization of the THD for the output voltage
in the Cascade H-Bridge Multilevel Inverter Topology (CHBMLI) by obtaining and im-
plementing the switching angles that generate the voltage output waveform by using
low-frequency modulation [11–16]. The obtention of the switching angles is primarily
carried out using Selective Harmonic Elimination (SHE) and the Optimal Minimization of
the Total Harmonic Distortion (OMTHD).

In the SHE method, the objective is to reduce the low-order harmonics of the CHBMLI,
like the 3rd, 5th, and 7th, among others [12]. This method solves a set of nonlinear equations,
which are as follows:

cos(θ1) + cos(θ2) + ... + cos(θs) = r (1)

cos(3θ1) + cos(3θ2) + ... + cos(3θs) = 0 (2)

cos(5θ1) + cos(5θ2) + ... + cos(5θs) = 0 (3)

...

cos(nθ1) + cos(nθ2) + ... + cos(nθs) = 0 (4)

In this context, r represents the magnitude of the fundamental value that has been
suggested. The Equations (2) to (4) need to be equated to zero to remove the contribution
of that specific harmonic, thus yielding the correct switching angles for the semiconductor
devices. Therefore, reducing or eliminating the low-order harmonics using this method
achieves a low THD value. These equations also need to satisfy the following condition:
0 ≤ θ1 ≤ θ2... ≤ θn ≤ π

2 , where 0 ≤ θ1 to 0 ≤ θn represents the switching angles of
the CHBMLI.

To address Equations (2) to (4), numerous authors employ metaheuristic algorithms,
which mimic the advantageous characteristics found in nature, driven by the principles of
natural selection and societal adaptation [17]; for instance, the SHE method, along with the
Genetic algorithm (GA), is used in reference [18] to eliminate the 5th and 7th harmonics
in a seven-level CHBMLI, while the authors of reference [19] use the Newton Raphson
(NR) and the Particle Swarm Optimization (PSO) algorithm to eliminate the 5th and 7th
harmonics as well in a seven-level CHBMLI. By contrast, in reference [20], this method is
simulated to eliminate the odd harmonics up to the 15th with the GA algorithm.

On the other hand, the OMTHD technique also allows for obtaining the switching
angles of a CHBMLI; however, the objective of this function is to directly reduce the THD in
the output voltage pattern of a CHBMLI, and, compared to the SHE method, the OMTHD
manipulates the value of the harmonics without maintaining or eliminating any specific
harmonics (including the fundamental component) [11].

The OMTHD method has been carried out using conventional techniques like the
NR method [11,15], where the authors obtained the THD values for the CHBMLI across
configurations of five, seven, and nine levels. However, many authors have been using
metaheuristic algorithms just as in the SHE method. For instance, in reference [15], a
comparison is made between the THD by applying Particle Swarm Optimization (PSO),
showing a good performance of this algorithm, but only simulation results are shown.

In reference [14], the authors use the PSO in a five-level multilevel CHBMLI to obtain a
low THD; the results were compared with the SHE method. The authors of reference [16]
achieve the minimization of the THD in a seven-level CHBMLI of three phases by using
the GA; however, no experimental results were shown. In reference [13], the Artificial Bee
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Colony (ABC) algorithm is explored to improve the voltage output THD in a five- and
seven-level CHBMLI; the results were compared with the fsolve method included in the
Matlab 2018b software.

Previous studies predominantly focused on commonly employed metaheuristic meth-
ods. Nevertheless, the present investigation identified an overlooked aspect: the absence of
prior examinations of the Moth–Flame Optimization (MFO) algorithm in addressing this
issue. The principal contribution of this paper lies in venturing into this uncharted terri-
tory by utilizing the MFO algorithm to enhance the Total Harmonic Distortion (THD) for
both five- and seven-level configurations of a CHBMLI. This paper employs the OMTHD
method for the inverter modulation, obtaining the switching sequences and excluding the
consideration of the SHE method or other modulation techniques. The OMTHD algorithm
was obtained using the Matlab software; these sequences were then implemented in a
microcontroller that controls a laboratory prototype for the CHBMLI.

The CHBMLI prototype’s THD for five and seven levels was obtained using a Power
Quality Analyzer, showing the levels of the harmonics in a bar graph. These obtained
THD were compared with previous studies that aimed to reduce the THD using the same
objective function (OMTHD) but with different metaheuristic algorithms. The comparisons
demonstrate that the MFO algorithm consistently outperforms the other algorithms by
achieving lower THD values in most reported cases.

The structure of this paper is outlined in the following way: Section 2 shows the
explanation of the MFO algorithm, as well as the multilevel inverter topology, and then
the OMTHD objective function used for optimization is established, which includes a
detailed explanation. Section 3 presents the outcomes obtained from the MFO along with
the practical application of those outcomes in a laboratory prototype. The results discussion
is presented in Section 4, where it can be observed that the MFO algorithm successfully
obtains a low THD in both cases presented; in addition, in many cases, this algorithm
demonstrates superior THD in the output voltage compared to the alternative algorithms
documented in the existing literature. Lastly, Section 5 presents the conclusions.

2. Materials and Methods
2.1. Moth–Flame Optimization Algorithm

Seyedali Mirjalili introduced this nature-inspired algorithm in the year 2015. It relies on
the navigation strategy utilized by moths, referred to as transverse orientation [21]. Moths
employ this method for nocturnal navigation, maintaining a constant angle to the moon;
this allows them to travel in a direct trajectory over extended distances [22,23]. However,
when the moths find artificial lights, they become trapped in a spiral path; this occurs when
the lights are exceptionally close compared to the moon [24,25]. The moths then try to keep
a similar angle to the source of light, which leads to a deadly spiral fly path [22,26].

The moth acts as a search agent or particle, while the artificial light (the flame) represents
a local solution. In this way, the search agent (the moth) spirals around the local solution
(the flame), getting closer to it as time passes [27,28].

The MFO algorithm employs a population denoted as X, which simulates the foraging
actions of N moths under the influence of simulated light. A particle xi represents each
moth, so the population is expressed as X = {x1, x2, ..., xN}.

When the MFO algorithm is initiated, the set of particles X0 is created to form the initial
population. This set of particles is defined as X0 = {x0

1, x0
2, ..., x0

N}, and each initial particle
X0

i = {x0
i,1, x0

i,2, ..., x0
i,d} is randomly implemented within a low limit (lb) and a superior

limit (ub) in the dimensional space research. Equations (5) and (6) show the initialization of
the particles.

x0
ij = lbj + randij(ubj − lbj) (5)

i = 1, 2, ..., N; j = 1, 2, ..., d (6)
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where x0
ij is the initialization of particle i in its j dimension, the limits are shorted with lbj

and ubj, which are the inferior and the superior limits for the j dimension, respectively.
Randij is a random value corresponding to the particle i in its dimension j, whose value
is in the interval [0,1]. At the beginning of the algorithm, the algorithm parameters are
defined, such as the number of particles N, the number of dimensions d, the search station
limits lb and ub, and the maximum number of iterations kmax.

Each particle moves in the search space by using transverse orientation; this is modeled
in a logarithmic spiral si, which is defined as follows:

si = Diebrcos(2πr) + Fj (7)

where b is a constant representing the shape of the logarithmic spiral; in this algorithm,
it has a value of 1 [29,30]. Di represents the absolute value of the distance between the
particle xi and the local solution Fj, which is expressed as follows [31,32]:

Di =| Fj − xi | (8)

The parameter r is a random number between −2 and 1. It determines how close the
position of the particle will be from a local solution; this value is calculated for every
dimension as follows:

r = (a− 1) ∗ rand + 1 (9)

where a is a convergence constant used to emphasize exploitation as iterations progress.
The defined convergence constant holds a value of

a = −1 + k
(

N − 1
kmax

)
(10)

In addition to harnessing the convergence constant to facilitate a seamless transition
between the exploration and exploitation stages, an additional strategic dimension comes
into play within the MFO algorithm; this involves deliberately managing the number of
localized solutions, often denoted as “flames”, throughout each iteration. This population
of localized solutions is systematically whittled down through a gradual and calculated
reduction until only a solitary solution endures. This strategic control, executed in tandem
with the convergence above constant, enhances the algorithm’s convergence trajectory
and bolsters its overall efficacy. The MFO algorithm navigates the intricate optimization
landscape by orchestrating these multifaceted tactics, engendering enhanced precision
and reliability in pursuing optimal solutions. The number of local solutions nF gradually
decreases from N to 1 with the following expression [33]:

nF = round
(

N − k
N − 1
kmax

)
(11)

where N is the number of solutions, like other algorithms, the MFO keeps track of the best
global solution g, which is the best particle (best local solution) at the moment [29]:

g = xi ∈ {X} | f (xi) = min{ f (x1), f (x2), . . . , f (xN)} (12)

Figure 1 displays the MFO algorithm flowchart, where the stop criteria is usually the
number of iterations of the algorithm.
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Figure 1. MFO algorithm diagram.

2.2. Multilevel Inverter Topology

Within the array of available multilevel inverter topologies, the Cascade H-Bridge
Multilevel Inverter (CHBMLI) stands out by its distinctive composition, where multiple
Cascade H-bridge inverters are intricately interconnected in a series configuration. This
intricate arrangement amplifies the inverter’s potential to generate high-quality output
voltage with enhanced levels of precision and reduced harmonic distortions [34]. A distinct
input voltage characterizes each inverter, and the resulting output voltage is formed by
aggregating all the voltage levels generated by each inverter (Figure 2). The output voltage
levels in this inverter are two times the number of the separate direct current (DC) sources
plus one [35,36].

Within the diverse array of the CHBMLI modulation techniques, one exceptionally
fundamental and widely employed method entails fundamental frequency switching.
This intricate approach revolves around the meticulous determination of precise switching
angles for the semiconductor devices. These calculated angles serve as the blueprint for the
obtention of the voltage generation, explicitly targeting the creation of the fundamental
voltage waveform [37,38]. However, it is worth noting that finding the switching angles
requires solving nonlinear equations [35].
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Figure 2. General CHBMLI topology.

Figure 3 shows the output voltage waveform for a five-level CHBMLI configuration to
provide a visual anchor. Within this context, the critical angles that demand meticulous
calculation are θ1 and θ2, serving as the linchpins for shaping the desired voltage output
profile. When extending our inquiry to the seven-level CHBMLI configuration, depicted in
the insightful portrayal of Figure 4, the complexity deepens. Now, not only must θ1 and θ2
be diligently computed, but an additional angle, θ3, comes into play, further emphasizing
the intricacy and precision required to determine these switching angles.

Figure 3. Five-level CHBMLI voltage.

Figure 4. Seven-level CHBMLI voltage.
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2.3. Problem to Optimize

The optimization problem of this paper is the reduction of the THD in a CHBMLI.
The THD measures the voltage or current waveform distortion produced by the harmonics.
By using the Fourier series, the output voltage waveform is examined [39]:

Vout(ωt) =
∞

∑
n=1,3,5,...

4Vdc
nπ

[
s

∑
k=1

cos(nθk)

]
sin(nωt) (13)

where n is the odd harmonic order; (1, 3, 5, 7, 9...);

s is the number of inverter stages;
k is an integer> 0;
and θk is the k− th switching angle.

The angles are constrained to satisfy the following:

0 ≤ θ1 ≤ θ2... ≤ θn ≤
π

2
(14)

Using Equation (13), the magnitude of the odd harmonics is given by the following:

bn =
4Vdc
nπ

[cos(nθ1) + cos(nθ2) + ... + cos(nθs)] (15)

Equation (16) shows the THD according to the IEEE 519 standard [40]; this equation is
the property to optimize (minimize) and is called the objective function, while the switching
angles calculation determines the output voltage quality.

THD(%) =

[(
1

V2
1

)
∞

∑
n=3

cos
(

V2
n

)] 1
2

∗ 100 (16)

where
Vn =

4Vdc
nπ

cos(nθ1) +
4Vdc
nπ

cos(nθ2) + ... +
4Vdc
nπ

cos(nθs) (17)

Once the Equation (16) was defined as the objective function, the MFO algorithm
was implemented by using a script in the MATLAB Software, and the algorithm was
implemented under the following considerations:

• Number of particles: 30.
• Maximum number of iterations: 100.
• Logarithm spiral constant: 1.

The lb and the ub limits were defined according to Equation (14), where lb = 0 and
ub = π

2 for the five- and seven-level CHBMLI. To test how fast the switching angles were
obtained, the algorithm was tested up to 100 iterations.

The characteristics of the computer where the algorithm was implemented are as follows:

• Dell Precision 7530.
• Intel(R) Core(TM) i7-8850H CPU @ 2.60GHz.
• 32 GB of RAM DDR4.

3. Results

This section shows the obtained angle configurations for the five- and seven-level
CHBMLI, offering a detailed account of their practical implementation within a dedicated
laboratory prototype setup.

3.1. MFO Results

The resulting angles and their theoretical THD are shown in Table 1.
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Table 1. Angles obtained using the MFO algorithm.

Angle Five-Level CHBMLI Seven-Level CHBMLI

θ1 13.40◦ 8.69◦

θ2 41.91◦ 27.89◦

θ3 - 49.81◦

%THD 15.29% 10.43%

As previously mentioned, the MFO algorithm underwent a series of iterations totaling
up to 100. These iterations were performed to optimize the objective function outlined in
Equations (16) and (17). Remarkably, in the context of the five-level CHBMLI configuration,
it was found that a mere ten iterations sufficed to attain and sustain a commendable THD
level of 15.29%, as demonstrated in Figure 5.

Figure 5. THD vs. iterations for the five-level CHBMLI.

Meanwhile, the algorithm exhibited impressive performance when dealing with the
more complex seven-level CHBMLI configuration. It reached and maintained a remarkably
low THD of 10.43% at the 33rd iteration, showcasing its efficiency and effectiveness, as
shown in Figure 6.

Figure 6. THD vs. iterations for the seven-level CHBMLI.
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With the angles obtained in Table 1, the harmonic spectrum that should theoretically be
obtained in the output voltage of the CHBMLI was calculated in Matlab, both for the five-
and seven-level (Figures 7 and 8). This calculation was performed by graphing the sum
values of Equation (16) and adding the value of the fundamental.

Figure 7. Five-level CHBMLI harmonic spectrum in Matlab.

Figure 8. Seven-level CHBMLI harmonic spectrum in Matlab.

3.2. Implementation Results

As previously elucidated, the chosen topology for this particular endeavor was the
five- and seven-level CHBMLI, with a resistive load at the output stage. The designed
module is shown in Figure 9, where every nuanced detail of the inverter’s configuration
is presented. It is essential to underscore that the realization of this inverter’s seven-level
output configuration necessitated the judicious replication of the module mentioned above
three times. The inverter features the STGW20NC60VD Insulated Gate Bipolar Transistors
(IGBTs) as the switching semiconductor. The switching angles were implemented in the mi-
crocontroller PIC16F877A; this option has various advantages, such as low implementation
cost and ease of program.

On the other hand, Figure 10 presents a detailed depiction of the prototype setup engi-
neered to facilitate the generation of seven distinct voltage levels. This setup serves as a
flexible platform capable of accommodating various level requirements, exemplified by
the process of module removal, which is employed to tailor the output voltage waveform
precisely to the desired configuration. The modular nature of this setup allows for adapt-
ability, ensuring that the synthesis process can be seamlessly adjusted to attain specific
voltage levels as necessitated by the application. Furthermore, within the context of this
comprehensive exposition, it becomes evident that the visual representation encapsulated
in Figure 8 not only conveys the structural intricacies of the prototype setup for the five
and seven-level synthesis but also provides a discerning glimpse into the instrumental
arsenal meticulously harnessed to scrutinize, monitor, and evaluate the characteristics of
the output voltage waveform.
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Figure 9. CHBMLI module.

Figure 10. Seven-level CHBMLI prototype.

Table 2 provides an overview of the key parameters employed in the cascaded multilevel
inverter configurations for both the five-level and seven-level setups.

Table 2. Main five- and seven-level CHBMLI parameters.

Parameters Values

Voltage sources (five-level CHBMLI) 90 V each inverter
Voltage sources (seven-level CHBMLI) 60 V each inverter

Peak voltage 180 V

Load R = 250 Ω, R = 100 Ω and R = 100 Ω with an
AC motor detailed below

Frequency 60 Hz
Power 122.5 W
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3.2.1. Five-Level CHBMLI Results

Figure 11 serves as an illuminating visual representation of the output voltage wave-
form with a resistive load of 250 Ω, providing a detailed insight into the results of the
synthesis process designed to achieve the desired five-level configuration; this waveform
was obtained using a Tektroniks oscilloscope MDO3024. In this graphical depiction, these
five levels’ distinct and deliberate synthesis becomes readily apparent, showcasing a wave-
form characterized by its multi-level structure. Moreover, this waveform analysis affirms
the successful attainment of specific operational objectives, as evidenced by the realization
of a peak voltage precisely at the targeted magnitude of 180 V, harmonizing seamlessly
with the intended specifications shown in Table 2. Additionally, the waveform’s frequency
is observed to align closely with the desired 60 Hz frequency, thereby confirming the
meticulous precision and accuracy of the synthesis process.

Figure 11. Five-level CHBMLI output voltage with R = 250 Ω.

Figure 12 shows the output current waveform of the CHBMLI, which was also obtained
using a Tektroniks oscilloscope MDO3024. Because the load of the five-level CHBMLI is
resistive, the output voltage and the output current have the same form, and both signals
are in phase.

The THD value of the voltage waveform was measured using the Power Quality Ana-
lyzer Fluke 435. The results of this THD measurement and the comprehensive Fast Fourier
Transform (FFT) analysis, spanning up to the 49th harmonic, are visually represented in
Figure 13 for reference and analysis. Notably, the THD value has been quantified at 15.3%
in this specific instance.

As previously articulated, it is worth emphasizing that the OMTHD method diverges
significantly from the SHE method in its primary objective. Unlike the SHE method, which
is primarily focused on the eradication of low-order harmonics, the OMTHD approach
prioritizes the reduction of the THD, thus addressing higher-order harmonics and overall
waveform quality enhancement as opposed to exclusively targeting low-order harmon-
ics elimination.
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Figure 12. Five-level CHBMLI output voltage with R = 250 Ω.

Figure 13. Fast Fourier Transform of the five-level CHBMLI output voltage with R = 250 Ω.

Subsequently, a 100 Ω resistive load was connected to the output of the CHBMLI.
The output voltage is shown in Figure 14, while the output current is shown in Figure 15.
As with the previous load, the five levels of the output voltage can be seen, and the current
has the same shape as the voltage.
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Figure 14. Five-level CHBMLI output voltage with R = 100 Ω.

Figure 15. Five-level CHBMLI output voltage with R = 100 Ω.

Figure 16 shows the THD value of the voltage waveform; it can be observed that a THD
value of 15.3% was obtained just like with the resistive load of 250 Ω.

The last load connected to the five-level CHBMLI was an RL load. The load consists of
a 100 Ω resistor and an brushless AC motor with the following characteristics:

• Power: 1/20 HP;
• Current: 2.0 A;
• Voltage: 127 Vrms;
• Frequency: 60 Hz;
• Speed: 1550 RPM.

This AC motor is shown in Figure 17.
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Figure 16. Fast Fourier Transform of the five-level CHBMLI output voltage with R = 100 Ω.

Figure 17. Five-level CHBMLI output voltage with the RL load.
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Figure 18 shows the output voltage with the RL load, while Figure 19 shows the output
current. Because the load now has an inductive component, the output current waveform
is no longer the same as the output voltage waveform.

Figure 18. Five-level CHBMLI output voltage with the RL load.

Figure 19. Five-level CHBMLI output current with the RL load.

It can be seen that, even with an inductive load, the voltage maintains its shape, and the
value of the output THD does not change, as seen in Figure 20, where the THD remains
with a value of 15.3%.
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Figure 20. Fast Fourier Transform of the five-level CHBMLI output voltage with the RL load.

3.2.2. Seven-Level CHBMLI Results

Concerning the outcomes derived from the seven-level experimental configuration, an
illustrative representation of the output voltage waveform is comprehensively displayed
in Figure 21 and with a resistive load of R = 250 Ω, offering a vivid depiction of the
distinctive characteristics inherent to the seven-level CHBMLI. As we observe this graphical
representation, we can discern that, akin to the findings obtained from the five-level
CHBMLI analysis, the output voltage waveform exhibits remarkable symmetry, and its
frequency closely aligns with the nominal 60 Hz standard. It can also be observed that
the peak voltage in this configuration reaches a magnitude of 180 V. Meanwhile, Figure 22
shows the current waveform with the resistive load of R = 250 Ω.

Figure 21. Seven-level CHBMLI output voltage with R = 250 Ω.
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Figure 22. Seven-level CHBMLI output current with R = 250 Ω.

Similar to the findings observed in the five-level configuration, a comprehensive assess-
ment of the THD was conducted in the seven-level setup using the sophisticated Power
Quality Analyzer Fluke 435. Notably, in this specific instance, the THD measurement yielded
a value of 10.5%, which is visually presented and elaborated upon in Figure 23. It is worth
highlighting that, upon closer examination, it becomes evident that the third harmonic
component exhibited a somewhat sporadic reduction in this particular case. However,
as previously elucidated, it is essential to emphasize that the OMTHD method’s primary
objective is not explicitly geared toward eliminating or systematically reducing low-order
harmonics. But, rather, its principal focus resides in the overarching goal of mitigating and
diminishing the THD across the entire spectrum of harmonics, thus enhancing the overall
quality and fidelity of the electrical waveform under analysis. This nuanced distinction
underscores the multifaceted nature and strategic intent of the OMTHD methodology.

Figure 23. Fast Fourier Transform of the seven-level CHBMLI output voltage with R = 250 Ω.
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Then, a 100 Ω resistive load was connected to the CHBMLI. Figure 24 shows the output
voltage; the output current can be observed in Figure 25. The output voltage waveform
keeps the same shape as the 250 Ω resistive load.

Figure 24. Seven-level CHBMLI output voltage with R = 100 Ω.

Figure 25. Seven-level CHBMLI output current with R = 100 Ω.

Figure 26 shows the THD with the resistive load of 100 Ω; it can be seen that this value,
as well as the harmonic spectrum, is the same as the one shown in Figure 23.
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Figure 26. Fast Fourier Transform of the seven-level CHBMLI output voltage with R = 100 Ω.

As with the five-level CHBMLI, an RL load consisting of a 100 Ω resistor and a brush-
less AC motor was also connected. The characteristics of the motor have already been
previously stated. Figure 27 shows the output voltage waveform, while Figure 28 shows
the current waveform. Because this is an RL load, the current waveform differs from the
voltage waveform.

Figure 27. Seven-level CHBMLI output voltage with R = 100 Ω.
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Figure 28. Seven-level CHBMLI output current with R = 100 Ω.

Regarding the THD value for the RL load, the obtained value of 10.5% can be observed
in Figure 29.

Figure 29. Fast Fourier Transform of the seven-level CHBMLI output voltage with the RL load.

4. Discussion

The experimental results obtained in a laboratory prototype were similar to the theoreti-
cal results in both cases (Table 3), which means that the implementation of the switching
angles in the microcontroller was correct. It can be seen that the THD was consistent in the
output voltage waveform with all the tested loads as expected.
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Table 3. Comparison of the obtained theoretical and experimental THD.

Levels in the CHBMLI Theoretical % THD Experimental % THD

Five 15.29% 15.3%
Seven 10.43% 10.5%

These outcomes were juxtaposed with findings documented in the literature in order to
assess the effectiveness of applying the MFO algorithm. This comparison includes both
metaheuristic and non-metaheuristic methods, as well as simulation and experimental
results; the comparison for the five-level CHBMLI is shown in Table 4, while the comparison
for the seven-level CHBMLI is shown in Table 5.

Table 4. Comparison of the literature for the five-level CHBMLI.

Paper Algorithm Angle Values THD

[13] ABC θ1 = 13.408◦

θ2 = 41.915◦ 15.3% (Experimental)

[13] Matlab fsolve
function

θ1 = 12.00◦

θ2 = 48.00◦ 16.2% (Experimental)

[14] PSO θ1 = 13.34◦

θ2 = 41.79◦ 15.2% (Experimental)

[15] NR θ1 = 19.00◦

θ2 = 43.00◦ 17.23% (Simulation)

[15] GA θ1 = 17.02◦

θ2 = 43.01◦ 16.14% (Simulation)

[11] NR θ1 = 11.80◦

θ2 = 41.77◦ 15.51% (Simulation)

[11] GA θ1 = 14.33◦

θ2 = 42.10◦ 15.35% (Simulation)

[11] PSO θ1 = 13.40◦

θ2 = 41.91◦ 15.29% (Simulation)

This paper MFO θ1 = 13.40◦

θ2 = 41.91◦ 15.3% (Experimental)

In Table 4, compared with the five levels of the CHBMLI, the MFO algorithm obtained
a better THD (lower THD value) in five of the eight reported cases, and the same THD
was obtained in one case. The authors of references [11,13] report a lower THD compared
to the MFO algorithm implemented in this paper, and, interestingly, the MFO switching
angles were the same as those reported in reference [11] with the PSO algorithm. However,
the results reported in references [11,13] were obtained through simulation, whereas this
paper presents experimental results, where the inverter’s real semiconductors and the mi-
crocontroller’s processing time play an important part. Regarding the harmonic spectrum
of references [11,13], the authors consider up to the 49th harmonic, the same harmonic
spectrum considered in this paper.

The results shown in reference [15] consider up to the 49th harmonic, as in this paper,
but in reference [15], the authors only present simulation results.

Performing a more exhaustive comparison of this proposal with the presentation in
reference [14] shows that both proposals were carried out experimentally with the same ob-
jective function. Similarly, the voltage waveform was implemented with a microcontroller,
although in reference [14], a PIC16F628A microcontroller was used, while in this paper,
the PIC16F877A microcontroller was used. This article and reference [14] considered the
harmonic spectrum up to the 49th harmonic. The same power quality analyzer (Fluke 435)
is used in both papers. Due to the above, although reference [14] shows a better result, the
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difference percentage is insignificant, so this paper’s proposal can obtain as good results as
one of the most used algorithms with this objective function.

Table 5. Comparison of the literature for the seven-level CHBMLI.

Paper Algorithm Angle Values THD

[15] NR
θ1 = 13.06◦

θ2 = 26.00◦

θ3 = 57.00◦
12.49% (Simulation)

[15] GA
θ1 = 12.00◦

θ2 = 26.93◦

θ3 = 55.49◦
11.57% (Simulation)

[11] NR
θ1 = 8.00◦

θ2 = 30.00◦

θ3 = 56.00◦
11.09% (Simulation)

[11] GA
θ1 = 8.08◦

θ2 = 28.35◦

θ3 = 50.18◦
10.47% (Simulation)

[11] PSO
θ1 = 8.69◦

θ2 = 27.89◦

θ3 = 49.81◦
10.42% (Simulation)

This paper MFO
θ1 = 8.69◦

θ2 = 27.89◦

θ3 = 49.81◦
10.5% (Experimental)

Regarding the seven levels of the CHBMLI, Table 5 shows that the MFO algorithm
obtained a better THD (lower THD value) in four of the six reported cases. Regarding the
results reported in reference [11] with the PSO algorithm, the same objective function is
used in this paper, and the same harmonic spectrum considers the harmonics up to the
49th. Because reference [11] shows simulation results, comparing the microcontroller or the
power quality analyzer is impossible. The THD obtained in reference [11] is lower than
the THD obtained in this paper; however, reference [11] only shows simulation results
with ideal semiconductors of the inverter. As with the five-level CHBMLI comparisons, in
reference [15], the authors consider the same harmonic spectrum used in this paper, but
only simulation results are shown.

5. Conclusions

This study utilizes the Moth–Flame Optimization algorithm to minimize Total Harmonic
Distortion in a CHBMLI topology. The algorithm was applied to five- and seven-level
CHBMLI topologies, resulting in optimized switching angles. These angles were im-
plemented on a laboratory prototype, achieving both levels’ experimental THD values.
The experimental THD values were compared against the theoretical ones, leading to a
maximum difference of 0.07%.

Furthermore, the optimized switching angles and the experimental THD values were
compared with those reported in the available literature obtained using different optimiza-
tion methods. The results indicated that, for the five-level inverter, the THD obtained using
the MFO algorithm is superior to that reported in most of the literature, with a percent-
age difference of up to 1.93%. However, as reported in the literature, the PSO algorithm
achieves a better THD value but with a maximum percentage difference of only 0.1%. In the
case of the seven-level inverter results, the MFO algorithm demonstrates a superior THD
value, exhibiting a maximum percentage difference of 1.9% compared to most optimization
algorithms used in the existing literature. Again, the PSO algorithm yields a better THD
value; however, the difference from the MFO algorithm is only 0.8%. It is important to
remark that most of the THD values reported in the literature were obtained through simu-
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lation, while the THD obtained in this paper were through a laboratory prototype, where
the components of the inverter change the obtained THD in the output voltage waveform.

The MFO algorithm can be used in CHBMLI of higher levels, and the relatively limited
application of this algorithm in power converters may open opportunities for its use in
designing isolated Direct Current to Direct Current converters; this could consider cost,
volume, heat sink weight, and thermal resistance. Additionally, it is worth mentioning
the relatively few iterations required to achieve reliable results, unlike other optimization
methods. Regarding the control tuning of the inverter controllers, the tuning parameters
are another optimization problem that can be explored with the MFO algorithm.
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