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Abstract: This work aims to obtain the switching angles to reduce the total harmonic distortion
(THD) and compare the different sets of angles obtained by modifying the modular index (Mi)
in a seven-level multilevel inverter using the differential evolution (DE) algorithm. A seven-level
cascaded multilevel inverter with RL load was simulated in MATLAB Simulink. The Mi was varied
(0.6 to 1.27) to check which set of switching angles is optimal to reduce the THD. These sets of angles
are then experimentally validated on a test bench. A brief discussion of the results is presented,
comparing the minimum THD found without considering Mi, versus the minimum THD obtained if
Mi is less than 1.

Keywords: CHBMLI differential evolution; metaheuristic methods; multi-level inverter; THD
reduction

1. Introduction

Metaheuristic algorithms are optimization algorithms attempt to improve the search
for solutions in the search space iteratively. The algorithms may be inspired by biological
phenomena or by the social behavior of species. Metaheuristic algorithms are usually
problem-independent. Due to their specific advantages over classical methods, metaheuris-
tics are used in the solution of different problems in the fields of engineering [1].

Among the metaheuristic methods that have been used for the solution of these
problems are differential evolution, particle optimization (PSO), genetic algorithm (GA),
firefly algorithm (FA), and others. However, the differential evolution algorithm has
distinguished itself for its efficiency and belongs to the evolutionary algorithms. Among
the outstanding features of the differential evolution algorithm are its efficient global search
capability, versatility to the characteristics of the problem, and not requiring a suitable
initial solution [2].

Differential evolution has been used in various engineering fields, such as acoustics,
aerodynamics, aerospace, agriculture, automotive, biology, chemistry, defense, and others.
The differential evolution algorithm has been widely used in electricals and electronics, in
various communication systems (multi-input and multi-output systems), power allocation,
system modeling, controller design for complex dynamic systems, radio network design,
ultra-wideband radio systems, and power converters [3].

Multilevel inverters (MLIs) can create a single output waveform by synthesizing
multiple voltage levels, producing a stepped waveform approximating a sinusoidal signal.
As the number of sources at the input to the inverter increases, so does the number of levels
of the output waveform [4,5]. Due to the stepped nature of the multilevel inverter output
waveform, multiple sets of switching angles can be found for one modulation index (Mi)
value [6].

For applications related to power converters, the differential evolution algorithm has been
used to minimize THD in multilevel inverters by calculating the optimal switching angles.
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The solution of the transcendental nonlinear equations is one of the main problems
in calculating the optimal switching angles to minimize THD. Therefore, different opti-
mization methods have been used in the literature to eliminate harmonics by solving the
nonlinear transcendental equations that generate the Fourier series.

Several papers mention performing a sweep of the Mi and obtaining results of a
minimum THD using a Mi > 1 [6-8], which can produce an overmodulation, and they only
considered using the minimum %THD found. In other papers [9-12], “coincidentally”, the
minimum %THD found had a Mi > 0.6 and <1. Reviewing the angles found in these papers
that coincide in the number of levels (7), they obtain a set of switching angles different from
each other. Additionally, other articles do not mention which Mi they used. Moreover, they
have different levels, loads, and phases implemented in the MLIs.

This paper focuses on the differential evolution (DE) algorithm application to minimize
the THD value in the output voltage waveform of a cascaded multilevel inverter and to
analyze the obtained sets of switching angles calculated to achieve a required modular
index according to the inverter application.

2. Materials and Methods
2.1. Differential Evolution Algorithm

The differential evolution (DE) algorithm is a relatively new metaheuristic method.
The DE algorithm is a population-based algorithm that uses genetic operators such as
crossover, mutation, and selection.

It has become one of the most widely used evolutionary algorithms. It is easily
understood and easy to implement.

Kenneth and Storn developed the differential evolution algorithm as a reliable, ver-
satile, easy-to-implement function optimizer. The first publication on DE appeared in a
technical report in 1995 [13].

This metaheuristic method has three principal operations: mutation, crossover, and
selection. In the mutation stage, the population vectors are randomly perturbed. Population
diversity is controlled by the crossover process [14]. Meanwhile, the selection process
chooses the vectors containing the fittest solution [15].

Some advantages of the DE method are its ease of application, fast convergence, and
tendency to reach the global optimal solution without remaining in local solutions [16,17].
A diagram of the stages of DE is shown in Figure 1.

1. Initialization

4 Selection

Wax. Generations ar
Found eriteria

Yes

Figure 1. Diagram of the stages of differential evolution.

The following is a brief description of each stage outlined in the diagram in Figure 1:

1. Initialization (Initial population): A population of vectors is randomly generated
(individuals) [18-20].
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LetSG:{X]G:]':l,Z,...,NP} )

be the population of any generation of G, NP denotes the population size. D is the length
of the search space.

G G G G G
X] - {xll], x2’]', cee gy XD/]}' X] (2)
is generated using a uniformly distributed random number, such as: “rand (0,1)”. Hence,
we obtain:
XjG = X1ow + (Xupp — Xrow ) * rand (0,1) (3)
where:

X1ow = Lower bound.
Xupp = Upper bound.
SC = search space.

2. Mutation: In this process, three vectors are randomly selected, and the first two vectors
are subtracted from each other (this is to define a search direction). The difference is
multiplied by the scale factor or “F”, which can vary between zero and one [12]. To
the resulting vector, the third vector is added [21], as in the following equation:

G G G G
VP = X3+ Fx (X -X3) @
where V]-G is the mutant vector.
For each vector in the population, a mutated vector is created.

3. Crossover: A new vector called the test vector (child vector) is generated, using a
crossover factor Cr with values between 0 and 1 and defining the degree of similarity
of the test vector to the mutant or parent vector. If Cr is close to 1, the test vector will
be quite similar to the mutant vector; if Cr is close to 0, it will be similar to the parent
vector [19,20].

The test vector UjG, the target vector XjG, and the mutant vector VjG are denoted as:

G_J,G .G G
LIj = {“1,]" Uglis =oes uDJ}

G_[,G ,G G
Xy = {xllj, Xpjs v xD’]-}

G_[,G .G G
Vi = {vl,]-, Vgjr v vD,j}

so LI]-G is generated as:

vC If rand: < Cr
MG :{ 1,] f ] = (5)

le] Otherwise
wherei € {1,2,...,D}.

4. Selection: The target vector is compared with the test vector. The vector with the
highest fitness remains in the next generation, while the vector with the lowest fitness
is eliminated [3,20]. This operation is performed as:

g - [SFIILE) < (0)

6
X]G Otherwise ©)

Scale factor (F) influences the search’s orientation and convergence speed. If the F
factor takes values between 0.1 and 0.4, it allows a better local search in the space. If F
takes a value between 0.4 and 0.95, the algorithm performs a better global search. Some
authors recommend using 0.9, as it maintains a balance between speed and probability of
convergence [15,22,23].
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Several authors recommend using a crossover rate (Cr) with a value of 0.9 so that the
test vector will be 90% similar to the mutant vector and thus include a wide variety of
individuals [24].

2.2. Optimization Problem Statement

Optimization is obtaining the best possible solution to several designs and
engineering problems.
An optimization problem contains three important aspects:

1. Objective function: the property to be optimized, which can be expressed as a linear
or non-linear function.

Decision variable: an unknown element of an optimization problem.

3. Constraints: restrictions that must be satisfied to produce an acceptable result.

N

For a stated objective function that is defined on the set of all decision variables, a de-
cision must be found such that the objective is optimized (minimized or maximized) [1,25].
An optimization problem may be as follows:

minf (x) ,subjecttox € Q @)

where “f” is a real-valued function called the objective function.

The vector “x” is a vector of “n” independent variables x = [x1, x ... x;,] where the
variables x1, X5 ... Xy, often referred to as decision variables, are selected by the user or
designer. The set () is a subset of R called the constraint set or feasible set.

The above problem is a decision problem. It involves finding the “best” vector x in
compliance with the constraints, or nay, all possible vectors within (). The “best” vector
is the one that has the smallest value of the objective function. This vector is called the
“minimizer”. It is possible to have many minimizers.

Most engineering problems require the designer to optimize some conflicting objec-
tives. Objectives conflict if one objective’s improvement leads to another’s deterioration.
The simplest way to optimize is to find a decision variable that satisfies the given constraints
and optimizes a function whose components are objective functions [25,26]. Multi-objective
problems may not have a single optimal solution.

In this paper, the optimization problem is the reduction of THD in a cascade H-
bridge multilevel inverter (CHBMLI) and finding a desired value of Mi according to the
application. Starting from the THD, the stepped waveform of the output voltage is analyzed
using the Fourier series and is expressed in the following equation, considering that it has
quarter-wave symmetry:

Vour(0) = Z:’:m by, sin(n) (8)
where n =1, 3, 5 are odd harmonics, and bj is given by:
_1 4V
by, = Zii;S n—::(w cos(naq) + Vo cos(nay) + - - - Vy cos(nay)) 9)

where:

N = number of switching angles per quarter cycle.

n=1,3,5... 2N—1 (odd harmonics).

m = number of DC sources.

« = switching angle.

The quality of the output voltage waveform is determined by how many harmonics it
contains, so Equation (4) shows the THD formula following the IEEE 519 standard to be set

as an objective function:
VEnt1357.. Vi
THD = Y. Z"=1357- 71 400 (10)

Wi

where:

4Vj,

- 4V,
nrt

4V,
cos(nay) + —4
nrm

cos(nay) + ... cos(nay),
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The angles must satisfy the following constraints:

0<a; <ap...<a, < (11)

NI

where n = number of switching angles per quarter cycle and a; = switching angle 1,
ay = switching angle 2, and «;, = switching angle 11 (The switching angles are the decision variables).

When Mi > 1, it is said that there is over-modulation, which results in the absence of
pulses when comparing the modulating signal with the carrier signal.

Regarding Mi, the modulation ratio is equal to V1 over n.

Recalling that the case study is a seven-level CHBMLI, Figure 2 shows a waveform
with seven levels and three switching angles (n = 3); the equation remains:

Mi = %(cos(cxl) + cos(op) + cos(e3)) (12)

vour A
Vdc3
vde2 a3
Vdcl

¢ a2

-
0 al
/2 e 3n/2 27

Figure 2. CHBMLI waveform with seven levels and three switching angles.

2.3. Structure of the Seven-Level Cascaded Multilevel Inverter: Case Study

Reference [27] provides a systematic review of publications using metaheuristic meth-
ods to minimize THD in multilevel inverters. The publication highlights that the most
used topology in combination with the differential evolution algorithm is the single-phase
cascaded multilevel inverter with seven levels.

The most outstanding features of CHBMLI are:

e The generation of its switching signals is simple, allowing the use of any PWM
technique based on multi-carrier or vector spaces [28,29].
Switching states can be changed to compensate for faults.
Input capacitors have no voltage balance problems [30].

Considering the advantages, the topology selected as a case study for this paper is
the seven-level single-phase CHBMLI with an RL load connected to the output, as shown
in Figure 3. MATLAB Simulink software was used to perform the simulation of the case
study. The differential evolution method is used to minimize THD.
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Figure 3. CHBMLI inverter with RL load.

Table 1 shows the parameters used for the design and simulation of the cascaded
multilevel inverter:

Table 1. Most important parameters for the simulation of CHBMLI in MATLAB.

Parameters Specifications
Voltage sources (Vdc 1,2,3) 83.33V
R Load 100 O3
L Load 100 mH
Power 625 W
Peak Voltage (Vout) 250 V
Frequency 60 Hz

3. Simulation Results

MATLARB software was used to program the DE algorithm.

For this case study, three switching angles (x1, «2, and «3) were searched for the
seven-level CHBMLL

After obtaining the different sets of switching angles, the modulation index sweep
was performed.

Figure 4 shownn the simulation diagram of the seven-level single-phase CHBMLI,
was performed in MATLAB Simulink software using the parameters in Table 1.

Figure 5 shows the output voltage waveform realized in MATLAB Simulink.

As shown in Figure 5, the output peak voltage obtained is 250 V.

The initialization parameters of the differential evolution algorithm reported in [31]
were taken as a starting point. The parameters used in the case study of this article are
shown in Table 2.
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Figure 4. The schematic diagram for CHBMLI Simulink simulation.
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Figure 5. Output peak voltage in the CHBMLI Simulink simulation.
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Table 2. Parameter values for the differential evolution algorithm.

Parameter Value
Population (NP) 100
Generation (G) 100
Scaling Factor (F) 0.3
Crossover rate (Cr) 0.9

Figure 6 shows the step-by-step procedure of the methodology that was carried out to
obtain the different sets of angles, the Mi, and the THD percentage.

e Setlimits [0° to 90°] The display shows the

. Se‘jtj p'fl[rlan;e.te(gsi(ifo o Run the switching angles, the
1 :/1 113754 =100, algorithm in > best THD found and the
NP=50,F= 0.3 and Mi reached.

Matlab

Cr=0.9

e Set Mi=0.66

No No

The best THD,
switching angles
and Mi are noted.

Increases Mi 0.01 ¢——VYes Iterations >20

Yes
A graph of the magnitude of the
harmonics (1 to 50), the %THD and
The angles obtained are the fundamental signal is displayed on .
used in the simulation of f— the screen. (Using the Powergui FFT —» T:eldatzol:‘tjmlettita(rie —b-
CHBMLI in Simulink. Analysis Tool). analysed and plotted.

Figure 6. Flow chart of the methodology used.

The results of the seven-level CHBMLI previously simulated in Simulink were tested
and plotted to observe its behavior. The following figure shows the results of the angles
obtained by the implementation of this algorithm.

Figure 7 shows the graph of the different sets of angles obtained (Angle 1 circles, Angle
2 squares, and Angle 3 triangles) that coincide with some Mi.

90 Ag Aﬁ AA ala N
80 , 4a AAAA 2 iﬁﬁ =2 1
G al a%a A% A AA gAAA
70 ala Ba & aBA
9N Ap anbhy A
60 4 iA ad L, A
g 50 GA% CRAABRMaNA A
b AL AR ARA
BL a
= 40 5 o 0598 B ; A Ag &
<30 %%, o °° "o . : antfe .
o0 800 o 00o 7 " 3 o AR%ARA
20 o o o o o o a
g ¢ BuR 8800 8" 6990 880g705" 73 L76° §%A
10 o 90°%0  Ogo Yg @ 8.8 o9 —o"F ogop-#
o o © o0 9998088 ©o 0°08q° 654
0 ol © o o] 8 “OQOOBV
0.66 0.7 0.74 0.78 0.82 0.86 0.9 094 0.98 1.02 1.06 1.1 1.14 1.18 1.22 1.26
Mi
oAnglel ©Angle2 & Angle3

Figure 7. Angles vs. Mi in CHBMLI Simulink simulation.
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The set of angles depends on Mi; the smaller the Mi, the more sets are available. Two
sets of angles showing the best angles (with lowest THD) found for a Mi of 0.97 (marked
with black color) and 1.05 (marked with red color) have been marked in Figure 7 to generate
the following Table.

In Figure 8, only the lowest THD obtained from the set of angles corresponding to
each modular index was used, considering that in Figure 7, there are four combinations of
angles for one Mi.

45

%THD
L ]
®
L ]
H

0.66 0.7 0.740.780.820.86 0.9 0.940.981.021.06 1.1 1.141.181.221.26
Mi

Figure 8. THD vs. Mi in CHBMLI simulink simulation.

As can be seen in Figure 8, the Mi that reached the minimum percentage of THD was
1.05 (10.46%).

Several articles do not consider the value of Mi; there is a probability of not finding
the optimal angles to reduce the THD or generate an overmodulation. For this case study,
the values with a Mi < 1 were a Mi of 0.97 and a THD of 12.98%. It is shown in Figure 8.
marked with red dots.

The following figures compare the harmonic spectrum generated by the MATLAB
Simulink Toolbox, from the Mi < 1 and regardless of the Mi, showing the percentage of
THD corresponding to these.

By not considering the Mi, there is a high probability of finding a set of angles that can
generate an overmodulation with a very low THD but is inefficient for the desired load.

Considering the above, looking at the values with a Mi < 1, the Mi with a low THD
percentage was a Mi of 0.97, with a THD of 12.98%, as shown in Figure 9b). Almost a 3%
difference from the THD percentage was found without considering the Mi (10.46%).

1tal (60Hz) = 243.1, THD= 12.98% Fundamental (60Hz) = 267.2 , THD= 10.46%
1 T T T T T T T

5 —

&~ @ @
T T T
L L I

i @
T

I
T
L

[N}
T

o
T
I
Mag (% of Fundamental)
w

Mag (% of Fundamental}

\H] oAl

40 45 50

]NI ] '\|| “‘
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Harmonic order Harmonic order

(a) (b)

I UﬂUO luad. 00 ULMHJ 1 J alal] J:]JUUULJ] |H|]J]HND H‘

o
=
=
E—
=

o
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Figure 9. Harmonic spectrum generated with the MATLAB Simulink Toolbox: (a) harmonic spectrum
generated with Mi 0.97; (b) harmonic spectrum generated with Mi 1.05 (minimum %THD found).
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4. Experimental Results

A cascaded modular multilevel inverter was built to obtain the behavior of the pro-
posed method and THD, resulting in a stepped output voltage of seven levels. A three-H-
bridge configuration was used to generate seven output voltage levels. Figure 10 shows a
CHBMLI cell, using an IRAMS10UP60A module with its respective driver circuits, imple-
mented with a 120 V DC power supply. The switching angles obtained were implemented
in the ALTERA FPGA, using look-up tables for an offline application. Figure 11 shows the
experimental platform.

Figure 11. Experimental platform, multilevel topology.

Figure 12 shows the implemented switching signals obtained experimentally using the
set of angles in Table 3. It is observed in the figure that the lines are composed of 3 colors;
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the blue color indicates that it is off, the green color indicates that it is on, and the yellow
color indicates a signal being in transition.

DS0-X 30544, WIE136027 7. Thu Sep 22 07:51:31 2022
] s

Agilent

LIISICION

1.00 :l
1.00:1

Figure 12. Experimental H-Bridge output signals.

Table 3. Best sets of angles found and their Mi.

Mi X1 Xp X3
0.97 9.80° 28.63° 64.2°
1.05 8.69° 27.89° 49.81°

Figure 13 shows the output voltage waveform obtained experimentally using the
angles in Table 3 with a modulation index of 0.97.

Figure 13. Experimental result in a 7-level CHBMLI using the switching angles found for a Mi of 0.97.

Figure 14 shows the table of harmonic values from the fundamental to the 50th
harmonic. It is observed that the THD value is 13.61%.



Appl. Sci. 2022, 12,9910

12 of 15

/SYS YIRS T[}E PLOT ' EVENT
1cH @ch Udin 2208V | &
1P2W | 600V 5@A | OFF/A0aY 504 |frnom 66Hz
Real Time View Elapsed Time 00:00:00 || f : 50
CH1 I LEVEL | iharmOFF THD-F

0:
1:
g
!l_l:
b:
(:]Z
1

OCOO0OOOO0OOOOOOO0OOO0O
OCOOOOOOOOOOOOOONO
O—=OOONONO—-ONOOOMN
ONO—-OMONO~NOUION] —-——
OCOO0OOOO0OOOOOOO0OOOO0O
OCOO0OOOO0OOO0OOOO0OOO0O
OO—-0O00O0OO0O0OO—-~0ONOO
JIOOOWONOWOMNOWOWOWOm

—
—
(90!
=

Figure 14. Harmonic list for the experimental result in a 7-level CHBMLI with Mi = 0.97.
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Figure 15 shows the output voltage waveform experimentally using the angles in

Table 3 with a modulation index of 1.05.

Figure 15. Experimental result in a 7-level CHBMLI using the switching angles found for a Mi of 1.05.

Figure 16 shows the table of harmonic values from the fundamental to the 50th

harmonic. It is observed that the THD value is 10.54%.



Appl. Sci. 2022,12,9910

13 of 15

/SYS VIEW IT )T * EVENT

1cn @y Udin 220V

1P2W |600V| 5@Al| OFF A0V 504 |frnom 66Hz 0

Real Time View Elapsed Time 00:00:00 ||f = 49 . 9898H=z
CH1 I LEVEL | iharmOFF THD-F: 10.54

= STATUS
» SETTING

WAVE

QO ~J O U1 WO — =

COLTAGE

HARMONICS
VECTOR
GRAPH
LIST

DM
= POWER _

0.
0.
0.
0.
0

0.
0.
0.
0

0.
0.
0.
0

0.
0.
0.
0

OOO0O0OOOO0O0OOOOO0OOOUIO
O—=0O0—-0000O0—-0O0—-~0OOOON
O—=OJICOONOUIOMOM—~hA N
OOO0OOOO0OO0OOOO0O0OOOOO0O
CQOO0OOOO0OO0OOOOO0OOOOO0O
—O0O0O0OOO0OOOOOOOONON
QONOUIO—=O~NONODNOMON
CQOO0OOOO0OOOOOO0OOOOO0O
OCOO0OOOO0OO0OOOOO0OOOOO0O
(elelelelelelelelelelelelebelels)
OPAORNOOONOUIOMONOUIO

2822/89/19
10:33:28

—
—
[0}
e |
ac
(=]
=
=

Figure 16. Harmonic list for the experimental result in a 7-level CHBMLI with Mi = 1.05.

5. Discussion

In recent years, metaheuristic methods have been implemented to reduce THD in
multilevel inverters. Among these methods, the DE algorithm has stood out for its easy im-
plementation and fast convergence; the DE algorithm has excelled in several research areas.

The following table was created with the data obtained from the simulation (performed
in Matlab Simulink) and the experimental tests.

Table 4 shows the percentage of THD obtained. For the Mi of 0.97, the THD obtained
in the simulation was 12.98%, while the THD obtained from the tests was 13.61%. A 0.63%
difference between the simulation and experimental percentages.

Table 4. THD value (%) comparison between simulation and experimental tests.

Mi Simulation Experimental
0.97 12.98 13.61
1.05 10.46 10.54

For the Mi of 1.05, the THD obtained in the simulation was 10.46%, and the THD in
the tests was 10.54%—a difference of 0.08%. The difference in both THD is negligible.

In both simulation and testing, there is a difference of approximately 3% of THD from
the obtained Mi.

6. Conclusions

The differential evolution algorithm; is recognized as an efficient and robust optimizer.
Usually, differential evolution outperforms its counterparts in efficiency and robustness.

In this paper, the differential evolution algorithm has been analyzed and implemented
in a seven-level cascaded single-phase multilevel inverter (CHBMLI) to obtain the sets of
possible switching angles by varying the modular index (Mi).

The simulation of the differential evolution algorithm implemented in the seven-level
CHBMLI was performed in MATLAB/Simulink software.

The set of angles obtained (without considering the Mi) reduced the THD percentage
to 10.46 (Mi of 1.05).
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Remembering that the Mi must be less than one, it was found that the Mi that satisfies
the established limits and has a decent THD reduction was 0.97, with 12.98% THD.

With these two sets of angles, tests were performed on a seven-level CHBMLI. THDs
of 10.54% (Mi = 1.05) and 13.61% (Mi = 0.97) were obtained.

In both simulation and testing, there was a difference of approximately 3% in THD
from the obtained Mi. The differential evolution algorithm aims to find the optimal angle
sets to reduce THD and provide a suitable modular index for the output load.

In conclusion, effectively minimizing the THD value in an MLI can affect the inverter
output voltage, making the Mi inadequate.

Consideration should be given to whether a high modulus value is required, but not
to alow THD or a low THD with poor modulus value for that load.
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