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1. INTRODUCTION

The need of electrical energy is increasing day by day. Due to which, there is a
depletion in conventional energy sources. Research has been carried out extensively
to get the power from renewable energy sources Senthilkumar et al. (2022),
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Senthilkumar et al. (2014) and Mohan and Senthilkumar (2022). Among all the
Renewable Energy Sources (RES), Solar and Wind energy have been chosen most
commonly by all power electronics and power system research society irrespective
of their environmental concerns Mohan et al. (2012). For gaining maximum power
and also for enhancing the quality of power obtained from RES, it needs some power
converter technologies which should be able to control and manage the power Bana
et al. (2019). Normally the loads require ac power to operate. In turn, it clearly
clarifies that the most important part of the renewable energy power conversion
system is an Inverter Jeevananthan et al. (2021).

The output obtained from inverters contains harmonics. Therefore before
giving this output to utility applications, it requires filters to remove the unwanted
harmonics which in turn makes the whole system costly Mohan etal. (2012), Mohan
et al. (2015), Mohan et al. (2017) and Chitrakala et al. (2017). In addition to that,
high switching losses and high voltage stresses restricts the usage of that inverter in
high power applications Sim et al. (2018). Particularly, the lower order harmonics
should be eliminated from the output voltage of the inverter because of its
undesirable effects.

The Multilevel inverter (MLI) have been used widely in the industry for medium
voltage and high power applications owing to their advantages such as higher
efficiency, lower switching losses and good electromagnetic compatibility than the
two-level inverter Mohan et al. (2010) and Chitrakala et al. (2018) (2019). Due to
the presence of several levels of dc voltages, the output waveform is synthesized to
match the sinusoidal waveform Vadizadeh et al. (2013). To increase the
performance and efficiency of the inverter, researchers have developed numerous
modulation related control techniques.

We have discussed Neutral Point Clamped (NPC), Flying Capacitor (FC),
Cascaded H-Bridge (CHB) MLIs in this paper. The Pulse Width Modulation (PWM),
Space Vector PWM (SVPWM), Sinusoidal PWM (SPWM), phase shifted carrier PWM
(PSC-PWM) and SHEPWM are the various modulation strategies Janardhan et al.
(2020). Out of these, SHE PWM scheme has shown superior performance and
control in eliminating the lower order harmonics from the inverter output voltage
Konstantinou et al. (2013).

In SHEPWM technique, for finding the optimized Switching Angles (SAs), many
complicated equations are involved to eliminate the unwanted harmonics in the
inverter output voltage. Several numerical and algebraic methods like Newton
Raphson (NR) method and Groebner bases theory are implemented in finding the
solution to the complicated equations Krajcovic et al. (2018). These equations
involve sine and cosine functions having different frequencies. For the above said
methods, we have to assume some initial conditions to solve those equations.
Suppose if the assumptions are wrong, then it will take much more iterations to
converge to the optimum solutions Yang et al. (2015).

Different optimization techniques are used for solving the engineering
problems particularly involving Artificial Intelligence (AI) techniques Baidoo
(2017). The merits of these Al Algorithms are they are not completely depending
upon the initial conditions, not complex, easily understandable, can implement in
computers. The Al techniques are involved in many applications but their main role
is in eliminating the harmonics from the output of the inverter Ab Wahab et al.
(2015). Al Algorithms include Cuckoo Search algorithm (CSA), Shuffled Frog
Leaping Algorithm (SFLA), Particle Swarm Optimization (PSO). The Al techniques
performance mainly depends on the framing of objective function. By using this
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technique, we can reduce the objective function to get an optimized firing angle for
eliminating the unwanted harmonics.

2. OVERVIEW OF MLI TOPOLOGIES AND MODULATION
TECHNIQUES
2.1. MLI TOPOLOGIES

VSI's are classified into two types: 1. Two-level inverter 2. MLI. Unipolar or
Bipolar voltage waveforms are obtained from 2-level inverter. Staircase type
waveform is obtained from MLIL.

When compared to traditional 2-level inverter, the MLI uses high switching
frequency pulse width modulation which makes it possible to applicable for high
and medium power applications. The output voltage generated by the inverters will
be increased when the numbers of levels increase Krithiga and Mohan (2022). The
output waveform will be in the shape of staircase making a considerable reduction
in Total Harmonic Distortion (THD). The basic topologies are NPC, FC and CHB. The
schematic diagram of 5-level CHBMLI is given in Figure 2 and its switching pattern
is given in Table 1.

Figure 1
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Table 1
Voltage levels S1 S11 S2 S22 S3 S33 S4

Vac ON OFF ON OFF ON OFF OFF

-Vac OFF ON OFF ON ON OFF OFF
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For producing the Staircase output waveform, NPC and FC uses common dc
source whereas the CHB uses a separate dc source. The CHB uses less number of
components and also because of its modular and simple structure, it is most
commonly used. A comparison of basic inverter topology is shown in Table 2.

Table 2

Topology Power Clamping DC bus Balancing
Semiconductor Diodes per capacitors Capacitors per
Switches phase phase

Flying Capacitor 2(m-1) 0 (m-1) (m-1)(m-2)/2

2.2. SHEPWM TECHNIQUE

THD determines the output voltage quality of an inverter. Usually, the
organizations have fixed some limiting values for THD Sivamani and Mohan (2022).
Different methods have been implemented for improving the quality of an output
voltage. 1. Fundamental switching frequency 2. High switching frequency. Among
the two methods, the former can perform one or two commutations during one cycle
of fundamental output voltage while the latter can do multiple commutations Bhatt
and Chakravorthy (2015). The low cost and highly efficient energy conversion
systems can be achieved by fundamental switching frequency techniques. The
SHEPWM shows better performance in eliminating the lower order harmonics.

Some merits of SHEPWM:

Maximization of actual fundamental voltage along with minimization of lower
order harmonics

Higher voltage gain can be obtained because of over modulation
SAs can be calculated priorly in many applications
Figure 2
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The type-A output waveform of CHBMLI is shown in Figure 2 and type-B output
waveform is shown in Figure 3.

International Journal of Engineering Technologies and Management Research 4



Krithiga, G., Mohan, V., Chitrakala, G., and Senthilkumar, S.

Figure 3
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The Fourier series expansion can represent the output of CHBMLI for type-A
waveform is given by

V(wt) = ag + Xpzq(ay) cosnwt + (by)sinnwt Equation 1
since it is quarter wave symmetry, the Equation 1 can be modified as
V(wt) = Z:=1,3,5(bn) sinnwt Equation 2
The value of b, can be written as (seven level inverter)
4Vdc

b, = o [cosnay + cosna, + cosnas] Equation 3

For eliminating the fifth and seventh harmonics, the output voltage is given by
@ 4v

V(wt) = Z n—ic [cosna; + cosnay, + cosnag] sinnwt Equation 4
n=1,3,5

The non-linear transcendental equations of harmonics are given by

cosaq + cosay + cosaz =M Equation 5
cos5ay + cos5a, + cos5a; =0 Equation 6
cos7ay + cos7a, + cos7az =0 Equation 7

The modulation index M is given by
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M% Equation 8

T

Wherev: is the required fundamental voltage.

The Fourier series expansion can represent the output of CHBMLI for type-B
waveform is given by

V(wt) = ag + Xn=1(a,) cosnwt + (b,)sinnwt Equation 9
Since it is quarter wave symmetry, the Equation 1 can be modified as
V(wt) = Z:=1,3,5(b”) sinnwt Equation 10
The simplified formula of b, is

b, = %Zi’gl(—l) cosak Equation 11

where S is the number of H-bridges and M is the number of SAs per level. In SM
number of SAs, we can eliminate SM-1 harmonics.

For a seven level inverter, 3H bridges are used and 3 SAs per quarter per step
in a cycle which can eliminate possibly eight lower order harmonics 5t, 7th, 9th, 17th,
13th, 15th, 17th 19th, 21st and their corresponding equations are shown in
Equation 12,Equation 13, Equation 14, Equation 15, Equation 16, Equation 17,
Equation 18. In this, 9th, 15th, 21stare third order harmonics, which can be eliminated
from the three-phase system.

4v
b, = de [cosa; — cosa, + cosaz — cosay + cosas — COSag + COSoLy —

cosag + Ccos0g] Equation 12

bs = % [cos5a; — cos5ay + cos5asz - cos5ay + cos5as - cos5ag + cos5a; —
cos5ag + cos5ag] Equation 13

b; = % [cos7a; — cos7ay + cos7asz — cos7ay + cos7as — cos7ag +
cos7a; — cos7ag + cos7ag| Equation 14

b1 = %[cosllal —coslla, + cosllaz — cosllay + cosllag —
cosllag + coslla, — cosllag + cosllag] Equation 15

4vdc
13m
cos13ag + cos13a; — cos13ag + cos13ay] Equation 16

biz = [cos13a; — cos13a, + cos13az — cos13ay + cosl3as —
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4vVic

by, = Tow [cos17a; — cos17a, + cosl7a; — cosl7ay + cosl7as —
cosl7ag + cos1l7a; — cos17ag + cos17ag] Equation 17
big = 41‘;‘:: [cos19a; — cos19a, + cos19as - cos19a, + cos19as - cos19a, +
cos19a; — cos19ag + cosag| Equation 18

The above equations are non-linear transcendental equations which should be
solved for finding the optimized SAs (a).

3. AI TECHNIQUES

In this section, we discussed about various Al techniques involved in solving
the non-linear transcendental equations of SHEPWM techniques to obtain the
optimized SAs. The Al techniques discussed here are Differential Evolution (DE),
Genetic Programming (GP), SFLA, Pigeon Inspired Optimization (PIO) Algorithm etc.
Haamed and Hameed (2020). The types of Al techniques are shown in Figure 4.

3.1. SHUFFLED FROG LEAPING ALGORITHM (SFLA)

Siadatan et al. (2019) have discussed that like PSO, the SFLA shows
comparatively better results than any other algorithms because of the usage of
complicated search mechanism in finding the firing angles and also it requires
minimum computation time.

3.2. PIGEON INSPIRED OPTIMIZATION (PIO) ALGORITHM

Mahesh and Sandhu (2018), Mahesh and Singh Sandhu (2019) discussed that
the proposed algorithm requires only 6 iterations to reach the global optimum
whereas GA requires 25 iterations that too it reaches only premature convergence
stage. Based upon the results obtained, the proposed algorithm will be able to
converge to global optimum solution within a very short span of time than any other
algorithms.

3.3. FIREFLY ALGORITHM (FA)

Nawaz et al. (2013) estimated that the proposed algorithm minimizes the 5th
harmonics but it cannot be minimized in GA and PSO Algorithms. This Algorithm
gathers around the global optimum more quickly than other compared algorithms.
Sundarietal. (2016) suggested a new method for estimating the optimum switching
angle for cascaded multilevel inverter called Self-Adaptive Improved FA. They
proved that the lower order harmonics namely 5th, 7th, 11th and 13th are
eliminated well.
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Figure 4
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3.4. GRASSHOPPER OPTIMIZATION ALGORITHM (GOA)

Steczek et al. (2020) compared the proposed algorithm with PSO to reveal the
highest probability of convergence. It also showed advantage over PSO particularly
in the modulation index ranging between 0.5 and 1.

3.5. WHALE OPTIMIZATION ALGORITHM (WOA)

Dash et al. (2018) and Gharehchopogh and Gholizadeh (2019) concentrated on
finding the best optimized SA for eliminating the lower order harmonics and also
for reducing THD. The lower order harmonics (5, 7th, 11th and 13th) are found to be
less than 1% and up to 39t harmonics it was less than 4.25%. It has the capability
to escape from local minima.

3.6. GREY WOLF OPTIMIZER (GWO) ALGORITHM

Dzung et al. (2015) proposed to lower the selective harmonics as well as to
reduce the overall THD value in the output of inverter. The result shows that the
THD values of this method are comparatively lower than resultant and online step
pulse PWM method. A comparison is made among GWO and modified GWO and the
THD value of the latter has shown significant reduction Routray et al. (2020).

International Journal of Engineering Technologies and Management Research 8
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3.7. BAT ALGORITHM

Ganesan et al. (2015) investigated Bat optimization algorithm for solving the
SHE problem. The simulated results are compared with the results of GA and BEE
Algorithm and it is found to be satisfactory in eliminating the unwanted harmonics.
Khamooshi and Moghani (2014)presented anexhaustive configuration for harmonic
rejection and output voltage enhancement in multilevel inverters. They used two
switching strategies, SHEPWM and optimal minimization of the total harmonic
distortion and employed BAT algorithm for solving non-linear transcendental
equations Stalin et al. (2022). They displayed the output obtained by two strategies.

3.8. FLOWER POLLINATION ALGORITHM (FPA)

Panda et al. (2020) proposed a new technique for evaluating the optimal angle
to eliminate the predominant lower order harmonics from the output voltage. The
experimental and simulated results justified the proposed method that it can track
the optimal solution fast.

3.9. PARTICLE SWARM OPTIMIZATION (PSO)

Mohanty et al. (2018) formulated the objective function as to reduce THD using
PSO Algorithm. With fewer steps, lesser number of equations and less computation
time, it is achieved. Memon et al. (2018) presented selective harmonic elimination
pulse width modulation technique-based hybrid Asynchronous PSO-NR (APSO-NR)
algorithm for the eradication of unwanted harmonics in cascaded H-bridge
multilevel inverter. The proposed algorithm can be applied to all levels of MLI
having equal and unequal dc sources. In this paper, they combined the advantage of
PSO and NR method and achieved global optimum value in lesser number of
iterations.

3.10. GENETIC ALGORITHM (GA)

Hosseinzadeh et al. (2019) proposed a GA for eliminating the 3rd to 17th order
harmonics in a 15-level cascaded H-bridge inverter. They found seven optimum
switching angles. They obtained considerable reduction in THD value. Chatterjee et
al. (2017) used genetic algorithm for solving the unconstrained equations of
SHEPWM in order to attain the required firing angles thereby it could eliminate the
odd harmonics existing in the output voltage of the inverter. The GA surmounts the
limitation of the classical algorithm by forming a population of points instead of
forming at each single point in every iteration Hameed and Kanbar (2019).

3.11. CUCKOO SEARCH ALGORITHM (CSA)

Singla (2019) developed a harmonic minimization function which optimizes
the switching angles of a multilevel inverter. From the experimental and simulation
results, it is found that the THD of the line voltage is measured as 7.9% using CSA
optimization-based firing scheme whereas it is 25.3% using sinusoidal pulse width
modulation firing scheme. Debnath (2012) proposed that the complexity in solving
the tedious equations of SHEPWM can be solved using CSA thereby generating
optimized switching angles. It completely eliminates or reduce the particular order
harmonics in turn minimize the THD value.

International Journal of Engineering Technologies and Management Research 9
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3.12. ARTIFICIAL BEE COLONY (ABC) ALGORITHM

Yousef et al. (2018) showed that the ABC is capable of locating the optimum
switching angles to generate perfect voltage. The proposed algorithm is evaluated
with GA, PSO and BA and proved it is far advanced to others in all besides minimum
cost function.

3.13. BACTERIAL FORAGING OPTIMIZATION ALGORITHM
(BFOA)

Sultana et al. (2015) discussed that the main aim is to eliminate the dominant
lower-order harmonics which is done by solving nonlinear transcendental
equations, while maintaining the maximum fundamental component. BFOA is
implemented to solve the aforesaid equations. It produced better results in the
modulation indices of 0.7-0.8. The 5th and 7t harmonics are reduced considerably.

Table 3 shows the comparison of various Al techniquesand Table 4shows the
various optimum switching angles obtained by implementing Al techniques in
CHBMLI

Table 3

Techniques Merits Demerits Applications

PIO very fast Easily struck into continuous optimization
convergence rate local optimum, low problems
stability, and
premature
convergence.

GOA requires less effort unstable micro grid applications,
convergence speed, energy management,
easy to fall into the medicine, image processing,

local optimum and financial issues

GWO simple algorithm, Low accuracy, slow handling electromagnetic
fewer adjusted convergence, and problems
parameters poor local searching
capability.

International Journal of Engineering Technologies and Management Research 10
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FPA better solution, tendency towards sizing of distributed
simple principle, few premature generation in distributed
parameters, ease of convergence systems, engineering
operation optimization problems, data
fusion in wireless sensor
networks

GA better solution computation is disease screening, diagnosis,
complex, less software testing
accuracy

ABC higher convergence, time consuming neural network training,
high accuracy when it is applied to cluster analysis
complex problems

Table 4

Al used level MI level or % harmonics % THD

SFLA 11 0.9 L SH NM L 11.76

I-FA 11 0.7 0.23 0.08 0.08 0.74 3.61

GWO 11 0.85 H H L L 5

BAT 7 1.17 SL M L H 18.65

Hybrid APSO 11 0.81 L L SH H 8.56

CSA 7 1 L L L SH 5.197

BFOA 7 0.8 0.61 0.87 NM NM 11.71

L-Low, M-Medium H-High, SL-Slightly Low, SH-Slightly high, NM-Not mentioned

International Journal of Engineering Technologies and Management Research 11
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4. SCOPE FOR RESEARCH

As discussed so far, SHEPWM technique is solved using different algorithms.
When we are formulating a problem, it should be solved using at least 3 algorithms.
Then only we could realize the efficacy of that particular algorithm. But it is not
implemented in many papers.

It is clearly seen that there are many contradictions about the sovereignty of
one algorithm over the other. In some references, the A algorithm is superior to B,
and in some other references, A is inferior to B. In General, the performance of any
algorithm is purely hinged on the application methods and tuning of their internal
parameters. And also, the developing algorithm should have minimum parameters
and also it should satisfy all requirements. So we need a new algorithm for
eradicating the problems associated with harmonic elimination and also for
reducing the THD value.

5. CONCLUSION

Eliminating harmonics in MLI is important since we are relying on RES. A
review of Al techniques has been carried out for finding the optimized SA. The
performance and limitations of 13 mentioned algorithms is presented. As per our
discussion, we will develop a new algorithm to eliminate the harmonics and also for
controlling the THD value.
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