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Abstract: A critical reduction in the total harmonic distortion in the output voltage of multilevel
inverters can be obtained with an appropriate selection of the angles to switch the power semicon-
ductors at low frequency. Among the methods used to obtain the required sequence of angles, it
is possible to recognize both standard and optimized methods, like the Newton-Raphson method
or the genetic algorithm, to mention a few. However, implementing the genetic algorithm implies
using several configuration parameters, so it is difficult to know if the best option was chosen. This
paper implements the Taguchi design of experiments, the Taguchi method, to obtain the appropriate
switching angles for an multilevel inverter producing an output voltage of five and seven levels. Ex-
perimental results obtained from a laboratory prototype using the computed angles in the MATLAB
GA solver demonstrate the superiority of the proposed method.

Keywords: multilevel inverters; genetic algorithms; Taguchi design of experiments; total harmonic
distortion

1. Introduction

Multilevel inverter (MLI) topologies are interesting for several applications, ranging
from medium- and high-power levels, because of their improved efficiency and quality
of the output voltage compared to typical two-level inverters [1-3]. The three basic MLI
topologies presented in the literature are the “flying capacitor multilevel inverter”, “diode
clamped multilevel inverter”, and “cascaded H-bridge multilevel inverter” (CHBMLI).
While the two first topologies use additional capacitors and power semiconductors in
the structure of the inverter, the CHBMLI produces the output voltage from the series
connection of two or more single-phase H-bridge inverters, with the possibility to use
multiple DC input sources with equal or different values [4-7]. The addition of more
steps to the output voltage reduces the total harmonic distortion (THD) and the need
for high-frequency commutation, therefore reducing the switching losses of the power
semiconductors [1,8,9].

Recent control proposals mainly involve pulse width modulation (PWM) to enforce a
desired behavior in the current waveform. The PWM modulation uses a higher frequency
and focuses on control and efficiency. However, the objective control inside an MLI can
be made without using PWM by creating a stepped output voltage with steps of uniform
amplitude, minimizing the THD. This purpose can be achieved by using appropriate angles
to switch the inverter semiconductors (switching sequences) at low frequencies. Low-
frequency switching in power converters achieves shallow switching losses, and the power
losses are mainly due to conduction losses, which can be reduced by selecting suitable
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power semiconductors. These converters can then achieve higher device utilization, higher
efficiency, and lower cooling requirements [10]. Examples of low-frequency switching
applications are found in photovoltaic inverters [11] and medium-voltage and high-power
applications, such as in medium-voltage AC drives [10], where switching losses dominate.
The output voltage of the low-frequency switching converter has more harmonics than
common pulse width modulation or other higher-switching-frequency strategies. This is
why multilevel inverters are recommended in low-frequency switching to improve the
THD of the voltage waveforms. However, obtaining the angles that ensure minimum
harmonic distortion is essential, which is the contribution of this work through the Taguchi
method applied to the genetic algorithm. These optimal angles, in turn, achieve a smaller
filter size for low-frequency switching applications [9,12,13].

Among the methodologies used to obtain the appropriate switching sequences, the
genetic algorithm (GA) has shown considerable improvements in the THD [14-16]. The
GA is usually implemented on a solver included in the MATLAB software in which the
obtained THD can vary from one run to another [14,17]. This behavior occurs because the
GA solver on MATLAB contains too many options, and the standard method of choosing
the GA solver parameters is trial and error, as well as the user experience. This problem
opens the question of obtaining the minimum possible THD with this method.

The Taguchi method developed by Genechi Taguchi is an efficient design of experiment
technique (DOE) used to solve various problems. For example, in ref. [18], the Taguchi
method was used to optimize the green sand-casting process parameters; in ref. [19],
the authors analyzed various aluminum alloy die-casting methods, while in ref. [20], a
self-designed electric vehicle controller incorporated a thermal simulation model for the
PCB, along with using the Taguchi method to enhance the component layout on the PCB.
In contrast, in ref. [21], this method is used to design a piston-forging process, to mention a
few works. However, the authors could not find the Taguchi method implementation in
power electronics in the literature review. In this paper, using the Taguchi method, the GA
solver parameter obtention leads to a low THD, which is the objective function.

This method is applied to determine the optimal parameters with few experimental
runs, which are achieved using a particular set of predefined arrays called orthogonal
arrays (OA). The appropriate OAs are selected according to the number of factors and their
levels used in the experiment. These OAs give complete information on all the factors that
affect the performance parameters [21-23].

This work aims to optimize the Matlab GA solver parameters through the Taguchi
method. Experimentation with a CHBMLI laboratory prototype of five and seven levels
proves the performance of this proposal. The resulting THD is compared to other papers
that use the same objective function.

The following section introduces the conceptual background of the output voltage
signal produced by the CHBMLI, the GA main aspects, and the Taguchi method and its
implementation. Section 3 shows the experimental results with the laboratory prototype,
while Section 4 compares the obtained results with some results reported in the literature.
Finally, the conclusions of this paper are displayed in Section 5.

2. Materials and Methods
2.1. Multilevel Inverter Output Voltage Signal

Among the MLI topologies, the CHBMLI distinguishes itself through its unique
structure, involving the interconnection of multiple cascaded H-bridge inverters in a series
setup (Figure 1). This arrangement significantly boosts the inverter capability to produce
precise, high-quality output voltage while minimizing harmonic distortions. Each inverter
possesses a unique input voltage, and the final output voltage is created by combining the
voltage levels produced by all individual inverters [6,7].
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One widely employed method within the CHBMLI modulation techniques entails fun-
damental frequency switching. This approach revolves around determining the switching
angles for the semiconductor devices. These calculated angles define the voltage generation,
explicitly targeting the creation of the fundamental voltage waveform [5].

Figure 2 shows the output voltage waveform for a seven-level CHBMLI configuration.
Within this context, the angles that should be calculated are 61, 6, and 0s.
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Figure 1. General topology of the CHBMLI.
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Figure 2. Seven-level CHBMLI voltage, each long vertical line represents a quarter of the cycle.

As can be observed in Figure 3, {61,65,03} are the switching angles of the CHBMLI
of seven levels during the first quarter of a cycle, which are used to define the switching
sequence of the entire cycle. During the first half of the period, the switching angles are,
consecutively, 61,62, 03, T — 63, T — 65, T — 61, and 7r, while for the second half of the period,
the switching angles are 7w + 01, 7t + 6, 7t + 03,271 — 603,271 — 05,271 — 61 [12,24].
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Figure 3. A quarter-cycle of a seven-level signal voltage, each line aligns the relative magnitude with
its respective 0.

Then, for this example, the output voltage vy, (wt) is a piece-wise periodic signal with
the symmetry of a sine signal and is built from 2n + 1 integer levels (n positive levels, n
negative levels, and zero). In a general way, the output voltage can be defined as a sum of
sine and cosine signals expressed by:

[e°) S
Vout(wt) = Y 4:7'_1; ) cos(n@k)l sin(nwt) (1)
n=135... k=1

where:

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

s is the number of inverter stages.

k is an integer> 0.

0 is the k — th switching angle, which must satisfy:

0<0 << ---< )

N[N

Where 6 can be equal to or greater than zero. The computation of the THD of v, (wt)
can be obtained from (3), and the switching angle calculation determines the output voltage
quality [25,26].

THD(%) = 100 (VRM5> ~1 €)
Virus

The RMS of the signal and the RMS of its fundamental component can be obtained
from (4) and (5), respectively.

VRMs = \J n? — % <i(2i - 1)91') 4)

Vigms = nilﬁ(cos(el) +...4cos(6y)) )

Minimizing (3) is the optimization objective developed in the following sections.

2.2. Genetic Algorithm

The GA is used for solving both constrained and unconstrained optimization prob-
lems based on natural selection principles and genetics [14,27-29]. The GA repeatedly
modifies a population of individual solutions. At each step, GA performs the following
sequential tasks:
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1.  Population initialization: This is randomly generated and consists of possible solu-
tions to the problem, bounded by the constraints previously defined.

2. Fitness Function: The initial population is evaluated over fitness function to compare
one with the other.

3. Selection: This process selects the parents (individuals) from the initial population
that makes crossover and permutation to find the next generation.

4. Crossover: Consists of selecting two parents from a population based on fitness
function and then changing and improving parent parts to create a new individual.

5. Mutation: This process applies random changes to introduce diversity in the popula-
tion genes.

6. Reinsertion: The children from the new generation replace some members of the
current generation. The new one entirely replaces the current generation.

MATLAB contains a GA solver used in many scientific research communities. How-
ever, the GA solver performance maximization requires choosing the appropriate parame-
ters, such as selection function, fitness scaling function, and elite count. Therefore, there are
many options, and selecting the proper parameter set is challenging, requiring a systematic
approach. For the sake of brevity, the description of the GA solver parameters is not
discussed in this paper; however, a detailed description can be found in MATLAB quick
reference for this solver.

This paper takes the Taguchi experimental design proposal exposed in [28] to acquire
the appropriate GA-solver parameters, leading to the switching angles of five, seven, and
nine multilevel cascaded inverters. This proposal prevents the trial-and-error method in the
GA solver, and a better THD is obtained compared to other papers in the literature under the
same characteristics, such as the same objective function and the same harmonic spectrum.

2.3. Taguchi Method

Genichi Taguchi developed the Taguchi method; the objective was to improve the
quality of the produced goods, but it was later implemented in other applications, like
marketing, engineering, and biotechnology, among others [18-21,23,30].

Taguchi created standard orthogonal arrays (OA) to facilitate the efficient evaluation
of multiple parameters and their impact on the variability of specific product or process
characteristics. Utilizing these OAs makes it possible to simultaneously and indepen-
dently assess two or more parameters while conducting the minimum required number of
tests [21,23,31]. The OAs are designed with the orthogonality property. These designs
depend on the number of factors to study in a particular case. For example, the OA Lg has
eight experimental runs, and up to seven factors of two levels each can be studied.

The results are analyzed once the experiments are conducted to determine the optimal
parameter configuration within the experiment design. In analyzing the results, a loss
function is defined to calculate the deviations between the experimental value and the
desired one. This loss function is transferred to a statistical measure of performance called
signal-to-noise (S/N) ratio, #. Dr. Taguchi introduced the S/N ratio as a metric for selecting
optimal control levels that effectively manage noise. This ratio considers both the average
performance and the variability. Essentially, the S/N ratio, in its basic form, represents the
relationship between the average value (signal) and the standard deviation (noise). The
specific formulation of the S/N equation varies based on the quality characteristic criteria
targeted for optimization [32].

There are three S/N ratios available, depending on the type of characteristic: the lower,
the better (LB); the higher, the better (HB); and the nominal, the better (NB) [30,31]. Each
S/N ratio is calculated as shown.

Nominal is the best:
5y

SNnp = 10log< y2> (6)
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Larger is the better (maximize):

181
SNip = —lOlog(n Y y2> 7)

Smaller is the better (minimize):

n
SNgp = —1010g(31 Zy%) ®8)

where ¥ is the average of the observed data, sﬁ is the variance of y, n is the number of
observations, and y is the observed data. Regardless of the chosen category, the more
excellent S/N ratio corresponds to the better performance characteristics, so the optimal
level of the parameters is that with the highest S/N ratio . In this paper, to obtain a low
THD in the GA solver of MATLAB for the five and seven multilevel inverters, the used
parameters were taken from [28] and are listed in Table 1.

It is important to note that the parameter named “migration direction” has two levels,
while the rest of the variables have four; this leads to choosing the Taguchi orthogonal
design L32 (2'43). This design was implemented in the software Minitab, which yields the
experiment layout shown in Table 2. Each experiment must be repeated several times to
increase the experiment response consistency. In this case, each experiment is repeated up
to four times, while the chosen computing time for each experiment was thirty seconds.

Table 1. Solver parameters and experimental levels.

No. Parameter Code Level 1 Level 2 Level 3 Level 4

1 Migration A Forward Both - -

2 Population size B 50 100 150 200

3 Fitness scaling function C Proportional Rank Top Shift linear

4 Selection function D Uniform Tournament Roulette Stochastic uniform

5 Elite count E 1 5 10 15

6 Crossover fraction F 0.3 0.5 0.7 0.9

7 Mutation function G Uniform Constraint dependent  Adaptive feasible Gaussian

8 Crossover function H Single point Two-point Arithmetic Scattered

9 Hybrid function I None Fmin-search Pattern-search Fminunc

Table 2. Experiment design 132 (2148).
GA Solver Parameters
Experiment A B C D E F G H 1

1 1 1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3 3
4 1 1 4 4 4 4 4 4 4
5 1 2 1 1 2 2 3 3 4
6 1 2 2 2 1 1 4 4 3
7 1 2 3 3 4 4 1 1 2
8 1 2 4 4 3 3 2 2 1
9 1 3 1 2 3 4 1 2 3
10 1 3 2 1 4 3 2 1 4
11 1 3 3 4 1 2 3 4 1
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The experiments shown in Table 2 were conducted by considering the objective func-
tion of (3), where the objective was to obtain the appropriate switching angles for the five-
and seven-level inverters, and therefore, a low THD value.

2.4. Taguchi Results Analysis

The experiments in Table 2 were carried out in the MATLAB solver for five- and
seven-level CHBMLI. The analysis of the results of the experiments was carried out with
the Minitab software. The Minitab software made the Taguchi analysis, and the S/N plots
were obtained.

2.4.1. Five-Level Results

Figure 4 shows the S/N plot of the levels considered during the Taguchi analysis.
In the graph presented, each level is analyzed to understand its influence on the system
performance. By applying the Taguchi methodology, it is possible to identify the levels that
contribute most significantly to the desired performance. These results were based on the
appropriate selection of the smaller-is-better function [33].

These graphs visualize which effects may be more significant: the further a point is
from the horizontal dotted line, the more critical the corresponding effect is, and the more
inclined the line is, the more sensitive it is. The sensitivity of a factor is the ability of that
factor to influence the final results of the system through adjustments in its levels. Those
that are insignificant tend to form a straight line, while the less essential points are far from
the dotted line [34].
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Figure 4. Main effects plots of S/N ratios for the 5-level inverter.

In this case, factor A reveals an almost-horizontal trend, indicating that the modifi-
cation of this parameter does not have a relevant influence on the THD value. On the
contrary, factors B, G, and | are presented with considerable inclinations, which indicates
the possibility of being more sensitive than the rest of the other factors.

From Figure 4, the combination that leads to a low THD for the objective function
shown in (3) can be identified. The points above this line are observed based on the
horizontal dotted line. Among these points, the optimal levels are selected for each factor
(understood as levels as the specific values assigned to each factor). The optimal points
are those that are furthest above the dotted line. Table 3 shows the configuration for
each factor.

Table 3. Chosen parameters for the GA solver in the five-level CHBMLI.

Code Parameter Five-Level Inverter Parameters
A Migration direction Both
B Population size 100
C Fitness scaling function Rank
D Selection function Tournament
E Elite count 15
F Crossover fraction 0.5
G Mutation function Constraint dependent
H Crossover function Two-point
I Hybrid function Fminunc

The parameters of Table 3 were implemented in the MATLAB GA toolbox, obtaining
the following angles: 0; = 13.406° and 6, = 41.915°. With these angles, it was obtained a
theoretical THD of 15.299%.

2.4.2. Seven-Level Results

Just like the five-level results, in Figure 5, the main effects graphs for the inverter of
seven levels are observed when examining the S/N graphical representations; in this case,
the G factor is distinguished, which reveals an almost-horizontal trend, thus hinting at its
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lack of sensitivity or influence when obtaining the THD value. On the contrary, factors C,
D, and ] are presented with considerable inclinations, pointing to the possibility of being
more sensitive than the rest of the other factors.

Main Effects Plot for SN ratios

Data Means
A-Migration direction B-Population size C-Fitness scaling function
-280 &
.288 Ly L S . .
- .
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G-Mutation function H-C rossover function - J-Hybrid function
-2B0
-28.8 & ® . » - * L » &
295 d .
1 2 3 4 1 2 3 4 1 2 3 4

Signal-to-noise: Smaller is better
Figure 5. Main effects plots of S/N ratios for the 7-level inverter.

Table 4 shows the combination that leads to a low THD. This combination is obtained
by selecting the optimal levels from Figure 5. As in the five-level results, this selection is
made by choosing the points furthest above the dotted line.

Table 4. Chosen parameters for the GA solver in the seven-level CHBMLI.

Code Parameter Five-Level Inverter
A Migration direction Forward
B Population size 200
C Fitness scaling function Rank
D Selection function Uniform
E Elite count 5
F Crossover fraction 0.5
G Mutation function Uniform
H Crossover function Scattered
I Hybrid function None

By implementing the parameters of Table 4 into the MATLAB GA toolbox, the follow-
ing angles were obtained: §; = 8.692°, 6, = 27.896°, and 03 = 49.817°. These angles lead to
a theoretical THD of 10.432%. The Table 5 shows the obtained results for both cases. These
angles were implemented in a laboratory prototype, and the resulting THDs for both cases
are showed in the next section.
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Table 5. Obtained angles and theoretical THD values.

5-Level MLI 7-Level MLI
61 13.406° 8.692°
0> 41.915° 27.896°
03 - 49.817°
Theoretical THD 15.299% 10.432%

3. Results

An H-bridge inverter was built to implement the obtained angles of Table 5. The
inverter used STGW20NC60VD IGBTs as switching semiconductors and was replicated
up to three times to obtain the five- and seven-level CHBMLI. The peak voltage to each
cascaded H-bridge inverter is 180 V; this means that for a five-level cascaded H-bridge
inverter, two voltage sources of 90 V each were used as an input, while three voltages of
60 V were used for a seven-level cascaded H-bridge inverter.

Figure 6 shows the five-level inverter setup with a resistive load. A frequency
of 60 Hz with a resistive and an RL load was used in both cases. The sequence of the
switching angles obtained from the presented methods was programmed in a PIC16F877A,
which provides the gate signals applied to the inverter bridges through ACPL3130 drivers.
These switching angles are those shown in Table 5.

Fluke 435 z

/ % 1
= =G = =
r

Five-levels
CHBMLI

Figure 6. Laboratory setup.

The set of instruments used for the measurements is listed in Table 6. The form of
the voltage output was verified with the oscilloscope, while the output voltage THD was
verified with the power quality analyzer.

Table 6. Obtained angles and theoretical THD values.

Instrument Manufacturer Reference
Oscilloscope Tektronix MDO3024
Power sources TOELLNER and Tektronix 8951 and PWS4602
Power quality analyzer Fluke 43B

3.1. Five-Level Implementation Results

Figure 7 illustrates the voltage output waveform for the five levels of CHBMLI with a
load of 250 w. The peak voltage of the signal stands at 180 V, as initially intended, and the
frequency closely approximates 60 Hz. This figure was captured using the oscilloscope, and
it is evident that the five output levels are distinctly defined. It is essential not to forget that
this waveform was generated with the previous angles of 8; = 13.406° and 6, = 41.915°.
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Figure 8 shows the current output waveform: this signal has the same form as Figure 7
because the load of the five-levels CHBMLI is resistive.

. i . S——— S, ————— .

R S (100 TSORHTS Wi S
@& wov 10k pts. 7.8 : .

Valor Medio Mn, M, Desv. est . i
& ax 180y 181 180 187 1.77 5 Sep 2023
&P in —-180% -182 -1a4 -1&0 1.64 15155148
@D Frecuencia 59.38 Hz 59.41 59.37 5945 9.935m

Figure 7. Output voltage of the five-level CHBMLI with resistive load.
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Figure 8. Output current of the five-level CHBMLI with resistive load.

Figure 9 displays the fast Fourier transform (FFT) of Figure 7, which was acquired
using the power quality analyzer, encompassing harmonics up to the 49th order. According
to this figure, the THD value is 15.3%, almost identical to the theoretical value of 15.299%
reported in Table 5.

Then, the five-level CHBMLI was tested with an RL load. The resistive load remained
with a value of 250 (), while the inductive consisted of a brushless AC motor, as shown in
Figure 10. Table 7 shows its main aspects.

Table 7. Brushless AC motor characteristics.

Characteristic Value
Voltage 127 Vrms
Current 20A

Frequency 60 Hz
Power 1/20 HP

Speed 1550 RPM
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Figure 9. Harmonic spectrum and THD value of the five-level CHBMLIL.

Figure 10. Brushless AC motor.

The output voltage with the RL load is shown in Figure 11, while the output current is
shown in Figure 12. Due to the presence of an inductive component in the load, the output
current waveform deviates from matching the output voltage waveform.

Tekbe. [ P ICiperado
: : X : : :

: : 4.00ms 25.0kM/'s 7 1 :
& ooV 89,40 % 1000 pts. 94.0 W H
Valor Medio Min, Max. Desv. est &Dic 2023
& ax 1800y 180 180 180 0.00 12:25:58
@& in =130 =150 —-1%4 -130 1.33

Figure 11. Output voltage of the five-level CHBMLI with RL load.
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Figure 12. Output current of the five-level CHBMLI with RL load.

The THD voltage value is the same with the purely resistive load and the inductive
load since the waveform remains practically unchanged. However, the THD of the current
decreases to 10.1%, lower than the THD voltage level, as shown in Figure 13.
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Figure 13. Harmonic spectrum and THD value of the five-level CHBMLI with RL load.

3.2. Seven-Level Implementation Results

Regarding the results of the implementation of the seven-level CHBMLI, Figure 14
shows the output voltage waveform with the resistive load of 250 (), while Figure 15 shows
the corresponding output current waveform. Like the previous results, the well-defined
levels of the voltage waveform obtained with the oscilloscope can also be observed: in
this case, there are seven levels, and the frequency is near 60 Hz. This waveform was
obtained through the following previously obtained angles: 6; = 8.692°, 6, = 27.896°, and
03 = 49.817°.
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Figure 14. Output voltage of the seven-level CHBMLL
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Figure 15. Output current of the seven-level CHBMLI.

Figure 16 shows the FFT of Figure 14 with its corresponding THD value. In this case,
the obtained THD value in the prototype was 10.3%, while the theoretical THD shown in
Table 5 is 10.432%.

In the same way that the tests were performed with the five-level CHBMLI, the seven-
level inverter was tested with the RL load described before. Figure 17 shows the voltage
output of the seven-level CHBMLI with RL load, while Figure 18 shows its current output.

The voltage output maintains its shape, and the THD value of the current decreased
at 6.2%, as can be seen in Figure 19.

Table 8 shows the theoretical and experimental results for the THD voltage value for
the five- and seven-level CHBMLI. The results show the proximity between the theoretical
and the experimental THD. The experimental results for the seven-level CHBMLI gave a
lower THD value for the seven-level CHBMLI.

Table 8. Comparison of the obtained theoretical and experimental THD.

Levels in the CHBMLI  Theoretical THD Voltage Value Experimental THD Voltage Value

Five 15.299% 15.3%
Seven 10.432% 10.3%
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Figure 16. Harmonic spectrum and THD value of the seven-level CHBMLIL

Tok Elzc.

. _IDispar_ado_ i

Figure 17. Output voltage of the seven-level CHBMLI with RL load.

: 4.00ms 25.0kM/ s @& 7 1 : ]
(@ wov 1000 pts. 102 ¥ : :
Valor Media Min. Max, Desy, est 2 Dic 2023
@ ix 180y 130 130 130 0.00 ‘ 1312234
& in -180Y -181 —-134 -180 1.38

Tek Ejec. [ [ : —] IDisparado
2
: 4.00ms 25.0kM/ s o 1 : ]
S00mE @ 1000 pts. 102 ¥ : :
Walor Medic Min. M., Desy. est &Dic 2023
hax 660ma GE0m GE0m &60m 0.00 1312309
Min —BE0mA —660m —6E0m —-6&60m 0.00

Figure 18. Output current of the seven-level CHBMLI with RL load.
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Figure 19. Harmonic spectrum and THD value of the seven-levels CHBMLI with RL load.

4. Discussion

As previously stated, GA parameters are commonly chosen by trial and error, which
may not guarantee the lowest THD value. Due to the above, and to verify the effectiveness
of implementing the Taguchi method, the value of the THD obtained in this paper was
compared to some other papers presented in the literature that use the same objective func-
tion (shown in (3)) and the same algorithm (GA). Table 9 shows the THD comparison of the
five-level CHBMLI, while Table 10 shows the THD comparison of the seven-level CHBMLI.

Table 9. Literature comparative for the five-level CHBMLI.

Paper Angle Values THD
This paper 61 = 13.406° 6, = 41.915° 15.3% (Experimental)
[14] 61 = 17.02°0 0, = 43.01° 16.14% (Simulation)
[35] 61 = 14.33° 6, = 42.10° 15.35% (Simulation)

Table 10. Literature comparative for the seven-level CHBMLI.

Paper Angle Values THD
This paper 01 = 8.692° 0, = 27.896° 03 = 49.817° 10.3% (Experimental)
[14] 0, = 12.00° 8, = 26.93° 05 = 55.49° 11.57% (Simulation)
[35] 0, = 8.08° 8, = 28.35° 03 = 50.18° 10.47% (Simulation)

In ref. [14], the authors show the obtained THD value by simulation for the five- and
seven-level CHBMLI. A table with the used parameters for the GA is given; however, there
is no explanation of how these parameters were chosen.

The authors of [35] use the exact MATLAB GA solver that is used in this paper;
however, the authors do not state how the GA parameters were chosen. This THD value
reported in this paper was lower in both cases, and the results were obtained experimentally.

It is essential to mention that for the comparison, only articles where the harmonic
spectrum reached the 49th harmonic were considered. Some articles were found where the
same objective function was considered, but the range of the harmonic spectrum differed
from that in this paper. For example, in ref. [15], it is considered up to the 40th harmonic,
while in ref. [36] it is considered up to the 100th harmonic. Due to the above, these articles
were not considered since it would be impossible to compare this paper correctly.
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5. Conclusions

This paper highlights the determination of optimal switching angles for both five- and
seven-level CHBMLI to minimize the THD in the output voltage waveform. The switching
angles were calculated using the MATLAB GA solver. Instead of relying on the traditional
trial-and-error or user experience approach to configuring the solver parameters, this study
employed the Taguchi method, providing a more systematic and efficient parameter tuning.

These determined switching angles were subsequently applied to a CHBMLI labo-
ratory prototype, and THD measurements were conducted for the five- and seven-level
configurations. A comparison was made between the experimental THD values and their
theoretical counterparts, revealing a maximum deviation of only 0.132%.

In addition, the study compares these optimized switching angles and experimental
THD values with data from the existing literature that utilized the same objective function
and harmonic spectrum. Remarkably, the results demonstrate that the Taguchi method
leads to lower THD values in five- and seven-level CHBMLIs than previously reported
results. This observation highlights the potential of the Taguchi method for application in
other optimization techniques, such as particle swarm optimization (PSO) and the artificial
bee colony (ABC) algorithm, among others.
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