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Abstract

Minimizing total harmonic distortion (THD) with less system complexity and computation time is a stringent constraint for
many power systems. The multilevel inverter can have low THD when switching angles are selected at the fundamental
frequency. For low-order harmonic minimization, selective harmonic elimination (SHE) is the most adopted and proficient
technique but it involves the non-linear transcendental equations which are very difficult to solve analytically and numerically.
This paper proposes a genetic algorithm (GA)-based optimization technigue to minimize the THD of cascaded H-bridge
multilevel inverter. The GA is the finest approach for solving such complex equations by obtaining optimized switching angles.
The switching angles are calculated by the genetic algorithm by solving the nonlinear transcendental equations. This paper has
modeled and simulated a five-level inverter in MATLAB Simulink. The THD comparison is carried out between step modulation
method and optimization method. The results reveal that THD has been reduced from 17.88 to 16.74% while third and fifth
harmonics have been reduced from 3.24%, 3.7% to 0.84% and 3.3%, respectively. The optimization method along with LC filter
significantly improves the power quality providing a complete sinusoidal signal for varying load.
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1 Introduction

Power generation from renewable energy sources (RES)
is increasing and being integrated in the conventional
grid through an intermediate conversion. The power
electronics interfaces such as inverters are used as a con-
version tool that integrates the RES in the power grid.
An inverter can generate an output of square wave
which is of two levels or a quasi-square wave which has
three-level or modified form of square wave [1]. For
some applications, the two-level or three-level inverter
does not meet the demand because of low-quality wave-
form. To overcome this problem, multilevel inverters
(MLI) can be used [2]. MLIs can provide a multi-
stepped output of low frequency or high frequency. The
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multi-stepped output minimizes the harmonic content
and a passive filter helps in attaining a sinusoidal output
waveform [3, 4]. MLI is one of the best possible options
for high power, medium voltage, low energy loss, better
power quality, and high efficiency. Furthermore, MLI
can be used for selective harmonic filtering, VAR com-
pensation, and drive applications.

By using several DC input sources to the multilevel in-
verter, staircase voltage waveform is obtained [1]. The
efficiency of multilevel inverters is gauged upon the con-
tent of harmonic level, i.e., total harmonic distortion
(THD). Singh and Garg [5] focused on the output wave-
forms of different multi-level inverters models designed
n Simulink, which analyzed their respective THDs. It
was verified that the THD decreases with an increase in
the voltage levels of an inverter.

MLI enables direct integration with the medium or
high voltage utility grid. The integration with medium or
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high voltage utility grid is not possible with single semi-
conductor switches of two-level inverter [6]. Different
control schemes are adapted to trigger the switches. The
most common strategies are selective harmonic elimin-
ation (SHE), pulse width modulation (carrier-based), and
space vector modulation [7]. Sinusoidal and space vector
pulse width modulation are categorized in high-
frequency modulation schemes where switches transited
many times per cycle [8]. SHE is a low-switching modu-
lation technique, where the switches commutation oc-
curs one or two in a cycle of the desired output voltage.
Some features of SHE makes it more suitable for high
voltage applications such as low switching losses, small
size of filter, and no harmonic interference [9].

Different switching angle techniques have been proposed,
ie, half height (HH), feed forward (FF), equal phase (EP),
and half equal phase (HEP) in [10]. These methods do not
provide optimum solution to reduce THD and are time-
consuming methods. To reduce the high order harmonics, a
switching angle formulation technique has been proposed in
[11] in which low odd-order harmonics are eliminated from
a multilevel inverter by using genetic algorithm (GA). The
most important and adopted technique for the elimination
of any desired harmonics is SHE. It can be solved analytic-
ally as well as through optimization methods [12]. The
optimization methods are based on biological systems that
solve optimization problem by calculating switching an-
gles [12, 13]. Selective harmonic elimination pulse width
modulation (SHE-PWM) technique was used in [14] to
eliminate low order harmonics using a single-phase 3-
level inverter. The active harmonic elimination method
has been proposed with unequal DC sources and switch-
ing angles are derived analytically in [15, 16]. The selective
harmonic elimination method is proposed in [17] on cas-
caded H-bridge to reduce the THD. Paper [18] calculates
switching angles by using particle swarm optimization for
the elimination of harmonics. A generalized analytical
model for SHE-PWM by finding the optimum solution of
cascaded multilevel converters by solving nonlinear equa-
tions is proposed for harmonic elimination [19, 20]. The
nonlinear equations used in the aforementioned literature
for solving switching angles are time-consuming.

SHE generates nonlinear transcendental equations for cal-
culating switching angles to minimize low order harmonics
[12]. Different methods are available for solving these non-
linear equations: numeric method, algebraic method, and
bio-inspired intelligent algorithm. Many authors used SHE
for harmonic elimination as SHE equations are non-linear
and simple [21]. In [17, 22-24], the authors proposed itera-
tive numerical techniques for solving non-linear equations.
For calculating switching angles, the usual method is iterative
methods such as Newton Raphson and other numeric or al-
gebraic methods [13, 25]. The only problem with the itera-
tive technique is the divergence problem whenever it is
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solved analytically by numeric methods or algebraic
methods, and it is also likely that for minimum THD the
optimum switching angles may not be produced [25]. These
methods provide more complex and time-consuming so-
lutions. In addition to this, these methods unable to find a
solution to certain modulation indexes. There are
optimization methods that are based on continuously gen-
erating new ants such as particle swarm optimization
(PSO), genetic algorithm (GA), and bee algorithm. which
can find the optimum solution of full range of modulation
indexes [13]. The dc sources applied to multilevel inverter
are varying in time, and the switching angles associated
with the variation of dc sources. GA technique is used to
determine the switching angles offline that correspond to
the real time value of dc sources [26]. GA is a simple tech-
nique without any analytical calculations and initial
guesses. It is bio-inspired artificial intelligence technique
which provides the optimum and quick solutions of the
harmonic equations [27, 28].

A new multilevel inverter topology has been used in [29].
An adaptive genetic algorithm has been used to reduce har-
monic contents. A seven-level case is being considered and
modeled for THD minimization. For medium voltage and
high power applications, multilevel inverter has been used as
it provides high-quality output power. Therefore, low switch-
ing frequency strategy is applied as it has low harmonic con-
tents as compared to high switching frequency. The paper
[30] is simulated by using a selective harmonic elimination
method and a genetic algorithm approach to reduce high
harmonic content and produce the high power output.

The significance of the optimization technique also lies
in the field of the Internet of Medical Things (IoMT),
which uses wireless communication for exchanging
healthcare data aiming to reduce healthcare cost and
prices for service [31]. To keep the reliability to an ac-
ceptable level the uncertainty is an important element in
the cloud-based internet of things (IoT). Internet of
things (IoT) aims to utilize energy efficiently by using
different technologies and make it possible for people to
live on a green planet [32]. The uncertainty factor in-
cludes transmission/reception energy, network topology,
nodal charge, and computation capacity. These uncer-
tainties are recorded and mapped to different nodes with
changing capabilities by using artificial intelligence-
based (AI) algorithms. The aim is to predict and calcu-
late the price per big data by using Al algorithm [33].

In this paper, a cascaded H-bridge topology is
adopted due to several advantages, i.e., for every
bridge it uses a separate DC source in order to
achieve the output voltage waveform similar to a si-
nusoidal signal and it has the simplest design with
less cost as compared to other topologies. To obtain
a smooth and pure sinusoidal signal the number of
H-bridges are increased. A 5-level multilevel inverter
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has been designed in MATLAB/Simulink. Stepped modu-
lation and genetic algorithms are used to obtain the
switching angles. Moreover, GA-based SHE is used to re-
duce the undesired third- and fifth-order harmonics in
both offline and online modes by the varying load. The
simulation results reveal that the undesired third- and fifth-
order harmonics from the output have been significantly re-
duced for a 5-level inverter. The introduction of filter to the
design reduces more THD and improves the voltage and
current output waveforms.

This paper is organized as follows: Section 2 describes
the conventional step modulation technique applied to
multilevel inverter and elaborates the limitations of these
methods that, why it is not succeeded and gives a room to
another approach. Section 3 proposes the methodology
which describes the selective harmonic elimination method
and the problem associated with solving nonlinear tran-
scendental equations. This section also explains the
optimization method for solving nonlinear transcendental
equations. Section 4 presents the simulation results. Finally,
the conclusion of the study is presented in Section 5.

2 Multi-level inverter with stepped modulation
There are different modulation schemes for various
topologies of multilevel inverter. One of the modula-
tion scheme to control switches is step modulation.
An investigation has been carried out for THD of
sine wave’s stepped waveform that synthesizes
switching angles by different computational methods.
The half-height (HH) method offers the lowest total
harmonic distortion [34]. HH calculates the switch-
ing angle at the time at which the reference sine
wave becomes equal to the half-height of the source.
The ith switching angle 6; can be obtained for bal-
ance voltage source as

1

i-=

sin”! [ 2.2 (1)
4 ms

6, =

Where, 6; is the ith switching angle for different
modulation indexes ms.

A cascaded H-bridge configuration of five-level in-
verter is designed as shown in Fig. 1. Let “s” is the num-
ber of H-bridges. For m level inverter, 2(m+1) switching
angles are needed. The output voltage v, can be obtained
by relating a constant term k; with a dc voltage Vg.. A
relationship can be written as

Vs = k,’.VdC (2)

k; is fluctuating between three values — 1, 0, 1. For
positive value of 1, opposite switches S; and S, or S5 and
Se will be turned ON providing +v and 2v. For negative
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Fig. 1 Simulink model of five-level inverter

value of — 1 S3 and S, or S, and Sg will be turned ON
and thus providing —v and - 2v, respectively. For 0,
switches S; and S; or S; and S, will be turned ON. The
output voltage v, of cascaded H-bridge is equal to the
summation of output voltage vy of s H-bridges con-
nected in series.

Vo = Z Vs (3)

The switching angles 6, 6,, 63 obtained by half-height
method to control the ON and OFF of switches are
shown below in Table 1. The output voltage of nth odd
harmonic is given by

4 s
Vi= poes 'Zi:l Ve cos(6;) (4)

Where 7 is the odd-order harmonic since the ampli-
tude of even harmonic is 0. §; is the ith switching angle.
HH method is a simple geometric method to calculate
the switching angles but the problem occurs while con-
sidering the modulating index which has a mismatch be-
tween input and output. Minimum THD does not occur
at m setting but slightly higher than m setting [35].

Table 1 Design parameters for Cascaded Multilevel Inverter

S. No Name of parameter Range
1. Sources 02
2 H-bridges 02
3 Level 05
4. Frequency range 50 Hz
5 Voltage magnitude peak 312V
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3 Methodology

Specifying the switching angles is essential for the control
of multilevel inverter. For getting the desired output wave-
form switching angles should be selected in such a way to
reduce the THD. Different modulation techniques are
available for MLI to control the output voltage and
current. Modulation techniques are divided into two cat-
egories based on switching frequency [3, 4, 36]. GA-based
SHE is used in this paper to eliminate the specified har-
monic content and is discussed in the following section.

3.1 Selective harmonic elimination
The application of medium and high voltage inverters lies in
distributed generations, medium voltage drives, and high
voltage ac transmissions. Frequency of PWM is limited by
switching losses and electromagnetic interference in these
applications [37]. To overcome this issue, SHE exploited to
reduce the frequency and THD [4, 38]. Selective harmonic
elimination method is highly preferred for solving non-linear
equations. It minimizes the low order harmonics and hence
reduction of total harmonic distortion. This method calcu-
lates the switching angles in such a way to reduce the har-
monics, which also depends on model design and control. It
also controls the output voltage of fundamental waveform.
For five-level inverter third and fifth harmonics are elimi-
nated and for higher-level (N-1) odd harmonics are elimi-
nated [39]. The fundamental output waveform depends on
switching angles that should be selected in such a way to re-
duce the THD and the modulation index. The magnitude of
all other harmonics like even harmonics get reduced to 0.
The output waveform can be expressed by Fourier expan-
sion in selective harmonic elimination pulse width modula-
tion method:

Ao

Vou(t) 5

+ zrj:(En cos(nw) + O, sin(nw)) (5)

n=1

Where a, is dc component, E, is amplitude even har-
monics and O,, represents odd harmonics. Multilevel in-
verter produces quarter symmetric output in which the
dc component and even harmonic component gets 0.
Equation (5) becomes

Vu(t) =V, sin(nb;) (6)

The equation of Fourier expansion can be expressed in
the form of Eq. (2) which becomes

Va= il Z k; cos(nb;) (7)

ni i=1

k; is the ratio of dc voltage source of ith voltage and dc
source which can be expressed in the form of
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Vbci
k’ = 8
= v2e ®

The only harmonics present in quarter-wave symmet-
ric multi-level inverter are odd which need to be elimi-
nated. The switching angles should be selected in such a
way to reduce the total harmonic distortion. In this
study third and fifth harmonics are minimized for five
levels inverter. The fundamental output voltage, third
harmonic component and fifth harmonic component
can be expressed in the form of

4V,
Vi = ﬂDC [ cos(01) + cos(62) + cos(63)]
4
3= V}’:C [ cos(3601) + cos(362) + cos(363)]
. 4V pc

s [ cos(5601) + cos(56,) + cos(563)]

©)

The condition should be applied for calculating the

switching angles in quarter-wave symmetric waveform:
b4
61<62<03<§ (10)

A solution of nonlinear equations obtained by selective
harmonic elimination PWM is a challenging task. Differ-
ent methods are available to find the solution which in-
cludes a numeric method, algebraic method, and bio-
inspired artificial intelligent algorithms [40].

When an exact solution cannot be determined by other
methods, the numeric methods are used to approximate the
solution of nonlinear equations. The numeric methods build
successive approximations that converge to the exact solu-
tion of nonlinear equation. In numeric methods, different
methods are available for optimization, the most popular are
Newton Raphson, Walsh function, and gradient optimization
iterative methods. Except for these methods, we also have
numerical methods such as the Runge-Kutta methods that
are used for solving initial-value problems for ordinary differ-
ential equations. However, these problems only focused on
solving nonlinear equations with only one variable, rather
than nonlinear equations with several variables [41]. These
methods are fast iterative methods which involve initial
guesses but these initial guesses may cause divergence prob-
lem sometime in large iterations.

The other method is algebraic that involve conversion
of nonlinear equations into polynomial equations without
any initial guess. The only drawback of this method is that
optimization of switching angles is done in a very complex
manner and also this method is not useful for high-level
inverters. However, it can be used for low-level inverters.

The best method for optimization is bio-inspired
artificial intelligent algorithm that is inspired by na-
ture selection. This method is easy to implement and
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it decreases the processing time for optimization. The
best optimum solution can be obtained from this
method with fast iteration.

3.2 Genetic algorithm

Genetic algorithm (GA) is based on a biological inspired
process in which a stronger individual is the final solu-
tion among all the individuals in the competition i.e.
survival of the fittest [42—45]. This individual represents
the set of solution and is composed of different parame-
ters. These parameters are called genes of a chromo-
somes and is represented by binary strings [46]. The
best possible (the fittest) solution at the end approaches
the optimum point through several iterations of the al-
gorithm. The bio-inspired intelligent algorithm is one of
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the best methods for optimization. The aim of using GA
here is to optimize the switching angles to reduce the
low order odd harmonics. This can be done by genetic
algorithm to minimize the objective function. The over-
all process of genetic algorithm is shown in flowchart
below in Fig. 2. The objective function is the total har-
monic distortion. To minimize the function fx, xo, ...... ,
xy) it is first coded as binary floating values, e.g.,

x1 = [001, ..., 110]
%y = [010, ..., 111] (11)

The set (x1, %5, ...... ,%z) is called chromosomes and the
variables contained in chromosomes are genes. The

Define Number of variables, i.e.
switching angles

v

Population size selected i.e.
How many chromosomes

v

Fitness function evaluation

If number of iteration is
less than 100

NO

Genetic Algorithm
operation

NO

If cost fuction is
less than 1

Fig. 2 Flowchart of the overall process of optimization technique, i.e, genetic algorithm
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population size is selected which determines the number
of chromosomes contained within that population.

X1.ayX1.bs -3 ¥X1.n
populatton,pz 2.a5%2.by -y X2n (12)
KXm.asXm.bs -y Xm.n

Cost function used for evaluating the fitness value of
each chromosome. The fitness value is equal to

1
fx1, %, ...

FV =
7xk)

(13)

By adding all the fitness values, we will get the total
fitness. To find the selection probability, each fitness
value will be divided by total fitness. Crossover and mu-
tation is the next step for optimization. For this, one
number is selected that will be floating between 0 and 1.
If the selected number for crossover and mutation is
smaller than pre-selected probability, it will lead to
crossover and mutation. This will be the new set of
chromosome functions. This population is now ready to
undergo the next cycle of genetic algorithm. It goes sev-
eral times to get a minimum cost function. Once we get
less cost function, it will be the best optimum solution
for getting the switching angles. The objective is to get
maximum fitness value with cost function less than 1.

In this paper, five-level inverter is simulated to minimize
third and fifth harmonics. The best optimum switching an-
gles are obtained by a genetic algorithm. The population size
of 40 is selected. The chromosome functions are 40 in a
population f{6;, 65, -, 8,)). Performance and efficiency of GA
depend on population size. Large population has slow rate of
convergence as it required more evaluation per generation
[9]. Optimal values were found out by [47] of different pa-
rameters in which a population size of 40 is selected. The
genes in chromosomes are variables which are switching an-
gles 8, in five-level inverter. There are two variables in five-
level quarter symmetric multilevel inverter, ie., f(0;, 65). The
constraints for the genetic algorithm must be satisfied to re-
duce the third and fifth harmonics that are given below:
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/s
cos(0;1) + cos(6,) = M§
cos(361) + cos(36,) =0 (14)
cos(561) + cos(56,) =0

The objective is to evaluate fitness function for each
chromosome. The objective function is harmonic con-
tents which need to be reduced. The cost function or fit-
ness function obtained is

V(3> + V(5)°

F(61,6,) = abs V(1)

(15)

GA runs for several iterations minimum of 100 until it
reaches the best optimum solution with the cost func-
tion less than one. The fitness values determine the new
setpoint after the first iteration and it will undergo the
whole process of crossover and mutation to produce a
new population of chromosomes. This process continues
again the same cycle starts from the fitness function.
The best fitness function or fitness value obtained is
shown in Fig. 6. For five-level inverter, two variables are
specified representing the switching angles (6, 6,) with
the aim to get the best optimum switching angles.
Optimization technique is applied to get the switching
angles best for inverter having low harmonic distortion,
the two best variables that are achieved after
optimization. Designed parameters of five-level inverter
are listed below in Table 1.

3.3 Filter with load

Filter with load-multilevel inverters are widely used for
grid integration, industrial applications, smart grid tech-
nologies, and renewable energy systems. For grid inte-
gration, power quality is the main concern, it needs pure
sinusoidal voltage and current waveforms. Fundamental
output waveform has a lot of harmonics, we can elimin-
ate lower odd-order harmonics by algorithms and differ-
ent switching techniques, while higher order harmonics
with filters. Mostly LC filter is used in multilevel inverter
to reduce high-order harmonics. An L-C filter makes

Rs A1

A3

—A\N\N\——

Fig. 3 A four lumped element LC filter prototype

A2 —

— Ad=— RL
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waveform pure and free from harmonics. LC filter is
used to connect the inverter with machine loads and en-
able to interface with grid. In this paper, a Butterworth
method has been implemented for designing a lumped
element based filter. Figure 3 shows four elements of LC
filter designed by Butterworth methods.

Output impedance should be minimized in case of
nonlinear loads to minimize the distortion. If the cutoff
frequency is specified the capacitance should be maxi-
mized and inductance should be minimized [26]. The
most important step in LC filter design is selecting a
passive elements L and C for a filter. The designed filter
characteristic can be represented by frequency response,
i.e,, Return loss Ry by keeping in view the specifications
of filter [48]. Return loss is given by (16).

Vv
R, =20 long

(16)

124

Vr is the input voltage to the filter and V;, is reflected
voltage, i.e., V.. The following parameters are needed in
the design of a filter: Inverter input dc voltage, Line-line
RMS voltage, rated power, frequency and cutoff frequency.
Resonant frequency given in (17) should be lower than
switching frequency to limit the harmonics [48].

(17)

The specification of a design-filter contains a 3 dB cut-
off frequency f, and attenuation or the order of the filter.
The order of filter #» means the number of poles in a
transfer function [26]. The order of filter is not necessary
in case of harmonics elimination as it is necessary only if the
cost and weight of inverter are the concerns. The real values
of capacitance and inductance can be determined by (18),

R A
I = 2Lfk
b
e (18)
C= .
RLZTIfC
Table 2 Designed parameters of LC filter
S.no Parameters Value
1. Cutoff frequency 3dB
2. A 0.0136
L 32 mH
3 As 0.040
G 48 UF
4 As 0.067
L 156 mH
5 Ay 0.093
G 112 uF
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Table 3 Inverter specifications for load
S.no Contents Value
1. DC input voltage V¢ 300V
2 RMS voltage Vaus 212V
3 Frequency F 50 Hz
4, Reflected voltage Vi, 290 V
5 Rated power for load P 1 kw

Where Ay is the attenuation factor used to determine
the values of lumped elements. Attenuation factor can
be calculated from (A; — L;, Ay — Ly, A3 — L3):

A = 2 sin k=1,2,3-\n

(2k2—n1)n (19)

Where, k = 1, 2, 3,---, n and # represents the number
of elements in a filter. In this paper, four elements LC
filter is designed for a five-level inverter to minimize the
total harmonic distortion and to connect the inverter to
the load. The parameters of LC filter are given in Table
2.

For a design of LC filter, the specifications are given in
Table 3 for a load. A 1 kW load is considered in this
case with an input of dc voltage 300 V. The switching is
carried out with a fundamental frequency.
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Fig. 4 Simulation results of five level inverter by step modulation

method. a Output voltage waveform. b Order of harmonics
A\




Salman et al. EURASIP Journal on Wireless Communications and Networking

N
[=]
o

Peak Magnitude, V
o

-200
0 0.01 0.02 0.03 0.04
Time, Sec
(a)
50

> a0}

[<}]

=]

=2

.E 30 -

=)

(S

= 20}

[<}]

<]

8

§ 10 T

0 ? T o T P-ig T ? 2 & o P o
1] 10 20 30 40
Harmonic order

(b)

Fig. 5 Simulation results of a five level inverter by optimization
technique. a Output voltage waveform. b Order of harmonics

\

4 Results and discussion

To validate the algorithm for calculating switching
angles, simulation is carried out in MATLAB/Simu-
link for five-level cascaded H-bridge multilevel in-
verter. Simulation is carried out for both conventional
and genetic algorithm based selective harmonic elim-
ination technique. Different applications have different
optimization aims such as minimization of total har-
monic distortion of inverter output voltage for PV
system, minimization of low odd order harmonics
such as third, fifth, and seventh, for different applica-
tions [49]. The aim of this research is to reduce the
THD of output voltage and to reduce the low odd
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order harmonics such as third and fifth with both off-
line and load connected equipped with appropriate
filter. Different methods are available for the calcula-
tion of switching angle. For our purpose, the best def-
inition of total harmonic distortion is the sum of all
harmonic components of rms voltage to the funda-
mental component of voltage rms.

o

DV

n=2

THD = (20)

1

Results obtained through stepped modulation tech-
nique and GA-based SHE are discussed in detailed in
the following sections.

4.1 Stepped modulation technique

Switching angles are calculated by methods like
stepped modulation half height method and in
stepped modulation technique, one cannot eliminate
or reduce the low-order odd harmonic in the output
voltage but total harmonic distortion can be reduced
to some extent. The simulation result of a five level
inverter in which switching angles are calculated by
step modulation technique is shown in Fig. 4. The
THD in this case is 17.88%. The output waveform of
voltage is shown in Fig. 4a and the order of har-
monics is shown in Fig. 4b.

4.2 GA-based SHE

The genetic algorithm method can eliminate or
minimizes the third order and fifth order har-
monics. In addition, there is minimization of total
harmonic distortion in proposed method. To
minimize total harmonic distortion in cascaded
multilevel inverter with “s” H-bridges by consider-
ing more than (s-1) harmonics, those harmonics
will not be eliminated because of more variables
than equation sets [50]. The simulation result of

-
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Fig. 7 Two best optimum variables (switching angles) to control switches having low THD

proposed optimizing method of an inverter is
shown in Fig. 5.

The THD result in this case is 16.74%. Output
voltage waveform is shown in Fig.5a and Fourier
transform analysis is shown in Fig. 5b. It can be ob-
served from Figs. 4b and 5b that the low-order odd
harmonics can be minimized to an acceptable range
by using optimization technique, i.e., genetic algo-
rithm. The best fitness value is shown in Fig. 6,
while the best optimum variables after optimization
is shown in Fig. 7.

The optimization method uses best variables, i.e.,
switching angles to reduce the THD. The output
waveform is also similar to sinusoidal signal. The
THD reduces to acceptable range. The best and
optimum fitness function is obtained through algo-
rithm. The main purpose is the minimization of ob-
jective function through algorithm.

The comparison of switching angles, total harmonic
distortion, and phase delays are listed in Table 4. It
can be seen that total harmonic distortion along with
low order odd harmonics, ie., third and fifth har-
monics reduces when optimization method is applied.
The table shows that both methods have different
switching angles. The optimization aim is to get best

switching angles to minimize the total harmonic
distortion.

In the Table 4, the comparison has been done be-
tween conventional method, i.e., stepped modulation
and proposed optimization technique, i.e., genetic al-
gorithm. The comparison is carried out in terms of
switching angles, THD, phase delay, and low-odd
order harmonics. It is clear from the results that the
switching angles, THD, phase delay, and low-odd
order harmonics has been reduced in optimization
technique. The two variables, ie., 8;and O,which we
have taken in optimization technique is reduced from
14.47°, 48.59° to 12.89°, and 42.76°. Therefore, the
same reduction has been observed in total harmonic
distortion from 17.88 to 16.74% and low-odd order
harmonics from 3.24%, 3.7% to 0.84%, and 3.3%.

4.3 Filter with load

To minimize the total harmonic distortion of output
voltage below 5% and to make the output current
and voltage waveform smooth the L-C filter is used
[26]. The L-C filter is used in multi-level inverter
connected to load. The THD comparison is carried
out by varying load. The output voltage waveform is
shown in Fig. 8. It can be seen from the comparison

Table 4 Comparison of THD, switching angles, phase delay, and low-order odd harmonics of five-level inverter obtained by step

modulation method and optimization technique

Switching angles, degrees
Stepped modulation

0, 6, 0, 0,
4859 12.89 4276

Genetic algorithm

1447
Phase delay, seconds
Stepped modulation
V 2V \% 2V
0.0008

Genetic algorithm

0.0026 0.0007 0.0023

THD (%)
Stepped modulation
17.88

Genetic algorithm

16.74

Low odd order harmonics (%)

Stepped modulation Genetic algorithm

Third Fifth Third Fifth
324 3.7 0.84 33
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Fig. 8 Output waveform of five level inverter
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table that by increasing the load without changing
any parameter the THD slightly increases. A minute
increase of THD has seen by increasing the load to a
large extent. The variation of voltage THD with load
is shown in Fig. 9 and Table 5.

The above Fig. 9 depicts the THD variation with
respect to the load. The graph shows that the THD
variation is directly proportional to the load in-
crease. As the load increases the THD also
creases. Therefore, we need optimization approach
to reduce this inclination of THD versus load. If
the optimization technique is not applied to the
multilevel inverter, these THD variations will shoot
out with respect to load and become uncontrollable.
We used genetic algorithm approach to reduce the

in-

variation of THD with respect to load as the in-
crease of THD is very less.

5 Conclusion

The genetic algorithm-based approach is proposed to
solve the nonlinear transcendental equations of selective
harmonic elimination of cascaded H-bridge multilevel
inverter. The total harmonic distortion (THD) compari-
son is carried out between step modulation method and
optimization method. The optimization method finds
the switching angles in such a way to minimize the THD
and low order odd harmonics. Cascaded H-bridge con-
figuration is more practical than diode clamped and fly-
ing capacitor multilevel inverter because of less number
of components and complexity. Magnitude of

3.02 . .

~N

3.01
3.00 -
2.99 +
2.98 +
2.97 +
2.96 -
2.95 +

Voltage THD %

2.94 +
2.93 -
2.92

291 b+
44 46 48 50

Fig. 9 Voltage THD versus the load, obtained by optimization approach

Load, R(ohm)

52 54 56 58 60 62




Salman et al. EURASIP Journal on Wireless Communications and Networking

Table 5 THD variation with load

S.no Load Q THD%
1. 45 2917
2. 46 2919
3. 47 2922
4. 48 2926
5. 49 293
6. 50 2938
7. 51 2942
8. 52 2.948
9. 53 2954
10. 54 2.961
11 55 2.969
12. 56 2976
13. 57 2.984
14. 58 2.994
15. 59 3

16. 60 3.009
17. 64 3.046
18. 74 3.144
19. 90 3.271

fundamental component is not controllable and is con-
stant throughout the cycle while the magnitude of har-
monic component depends on order of harmonics
inversely. The simulation is done in MATLAB/Simulink
and the optimum solution is provided subsequently due
to its fast iterative method. The results reveals that THD
has been reduced from 17.88 to 16.74% while third and
fifth harmonics has been reduced from 3.24%, 3.7% to
0.84% and 3.3%, respectively. The optimization method
is tested with LC filter which results in a complete sinus-
oidal signal with the significant improvement of THD.
The result is verified by varying the load. It also shows
the importance of filter to the integration of grid, indus-
trial, and smart grid applications.
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