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An Initial Solution Based Selective Harmonic 
Elimination Method for Multilevel Inverter

Peeyush KALA, Abhinav SHARMA, Vibhu JATELY, Jyoti JOSHI, and Yongheng YANG

Abstract—This article presents an initial solution based selective 
harmonic elimination (SHE) method for multilevel inverter (MLI) 
that aims to solve SHE problem with high accuracy while signifi-
cantly reducing the number of iterations. Initial SHE solution is 
defined as a set of initial switching angles that has less accuracy as 
compared to the final SHE solution. To find initial SHE solution, 
tunicate swarm algorithm (TSA), grey wolf optimization (GWO) 
and whale optimization (WO) are used to solve five-dimensional 
SHE problem. A comparative analysis demonstrates that TSA 
achieved the desired initial SHE solution within lesser iterations 
as compared to GWO and WO for a wide range of modulation 
indices. The initial switching angles found using TSA are further 
optimized using Newton-Raphson (NR) method being the pro-
posed TSANR method, which exploits the SHE search space with 
quadratic rate of convergence to find final SHE solution. The pro-
posed TSANR method significantly minimizes the computational 
time and further improves the accuracy of the SHE solution as 
compared to the state-of-the-art SHE methods. Detailed simula-
tions, experimental and harmonic analysis under dynamic change 
in modulation index are presented to show the efficacy of the 
proposed SHE method in terms of control over fundamental and 
detrimental harmonics.

Index Terms—Initial SHE solution, multilevel inverter, New-
ton-Raphson (NR), selective harmonic elimination (SHE), tunicate 
swarm algorithm (TSA). 

I. Introduction

MULTILEVEL inverters have shown their superiority 
over pulse width modulation (PWM) inverters in various 

industrial applications over the past few decades [1]. MLIs offer 
numerous key merits such as its transformer-less assembly, 
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low total harmonic distortion (THD), reduced voltage stress in 
switches, and reduced switching losses, making them suitable 
for medium-voltage and high-power applications including 
standalone and grid-connected renewable energy systems (RES) 
[2]–[3]. The output voltage waveform of MLIs is a staircase 
AC waveform consisting of dominant low order harmonics 
such as 5th, 7th, 11th and 13th above the limits prescribed in 
IEEE 519-2014 standard. Hence, in order to minimize these 
harmonics and obtain the desired fundamental voltage for 
RES applications, researchers have applied selective harmonic 
elimination (SHE) techniques in MLIs [4]. In the SHE 
technique, special iterative methods such as numerical methods, 
metaheuristic approaches, and algebraic methods are required to 
solve the multi-dimensional nonlinear transcendental equations 
at a chosen modulation index, M, simultaneously. Moreover, if 
the MLI has large number of voltage levels (the dimension of 
the SHE problem is very high), this might require much more 
computations and also large memory storage. The SHE solution 
provides optimum firing angles for a quarter fundamental 
cycle. Numerical methods such as Newton-Raphson (NR) are 
well defined mathematically and simple to program. It has a 
high convergence speed, if a good initial solution is provided. 
However, the performance of NR method is governed by 
appropriate selection of the initial solution for a wide range of 
M, thereby limiting its direct application in SHE problems [5]. 
Some of the researchers have proposed algebraic methods such 
as the theory of resultants, Groebner bases, and polynomial-
based methods to solve SHE equations [6]–[7]. However, these 
methods increase the mathematical and computational burden 
of the processor for solving high dimension SHE problems. In 
[8], the homotopy perturbation based SHE method is proposed 
to reduce the number of iterations but at the cost of increased 
coding complexity. In [9], the authors used proportional and 
integral control for SHE problems. However, it could only 
minimize the 3rd and 5th harmonics.

The aforementioned limitations of numerical and algebraic 
SHE methods have led the attention of researchers to opt 
for metaheuristic techniques based SHE methods [10]. 
Metaheuristics are nature-inspired high-level search algorithms 
that offer advantages such as simplicity, flexibility, derivative-
free mechanism that easily discover global optimal solutions 
for various complex engineering problems. In [11]–[12], 
authors used the genetic algorithm (GA) for harmonic 
mitigation in reduced component count multilevel inverters. 
However, GA consumes much time and is difficult to program 
as it requires operators such as crossovers, mutations and 
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selections. In [13]–[14], the authors implemented particle 
swarm optimization (PSO)-based SHE methods for harmonic 
minimization in MLIs. It was found that PSO often prematurely 
converges to local minima when the dimension of the SHE 
problem increases. In [15], the Bee algorithm (BA) was used 
for harmonic minimization in a seven-level inverter. However, 
the tuning of various parameters in the proposed method is 
challenging. In [16]–[17], the researchers proposed a colonial 
competitive algorithm (CCA) and enhanced CCA for solving 
the SHE problem. However, the sensitivity analysis-based 
tuning of imperialistic fraction, rate of revolution, penetration 
rate, and advent rate is tedious. In [18], authors proposed 
a teaching–learning–based optimization (TLBO) method 
for solving the SHE problem in five-level and nine-level 
inverters, but the proposed method requires a higher number 
of iterations. In [19], the authors proposed a flower pollination 
algorithm (FPA) based SHE method with improved search 
ability. However, the proposed method has slow convergence 
during the exploitation stage and low search precision.

Recently, some researchers applied modified and hybrid 
metaheuristics based SHE techniques to overcome the above-
mentioned drawbacks. In [20], the authors implemented a 
modified PSO technique using a mesh adaptive direct search 
and mutation strategy. Although, it improved the convergence 
rate and accuracy as compared to PSO and GA, but with 
increased coding complexity. In [21], authors proposed a 
modified fish swarm optimization (FSO) method to maintain 
balance between exploration and exploitation for eliminating 
the dominant harmonics in seven-level inverter. The method 
uses several new parameters, which increase the coding 
complexity and require a large number of iterations. In [22], 
the authors suggested an exponentially decaying function 
as a position coefficient for chaotic search based grey wolf 
optimization (GWO) to improve the search efficiency of the 
algorithm. However, evaluation of chaotic sequences is done 
using iterative methods, which increase the computational time. 
In [23], the authors have combined quantum bat algorithm 
(QBA) and opposite-based learning theory to improve the 
speed of convergence. However, the results of the modified 
QBA do not exhibit significant improvement as compared to 
other metaheuristic algorithms for the higher dimensional SHE 
problem. In [24], the authors proposed a hybrid metaheuristic 
algorithm, which combines the features of the gravitational 
search algorithm (GSA) and PSO to solve the SHE problem. 
The hybridization of GSA and PSO increases the number of 
parameters and results in large memory requirement. In [25], 
the authors implemented an asynchronous PSO-GA technique 
for SHE in seven-level inverter where an asynchronous PSO 
method was utilized for exploration while GA is used for 
exploitation. The technique requires fine tuning of various 
PSO and GA parameters for optimum results. In [26], the 
authors proposed a hybrid PSO-Tabu Search (TS) method 
to enhance the global search capability of the SHE solution. 
However, it requires a large number of iterations to find the 
optimum solution. In [27], the authors proposed the random 
PWM SHE method with master-slave mode to control the 
fundamental and sub-harmonics in (MPUC) inverter. Though, 

it reduced the percentage THD significantly, it operates at 
high switching frequency range (7000 Hz) which results 
in high switching losses. In [28], the researchers compared 
and analyzed the performance of SHE PWM and central 
60-degree modulation on the traction system. It is found that 
THD value is comparatively larger as compared to the THD 
obtained in central 60-degree modulation technique. In [29], 
authors proposed an improved PSO method to mitigate the 
undesirable harmonics along with achieving the neutral point 
balancing under low-voltage ride-through (LVRT) condition. 
In conventional SHE method, THD rises for low values of M 
in variable load voltage application. To solve this problem, the 
researchers employed the dc-dc converter to achieve variable 
dc voltage and applied PSO SHE method to compute optimum 
switching angles [30]. M. Khizer et al. utilized the adaptive 
nature of enhanced firefly method to solve SHE problem [31]. 
In [32], authors proposed an improved SHE-PAM method 
to minimize the lower-order harmonic in 3-phase CHB MLI 
to meet the grid code standards by utilizing the half-wave 
symmetry.

M. Sharifzadeh et al. hybridized the SHE-PWM and SHM-
PWM techniques to effectively mitigate the targeted harmonics 
while reducing the common mode voltage in the three-phase 
three-level inverter [33]. In [34], authors reviewed the various 
SHM techniques which were combined with MPC strategies to 
improve the compliance to the grid codes in steady state as well 
as in dynamic and transient conditions. In [35], the researchers 
implemented a hybrid modulation method by combining PS-
PWM and asymmetric SHM PWM to reduce the harmonics 
within the limits defined in IEEE-519-2014 for grid connected 
CHB MLI. In [36], authors examined the performance of Bat 
algorithm based SHE and SHM techniques on the compact 
nine-level switched-capacitor inverter. Authors in [37] analysed 
the performance of the SHM technique on CHB MLI for 
PMSM drive application. In [38], researchers devised a SHM-
PWM method to provide control over THD and harmonics 
under unequal dc-link voltages. Real-time implementation 
of the SHM-PWM technique is a key challenge due to the 
necessity of solving nonlinear transcendental Fourier equations. 
Therefore, authors presented a deep learning method based 
SHCM-PWM technique for grid-tied CHB MLI in the real-
time environment [39]. GSA is used to solve SHE problem 
in [40]. In [41], researchers presented a general mathematical 
solution to solve SHE problem for MLI with both symmetrical 
and unsymmetrical dc sources. In [42], the authors proposed 
the homotopy perturbation based SHE method to compute 
optimum switching angles with very fast convergence rate. A 
comparison is carried out between the recent SHE and SHM 
techniques as in Table I. It can be summarized from Table I 
that the existing state-of-the-art SHE and SHM methods can 
mitigate the selected dominant harmonics and can effectively 
reduce the line THD. However, these methods consume 
considerably much higher number of iterations to solve SHE/
SHM problem.

From the above discussion, it is evident that researchers 
have used hybrid metaheuristic SHE and SHM methods 
to increase the accuracy of SHE solution and reduce the 
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number of iterations by maintaining balance between the rate 
of exploration and exploitation. However, one of the major 
drawbacks is that these methods require a large number of 
well-tuned parameters increasing the coding complexity. 
Moreover, these parameters require a large memory space of 
the controller and higher number of iterations to obtain the 
optimum SHE solution. Due to these limitations, there is a 
need to introduce a simple and fast convergence SHE method. 
Therefore, an initial SHE solution based approach is proposed 
in this paper.

The proposed method is essentially divided into two stages. In 
the first stage, a recently developed tunicate swarm algorithm 
(TSA) is used to obtain an initial solution for the SHE 
problem as a set of switching angles. In the latter stage, this 
initial solution is further improved using the NR method to 
quickly obtain the optimized final solution. TSA has superior 
performance over other metaheuristic techniques like GA, 
PSO, GSA, spotted hyena optimizer (SHO), GWO, sine-
cosine algorithm, and emperor penguin optimizer in solving 
multimodal benchmark functions [43]. The convergence 
analysis of the TSA reveals that it does not get stuck in local 
optima. Hence, TSA is preferred over other metaheuristic 
methods to determine the initial switching angles for SHE 
problem. Once the initial switching angles are determined, 
these are further refined using the NR SHE method. The 
proposed method, namely TSANR method, combines the 
benefits of TSA and NR method while overcoming their 
deficiencies. The TSANR SHE method requires tuning of 
fewer parameters, reduced number of iterations, and hence, less 
computational time, reduced level of complexity and memory 
space. The key novelty of the proposed work includes:

· The concept of initial and final SHE solutions to develop a 
fast TSANR method and its performance analysis;

· Comparison of the TSANR method with state-of-the-art 
metaheuristics SHE methods;

· Implementation of the proposed TSANR SHE method on 
an eleven-level MLI topology.

The rest of the manuscript is as follows: Section II explains 
the concept of initial and final SHE solution for the foundation 
of the proposed SHE method. In Section III, the proposed 
TSANR SHE method is discussed along with the mathematical 

steps involved in determining the optimum SHE solution. 
Section IV provides the rationale behind using TSA to 
determine the initial SHE solution. Section V establishes the 
superior performance of the TSANR method on the basis of 
the convergence speed and accuracy. Section VI provides 
the simulation results under constant and sudden change in 
M. Section VII provides the experimental results to validate 
the performance of the TSANR SHE method under dynamic 
change in modulation index. Section VII concludes the study 
and outlines the benefits of the proposed SHE method. prepare 
your manuscript.

II. Statement of Research Problem

Fig. 1 shows the output voltage waveform of an 11-level 
MLI, which exhibits quarter-wave symmetry. There are five 
switching angles α1, α2, α3, α4, and α5 in the range 0 to π/2 
radians which can be found using the SHE technique. The 
mathematical expression of this load voltage waveform is 
expressed as

sin cos             (1)

where, n represents nth harmonic, i represents the dimension of 
the SHE problem, ki represents the multiplier for ith dc source. 
This multiplier is equal for identical dc voltage sources and 
are unequal if there is small variation in dc voltage sources. 
Therefore, the magnitude of dc sources is represented as

V1 = k1V, V2 = k2V, V3 = k3V, V4 = k4V, V5 = k5V            (2)

Fig. 1.  11-level voltage waveform of MLI.

Scheme Algorithm Frequency 
range 

Voltage waveform 
pattern 

Minimum 
line THD Harmonics mitigated Iterations 

required 

SHE 

Enhanced firefly [31] Low HWS 4.7 % 5th , 7th, 11th   100 
Hybrid PSO-TS algorithm [26] High HWS 6.19% 5th, 7th, 11th, 13th, 17th, 19th , 23rd 500 

PSO-optimized SHE [30] High HWS 12.23% 3rd to 29th  - 
Bat Algorithm [36] Low QWS 9.81% 3rd, 5th , 7th and 9th 500 
Hybrid GSA [24] Low QWS 8.6 % 5th, 7th, 11th 200 

APSOGA [25] Low QWS 11.47% 3rd, 5th  200 
TLBO [18] High QWS - 3rd, 5th 2000 

SHM 

Hybrid SHM-PWM [33] Low QWS 34.30% 5th, 7th, 11th, 13th, 17th, 19th , 23rd 3000 
improved SHM-PAM [32] Low HWS 4.23% 5th, 7th, 11th, 13th, 17th, 19th , 23rd, 25th  100 
Bat Algorithm- SHM [36] Low QWS 7.62% 3rd, 5th , 7th and 9th  500 

Hybrid SHM SHE PAM [38] Low QWS 10% 5th to 23rd - 
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The actual amplitude of fundamental voltage present in this 
waveform can be represented by (3), while (4) represents the 
desired fundamental voltage.

cos cos cos        (3)

               (4)

The amplitude of 5th, 7th, 11th, and 13th harmonic voltages 
are given in (5)–(8), respectively.

cos                           (5)

cos                           (6)

cos                        (7)

cos                        (8)

The SHE technique is essentially divided into two objectives. 
The first objective is to maximize the actual fundamental 
voltage to the desired fundamental voltage level as in (9), 
whereas the second objective aims to eliminate the dominant 
5th, 7th, 11th, and 13th harmonic voltages as in (10). To solve 
the SHE problem using metaheuristic technique, the fitness 
function as in (11) should be minimzed.

V1 = V1d                                          (9)
V5 = V7 = V11 = V13 = 0                          (10)

min h

h
   (11)

The first term of the SHE fitness function represents 
the minimization of percentage errors in the amplitude of 
the fundamental voltage while other terms represent the 
minimization of 5th, 7th, 11th and 13th order harmonics. 
This function provides strict control over the fundamental 
component and detrimental harmonics. The lowest value of 
this function is desirable as it leads to an accurate solution 
of the SHE problem. However, metaheuristics based SHE 
techniques consume a large number of iterations to find final 
optimum SHE solution. Also, these may usually get trapped 
in a local minima solution, which reduces the accuracy of the 
SHE solution. In order to alleviate these limitations, an initial 
SHE solution based approach is introduced and analyzed in the 
subsequent sub-sections.

A. Initial SHE Solution  

Initial SHE solution is a set of switching angles (α1, α2, α3, 
α4, and α5) for which 5th , 7th, 11th, and 13th harmonics is 
below 3% as per IEEE 519-2014 standard while the error in 
the fundamental voltage is set at 1%. Using these conditions in 
(11), we can find the initial value of the SHE fitness function 
at a given modulation index. The percentage error in the 

fundamental voltage for the initial SHE function is expressed as
d

d                           (12)

Since the value of 5th, 7th, 11th and 13th harmonics should 
be less than 3% as per IEEE 519-2014 standard, it is selected 
as 2% (nearest integer value < 3) for finding the initial value of 
the fitness function. Hence, the desired values of 5th , 7th , 11th 
and 13th harmonics are expressed as in (13)–(16).

                                (13)

                                (14)

                                (15)

                                (16)

The threshold value of the fitness function, finitial = 1.51, is 
obtained by substituting (12)–(16) into (11). The initial SHE 
solution corresponds to a set of switching angles for which 
the value of fitness function ‘‘f ’’ is less than or equal to the 
threshold value. By using a suitable metaheuristic technique, 
the initial SHE solution can be quickly determined within 
fewer iterations without getting trapped into local minima.

B. Final SHE Solution

To improve the accuracy of the initial SHE solution, a 
fast convergence iterative method is used to determine the 
optimized final SHE solution. The final SHE solution has 
higher accuracy as compared to the initial SHE solution as it 
completely eliminates the 5th, 7th, 11th, and 13th harmonics 
and the error in fundamental voltage. The final value of SHE 
fitness function is in the order of 10-30 reflecting the high 
accuracy of the proposed approach.

III. Proposed TSANR SHE Method

The proposed TSANR SHE method is an initial SHE 
solution based method, which aims to utilize the benefits 
of simple metaheuristic techniques, TSA and NR methods, 
together to find the optimum SHE solution. Kaur et al. [43] 
recently proposed a bio-inspired TSA, which is inspired from 
the swarm and jet propulsion behavior of tunicates. These are 
the members of subphylum tunicate, which are also referred 
to as sea squirts. Tunicates are identified from many meters 
through their bio-luminescent body emitting pale blue-green 
light. These have barrel like structure where water enters from 
one end and ejects from the other end and allows them to 
exhibit jet propulsion behavior, as shown in Fig. 2.

Tunicates search for food in deep oceans through jet 
propulsion behavior and with swarm intelligence all tunicates 
optimize their position with respect to the position of the best 
tunicate. The key feature of the TSA is that it avoids conflict 
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among search agents and also allow movement of search 
agents toward the direction of the best agent. Since TSA has a 
faster convergence rate at early iterations while slower rate of 
convergence at later iterations, it is desirable to hybridize TSA 
with NR, a fast-converging iterative method to solve the SHE 
problem. The flowchart of the proposed SHE method is shown 
in Fig. 3.

The mathematical model of the proposed TSANR SHE 
method is outlined in the following steps:

Step 1: Randomly initialize the population of N tunicates 
(search agents) in the SHE search space which is between 0 
to π/2 radians. Position of the pth tunicate in the SHE search 
space is defined as:

p p p p p

i
i

n
n            (17)

where, i denotes ith dimension of SHE function and 
i

p is 
position of pth tunicate in the ith dimension of SHE search 
space.

Step 2: Introduce the constant parameter  as in (18) to 
avoid clash between search agents. It is defined as the ratio of 
gravity force ( ) to social force . (19) defines  where  
represents the water flow advection in deep ocean as in (20). 
The expression of   is given in (21).

                                       (18)

                                 (19)
                                       (20)

                      (21)

where c1, c2, c3 are random numbers in the range [0, 1], Xmin 
and Xmax are the initial and subordinate speeds considered as 
1 and 4 respectively which are introduced to enable social 
interaction.

Step 3: Examine the fitness of search agents by placing their 
position in the SHE fitness function as in (11).

Step 4: Determine the position of best search agent in the 
SHE search space. 

Step 5: Examine the jet propulsion and swarm behavior of 
search agents and find  as

p                         (22)

where,  is the total distance between the tunicate and food 
source, rand is a random number in the range [0, 1], x indicates 
the current iteration,  indicates the position of food source, 

p (x) is the position of search agent which is defined as

p
if

if
             (23)

The position of all search agents is updated with respect to 
the position of two tunicates having lowest fitness value and 
update the position of each search agent using (24).

p
p p                 (24)

Step 6: Determine the search agents whose position lies 
beyond the defined search space and reinitialize their position 
within the SHE search space.

Step 7: Evaluate the fitness value of the updated search 
agent and update its position if the new solution is better than 
the previous one.

Step 8: If the initial solution is reached or maximum number 
of iterations is accomplished, the algorithm ends. Otherwise, 
repeat Steps 5 to 8. 

Step 9: Initialize iteration count k for NR algorithm. Initial 
switching angles are saved in row vector α(k). It consists of 
five switching angles at iteration k = 1 for chosen value 
of M:

P. KALA et al.: AN INITIAL SOLUTION BASED SELECTIVE HARMONIC ELIMINATION METHOD FOR MULTILEVEL INVERTER

Fig. 2.  Tunicate swarm optimization algorithm [43].

Fig. 3.  Flow chart of the proposed TSANR algorithm.

start

Initialize the random position of tunicates

Evaluate the fitness of each tunicate at current
iteration for SHE fitness funcation using (11)

Estimate the cost of updated tunicates and if
better solution exists then update their position

No

No
k = k + 1

Is k > maximum iter ?

Store final solution

End

yes

yes

iter = iter + 1

Is termination criteria
achieved ?

Store position of best tunicate as initial solution (α(k)) for NR
algorithm, initialize iteration k for NR, define maximum iteration

Initialize the constant parameters, select M, initialize iteration count

Estimate the jet propulsion and swarm behaviour of tunicates

Update the pisition of tunicates

Update α(k) using (25) and calculate G using (26)

Calculate J(α(k)) using (27) and (28) 

Compute △(α(k)) using (29) 

Update the switching angles using (30)

transform and update switching angles within
feasible range of search space using (31)

Reinitialize the position of tunicates that go beyond SHE search space
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α(k)  =  [α1(k)   α2(k)   α3(k)   α4(k)   α5(k)]                (25)

Step 10: Five SHE equations shown in (9)–(10) are transformed 
in the form of a column vector G as in (26). The first row 
of G represents fundamental voltage error at kth iteration 
while the second, third, fourth and fifth row represents the 
actual magnitude of 5th, 7th, 11th and 13th harmonics at kth 
iteration for the selected M. The objective of the proposed SHE 
is to minimize the values of g1,...,g5 following the iterative 
procedure which is a function of α(k).

cos

cos

cos

cos

cos

cos

cos

cos

cos

cos

cos

cos

cos

(26)

Step 11: Compute the Jacobian matrix J(α(k)) as

J α k                 (27)

Step 12: Calculate the differential correction in angles ∆(αk) 
for the next iteration using (29). NR method uses this term to 
update the switching angle for the next iteration (k + 1).

J

(28)
∆(α(k))  =  -J -1 G                                  (29)

Step 13: Update the switching angles for the next iteration:

α(k + 1)  =  α(k) + ∆(k)                              (30)

Step 14: Perform a transformation to bring the switching 
angles in the feasible range of SHE search space, i.e., α = [0, 
π/2] using

α(k + 1)  =  cos-1(| cos(α(k + 1)) |)                      (31)

Step 15: Update the switching angles with respect to Step 
14 and calculate ∆(α(k)).

Step 16: Check whether ∆(α(k)) is less than the tolerance 
value. To increase the accuracy of the solution, ε is chosen 
equal to 10-30. If the solution has reached the desired tolerance 
level, then save the final switching angles in the lookup table. 
Else, increase the count of k by one and go to Step 9 and repeat 
the process from Steps 9 to 16.

Step 17: Store the final optimum SHE solution.
Although the SHE methods are usually implemented offline, 

the online implementation of the proposed SHE method can 
also be carried out.

The steps for the real-time implementation of the proposed 
SHE method is given below [38]:

(i)The proposed SHE method pre-calculates the optimum 
switching angles for selected value of M by solving non-linear 
transcendental equations.

(ii)These switching angles for each value of M will be stored 
in the lookup table. 

(iii)The stored switching angles for chosen values of M 
are fetched to the switching control algorithm made in the 
MATLAB/Simulink platform. This switching control algorithm 
with lookup table is downloaded on real-time controller.

(iv)The real-time controller generates the switching pulses 
for the twelve switches of MLI according to the desired value 
of M and thus, the desired value of output voltage. These 
pulses are extracted from the digital I/O ports of controller to 
the gate driver ICs which will turn ON and OFF the MOSFET 
switches.

IV. Rationalization of TSA for Initial SHE Solution

This section investigates the performance of TSA in solving 
the SHE problem when compared with recently developed 
GWO and WO SHE method. The comparison is carried out 
based on the number of iterations and the accuracy of the meth-
od to obtain the initial SHE solution. Moreover, the effect of 
the initial SHE solution on the desired fundamental voltage and 
detrimental harmonics is carried out for TSA to demonstrate its 
effectiveness over GWO and WO SHE method.

A. Comparison of TSA With Prior-Art SHE Methods

In the first case study, exploration and exploitation abilities 
of TSA are analysed against GWO and WO for 500 iterations 
to solve the five dimensional SHE fitness function, where the 
number of search agents are considered 30. The simulation 
is carried out 10 times for each modulation index and the 
mean fitness values are used for comparison. The comparative 
simulation results for two modulation indices, M = 0.845 and 
0.45, are shown in Fig. 4(a) and (b), respectively. It can be seen 
in Fig. 4 that TSA explores the SHE search space at a faster 
rate of convergence during early iterations (upto 50 iterations) 
as compared to GWO and WO. This high rate of exploration of 
TSA is desirable for finding the initial SHE solution. However, 
it can be observed that the rate of exploitation of TSA, GWO 
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and WO is slow during subsequent iterations thereby reducing 
the accuracy of the final SHE solution. The initial SHE solution 
is further elaborated in the following sub-section. 

B. Convergence and Harmonic Analysis of Initial SHE Solution

In this section, convergence ability of TSA is compared 
against GWO and WO for finding the desired initial SHE 
solution for various values of M. To determine the initial 
SHE solution, the algorithms are run for 20 iterations and the 
corresponding results are shown in Fig. 5(a)–(d). For M = 
0.845, TSA swiftly reaches below the threshold value of initial 
SHE solution within 3 iterations.  On the other hand, GWO 
requires nearly 8 iterations and WO was unable to find the 
initial SHE solution as shown in Fig. 5(a). Similarly, for M = 
0.7 and 0.6 TSA reached the threshold value of the initial SHE 
solution within 5 iterations as opposed to a large number of 
iterations taken by GWO to converge towards the threshold 
value as shown in Fig. 5(b) and (c). It is interesting to note that 
under a low value of modulation index at M = 0.45, GWO 
and WO failed to converge towards the initial SHE solution, 
whereas TSA quickly reached the threshold SHE value, as 
shown in Fig. 5(d). For a wide range of modulation indices, 
M = 0.845, 0.7, 0.6, 0.5, WO failed to find the initial SHE 
solution as it gets trapped into local minima as shown in Fig. 6. 
From the above discussion, it is obvious that TSA outperforms 
the other metaheuristic approaches in terms of the speed of 
convergence to reach the optimum value of the initial SHE 
solution.

Detailed simulation studies are carried out to investigate 
the effect of the initial SHE solution on the fundamental 
voltage as well as on the percentage value of 5th, 7th, 11th 
and 13th harmonics for a wide range of M using metaheuristic 
algorithms. The effect of the initial SHE solution obtained by 
the WO SHE method on the percentage error in the fundamental 

(a) (a)

(b) (b)

(c)

(d)

voltage and the dominant harmonics is shown in Fig. 7(a). It 
can be seen in Fig. 7(a) that the harmonic percentage of the 
individual harmonics is above 3% for M = 0.45, 0.55, 0.6, 0.65, 

Fig. 4.  Rate of convergence of TSA, GWO and WO on SHE fitness function 
at: (a) M = 0.845, and (b) M = 0.45.

Fig. 5.  Convergence response of metaheuristic techniques to find the initial 
SHE solution at: (a) M = 0.845, (b) M = 0.7, (c) M = 0.6, (d) M = 0.45.

Fig. 6.  Comparison of metaheuristic algorithms to find the accurate initial 
SHE solution.

(a)

 
(b) 

(a)

 
(b) 
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0.8. This is because WO is unable to reach the threshold value 
of the initial SHE fitness for the above-mentioned modulation 
indices. The percentage value of dominant harmonics and the 
percentage error in the fundamental voltage by GWO are shown 
in Fig. 7(b). It can be observed that GWO was unable to find 
the initial SHE solution at M = 0.45, where the 7th harmonic is 
greater than 3%. On the other hand, TSA effectively suppressed 
the individual harmonics and error in the fundamental voltage 
below 3% for wide range of M as shown in Fig. 7(c).  This is 
because TSA does not get stuck in the local minima and resulted 
in converging below the threshold value of the initial SHE 
fitness function. Due to its superiority over WO and GWO, 

TSA is used to compute the initial switching angles, as given 
in Table II. The switching angles are expressed in radians for a 
quarter cycle.

V. Performance Evaluation of TSANR SHE Method

Initial switching angles computed from TSA are used by the 
NR method, which aims to significantly improve the quality 
of the SHE solution. To evaluate the efficacy of the proposed 
method, simulations are carried out for 20 iterations for distinct 
modulation indices, as shown in Fig. 8(a)–(d). The initial 
switching angles are computed within the first ten iterations 
as mentioned in Steps 1 to 9 of the TSANR algorithm, while 
the NR method iteratively determines the optimum switching 

Fig. 7.  Efficacy of metaheuristic techniques to suppress the dominant 
harmonics and error in the fundamental voltage.

Fig. 8.  Convergence plots of TSANR in reaching the final SHE solution for 
various modulation indices at: (a) M = 0.45, (b) M = 0.6, (c) M = 0.7 and (d) M = 
0.845.

α1 α2 α3 α4 α5

TABLE II
Initial Switching Angles Using TSA

(a) WO

(b) GWO

(c) TSA

(a)

(b)

(c)

(d)
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angles in the remaining iterations. It is evident from the results 
that for the first ten iterations, the accuracy of the initial SHE 
solution is in the order of 10-1 to 10-2 and after 10th iteration, 
NR exploits the initial SHE solution at a quadratic convergence 
rate. Moreover, the proposed TSANR has the lowest value of 
SHE fitness function (f < 10-30) and rapidly converged at the 
final SHE solution as compared to TSA, GWO, and WO SHE 
methods, as shown in Figs. 5 and 8. The final switching angles 
(radians) are computed using TSANR, as shown in Table III. 

The effectiveness of the final SHE solution is demonstrated 

in terms of a reduced percentage THD and dominant harmonics, 
as shown in Fig. 9. The difference in the percentage THD for 
the initial and final SHE solution is shown in Fig. 9 (a).

It can be seen that the line THD values are significantly 
reduced with the final SHE solution. The percent error in the 
fundamental (H1e) and dominant harmonics; 5th (H5), 7th (H7), 
11th (H11) and 13th (H13) are computed using the initial SHE 
solution under varying modulation indices is shown in Fig. 9.

It is evident that the value of H1e is well below 1% while 
percent values of harmonics H5, H7, H11 and H13 are below 
2%. This confirms the effectiveness of the TSA in finding 
the appropriate initial SHE solution. The final SHE solution 
obtained using the NR method significantly reduces the 
percent value of the dominant harmonics below 10-12 ≈ 0 and 
the percent error in fundamental voltage, H1e is below 10-13 ≈ 
0, as shown in Fig. 9(c). It can be observed that the final SHE 
solution drastically improves the harmonic profile of the output 
voltage waveform, as compared to the results obtained from 
the initial SHE solution as evident from Fig. 9(b) and (c). This 
is due to the hybridization of the TSA with NR method, which 
resulted in higher accuracy (f < 10-30), as compared to low 
accuracy obtained from the initial SHE solution.

The proposed method is compared with the state-of-the-
art metaheuristics like Teaching Learning Based Optimization 
(TLBO) [18], Flower Pollination Algorithm (FPA) [19], 
Modified Particle Swarm Optimization (MPSO) [20], Particle 
Swarm Fish Swarm Optimization (PSFSO) [21], Opposition-
based Quantum Bat Algorithm (OQBA) [23], hybrid 
Gravitational Search Algorithm (GSA) [24], Asynchronous 
Particle Swarm Optimization-Genetic Algorithm (APSOGA) 
[25], modified Grey Wolf Optimization (GWO) [44], and 
Whale Optimization (WO) [45] based SHE methods to 
demonstrate the superiority of the proposed method based 
on some key performance indices. The performance indices 
chosen for comparison are the dimension of the SHE problem, 
fitness function value, number of iterations, level of complexity 
and the memory requirement of the SHE method, as given in 
Table IV.

The complexity level is directly dependent on the dimension 
of the SHE problem. The results indicate that TSANR, MPSO, 
OQBA, MGWO, and WO can solve five-dimensional SHE 
problem whereas PSFSO is able to solve low dimension SHE 

Fig. 9.  Comparison between initial and final SHE solution under varying 
modulation index based on: (a) THD (%) using TSANR, (b) Percentage value 
of dominant harmonics and error in the fundamental voltage from the initial 
solution and (c) Percentage value of dominant harmonics and error in the 
fundamental voltage from the final solution using TSANR method.

TABLE III
Final Switching Angles Using TSANR

α1 α2 α3 α4 α5

×
×
×
×
×
×
×
×
×

SHE method Dimension Fitness 
function  Iteration Level of 

complexity 
Memory 
required 

TSANR 5 10-32 20 Medium Low 
TLBO [18]  4 10-14 2000 Medium High 
FPA [19] 6 10-19 400 Medium High 
MPSO [20]  5 10-13 300 High High 
PSFSO [21]  3 10-40 200 High High 
OQBA [23]  5 10-4 1000 High High 
HGSA [24]  4 10-15 200 High High 
APSOGA[25]  4 10-11 200 High High 
MGWO [44 ] 5 10-46 200 High High 
WO [45] 5 10-6 250 Low Low 

TABLE IV
Comparison With Recent Metaheuristic SHE

(a)

(b)

(c)
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problem. Similarly, TLBO, HGSA, and APSOGA can solve 
four-dimensional SHE problem of low complexity.

The proposed TSANR method has the highest accuracy 
(lowest value of fitness function) as compared to TLBO, 
MPSO, OQBA, HGSA, APSOGA, and WO SHE methods 
to solve five-dimensional SHE problem. For 3-dimensional 
SHE problem, PSFSO achieved higher accuracy, as compared 
to the proposed SHE method. However, the 3-dimensional 
SHE problem has reduced degree of freedom which in turn 
can mitigate two dominant harmonics. The results indicate 
that the proposed SHE method converges to the lowest fitness 
value within 20 iterations as opposed to large number of 
iterations required by other state-of-the-art SHE methods. This 
confirms that TSANR considerably reduces the computation 
time for finding the optimum solution of the SHE problem. 
The hybridization of the TSA with NR method is of medium 
complexity and has low memory space requirement due to 
the reduced number of parameters and require the lowest 
number of iterations for convergence, as compared to other 
metaheuristics based SHE methods.

VI. Simulation Results

The performance of the proposed TSANR SHE method 
is implemented on a 11-level MLI under constant and dynamic 
change in M. To get the topological advantage over conventional 
CHB MLI topology, the TSANR SHE method is tested on 
a reduced component count (RCC) variable dc bus MLI 
whose working is explained in [46]. The circuit diagram of 
the 11-level MLI topology is shown in Fig. 10. The circuit 
consists of twelve switches and five identical dc sources as 
compared to twenty switches in the 11-level CHB topology. In 
the following subsections the simulation results are categorized 
under constant and dynamic change in M.

A. Under Constant M

In this study, the switching angles for M = 0.8 and M = 

0.69 are computed using the proposed SHE method. For the 
simulation study, five dc sources of 12 V are chosen as input 
to the 11-level MLI with a single-phase load of R = 5 Ω and 
L = 20 mH. Fig. 11(a) shows the load voltage waveform at 
M = 0.8. Fig. 11(b) and (c) show the FFT analysis of load 
voltage and current waveforms, respectively. The results 
show that the 5th, 7th, 11th and 13th order harmonics are 
minimized in voltage and current waveforms while the overall 
THD is 6.8% and 0.61%, respectively. Fig. 11(d) show the 
output voltage waveform at M = 0.69. Fig. 11(e) delineates 
the harmonic analysis of the output voltage waveform. 
The dominant harmonics are effectively reduced and the 
maximum fundamental voltage is measured at 52.7 V with an 
overall THD of 14.74%. Hence, the proposed SHE method 
is able to evaluate the optimum firing angle of high precision 
which reduces the overall THD in the load voltage as well as 
maximizes the magnitude of the fundamental voltage.
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Fig. 10.  11-level MLI topology.

Fig. 11.  Simulation results of the load voltage waveform under different 
values of M.

(a) load voltage waveform at M = 0.8 

(b) FFT analysis of load voltage waveform at M = 0.8

(c) FFT analysis of load current waveform at M = 0.8

 (d) load voltage waveform at M = 0.69 

 (e) FFT analysis of load voltage waveform at M = 0.69 
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Fig. 12.  Simulation results of the proposed SHE method under dynamic 
change in M.

B. Under Dynamic Change in M

In this study, the performance of the TSANR SHE method is 
examined under dynamic change in M. Several cases under 
dynamic change in M is considered to thoroughly examine the 
efficacy of the proposed SHE method.

In the first case, the modulation index is varied from M = 0.78 
to 0.7 at t = 0.06 s. The load voltage and current waveforms 
are shown in Fig. 12(a). Fig. 12(b) and (c) show the THD 
value of 7.86% and 14.57% for voltage waveforms at M = 
0.78 and 0.7, respectively. Fig. 12(d) and (e) show the THD 
value of 1.53% and 5% for current waveforms at M = 0.78 
and 0.7, respectively. As evident from Fig. 12(a), the reduction 
in the peak value of the fundamental load voltage from 59.4 V 
to 53.4 V results in the slight reduction in the peak current 
from 7.4 A to 6.7 A, due to the decrease in M from 0.78 to 0.7, 
respectively.

In the second case, the modulation index is increased from 
M = 0.7 to 0.805 at t = 0.06 s. Fig. 12(f) shows an increment 
in the amplitude value of the fundamental voltage from 53.4 
V to 61.4 V due to which the amplitude of the load current 
increases from 6.7 A to 7.8 A, as M increases from 0.7 to 0.805, 
respectively. Fig. 12 (g) and (h) show an improvement in the 
overall THD of the output voltage from 14.57% to 6.87% due 
to the increase in M.

In the last case, the modulation index is varied from M = 
0.845 to 0.7 at the same time instant. The decrement in the 
peak value of the fundamental output voltage from 64.5 V to 
53.4 V has a causal effect on the amplitude of the load current 
from 8.1 A to 6.7 A, due to the decrease in M from 0.845 to 
0.7, respectively as shown in Fig. 12(i). The FFT analysis of 
the load voltage shows an increase in the THD from 8.79% 
to 14.57% due to the decrease in M, shown in Fig. 12(j) and (k). 
In Fig. 12(l) and (m), the FFT analysis of the load current 
waveforms are shown for this case study. It shows an increase 
in the THD from 2.49% to 5% due to the decrease in M from 
0.845 to 0.7, respectively.

Fig. 12(a), (d), (g) shows negligible transient in the load 
voltage and current due to the high rate of convergence of the 
proposed TSANR method which is able to quickly evaluate the 
optimum firing angles under dynamic change in M. Moreover, 
the proposed method successfully eliminates the 5th, 7th, 
11th and 13th harmonics while simultaneously maximizing 
the fundamental load voltage and effectively solves the SHE 
problem.

VII. Experimental Results

A lab-scale experimental prototype of an 11-level MLI is 
developed to validate the performance of the proposed SHE 
method. The dc sources are derived from five batteries with 
a nominal operating voltage of 12 V and a capacity of 80 Ah. 
The slight variation in the output voltage of the batteries is 
due to the inherent non-ideality and is given by V1 = 12.4 V,        
V2 = 12.6 V, V3 = 12.5 V, V4 = 12.6 V, V5 = 12.5 V. The 11-level 
MLI assembly with the battery bank, controller circuit, load 
bank, digital storage oscilloscope TDS2024C, power quality 

(a) voltage and current waveforms under sudden change in M = 0.78 to 0.7

(b) FFT analysis of voltage at M = 0.78

 

(c) FFT analysis at M = 0.7 

 (d) FFT analysis of current at M = 0.78 (e) FFT analysis of current at M = 0.7 

 
(f) voltage and current waveforms under change in M = 0.7 to 0.805 

 
(g) FFT analysis at M = 0.7 

 
(h) FFT analysis at M = 0.805 

 
(i) voltage and current waveforms during sudden change in M = 0.845 to 0.7 

 
(j) FFT analysis at M = 0.845 

 
(k) FFT analysis at M = 0.7 

 
(l) FFT analysis at M = 0.845 (m) FFT analysis at M = 0.7 
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analyzer, and PC is shown in Fig. 13. Table V shows the 
various components and their corresponding values used in the 
experimental case studies.

The switching angles computed by TSANR for a fixed M is 
converted into time instants t1, t2, t3, t4, and t5 of microseconds. 
Using quarter-wave symmetry, a switching table is prepared 
for the complete cycle and these switching instants are fed 
to the ATMEGA 32 microcontroller, which simultaneously 
generates the switching pulses for the 11-level MLI. A dead-
time of 10 µs is inserted between two complementary switches 
of the MLI. The proposed SHE method is implemented on the 
11-level MLI for a resistive load of 8 Ω and an inductive load 
(R = 5 Ω, L = 20 mH).

The performance of the proposed method has been carried 
out based on two case studies: (1) under constant and (2) 
dynamic change in M.

A. Under Constant M

In this case study, the proposed SHE method is tested for 
different values of modulation indices. The experimental 
results measured for different modulation indices is shown in 
Fig. 13. The phase voltage and the current waveforms for the 
inductive load at M = 0.8 are shown in Fig. 14(a). It can be 
seen that the load voltage has 11 levels, while the current lags 
behind the voltage waveform with 0.62 power factor (p.f.). It 

TABLE V
Hardware Setup Specifications

 

(b)

 

 
(d) 

Fig. 14.  Experimental results. (a) phase v and i waveforms at M = 0.8 with RL 
load, (b) harmonic plot of phase v at M = 0.8, (c) Phase v and i waveforms at  
M = 0.7 (RL load) and (d) Harmonic plot at M = 0.7.

(a)

(b)

(c)

(d)

 

(b)

 

 
(d) 

S.No. Items Quantity Rating 

1 Battery 05 12 V, 80 Ah  
2 MOSFET, IRFP 460 12 500 V, 20 A 
3 Gate driver, FOD 3180  12 2 A, Vcc ~(10 - 20 V) 

4 Variable linear load bank 
(RL) 01 single-phase, 230 V, 1 kW 

5 PCB  01 Single layer, 230 × 230 mm  

6 Microcontroller, 
ATMEGA 32  01 8-bit AVR, 16 MHz clock 

frequency 

7 
AC/DC Converter (to fed 

power the gate drive 
circuit)  

12 230 V / 12 V, 5 A  

8 Power quality analyser, 
435-II 01 3-phase supply, 1 V to 1000 V,  

resolution 0.01 V, 50 Hz  

9 Digital oscilloscope, 
TDS2024C 01 

4-channel, 200 MHz, Digital 
real-time sampling, up to  
2 GS/s sample rate 

10 11-Level Inverter 01 120 V, 20 A, 2 kW 

 

Fig. 13.  Experimental setup of 11-level MLI.
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Fig. 15.  Experimental results under dynamic change in modulation index (a) phase v and i waveforms with M varying from 0.78 to 0.7 for RL load, (b) harmonic 
plot of phase v at M = 0.78, (c) harmonic plot of phase v at M = 0.7, (d) phase v and i waveforms with M varying from 0.7 to 0.805 for RL load, (e) harmonic plot of 
phase v at M = 0.7, (f) harmonic plot of phase v at M = 0.805, (g) phase v and i waveforms with M varying from 0.845 to 0.7 for RL load, (h) harmonic plot of phase 
v at M = 0.845 and (i) harmonic plot of phase v at M = 0.7.

is evident that the current waveform approximates sine wave 
as inductive load suppresses the high order harmonics. The 
harmonic profile of the load voltage clearly demonstrates 
that the magnitude of the dominant 5th, 7th, 11th, and 13th 
harmonics are effectively suppressed as shown in Fig. 14(b). 
The THD of the phase voltage is measured at 6.5% and the 
actual RMS value is measured at 45.1 V, which is equal to the 
desired fundamental RMS voltage. Similarly, the load voltage 
and current waveforms and the harmonic analysis for M = 
0.7 is shown in Fig. 14(c) and (d). The fundamental RMS 
load voltage and the THD is observed at 39.3 V and 7.6%, 
respectively.

B. Under Dynamic Change in M

In this case study, the proposed SHE method is tested under 
dynamic change in modulation index. Three test cases under 
dynamic change in M is considered to exhaustively validate 

the performance of the proposed SHE method.
Initially, the modulation index is decreased from M = 0.78 

to 0.7 and the experimental waveform of the load voltage and 
current is shown in Fig. 15(a). Under dynamic change in M, 
the proposed TSANR SHE method quickly computes the new 
switching instants and mitigates the dominant order harmonics 
and the overall THD measured at M = 0.78 and 0.7 is 7.3% 
and 14.5%, respectively which is comparable to the simulation 
results as shown in Fig. 15(b) and (c). It is interesting to note 
that in the experimental results, the THD values are lower than 
the corresponding simulation results.

This is because the FFT analysis in MATLAB/Simulink 
consider harmonics up to 200th order which results in higher 
values of THD while in the experimental results harmonics up 
to 50th order is taken into consideration by the power quality 
analyzer.

In the second case, the modulation index is suddenly increased 
from M = 0.7 to 0.805 and the experimental waveform of the 
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output voltage and current is shown in Fig. 15(d). The sudden 
increase in M results in the reduction in the overall THD of 
the output phase voltage from 14.5% to 6.5% is shown in 
Fig. 15(e) and (f). It is evident from Fig. 15(d), that there is 
an increase in the load current amplitude due to the increase 
in the amplitude of the fundamental phase voltage. Moreover, 
the dominant 5th, 7th, 11th and 13th order harmonics are 
minimized which reduces the overall THD of the load voltage 
at both M = 0.7 and 0.805.

In the final case, the modulation index is decreased from     
M = 0.845 to 0.7. The experimental waveform of the load 
voltage and current is shown in Fig. 15(g). Under sudden 
decrease in M, the load phase voltage is suddenly decreased 
which reduces the amplitude of the load current  due to the 
decrease in the modulation index. The dominant harmonics 
are mitigated and the overall THD of the phase voltage 
is measured at 7.6% and 14.5% at M = 0.845 and 0.7, 
respectively as shown in Fig. 15(h) and (i).

Table VI shows the individual harmonics in simulation 
and experimental environment. The results shows that the 
individual harmonics are within the specified limit as per IEEE 
standard 519-2022 [47].

The experimental results of the three test cases confirms 
that the proposed TSANR method quickly computes the new 
switching instants and exhibit negligible transients in the load 
voltage and current under dynamic change in M. It should be 
mentioned here that for high dimension SHE problem, the 
offline obtained firing angles occupies large memory storage 
and will not reach the new steady state under dynamic change 
in M. Hence, the proposed method is highly advantageous 
specially during online implementation and works well under 
fast sudden changes in M.

VIII. Conclusions

This paper proposed an initial solution based a fast convergence 
SHE method. It is shown that TSA quickly estimates the 
initial SHE solution as compared to the WO and GWO. This 
forms the basis of the proposed TSANR algorithm to obtain 
optimum final SHE solution for a wide range of M. A detailed 
comparative analysis is carried out on a five-dimensional 
SHE problem. This analysis showed that the proposed 
method computes the final SHE solution in 20 iterations 
with the highest accuracy. Furthermore, a comparison of the 
performance of the proposed SHE method with the state-of-

the-art metaheuristic based SHE methods suggests that the 
proposed method significantly reduces the computational 
time in obtaining the accurate SHE solution (f < 10-31). The 
simulation results indicate that the proposed TSANR method 
mitigates the dominant harmonics in the output phase voltage 
under sudden change in modulation index. Finally, the 
experimental results validate the efficacy of the proposed SHE 
method reduces the overall THD by effectively minimizing 
the 5th, 7th, 11th, and 13th order harmonics and the desired 
fundamental voltage is achieved under constant and dynamic 
change in modulation index.

The proposed SHE method can find numerous applications 
such as during V2G operation in electric vehicle, grid 
integration of distributed energy resources. As the modulation 
index will vary in grid connected applications specially during 
fault-ride-through condition, the proposed SHE method can be 
fruitful in reducing the overall THD and detrimental harmonics 
in the voltage waveform under dynamic change in modulation 
index. Since, the proposed SHE method targets to control 
fundamental and 5th, 7th, 11th, and 13th harmonic this will 
inevitably further increase the requirement of large memory 
space for the look up table. Moreover, the complexity of the 
proposed method is slightly higher due to dynamic change 
in modulation index which increases the overall hardware 
complexity as compared to the offline implementation of SHE 
method.
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