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ABSTRACT Multilevel converters (MLCs) are extensively used in medium- and high-power applications.
Currently, MLCs are also used in grid integration of renewable sources of energy. In this paper a three-phase
11-level MLC topology is investigated which requires a smaller number of active switches compared to sim-
ilar existing topologies for the same number of levels. In order to eliminate lower order harmonics, selective
harmonic elimination (SHE) pulse width modulation technique is used. A projectile target search (PTS)
algorithm is used to solve nonlinear SHE equations to determine the optimum values of switching angles to
eliminate 50, 7%, 11™ and 13" harmonics from the converter output voltage. The PTS algorithm finds the
best value of switching angles for different modulation indices (M) and these values are used in simulating
the converter for eliminating lower order harmonics. Total harmonic distortion (THD) analysis is conducted
for PTS optimization techniques at different modulation index. Simulation results are verified by hardware-
in-the-loop test of the proposed three-phase converter using a Typhoon HIL-402 emulator.

INDEX TERMS Projectile-target search algorithm, multilevel converters, selective harmonic elimination,

switching angle.

I. INTRODUCTION
Multilevel converters (MLCs) were introduced over 40 years
ago and now have become the preferred choice for
grid-connected and off-grid solar photovoltaic systems.
MLCs are superior in performance compared with two-level
converters in terms of higher efficiency, less %THD and
the capability of the MLC to withstand high voltage. The
design of MLCs mainly depends on the requirement of the
DC supplies, the number of switches needed, voltage levels
to be achieved, and the required output power quality [1]-[3].
MLCs are broadly divided into four categories. A neutral
point clamped (NPC) MLC, was introduced in 1981 [4],
the flying capacitor (FC) MLC, was introduced in the early
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1990s [5], the cascaded H-bridge (CHB) MLC, was first
proposed in 1975 [6] and the modular multilevel converter
(MMC), was introduced in 2003 [7]. Currently MMCs are
commonly used in high voltage direct current transmission
and for large industrial applications. The NPC MLC requires
clamping diodes for generating voltage levels at the output.
For generating a higher number of levels at the output, more
switches and clamping diodes are required which leads to
voltage unbalance and more switching and conduction losses,
which restrict its use to limited applications. The FC MLC
has gained popularity in recent times for commercial and
industrial applications. It is easier to implement than the NPC
MLC but the requirement for a large number of capacitors
makes it a difficult choice for complex circuitries. The CHB
MLC has higher reliability than the other types of MLCs, so is
often preferred. Various other types of MLC are proposed
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by researchers in recent time for certain specific applica-
tions with a reduced switch count and improved efficiency
[8]1-[11].

Pulse width modulation (PWM) techniques provides the
switching pulses to the converter. It can be classified as
per switching frequency of the converter. Low switching
frequency PWM, also known as a fundamental switch-
ing scheme, include SHE [12]-[15] and nearest level con-
trol (NLC) [3]. The second type of PWM techniques
are multicarrier-based PWM schemes, which include level-
shifted PWM and phase-shifted PWM in which the switch-
ing frequency is very high compared with the fundamental
switching frequency scheme. Consequently, the switching
losses are greater, and overall efficiency is lower [16], [17].

The key issue with SHE technique is the solution of
nonlinear equations for finding the optimum switching angle
to remove certain lower-order harmonics from the output
waveform [18]-[20]. For solving these non-linear SHE equa-
tions, a number of nature-inspired optimization techniques
have been used in the literature: the genetic algorithm (GA)
[21], [22], particle swarm optimisation (PSO) [14], [22], [23],
bee colony optimization [24] and bat [25] algorithm. In [26]
GA algorithm is applied to a 7-level inverter which shows
the %THD obtained with GA is 24.52% compared with
53.08% by using the conventional Newton-Raphson (NR)
method. In [21] comparison between the NR technique and
PSO technique is done. It showed that the computational time
is approximately 2 seconds and corresponding THD is 6%
for PSO, while for the NR method the computational time
is 18 seconds and the corresponding THD is 7.5%. In [22]
GA and PSO techniques were applied for solving SHE equa-
tions. The results show that GA yields better performance in
%THD minimization and takes less computational time than
PSO. The conventional techniques for solving nonlinear SHE
equations take longer time and it also produces higher
%THD.

The projectile target search (PTS) algorithm [27] is one of
the nature-inspired optimization technique which is used in
this paper for the first time for solving non-linear SHE equa-
tions. The advantage of the PTS algorithm over conventional
and the other above-mentioned nature-inspired optimization
techniques is the convergence speed; the disadvantage is that
it requires proper selection of a larger number of variables.

The aim of designing a new converter topology is to reduce
the number of switches, gate driver circuit and the number
of DC sources. Improving the power quality by reducing
%THD is also one of the motivations for designing new
converter topology, which can be achieved by eliminating
certain lower-order harmonics from the converter output.
In [14], 12 power electronic switches are required to pro-
duce an 11-level output. In [15] the same number of levels
are produced with 8 switches. In this paper a three-phase
11-level power electronic converter is presented for industrial
use in which the three phase drives are mostly used for
various applications. One phase of the converter consists of
7 IGBT switches and 3 DC sources. The SHE technique is
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FIGURE 1. Circuit diagram of 3-phase 11-level converter.

used to determine optimal switching angles for the converter
switching operation. In this case 5 switching angles can be
controlled where one value of switching angle is to control
the fundamental component and remaining four controllable
switching angles are used to eliminate 5", 7, 11! and 13t
order harmonics which, in turn, reduces the overall THD of
the output waveform. The PTS algorithm is used to solve
non-linear SHE equations to find the optimum solution for
switching angles. The novelty of the presented work is as
follows:

(1) This work is done for a 3-phase system where the
overall %THD reduces in line voltage.

(2) The PTS algorithm is used to solve SHE equations
which converges for a larger range of modulation
index, which provides a large control range.

(3) Comparative analysis of BAT algorithm based SHE
and PTS algorithm based SHE technique has been
done.

This paper is structured as follows. Analysis of three phase
11-level converter topology is given in Section II. Section III
discusses SHE technique. Section I'V describes the PTS algo-
rithm for SHE application. Results are presented in Section V.
Section VI discusses the managerial implications and finally
conclusions are presented in Section VII.

Il. THREE PHASE 11-LEVEL CONVERTER

The circuit of a three-phase 11-level MLC topology consists
of seven insulated gate bipolar transistors (IGBT), and three
DC sources in one phase leg—see Fig. 1. Table 1 shows the
switching states of the converter in one complete cycle for one
phase. Fig. 2 shows the conduction diagram of the converter
for voltage levels produced in the positive half cycle of the
output voltage.

A. MODES OF OPERATION
The switching states of switches (Sito §7) are shown
in Table 1, during the positive and negative conduction period
of the converter. For the sake of simplicity, the switching
states for positive levels are shown in Fig. 2.

Mode I: S, S2, and S3 conduct during mode 1. The output
voltage is zero as shown in Fig. 2(a).
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TABLE 1. Switching Table.

S] Sz S3 S4 Ss Ss S7 Vout

1 1 0 0 0 0 1 V,

1 1 0 0 0 1 0 2V,
1 0 1 0 1 0 0 V-2V,
1 0 0 0 1 0 1 V-V,
1 0 0 0 1 1 0 Vi

1 1 1 0 0 0 0 0

0 0 0 1 1 0 1 -V,

0 0 1 1 1 0 0 -2V,
0 1 0 1 0 1 0 -Vi+2V,
0 1 0 1 0 0 1 -Vi+V,
0 1 1 1 0 0 0 -V,

(b)

Load

Vaut= VI = V2

Load

FIGURE 2. Different mode of operation for level generation in the
positive half cycle of the output voltage.

Mode 2: S1, S and S7 are in the conducting state as shown
in Fig. 2(b). The output voltage is V5.

Mode 3: S1, S2, and Se are in the conducting state as
shown in Fig. 2(c). In this mode output voltage is 2V5.
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FIGURE 3. Voltage stress distribution among the switches during all
11 levels.

5 . .
Voltage stress on switches in
terms of V.

FIGURE 4. Voltage stress distribution for each switch in terms of Vg
during zero level of output voltage.

Mode 4: S1, S3 and Ss are in conducting state as shown in
Fig. 2(d). In mode 4, the output voltage is V| — 2V5.

Mode 5: S1, S5 and §7 are in conducting state as shown in
Fig. 2(e). The output voltage is V1 — V».

Mode 6: S1, S5 and Sg are turned on as shown in Fig. 2(f).
In mode 6, the output voltage is V.

The working of the circuit for the remaining modes of
operation can be explained in the same manner as discussed
above.

B. COMPARISON WITH OTHER EXISTING TOPOLOGIES

This comparison is done on single phase basis and it is based
on the number of switches (Ngwitch), the number of diodes
(Ndiode), the total number of switches used in the circuit,
and the number of levels produced at the output. For total
standing voltage (TSV) calculation voltage stress across each
switch in one complete cycle and in one particular level (zero-
level) is shown in Fig. 3 and Fig. 4 respectively. In [16] the
total number of switches used is 11 and the voltage levels
produced are 9 at the output. In [17], [18] the total number
of switches used are 8 and the voltage levels produced are
7 and 11 respectively. In [27] the converter produces 7 level
of output voltage with 11 switches. The converter used in this
paper requires only seven switches for producing an 11-level
output. From the Table 2 it can be seen for the same number
of DC sources, the converter used in this paper requires
fewer switches. Table 3 shows a comparison of converters
producing an 11-level output based on the number of switches
(Nswitch), the number of driver circuits (Ngrjver) used, and the
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TABLE 2. Comparison of different MLC topologies with three DC sources.

Topology Nawitch Nbiode Total No. of
Reference Switch levels
[16] 7 4 11 9
[17] 8 0 8 7
[18] 8 0 8 11
[32] 7 4 11 7
Proposed 7 0 7 11
TABLE 3. Comparison of 11-level converter topology.
Topology ~ Nywich  Nariver No of DC TSV
Reference source
[14] 12 9 2 35
[15] 8 7 3 22
Proposed 7 7 3 22

total standing voltage (TSV). In [14] twelve switches are used
which has TSV of 35Vqc. In [15], 8 switches are used with a
TSV of 22V 4. and converter used in this paper requires only
7 switches with same TSV.

ill. SELECTIVE HARMONIC ELIMATION

The SHE technique is used to calculate switching angles
for power electronic converter. The converter presented in
this paper produces an 11-level output voltage and hence
there are 5 degrees of freedom for eliminating lower-order
harmonics. Among these controllable switching angles, one
is used to control the fundamental component of the voltage
waveform and the remaining four can be assigned to eliminate
st 7t 11t and 13™ order harmonics as per the following
equations [28]:

cosa]+ cosop+ cosaz+ cosaqa+ cosas = M )
cos Sa;+ cos Sar+ cos Saz+ cos Sag+ cosSas = F1 (2)
cos 7a1 4 cos Tap+ cos Ta3+ cos Tag~+ cos Tas = Fp  (3)
cos 1laj+ cos 1lap+ cos 11az+ cos 11ag+ cos 11las = F3

)
cos 131+ cos 13+ cos 13a3+ cos 134+ cos 13a5 = Fy

&)

where M is the modulation index which can be calculated as
follows:
T Vi
ANV

where, V4 is the desired fundamental voltage and N is the
number of control variables.

Conventional techniques and some of the above-mentioned
nature-inspired optimization techniques have been used to
solve these SHE equations, but it takes more computational
time to converge for the full range of M (from O to 1). In this
paper we have chosen the PTS optimization technique to
solve the SHE equations for different values of M.

Q)
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FIGURE 5. The projectile motion path.

v(x)

FIGURE 6. The enveloping parabolic path.

IV. PROJECTILE TARGET SEARCH ALGORITHM BASED
SHE

The PTS algorithm is a metaheuristic optimization technique
based on the kinematics of projectile motion [27]. The algo-
rithm uses the projectile trajectory envelope to find the tar-
get in the search space. The control parameters provide the
possibility for acceleration in the convergence and new better
projectile for the search process. The PTS algorithm is used
in this paper to solve the SHE equations.

A. PROJECTILE MODEL

The projectile is launched as shown in Figure 5 with a velocity
of v. The projectile path function (y) as a function of distance
in horizontal direction is given as:

_ g’ 5
y(x) =x tan(@)ﬁ sec“(0) @)

where the value of g is 9.81m/s>.

The shape and size of the projectile varies as per the
launch angle as shown in Figure 6. The envelope of projectile
trajectory (¢), with all projectile path for finding the target is
defined as impact function (). The equation of the projectile
trajectory envelope can be given as:

2

_y 8 2
w(X)—Zg

7,25 ®)

For a continuous impact function the surface of ¢ and the
path of ¢ intersect at a unique point at ¥ (x) = ¢(x). The main
objective of the PTS algorithm is to ensure that the projectile
reaches the target precisely by minimizing the difference
between i and ¢.

B. PROJECTILE MODEL

The PTS algorithm is defined by some initial parameters:
population size (N), maximum number of iterations (Imax),
the number of variables (D), and the lower and upper bound
Xmin and Xmax respectively. The lower bound and upper
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bound variables can be expressed as,

Xminj = [Xminl> Xmin2s + -+ - - - XminD];

€))

The initial candidate solution is randomly generated within
[0, 1] to each boundary as follows:

(1 D
Yij

Xmaxj = = [Xmax1» Xmax2s « - -+ -+ XmaxD]

= Xminj + randj(xmaxj - xminj)

i=1,2, (10)

where by perturbing the randomly selected particles the target
population is created as follows:
)

tk] = xalj +0. 5(vaj a3,j)’
k=1,2,...... N; j=1,2...... D (11)
where, a1, a; and a3 are randomly chosen between [1...... N]

and ty represents the target population.
The fitness values of the projectile and target are evaluated
by the following equations:

f =1
fo=ray
Now the fitness values of each x . and tk are compared.

The best projectile and its best value are selected as per the
following equation:

1 1 . : 1 : 1
1
xbestj

(12)

= t,{)j otherwise (13)
The new target population is created here as (t’ +1) and the

best projectile for next iteration is:

I+1 I+1 I+1 I+1
Xpesj = Xi j if mm(f(x ) < mm(f(t )
I+1 _ I+1
Xhesj = Tij otherwise

Srewt =S Gy (14)
The process is repeated until the projectile reaches its desired
accuracy level or the number of iterations has reached Imax
value and the corresponding result satisfies the projectile
landing onto the target. The implementation process of the
PTS algorithm for solving the SHE equations is presented as
follows:

First select the value of M at which the SHE equations
are to be solved. After selecting the value of M, the PTS
parameters are chosen as follows: the number of objective
function variables (D) is chosen as 5 and the search agent
size (NP) is 1000. Initialize the position and population of
the particle.

Now initialize the switching angles within constraint 0 to
180° and solve the SHE equations for finding the best switch-
ing angle values.

V. RESULTS

Simulation analysis of a 3-phase 11-level converter is carried
out using MATLAB/Simulink. The simulation parameters are
shown in Table 4. The SHE technique is used to generate
switching pulse for the converter. The values of 1, o2, @3, o4
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TABLE 4. Simulation parameters.

Type of switch used IGBT (1200V, 75A)

Number of DC source Two (600V and 120V)

PWM technique used Selective Harmonic elimination
Modulation Index (M) 0.9

Load impedance (Z) 50Q+100mH

200
L —m=0.5
= —m=1

p— m=2
C; —m=5
2 100
9
: 1=

=

=

0
0 500 1000
Iteration
FIGURE 7. Fitness value at different slop (m).

200 1
<5} —v=0.1
= —v=03

=
>
2 100
5]
=

=
£

0
0 500 1000
Iteration

FIGURE 8. Fitness value at different slop velocity.

and a5 are calculated by using the PTS algorithm for different
modulation indices. The fitness value of the PTS algorithm
is simulated for different values of slop as shown in Fig. 7 It
converges very quickly for the third case (m = 2). The fitness
value is checked for two velocities as shown in Fig. 8. For
the higher value of velocity the algorithm converges quickly.
From the results shown in Fig. 7 and Fig. 8 it is evident
that a suitable value of parameters needs to be selected for
faster convergence of the algorithm. The switching angles are
calculated by using the PTS algorithm at different modulation
indices which are shown in Fig. 9.

A. PROJECTILE TARGET SEARCH ALGORITHM BASED SHE
RESULTS

In this subsection the results related to the PTS algorithm
are presented. Fig. 10 and Fig. 11 shows the 3-phase voltage
and current waveform at modulation index (M) equal to 0.9
at RL (50ohm + 100mH) load. The load current lags the
output voltage by the load power factor angle. Fig. 12 shows
the single phase voltage and current waveform for RL load.
Fig. 13 shows the THD profile of the phase voltage at M =
0.9. Table 5 shows the optimum values of switching angle and
corresponding % THD at different values of M.

B. COMPARISON OF PTS WITH OTHER ALGORITHM
BASED SHE

The other algorithms can also be used to solve the non-linear
SHE equations [25], [27], [28]. Table 6 shows the results
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FIGURE 9. Plot of switching angle at different M.

2 500 |

8

Sz

Z 30

= -

& e

=

S-5007 T - i

0.02 0.04 0.06 0.08

Time

FIGURE 10. Output voltage waveform for RL load at M = 0.8.
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FIGURE 11. Load current for RL load at M = 0.8.
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FIGURE 12. Phase voltage and current at M = 0.9.

obtained by using bat algorithm. Table 7 shows the compar-
ative results of PTS and BAT algorithm. The PTS algorithm
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FIGURE 13. THD profile of output voltage (Line Voltage).

TABLE 5. %THD and switching angle at different M with PTS algorithm.

M o o o3 Oy Os %THD
0.7 055 085 097 119 14 7.63
0.8 053 082 099 1.2 1.48 6.82
0.9 062 078 097 115 1.39 5.6
1.0 059 0.65 086 1.09 131 6.3
1.06 0.17 048 076 1.07 1.52 5.9

TABLE 6. %THD and switching angle at different M with BAT algorithm.

M o [053 O3 04 05 %THD
07 065 091 1.16 146 1.55 10.26
0.8 022 053 085 154 1.63 8.96
09 015 04 069 121 156 8.45
1.0 012 025 045 068 1.12 7.23
1.06 0.1 021 039 057 0.83 7.83

TABLE 7. Comparison of PTS and bat algorithms.

M %THD (PTS %THD (BAT
algorithm) algorithm)

0.7 7.63 10.26

0.8 6.82 8.96

0.9 5.6 8.45

1.0 6.3 7.23

1.06 5.9 7.83

TABLE 8. Comparison of the SHE and NLC algorithms.

le VmS Vm7 Vm 1 Vm 13

Method %THD
(Volts) (Volts) (Volts) (Volts) (Volts)

SHE 713 0.04 003 005 0.08 56

NLC 697 4.68  4.09 3.58 2.95 7.14

provides the best values of switching angle for a larger range
of M.

C. COMPARISON WITH OTHER EXISTING TOPOLOGIES

NLC is another fundamental switching frequency-based
PWM technique which is used in DC-AC converter for pro-
viding switching pulses to the converter switches. The NLC
technique is also used for this converter to perform com-
parative analysis of the results obtained through SHE. The
comparative results are shown in Table 8. In case of the NLC
algorithm, all lower-order harmonics are present in the out-
put voltage but, in case of SHE, the selected lower-order,
harmonics are absent. The overall %THD is less for SHE.
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Switching Loss (Watts)

Switch Number

FIGURE 14. Switching loss across each switch at different load.

Conduction Loss
(Watts)
[\e]

FIGURE 15. Conduction loss through each switch in one cycle.

=l Power Loss — esmmm Efficiency (%)
50 100
40 98
30 96
20 94
10 92
0 90

Z1 z2 Z3

FIGURE 16. Power loss and efficiency of the converter at three different
load.

D. POWER LOSS ANALYSIS

Power loss analysis of the converter has been conducted
by using the PLECS software. Losses in the semiconduc-
tor device under operating condition are mainly switching
loss and conduction loss. These losses are calculated by
the practical data provided by the manufacturer in the data
sheet. To determine switching and conduction loss, the 600V,
30A Infineon IGBT (IGA30N60H3) is used for power loss
analysis for three different loading conditions. Fig. 14 shows
the switching loss across each switch for all three loading
conditions. Fig. 15 shows the conduction loss for each switch
at loading of Z1, Z2 and Z3. Switching loss and conduction
loss are both greater in the case of a purely resistive load.
Fig. 16 shows the overall power loss and efficiency of the
proposed converter at all three loading conditions, where
71 =502, Zy = 502 + 100mH and Z3 = 100€2 4+ 100mH.

E. HARDWARE IN THE LOOP RESULTS

The simulated results are validated by performing hardware-
in-loop testing of the proposed converter by using Typhoon
HIL-402. The modelling of the converter is done using
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Typhoon HIL-402
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FIGURE 17. Hardware-in-the-loop (HIL-402) setup.
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FIGURE 19. Three phase load current at R load.

Typhoon script editer and HIL-402 acts as controller [31].
The complete setup of HIL is shown in Fig. 17. Fig. 18 shows
3 phase voltage waveform. Fig. 19 and Fig. 20 show three
phase load current waveform for R and RL load respectively.
For the R load, the current follows the same pattern as the
voltage and, for the RL load, the current lags behind the
output voltage by the load power factor angle. Fig. 21 shows
the current waveform for varying load conditions.

VI. MANAGERIAL IMPLICATION

One of the most important parameters that needs to be min-
imized in any type of DC-AC converter is % THD, so as
to improve the overall power quality of the system. In a
conventional DC-AC converter all lower-order (odd) harmon-
ics are present in the output voltage. These harmonics can
be eliminated by using filters which are large and bulky.
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FIGURE 21. Load current variation from RL to R load after 3 cycle.

With the recent advancement of multilevel converters it is
straightforward to filter out the harmonics from the output
voltage by using small filters, because the harmonics present
in the output are of higher order. Conventional multilevel
converters requires a large number of switches for produc-
ing multilevel output voltage, which is more costly and less
efficient. In recent times researchers seek to achieve a greater
number of levels with a requirement for fewer switches.
In this paper the converter under study has fewer switches
than other existing multilevel converter topologies. As a result
of having fewer switches, switching loss and conduction loss
are reduced which in turn increases the overall efficiency of
the converter. SHE technique is used to eliminate selected
lower-order harmonics from the output voltage to reduce the
% THD of the converter.

SHE equations are nonlinear equations which needs to be
solved to find optimum values of switching angles which
eliminate the lower-order harmonics from the output voltage.
This can be achieved by various means which are available in
literature. The PTS algorithm is used in this paper for solving
nonlinear SHE equations as it provides better solutions of
switching angles as compared with other techniques available
in literature. It also provides solutions for a larger range
of M.
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VIi. CONCLUSION

The PTS algorithm is a nature-inspired optimization tech-
nique that is used to calculate the optimum values of switch-
ing angles required to eliminate lower-order harmonics from
the output voltage produced by the 11-level converter. In this
paper we have eliminated 5%, 7", 11th and 13™ order har-
monics from the output voltage waveform. For a three phase
system, third harmonics and its multiples will be eliminated
in the line voltage. Another nature inspired optimization
technique, the bat algorithm, is also used for finding opti-
mum solution for switching angles. Comparison shows that
the PTS algorithm performs better in terms of convergence
for a greater range of M. The NLC-based PWM technique
was used for comparative analysis with the SHE algorithm.
NLC has lower-order harmonics present in the output and
therefore the %THD is higher than the SHE algorithm. The
proposed converter produces 11 levels of output in the phase
voltage with a lower requirement for switches and driver
circuits. The proposed converter is extended for a three phase
system.
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