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ABSTRACT The efficient and compact design of multilevel inverters (MLI) motivates in various applications
such as solar PV and electric vehicles (EV). This paper proposes a 53-Level multilevel inverter topology
based on a switched capacitor (SC) approach. The number of levels of MLI is designed based on the cascade
connection of the number of SC cells. The SC cells are cascaded for implementing 17 and 33 levels of the
output voltage. The proposed structure is straightforward and easy to implement for the higher levels. As the
number of active switches is less, the driver circuits are reduced. This reduces the device count, cost, and
size of the MLI. The solar panels, along with a perturb and observe (P&O) algorithm, provide a stable DC
voltage and is boosted over the DC link voltage using a single input and multi-output converter (SIMO). The
proposed inverters are tested experimentally under dynamic load variations with sudden load disturbances.
This represents an electric vehicle moving on various road conditions. A detailed comparison is made in
terms of switches count, gate driver boards, sources count, the number of diodes and capacitor count, and
component count factor. For the 17-level, 33-level, and 53-level MLI, simulation results are verified with
experimental results, and total harmonic distortion (THD) is observed to be the same and is lower than
5% which is under IEEE standards. A hardware prototype is implemented in the laboratory and verified
experimentally under dynamic load variations, whereas the simulations are done in MATLAB/Simulink.

INDEX TERMS Multilevel inverter, photovoltaic (PV) system, maximum power point tracking (MPPT),

electric vehicles (EV), total harmonic distortion (THD).

I. INTRODUCTION

With the demand for an increase in the requirements of high-
power quality in industrial applications and solar PV systems,
the conventional inverters in meeting the desired conditions
like a pure sine-wave output and less harmonic distortions
is a challenging task. The multilevel inverters receive more
attention in reaching the desired requirements and acts as
an alternative in delivering a quality of power. It provides
several advantages such as reduced device count, operates in
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low switching frequency, reduced dv/dt stress, less harmonic
distortions, etc. [1]. The recent multilevel inverter topologies
comprise a smaller number of components used in the cir-
cuit compared with the conventional inverters such as flying
capacitor type (FC) [2], cascaded H-bridge type (CHB) [3],
and the neutral point clamped type (NPC) [4]. The number
of components in the circuit is directly proportional to the
number of levels in MLI, which increases cost and complex
structure [5]. In both the FC MLI and NPC ML, the capacitor
voltage balancing is a challenging task with which these are
limited to five-level and unable to cascade. This lowers the
output voltage to half of the input voltage, providing a high
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switching frequency with more losses [6]. A wide range of
research is reducing the components of MLI, and several
topologies are proposed based on the various levels which are
having their challenges [7], [8].

In the recent past, various MLI topologies without asso-
ciation with the conventional three types of classification
are reported in [9]-[13]. Significantly, the sub multilevel
converter configurations are proposed in [15]. In [10], a basic
level topology is reported, where multiple dc voltages are
required. The coupled inductor-based topologies are docu-
mented in [9] and [11]. These architectures are simple but
extending to higher levels is a challenging task. A novel MLI
topologies based on switched-capacitor (SC) with boost tech-
niques are presented in [12] and [13] where the output voltage
levels are limited to 5, 7, and 13, respectively. The MLI
topology proposed in [14] can be extended to higher levels.
The utilization of several switches and devices increases the
cost and size of the system.

Concerning the switched capacitor (SC) technique, a new
MLI topology with a multilevel converter and a full bridge is
represented in [16]. A five-level single phase inverter with
a full bridge makes up two diodes, and a single switch is
presented in [17] which provides five levels in its output,
and its circuitry limits the extension of higher levels. The
SC-based MLI topology reported in [18] makes up a front-
end SC, and full-bridge backend, the control complexity,
and more device count limit the application. As the carrier
frequency provides the switching frequency, a high switching
loss is irresistible for providing the high-frequency output
[51]. A boost MLI with a partial charging technique of SC
theoretically can able to extend the number of output voltage
levels. The control complexity is high in implementing partial
charging [12]. Hence, designing an SC-based MLI with high-
frequency output, fewer harmonics, and high efficiency is
a challenging task [19]. The high-frequency output applies
for implementing circuits in electric vehicle (EV) since the
weight and size of the system is less [20].

The photovoltaic power generation comprises solar PV
panels, where the output of a solar panel is fed to DC link
through a DC-DC converter. The voltage from a DC link is
fed to the DC-AC inverter and to load [21]. The output of
solar PV is not constant, and it changes according to the solar
irradiation and temperature [22]. Therefore, for an efficient
operation of PV panels even under various climatic changes,
it is essential to extract maximum power from the PV module,
admitted to being Maximum power point tracking (MPPT)
[23]. Whenever the MPPT exists in a system, a DC-DC
converter plays a significant role in handling maximum power
as it works with the duty cycle change [24].

For a PV fed inverter, in producing a stable DC volt-
age, there is a need for a control technique. A standard PI
controller realized in the standalone PV system to select a
proper duty cycle of the DC-DC converter by comparing the
converter output with reference [25]. It is not desirable to have
control over the DC-DC converter with the MPPT technique,
and hence various topologies are proposed to solve this issue

318

for the standalone solar system. In the recent past, several
advanced techniques like artificial intelligence (AI), practi-
cal swarm optimization (PSO), fuzzy and genetic algorithm
(GA) to have an auto-control regarding the training data to
regulate voltage [26]. The selection of the MPPT technique
for a suitable application is an astonishing task where every
method has its own merits and demerits. For example, hill
climbing (HC), perturb, and observing (P&O) and are widely
used MPPT methods because of their simple implementation.
Under partial shading conditions, the conventional methods
like fuzzy, P&O, INC algorithms cannot extract global MPP
(GMPP) [27]. Many works of literature have been imple-
mented MLI with DC link with MPPT, where the control of
outputs can be done by the load [28] or under steady solar
irradiance [29]. MPPT consistently changes the energy of the
solar panel to operate at the maximum point of the power,
which depends on temperature, load, and solar irradiance.
Both solar irradiance and temperature change during day time
for climatic conditions and depending on the season. So, it is
vital to track all these parameters and get maximum power-
point.

In this paper, a solar PV system is implemented using a 53-
level multilevel inverter integrated with a single input, and
multiple output DC-DC boost converter is presented. P&O
powered MPPT technique is implemented in the proposed
system to extract peak energy from the solar panels. DC
voltage from the between the solar panels fed to the single
input and multiple output boost converter where the voltage
gets boosted to the desired level and provided to the 53-level
inverter. The SC units are cascaded to achieve 17, 33 lev-
els of output voltages. Performance of these MLIs based
on many such parameters like device count, power losses,
efficiency, THD is compared with various MLI topologies
and represented. The implemented system is tested in MAT-
LAB/Simulink, whereas it is tested experimentally with a
hardware setup.

The organization of the paper is: Modeling of PV and
single input and multiple output DC-DC boost converter is
represented in section-II, the proposed 53-level MLI model-
ing with the SC units cascade combinations to get 17 and 33-
level MLIs along with the power loss calculations are shown
in section III. The simulation and experimental results are
explained in section IV. Several comparisons with the same
and distinct levels of MLI topologies are presented in section-
V. Finally, conclusions are made in section VI.

Il. MODELLING OF PV AND DC-DC BOOST CONVERTER
A. MODELLING OF SOLAR PV

The modeling of a solar cell is an important segment of
analyzing a solar PV system. The overall proposed circuit
comprises solar panels, a three-level DC-DC boost converter
fed to 53-level MLI shown in Figure 1. The solar PV can be
modeled with three categories such as an equivalent circuit
with current-voltage (I-V) and power-voltage (P-V) charac-
teristics, the effect of solar irradiance and temperature, and
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FIGURE 1. Overall structure of the proposed system.
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FIGURE 2. Equivalent circuit of solar cell.

the partial shading condition is taken into consideration. PV
resembles two words photo and voltaic: photo represents the
photonic energy and voltaic represents the electrical energy,
which implies that the energy conversion from photonic
energy into electrical energy [30]. The combination of a solar
array is of various types of modules, where each module
comprises solar cells. This comprises of p-n semiconductor
diodes [31]. The designed solar PV has a behavior of chang-
ing its output with the variation of temperature and climatic
conditions [32]. Therefore, the factors in modeling a solar PV
are represented below:

1) SOLAR CELL: EQUIVALENT CIRCUIT AND I-V
CHARACTERISTICS
The solar cell comprises internal resistance Rgg and Rsy
connected to the diode in series and parallel combination,
known to be an equivalent circuit shown in FIGURE 2.

Vpy and Ipy are the output voltage and current of a solar
cell, respectively. These are got from the series and parallel
connection of several PV modules shown in equation (1),

Ipy = { Ion — I [exp (M) _ 1}
NsgAKT
_ (Vpv + RSEIPV)} o
NsgRsy
where Ngg and Ngy are the number of PV cells in series and
parallel connection. Rgg is the series resistance, and Ry is the
parallel resistance. A is the ideality factor of a semiconductor

device. K is Boltzmann’s constant (1.3806503 x 10~23 J/K),
T is he temperature. I}, is the current produced and is depends
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FIGURE 3. I-V Characteristics of solar cell.

on the irradiation and temperature shown in equation (2)

Ip = [Isk—stm + Ki (T — Tstm)] — < < ) 2
Gstm

where Isk_sTMm i a short-circuited current at standard testing

cases (STM), Ki is the SCC coefficient, G (W/m?2) is the

irradiance on the surface of the cell, GSTM (1000W/m?) is

the irradiance at STM, and the cell temperature is Tsym [33].

{ Isk —stm + Ki (T — Tstm) } 3)
exp [(Vok —stm + Kov (T — Tskc) /AVsi)]

where Vok_sTM 1s an open-circuited voltage at the standard
testing case, Koy represents the open-circuit voltage coeftfi-
cient, Vg, is solar cell thermal voltage.

qVpy Vpy
Ppy = Vpy X N. Ipy — 1, —_— ) - —
PV 3% SH < ph — loexp (NSEAKT> (NSE >>
4

I-V/P-V curves represent the characteristics of a solar cell
is shown in FIGURE 3 [4]. It is clear from the curve there is
instability for the operating point of a PV; it varies continu-
ously from null to open-circuit voltage. In this process, there
is a single point that provides peak power for the design of
solar PV at various irradiance. Here, the respective voltage
and currents are Vypp, Impp shown in Figure 3.
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The values of current and voltage got from the solar PV
depend on irradiance, temperature, number of series, and
parallel connected strings. So, it is required to choose the
solar panel wisely. In this paper, the 1Soltech 1STH-215-
P panel is chosen from the list of given solar modules data
in MATLAB with 2 series and parallel connected modules
per string. The specifications of the selected solar panel are
described in table 1 and the readings in the table are given for
1 parallel string and 1 series-connected module with a solar
irradiance of 1000 W/m? and 250°C temperature.

2) IRRADIANCE AND TEMPERATURE EFFECT

The solar PV output continuously varies with variation in
climatic changes [34]. As the solar irradiance confides on
the incidence angle of sun rays, this effect forces the I-V/P-
V characteristics to change. The output current Ipy varies
with the variation of sunray incidence, making Vpy constant
and Vpy also shifts its magnitude, making Ipy constant [34].
Three factors are influencing the variation in temperature
of a solar PV: The heat dissipated on its own during the
functioning of PV, for the infrared wavelength started, which
is a worn on the cell and the gradual increase in the sunbeam
intensity [26]. The Voc and Isc are measured based on the
equations (5) and (6) at variable irradiance.

Voc = Véc +ap (T - T/) —(sc — Ié(;)RSE Q)
G
Isc = I <5> fa(T-T) ©)

From the above equations, the temperature coefficients are a;
and a; of the PV cell, respectively [35]. V, and I{.. are the
reference parameters at solar intensity G* and temperature T’

As the variations of climatic conditions are specific,
it affects the output voltage and currents. At any point during
the operation of solar PV, the maximum extraction of power
can be done. This can be possible with an efficient MPPT
technique that tracks the irradiation and temperature and
provides a constant voltage at the output.

3) PARTIAL SHADING EFFECT

Apart from the temperature and irradiance conditions, a par-
tial shading case is also a challenging task for the MPPT tech-
nique in achieving maximum power. This partial shade occurs
with mists, consecutive structures, trees, etc. [36]. According
to equation (2), the photocurrent Iy, gets reduced with low
insolation. With series-connected PV modules, the current is
the same in all cells. But in this case, the shaded cell goes to
a breakdown, and instead of providing the energy, this acts as
a load because of the weakening of photocurrent.

B. MPPT CONTROLLER

The operating of solar PV is to extract the maximum power
from the PV module is an MPPT controller. During all the
disturbances mentioned above, if the controller can able to
operate efficiently in tracking and to provide peak power
from the solar panels, the efficiency and life span of the
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TABLE 1. Specifications of the 215W PV system.

Maximum power 213.15W
The voltage at maximum power point (Vupp) 29V
Open circuit voltage (Vo) 36.3V
Current at maximum power point (Iypp) 7.35A
Short circuit current (Is.) 7.84A
Diode ideality factor 0.98117
Diode saturation current (Io) 2.9259x10"°A

solar PV gets increased. This can be achieved by sinking
the solar source to the load for various climate conditions to
produce maximum power. There are two ways to extracting
the maximum power from a solar panel. They are Mechanical
and electrical tracking. With mechanical tracking, the solar
panels change their direction depends on the climatic vari-
ation patterns. This includes seasonal climate changes for
several months. With electrical tracking, the I-V curve is
forced to locate the point of maximum power in the operation
of the PV array [37]. The MPPT controller is an internal
part of the system which feeds the maximum power to load
(batteries/motors).

For tracking maximum power during the operation of the
PV module, a suitable algorithm is to be used. This can be
seen in the P-V graph of a solar cell. There are many such
methods to track the maximum power such as incremental
conductance, perturb and observe, genetic algorithm, frac-
tional open-circuit voltage, etc. In this paper, the perturb and
observe algorithm it has many advantages. It is easy to imple-
ment using various controllers such as Arduino, microcon-
troller, etc. The maximum power point determination speed
can be controlled by varying the perturbation value. The P&O
algorithm is shown in Figure 4.

The algorithm for Perturb and Observe Technique is:

a) Ipv and Vpv values are gathered from PV module.

b) Ppv is calculated from Ipv and Vpv.

¢) Voltage and power values are stored.

d) The values are recorded for the next consecutive (k +
1™ instant and repeat step ‘a’.

e) The values got at (k + D) instant are subtracted from
the values got at kth instant.

f) In the PV curve of a solar panel, on the right side,
the slope is negative i.e., (dP/dV<0) whereas on the
left side, the slope is positive (dP/dV>0). Therefore,
the lesser duty cycle occurs on the right side of the
curve and the high-duty occurs on the left side of the
curve.

g) Based on the polarity of the slope after subtraction,
the algorithm decides the change in the duty cycle.

The solar panel is designed with a power of 215W; the
respective parameters and their specifications are shown in
TABLE 1.

C. DC-DC BOOST CONVERTER
A single input multiple output DC-DC boost converter inter-
faced in between the solar panels and the proposed inverter is

VOLUME 9, 2021
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FIGURE 4. Flowchart of P&O algorithm.

shown in Figure 1 [38]. This converter provides three isolated
dc sources in the ratio of 4:1:3:9. The converter feeds on
a single solar PV to eliminate the unequal voltages along
with the variations in the step size based on several climatic
conditions.

The magnitude of the inductance can be calculated using

the relation:
V.
_ mVide %)
4afil,

where V. is the input dc voltage, m is the modulation index,
and fs is the switching frequency, Ir is the ripple current, a is
the overloading factor which is usually 1.25.

The value of capacitance can be calculated using the rela-

tion:
DI,
S 8)
Vierfs x 0.5

where I is the dc current, fs is the switching frequency, r is
the ripple voltage, V. is the input dc voltage, D is the duty
cycle.

The duty cycle of the converter can be calculated using the

following relation :
Vo
)
Vo + Vac

The simulation and experimental results are shown in FIG-
URE 5 and FIGURE 6, respectively. The specifications of the
boost converter are represented in Table II.

Ill. PROPOSED ASYMMETRICAL 53-LEVEL MLI

The proposed 53-level MLI is designed and implemented
with a switched capacitor approach. SC is incorporated at the
front end along with the H-bridge. It acts as an individual
energy storage system for the proposed MLI. Hence it is
essential to select the specific value of the capacitance, and
the value depends on the operating frequency, load current

VOLUME 9, 2021

TABLE 2. Specifications of the boost converter.

Parameters Value

Inductance L 4.8 mH
Capacitance C1 22 uF
Input DC voltage 29V

Output voltage 200V
Duty Cycle 0.87
Switching frequency | 50kHz

Voltage (V)| Current (A)| ‘V:Jliage (V)‘

92 04 06 08 1 12 14 16 18

----------------------------------- Time;(§) e

FIGURE 5. The solar PV and boost converter simulation waveforms.
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)

1 (lo)=1.7 A

FIGURE 6. The solar PV and boost converter experimental waveforms.

requirement, and the upper limits of the additional ripple
voltage. SC has the advantage of increasing the voltage level
with its structural design. In general, a DC-DC converter is
required to get a rated output fed to the inverter but irrespec-
tive of the converter rated output, in the proposed topology
voltage gets boosted based on the SC design in its charging
and discharging behavior. The addition of several SC units
results in the production of the various number of levels of
multilevel inverters. Here, the SC units are cascaded to form
17-, 33- and 53-level MLI. The respective MLIs are designed
represented in the following subsections. A basic unit of SC
is represented in FIGURE 7(a). The charging and discharging
behavior of an SC are represented in FIGURE 7(b)& FIG-
URE 8(a). Under optimal, the capacitor C charged to V| when
connected in parallel to conditions, the capacitor C charged
to V1 when connected in parallel to the source, and it gets dis-
charged to the load with a series connection. As represented
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FIGURE 8. Capacitor in SC unit: (a) Discharging, (b) Simulation output.

in FIGURE 7(a) & FIGURE 8(a), under optimal conditions,
during each half-cycle, the capacitor C is charged through S
switch during Vo = +Vc;.

The discharging of the capacitor C is started when the
switch S; is in conduction at the front end of the proposed
MLI topology. During the discharging period, the diode D
and switch Sy gets turned off. Vi and V1 supply energy to
the load and the respective maximum load current is known
where

Vo =Vi+ Ve (10)

The discharging period can be used for obtaining the opti-
mum value of SC for obtained ripple voltages. The simulation
output waveform shown in FIGURE 8(b).

Let Qc be the charge released by C1 during the period,
then

td2
Oc = / [losin 2mfst — @) dt] (11)
td1

where td 1, td2 is the period of discharging, 70 is maximum
output current, fs is the fundamental frequency, and ¢ is
the phase difference among the voltage and current. AVC
is the ripple voltage and can be calculated using the angles
computed using

1
2nfsC

where 6 is the angle where the capacitor discharges and 76
is the angle where the capacitor is discharging stops.

AVC =

T—6
/ 10sinrfst — p)dwt  (12)
0

A. 17-LEVEL MLI

A 17-level MLI is designed with the two SC units connected
in cascade with a smaller number of components is shown in
FIGURE 9. The proposed MLI topology comprises 10 con-
trolled switches with two asymmetric DC sources with the
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FIGURE 9. Developed structure of 17-level MLI.

absence of inductors. The two DC sources are of unequal volt-
age levels formed to be an asymmetrical configuration. Sev-
eral power quality issues like total standing voltage (TSV),
cost factor, and cost per unit with various values of the weight
factor, THD, switch count, component count level, voltage
stress is minimized with this MLI topology. This topology
achieves less TSV and is compared with various topologies.
The path of the load current through the switches, along
with the states of the operation is represented in TABLE III.
Few modes of operation, along with the switching pulses,
is shown in FIGURE 10, and the expected output waveform
is represented in FIGURE 11.

The developed 17-level MLI is operated in various modes
of operation shown in TABLE III. In mode-1 operation of
the circuit, the switches Sa, S5, Sp, S3, St turn on forming
a load current path, where Vi, Vci, V2, and Vo sources
act in the circuit and produce a voltage of 50V, 150V, 50V,
150V respectively to get a maximum voltage of 400V. The
respective switching pulses, switching states, and current
paths are represented in Table III. In mode-2 operation, the
switches Dy, Ss, Sp, S3, S1 turn on where Vi, V3, and V¢
sources act in the circuit and produce a voltage of 50V, 50V,
and 150V respectively and get a voltage of 7V4. which is
equal to 350V. In mode-3 operation, the switches Sp, S3,
S6, S5 turn on forming a load current path where V,, Vo
sources act in the circuit and produce a voltage of 50V and
150V respectively and get a voltage of 6V4. equal to 300V.
In mode-4 operation, the switches Sa, Ss, D2, S3, S1 turn on
with the voltages Vi, V1, and V3 sources act in the circuit
and produce a voltage of 50V, 150V, and 50V respectively
and get a voltage of 5V4. which is equal to 250V. In mode-
5 operation, the switches D1, S5, D>, S3, S turn on with the
voltages V1 and V3 sources act in the circuit and produces
a voltage of 50V and 150V respectively and get a voltage
of 4Vq. equal to 200V. In mode-6 operation, the switches
Dy, S3, S4, Ss, turn on with the voltage V, source act in
the circuit and produce a voltage of 50V and get a voltage
of 3V4. which is equal to 150V. In mode-7 operation, the
switches Sa, Ss, S, S1, turn on with the voltages V| andV
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sources act in the circuit and produces a voltage of S0V and E ik
150V respectively and get a voltage of 2V4. equal to 100V. - %gg . On State
In mode-8 operation, the switches D1, Ss, Sg, S1 turn on :5. ggg Off State
with the voltages V| source act in the circuit and produces E‘J 30
a voltage of 50V respectively and get a voltage of V4. which 3 130
is equal to 50V. In mode-9 operation, the switches St, Sz, E J gg Tim'e(s)
S3, turn on with no voltages acts in the circuit and produces § -Is0
a voltage of OV. Hence the positive cycle is created. The é g
negative cycle is implemented with the negative modes of p =i
operation, along with the switching states shown in Table III " j
peration, . ;
Therefore, the 17-level MLI output waveform is achieved 4 s,-—-—.— LN
with a simulation THD of 4.12% shown in FIGURE 14. The . SH S
i3 |
experimental THD is shown in Figure 21 is 4.12%, which is % " - =
like that of simulation THD. The output waveform for output ; Y Je—— i
voltage and currents are shown in FIGURE 12, FIGURE 13, Q Ss
FIGURE 14, and FIGURE 15. s
. S i | ;
The experimental output voltage and output current are 4 B
represented in FIGURE 16. The MLI is tested with R-load, 2 [ m
and the obtained voltage and currents are 400V and 4A, % Se . -
respectively, and the result obtained is shown in FIGURE 17. i 8 Time(s)

For L-load, the experimental result is shown in FIGURE 18,
where the voltage and currents are of 400V and 6.8 A, respec-
tively. For RL-load, the result is shown in FIGURE 19. For
LR-load, the experimental result is shown in FIGURE 20.
The complete experimental setup is shown in FIGURE 44.
The experimental specifications used in implementing 17-
level MLI are shown in Table VI.

B. 33-LEVEL MLI
A 33-level MLI is designed with the combination of two 17-
level MLI units connected with a smaller number of compo-
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FIGURE 11. 17-Level expected output voltage waveform with switching
pulses.

nents is shown in FIGURE 22. The proposed MLI topology
comprises 20 controlled switches with four asymmetric DC
sources with the absence of inductors. The four DC sources
are of unequal voltage levels formed to be an asymmetrical
configuration. Several power quality issues like total standing
voltage (TSV), cost factor, and cost per unit with various
values of the weight factor, THD, switch count, component
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FIGURE 15. Simulation THD.

count level, voltage stress are minimized with this MLI topol-
ogy. This topology achieves less TSV and is compared with
various topologies. The path of the load current through the
switches, along with the states of operation, are represented in
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TABLE 3. Generation voltage levels according to Conduction of Switches
of 17 MLL.

States Load current path Output Voltage (V)

State-1 Sa, Ss, Sp, S3, Sy 8Vie VitVeitVoyt Ve +400
State-2 Dy, Ss, Sp, S3, S; TV e Vi+Vot Ve, +350
State-3 Sp, S, Se, Ss 6Vae Vot Ve +300
State-4 Sa, Ss, D2, Ss, Sy 5V VitV tV, +250
State-5 D, Sj, D,, S}, Si 4V, Vi+V, +200
State-6 D, S;, S4, Ss 3V V, +150
State-7 Sa, Ss, Se, Si 2Ve VitV +100
State-8 Dy, Ss, Se, Si Ve Vi +50
State-9 S1, 82, Ss 0 0 0
State-10 Dy, S4, Ss, S -V -Vi -50
State-11 Sa, S4, S1, S» -2V —(V1+Vc1) -100
State-12 D, S5 S1. S -3V -(V2) -150
State-13 | Dz, $5,D1,S4,Ss | 4V -(Vi+Vy) -200
State-14 Ds, Sy, Sa, S4, Se -5Vie -(VitVat Vo) -250
State-15 Sp, Sz, S, Ss -6Vae (Vat Vo) -300
State-16 Sp, Sz, D1, S4, S TV -(\/1*’\/2+ VCZ) -350
State-17 SD, Sz, SA, S4, Se -8Vie -(V1+Vc]+Vz+ ch) -400

0V — ] 4700 ] 5000 Sp
‘ i (belay = 4. 700000000
{ V=400 V i
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FIGURE 16. Experimental output waveform (Vo).
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FIGURE 17. Experimental output waveform for R-load.

TABLE IV. Few modes of operation, along with the switching
pulses, are shown in FIGURE 23.

The developed 33-level MLI is operated in various modes
of operation shown in TABLE IV. In mode-1 operation of
the circuit, the switches Sa, Ss, Sp, S3, S7, Sg, S11, SH,
S9, S1 turn on forming a load current path, where Vi, Vci,
V2, V2, V3, Vi3, V4, and Vg sources act in the circuit
and produce the voltages of 25V, 25V, 75V, 75V, 25V, 25V
and75V respectively to get a maximum voltage of 400V.
The respective switching pulses, switching states, and cur-
rent paths are represented in Table IV. In mode-2 operation,
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FIGURE 18. Experimental output waveform for L-load.
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FIGURE 20. Experimental output waveform for L || R-load.

the switches Dy, Ss, Sp, S3, S7, Sk, S11, SH, So, S1 turn on
where Vi, V2, V2, V3, V3, V4, and Vg sources act in the
circuit and produce the voltages of 25V, 75V, 75V, 25V, 25V
and 75V respectively, and get a voltage of 15Vdc, which is
equal to 375V. In mode-3 operation, the switches Sp, S3, S7,
SE, S11,> SH, S9, S1, SB, Sa, D1, S5 turn on forming a load
current path where Vi, V2, V3, Vs, V4, and Vg sources
act in the circuit and produce the voltages of 75V, 75V, 25V,
25V and 75V respectively and get a voltage of 14V, equal
to 350V. In mode-4 operation, the switches Sp, S3, S7, D3,
S11, SH, So9, S1, SB, Sa, D1, S5 turn on with the voltages V,
V2, V3, V4, and V4 sources acts in the circuit and produces
a voltage of 75V, 75V, 25V, 75V and 75V respectively and
get a voltage of 13Vy. which is equal to 325V. In mode-
5 operation, the switches Sp, S3, S7, Sk, Sg, D3, Si1, SH,
So, S1, S, Sa, D1, S5 turn on with the voltages V2, Vo, Va,
and V¢4 sources acts in the circuit and produces a voltage
of 75V, 75V, 75V and 75V respectively and get a voltage
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of 12V, equal to 300V. In mode-6 operation, the switches
Sa, Ss, Sp, S3, S7, Sk, Sg, D3, Si1, D4, S9, Sy, turn on
with the voltage V1, Vc1, V2, Vo, and V4 sources acts in
the circuit and produce a voltage of 25V, 25V, 75V, 75V
and 75V respectively and get a voltage of 11V4. which is
equal to 275V. In mode-7 operation, the switches Dy, Ss,
Sp, S3, S7, Sk, SE, D3, Si1, S4, S, Sy, turn on with the
voltages Vi, V2, V2, and V4 sources acts in the circuit and
produces a voltage of 25V, 75V, 75V and 75V respectively
and get a voltage of 10V4. which is equal to 250V. In mode-
8 operation, the switches D2, S3, S7, Sk, Sg, D3, S11, D4,
So. S1, S, Sa, D1, Ss turn on with the voltages Va, Vo,
and V4 sources acts in the circuit and produces a voltage
of 75V, 75V and 75V respectively and get a voltage of 9V
which is equal to 225V. In mode-9 operation, the switches
Sa, Ss, Sp, S3, S7, Sg, S, Si, turn on with the voltages Vi,
Vci, Va2, and V¢, acts in the circuit and produces a voltage
of 25V, 25V, 75V, 75V respectively and get a voltage of 8V
equal to 200V. In mode-10 operation, the switches D1, Ss,
Sp, S3, S7, Sg, So, Sy, turn on with the voltages Vi, Va,
and V¢ acts in the circuit and produces a voltage of 25V,
75V and 75V respectively and get a voltage of 7V4. which
is equal to 175V. In mode-11 operation, the switches Sp, Ss3,
S7, Sg, So, S1, SB, Sa, D1, Ss, turn on with the voltages V»
and V3 acts in the circuit and produces a voltage of 75V
and 75V respectively and get a voltage of 6Vy4. equal to
150V. In mode-12 operation, the switches Sa, Ss, D2, S3,
S7, Sg, So, S; turn on with the voltages Vi, V¢ and V;
acts in the circuit and produces a voltage of 25V, 25V and
75V respectively and get a voltage of 5V4. which is equal
to 125V. In mode-13 operation, the switches Sa, Ss, Sg, S7,
Sg. Si11, S12, S1 turn on with the voltages Vi, Vci, V3, and
V3 acts in the circuit and produces a voltage of 25V, 25V,
25V, and 25V respectively and get a voltage of 4V4. which
is equal to 100V. In mode-14 operation, the switches Do,
S3, S7, Sg, So. Si1, SB, Sa, D1, S5 turn on with the voltages
V3 acts in the circuit and produces a voltage 75V and get a
voltage of 3V4. which is equal to 75V. In mode-15 operation,
the switches Sa, Ss, Se, S7, Ss, So, Si turn on with the
voltages V1 and V¢ acts in the circuit and produces a voltage
25V and 25V respectively and get a voltage of 2Vg. equal
to 50V. In mode-16 operation, the switches D1, Ss, S¢, S7,
S8, So, S1 turn on with the voltages Vi acts in the circuit
and produces a voltage 25V and gets a voltage of V4. which
is equal to 25V. Hence the positive cycle is produced. The
negative cycle is implemented with the negative modes of
operation, along with the switching states shown in Table IV.
Therefore, the 33-level MLI output waveform is achieved
with a simulation THD of 2.54% shown in FIGURE 26. The
experimental THD is shown in FIGURE 32 is 2.54%, which
is like that of simulation THD. The output waveform for
output voltage and currents are shown in FIGURE 24 and
FIGURE 25. The MLI is tested with R-load, and the obtained
voltage and currents are 400V and 4A, respectively, and the
result obtained is shown in FIGURE 27 & FIGURE 28. For L-
load, the experimental result is shown in FIGURE 29. Where
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FIGURE 22. Developed structure of 33-level MLI.

the voltage and currents are 400V and 6.8A, respectively.
For RL-load, the result is shown in FIGURE 30. For LR-
load, the experimental result is shown in FIGURE 31. The
complete experimental setup and specifications are shown in
FIGURE 44 and Table V.

C. 53-LEVEL MLI

A 53-level MLI is designed with a combination of three SC
units connected with a smaller number of components is
shown in FIGURE 33. The proposed MLI topology com-
prises 14 controlled switches with three asymmetric DC
sources with the absence of inductors. The three DC sources
are of unequal voltage levels formed to be an asymmetrical
configuration. Several power quality issues like total standing
voltage (TSV), cost factor, and cost per unit with various
values of the weight factor, THD, switch count, component
count level, voltage stress is minimized with this MLI topol-
ogy. This topology achieves less TSV and is compared with
various topologies. The path of the load current through the
switches along with the states of operation are represented in
TABLE VI. Few modes of operation, along with the switch-
ing pulses are shown in FIGURE 34. The developed 53-level
MLI is operated in various modes of operation shown in
TABLE VI. In mode-1 operation of the circuit, the switches
Sk, S2, Sa, S7, Sp, S4, Ss turns on forming a load current
path, where Vi, Vi, V2, Ve, V3, and V3 sources act in
the circuit and produce the voltages of 15.4V, 15.4V, 46.2V,
46.2V, 138.6V, and 138.6V respectively to get a maximum
voltage of 400.4V. The respective switching pulses, switching
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states and current paths are represented in Table V. In mode-
2 operation of the circuit, the switches Sg, Sz, D1, S7, Sp,
S4, S5 turn on forming a load current path, where Vi, Vj,
Vc2, V3, and V3 sources act in the circuit and produce
the voltages of 15.4V, 46.2V, 46.2V, 138.6V and 138.6V
respectively to get a maximum voltage of 385V. In mode-3
operation of the circuit, the switches Sg, S», Sg, Sa, D1, S7,
Sp, S4, Ss turn on forming a load current path, where V,
V2, V3, and V3 sources act in the circuit and produce the
voltages of 46.2V, 46.2V, 138.6V and 138.6V respectively to
get a maximum voltage of 369.6V. In mode-4 operation of the
circuit, the switches Sg, Sz, Sa, S7, D2, S4, S5 turn on forming
a load current path, where Vi, V1, Vo, V3, and V3 sources
act in the circuit and produce the voltages of 15.4V, 15.4V,
46.2V, 138.6V and 138.6V respectively to get a maximum
voltage of 354.2V. In mode-5 operation of the circuit, the
switches Sg, Sa, D1, S7, D2, S4, Ss turn on forming a load
current path, where Vi, V,, V3 and V3 sources act in the
circuit and produce the voltages of 15.4V, 46.2V, 138.6V and
138.6V respectively to get a maximum voltage of 338.8V.
In mode-18 operation, the switches D3, Sz, S3, S4, S5 turn
on where the V3 source acts in the circuit and produces the
voltages of 138.6V and gets a voltage of 9V 4. which is equal
to 138.6V. In mode-28 operation, the switches D1, S¢, S5, S4,
S3 turn on forming a load current path where the -V source
acts in the circuit and produces the voltage of -15.4V and
gets a voltage of -V, equal to -15.4V. In mode-53 operation,
the switches Sp, S3, Sa, S¢, SE, S1, Sg turn on with the volt-
ages V1, Vci, V2, Vo, V3, and V3 sources act in the circuit
and produce a voltage of 15.4V, 15.4V, 46.2V, 46.2V, 138.6V,
and 138.6V respectively and get a voltage of 26V 4. which is
equal to 400.4V. Hence the positive cycle is produced. The
negative cycle is implemented with the negative modes of
operation, along with the switching states shown in Table VI.
Therefore, the 53-level MLI output waveform is achieved
with a simulation THD of 1.41% shown in FIGURE 37. The
experimental THD is shown in FIGURE 43 is 1.41%, which
is like that of simulation THD. The output waveform for
output voltage and currents are shown in FIGURE 35 and
FIGURE 36. The MLI is tested with R-load, and the obtained
voltage and currents are 400V and 4A, respectively, and the
result obtained is shown in FIGURE 38 & FIGURE 39. For L-
load, the experimental result is shown in FIGURE 40. Where
the voltage and currents are 400V, and 6.8A, respectively.
For RL-load, the result is shown in FIGURE 41. For LR-
load, the experimental result is shown in FIGURE 42. The
complete experimental setup and specifications are shown in
FIGURE 44 and Table V.

D. TOTAL STANDING VOLTAGE (TSV)
The total standing voltage (TSV) plays a significant role in the
selection of switches in the circuit. It is the sum of all blocking
voltages for the total number of semiconductor devices in the
topology.

The voltage stresses on the bi-directional and unidirec-
tional switches are given as Vg = Vj and Vgun = 2V;
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FIGURE 23. Modes of operation of the proposed 33-Level MLI topology.
TABLE 4. Generation voltage levels according to Conduction of Switches of 33 MLI.
States Load current path QOutput Voltage (V)
State-1 Sa, Ss, Sp, Ss, S7. Sk, Si1, Su, So, Si 16V Vi+Vert Vot Voot Vit Vet Vet Vg +400
State-2 D, Ss, Sp, S3, S7. Sk, S11, S, So, Si 15V Vi+Vaot Vert Vit Vest Vit Vg +375
State-3 Sb, S3, S7, Sk, Si1, Su, So, Si. Sg, Sa, D1, Ss 14V Vot Voot Vst Vst Vit Vg +350
State-4 Sp, S3, S7, D3, S11, Su, So, Si, S, Sa, Dy, Ss 13V Vot Vot Vit Vet Ve +325
State-5 Sp, S3, S7, Sk, Se. D3, Si1, Su, So, S1. S, Sa. Dy, Ss 12V Vot Voot Vat Ve +300
State-6 Sa, Ss, Sp, S3. S7, Sk, Sk, D3, S11, D4, So. S1 11V Vi+VeitVot Vot Vy +275
State-7 Dy, Ss, Sp, S3. S7, Sk, Sk, D3, Si1, Sa, So, S 10V Vi+Vot Vot Vy +250
State-§ Dy, S5, S7, Sk. S, D3, Si1, D4, So.Si, S, Sa, Dy, Ss A Vot Vet Vy +225
State-9 Sa, Ss, Sp, Ss, S7, S, So, Sy 8Vie VitVeitVaot Ve +200
State-10 Dy, Ss, Sp, S3, S7, Ss, So, Sy TV VitVot+ Ve +175
Stat€—11 SD, S3, S7, Sg, Sg, S], SB, S/\, Dl, S5 6Vdc V2+ Vc2 +150
State-12 Sa, Ss, Dy, Sl S7, Ss, So, Sy 5Vie Vi+Vert V, +125
Stat€—13 SA, Ss, Sg, S7, SE, S]], S]z, S] 4Vdc V1+VCl+V3+Vc3 +100
State-14 Dy, S5, S7, Sg, So. Sy, Sg, Sa, Dy, Ss 3V V, +75
State-15 SA, Ss, Ss, S7, Sg, Sg, Sl 2Vdc V1+VC1 +50
State-16 Dy, Ss, Ss, S7, Ss, S9, S Ve \ +25
State-17 S1, Sz, S5, S7, S5, So 0 0 0
State-18 Dy, S4, So, Sx, 57, S, Sz, Si -Vie -V, -25
State-19 Sa, Sa4, So, Ss, S7, S, Sy, Sy -2V ‘(V1+V(Tl) -50
State—ZO Dz, Sz, Sl, St) Ss, S7, Sﬁ '3Vdc = V2 =75
State-21 Sas S, So, Ss, Sk, Si0, S3, 2 -4V -(VitVeitVstVes) -100
State-22 D>, S,, Sa, S4, Sgg Ss, S7, S¢ -5Ve -(V1+VC1+ Vz) -125
State-23 SD, Sz, Sl, Sg, Ss, S7, Se -6V '(V2+ VCZ) 150
State-24 Sp, S,, Dy, S4‘ So, Ss, S7, S¢ =TV e - (V1+V2+ ch) -175
State-25 SD, Sz, SA, S4, Sg, Sx, S7, S6 '8Vdc '(V1+VC1+V2+ VCZ) -200
State-26 Sp, S», Sly S15, D4, Sg, S7, Se -9Vdc -(V2+ Vc2+V4) -225
State-27 Sp, S4, Dy, S4, Si2, Dy, Sg, S7, Se -10Vdc -(V1+V2+ Vc2+V4) -250
State-28 S, Sz, Sa, S, Si2, D4, Ss, S7, Se 11Vge -(Vi+Veit Vot Vet V) =275
State-29 Sp, S1, S1, Si2, Sh, Ss, S7, Se 12V -( Vot Vot Vit V) -300
State-30 Sp, S2, S], Si2, Sn, Ss, D3, S0, Se 13V '(V2+ Vet Vit Vgt VC4) -325
State-31 Sp, S1, S1, S12, Su, Sg, Sk, S0, Se 14V -(Vot Voot Vi+ Vst Vet Vey) -350
State-32 Sb, S2, D1, S4.S12, S, Ss, Sk, Si0.Se 15V -(Vi+Vat Vet Vit Vet Vet V) -375
State-33 S, S2, Sa, Sa,S12, Su, Ss, Sk, Si0, Se 16V -(VitVert Vot Vet Vit Vet Vet V) -400
327
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FIGURE 27. Experimental output waveform (Vo).

respectively, wherei =1, 2...... n, and n are complimentary
switches count. The maximum output voltage (V) for the
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FIGURE 29. Experimental output waveform for L-load.
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FIGURE 30. Experimental output waveform for R || L-load.
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FIGURE 31. Experimental output waveform for L || R-load.

proposed topology is Vo, max = 400V. In the proposed MLI,
the voltages are equal for complimentary switches, and all
switches are unidirectional. Hence TSV is calculated using
the following relation:

TSV =2(Vg; +Vs3 +oveeennnnn.. Vsentn)  (13)
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- [ TABLE 5. Specifications of 53-level MLI.
IEC 61000-3-2 Class A
[ value i) 1
+#17m 7 ¥ ) Output Voltage V, 400V
Output current I, 4A
> H dSPACE controller RTI1104
i Resistive load (Lamp) 100Q
‘I +00 ey s !. Inductive load 98Mh
i Harmorios ) IGBT IGBT CM75DU-12, 600V, 75A
_l : Motor load Single-phase, 230V, 0.5HP
oo oy
L] Marginal
Non Spec
w — —{Vo=400 V
FIGURE 32. Experimental THD. by T Y1 | T
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FIGURE 34. Modes of operation of the proposed 53-Level MLI topology.
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For the developed 17-level MLI, TSV can be calculated based
on the equation (7) and found to be 16V, Similarly, for the
33-level MLI and the proposed 53-level MLI, TSV is found
to be 50V, and 30.8V, respectively.

E. COST FUNCTION

The cost factor for the proposed 53-level MLI can be calcu-
lated using the parameters like several switch counts, source
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TABLE 6. Generation voltage levels according to Conduction of Switches of 53 MLI.

States Load current path QOutput Voltage (V)

State-1 Sk, S2, Sas S7, Sp, S4, Ss 26V VitVeit Vot Voot VitVes 400.4
State-2 Sk, Sz, D1, S7, Sp, S, Ss 25Ve Vi+Vyt Voot VitV 385
State-3 Sk, S5, S, Sa, D1, S7.Sp, S4.Ss 24V Vot Vet VitV 369.6
State-4 Sk, S2, Sa, S7. D, S4, Ss 23V Vi+ VotV Vit Vg 354.2
State-5 Sk, Sy, Dy, S7, Dy, S4, Ss 22V Vi+V,+Vs+ Vs 338.8
State-6 Sk, S2, Sg, Sa, D1, S7. Dy, S4, Ss 21V V,+Vit Vg 3234
State-7 St, 52,54 S7. Ss, S5 20V, Vi Vert VatVes 308
State-8 Sk, S, Dl' S,, Sg, Ss 19V, Vi+ V3+Ves 292.6
State-9 Sk, S2, S5, S4, Ss 18V Vi+ Vg 277.2
State-10 D;, Sy, Sa, S7, Sp, S4, Ss 17V Vi+Veit+ Vot Vet Vs 261.8
State-11 D, S,, Dy, S7, Sp, S4, Ss 16V, Vi+Viot+ Vet Vs 246.4
State-12 D3, S,, Sg, Sa, D1, Sy, Sp, S4, Ss 15Vae VotVet Vs 231
State-13 D3, Ss, Sa, S7, D2, S4, Ss 14V Vi +Ve+Vo+ Vs 215.6
State-14 D3, S5, Dy, S7, D5, S4, Ss 13V Vi+VotV; 200.2
State-15 D3, S5, Sg, Sa, Dy, S7, Dy, S4, Ss 12V V,+V; 184.8
State-16 Ds, S,, Sa. S7, Ss, Ss 11V Vi+VeitVs 169.4
State-17 D3, S, Dy, S5, Ss, Ss 10V Vi+V; 154
State-18 D3, S5, S5, S, Ss IV Vs, 138.6
State-19 Sa, S7, Sp, S4, S1, Sy 8V Vi+VeitVatVes 123.2
State-20 Dy, S7,Sp, S4, S1, Sa TVae Vi+VotVe, 107.8
State-21 Sb, S, Ss, Se, S7 6V V,+Ve 92.4
State-22 Sa, S7, Do, S4, Si, S5 5Vie Vi+Vait+V, 71
State-23 Dy, S7, D, S4, S1, Sa 4V, Vi+V, 61.6
State-24 Dy, S4, Ss, Se, S7 3Vie vV, 46.2
State-25 Sa, S7, Ss, S1, S2 2V Vi+Ve 30.8
State-26 Dy, S+, Ss, S1, S Vee v, 15.4
State-27 Si, S5, Ss, S 0 0 0
State-28 Dy, S¢, Ss, S4, S -V -V, -15.4
State-29 Sa, Se, Ss, Sa, S5 -2V - (VitVa) -30.8
State-30 D,, Ss, S», Sy, Sg -3V -(Vz) -46.2
State-31 D>, S5, D1, S, Ss. Ss AV, VitV 61.6
State-32 D>, S5, Sa, Se, Ss. Ss 5V ViVt Va) 77
State-33 Sp, S4, Ss, Se, S7 -6V '(V2+VC2) -92.4
State-34 Sp, S3, D1, Ss, Ss, Sg -7V -(VitVotVe) -107.8
State-35 Sb, S, Sa, Se, Ss, Ss -8V -(Vi+Vei+Vat+Ve) -123.2
State-36 Ss, Si, Ss, S7, Se -9Vdce -V3 -138.6
State-37 Dy, Se, Dy, Su, Sa, Ss -10Vde Vi V) 154
State-38 Sa, Se, D3, S1, S4, S 11V -(Vi+VaitVs) -169.4
State-39 D», S3, Ss, Sa, Dy, Se, D3, S1, S 12V -(V+V3y) -184.8
State-40 D,, S3, Dy, Se, D3, Si, S 13V, -(Vi+V,+Vs) -200.2
State-41 D», Ss, Sa, Se, D3, Si, Ss 14V, -(Vi+VitVotVs) -215.6
State-42 Spb, S3, Sg, Sa, D1, Se, D3, Si, Sg 15Ve (V) tVeot Vi) -231
State-43 Sb, S, D1, Se, D3, Si, Ss 16V, -(Vi+Vot Ve, tVs) -246.4
State-44 Sp, S3, Sa, Se, D3, Si, S 17V -(Vi+Voit VoVt Vi) -261.8
State43 Sk, S1, s, S, Se 18Ve Vit Vo) 2772
State-46 Dy, Se, Sk, Si, Sa, S 19V -(Vi+ Vi+tVe) -292.6
State-47 Sa, Se, SE, S1, S4, S5 20V, ‘(V1+VC1+ V3+VC3) -308
State-48 D,, S5, Sg, Sa, D1, S, Sk, Si, Ss 21V -(V+V3+ Vi) -323.4
State-49 D», S5, Dy, Se, Sk, Si, Sg 22V -(Vi+V,+ Vit Vi) -338.8
State-50 D,, S3, Sa, Se, Sk, Si, Ss 23Vae -(Vit Vot Vot Vst Vi) -354.2
State-31 Sb. S», Ss S, D1, Se, St S1, S 24V, “(Vat Vert Vit Ves) 369.6
State-52 Sp, S3, Dy, S, Sk, Si, Sg 25V -(V1+V2+ ch+V3+Vc3) -385
State-53 Sp, S3, Sa, Se, Sk, Si, S 26V -(Vi+Vei+Vot+ Vot Vit V) -400.4

count, total standing voltage, driver circuits count, and using
the formula shown in equation (14) [37].

CF = (Ns + Ngk +Ng + Ne +aTSVpy) xn - (14)

where CF is the cost factor, Ng is the number of switches,
Nk is the gate driver circuit count, Ny is the diodes count, N,
is the number of capacitors. TSV is the maximum standing
voltage for the switches in conduction. TSV, is the total
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standing voltage per unit, which is given by

TSV(pu) = V1sv/Vomax (15)
where n is the DC sources count in the circuit. « is the weight
coefficient which is multiplied with TSVpu. The inverter
topology with the absence of diodes and capacitors can be

neglected, and the cost function is calculated using the rela-
tion.

CF = (S + Ngk + aTSVpy) x n (16)
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TABLE 7. Cost comparison of various multilevel inverters with proposed 17-Level MLI.

Components required [39] [40] [41] [42] [43] [44] Proposed
Number of Switches (Ns) 16 14 10 20 10 20 10
Number of diodes (Nd) 16 20 10 20 12 20 12
Number of capacitors (Ncap) 4 4 0 0 0 0 2
DC sources (n) 4 8 4 8 2 8 2
Driver board circuits (Ndk) 14 14 10 20 10 20 10
Components count per level (Fecl) 3.17 | 3.52 2 4 2 4 1.53
Total Standing Voltage (TSV) 11 22 36 36 40 36 16
Total harmonic distortion (THD) - - 7.1 3.7 - 4.12 4.23
a=0.5 3.5 417 | 4.94 5.05 5.18 4.97 2
CF/NLey
a=1.5 4.14 | 547 | 9.18 7.17 9.88 2.94 2.94
TABLE 8. Variance of various 33-Level MLI topologies.
Components required NPC | FC | CHB | [45] | [46] | [47] | [48] | Proposed
Number of Switches (Ns) 64 64 20 18 21 79 20 20
Number of diodes (Nd) 32 0 20 18 32 0 20 4
Number of capacitors (Ncap) 32 0 16 6 16 15 0 4
DC sources (n) 32 32 5 1 1 1 8 4
Driver board circuits (Ndk) 64 64 20 18 21 79 20 20
Components count per level (Fcel) | 6.78 | 484 | 2.12 | 1.84 | 2.75 | 527 | 2.06 1.57
Total Standing Voltage (TSV) 64 64 64 60 64 55 72 50
Total harmonic distortion (THD) - - - - - - 5.2 2.54
Cost Function/Levels 0=0.5 | 6.84 | 49 2.51 19 [ 281 | 537 | 2.12 1.62
(CF/L) o=1.5 | 696 | 50 | 2.63 2.0 | 293 | 545 | 2.26 1.71
200W/ 4 4.810s 2.0003/ Stop 200%/ 10.04/ 4 [ 1768 20,003/ Stop.
j | Delay = 17|E B4Eﬂﬂl]i][ll][l[ls ‘ |
rﬂ\[o=400 V| Vo=400 lV |—|O=6.8 Al

FIGURE 38. Experimental output waveform (Vo).

200V 10.087 q [_1765s 10.0057 Stop

Delay = 178 54BROO0O0NN0S )

—Hlo=4 A

r-iVo=400 V]

]

FIGURE 39. Experimental output waveform for R-load.

The value of « is to be considered in such a way that one
value is greater than one, and the other is less than one.
In this paper, the value of « is realized as 0.5 (<1), and the
other value is 1.5 (>1) for the evaluation of the cost function.
The cost-effectiveness of any MLI is calculated with level
count (CF/L). This value is to be calculated for both values
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FIGURE 40. Experimental output waveform for L-load.
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FIGURE 41. Experimental output waveform for R || L-load.

of o shown in TABLE VI. The cost function for the various
developed MLIs is calculated based on the equation (14). For
the developed 17-level MLI, 33-level MLI, and the proposed
53-level MLI, the cost function per level count is found to be
2.94,1.62, and 0.65, respectively. The component count level
factor represents the total number of semiconductor devices
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FIGURE 42. Experimental output waveform for L || R-load.
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FIGURE 44. Experimental setup.

used in a circuit. The lesser the value, the fewer components
are used, which provides fewer losses and more efficiency.
The component count per level factor F is calculated using
the following relation:

Ng+Ng+N¢+N
Fof = s + Ng +Ne + Ngk +n a7
NLev
The component count level factor for the developed 17-level
MLLI, 33-level MLI, and the proposed 53-level MLI is found

to be 1.53, 1.57, and 0.69, respectively.
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TABLE 9. Cost comparison of various multilevel inverters with proposed
53-Level MLI.

Comp ts required NPC | FC | CHB | [49] [ [50] | Proposed
Number of levels Np 53 53 53 49 42 53
Number of Switches (Ns) 104 104 32 12 12 14
Number of diodes (Nd) 52 0 0 0 0 3
Number of capacitors (Ncap) 52 52 8 4 3 3
DC sources (n) 52 52 8 2 3 3
Driver board circuits (Ndk) 104 104 32 12 12 14
Components count per level (Fccl) | 6.86 | 5.88 1.5 0.61 | 0.66 0.69
Total Standing Voltage (TSV) 104 104 104 34 32 30
Total harmonic distortion (THD) - - - 0.7 1.5 141
Cost Function/Levels | _0=0.5 6.9 | 592 | 1.54 | 0.62 | 0.73 0.7
(CF/L) [ 0=15 [ 698 | 6.0 1.62 | 0.65 | 0.76 0.73

F. POWER LOSS AND EFFICIENCY

The total losses are divided into conduction and switching
losses related to switches. The conduction losses for the
switches can be calculated using equation (18).

Pcis = [Vs + Rsif (1)] (1) (18)

where Vg is the voltage drop of the IGBT switch, and V; is
the voltage drop of diodes. Rg is the equivalent resistance
of the switch, R; is the diodes equivalent-resistance. The
generaliseded relation for finding conduction power losses
(P¢;) considering the Nigpt switches and Ny diodes at t
instant of time is given in equation (12).

1 2
Pc = —/ [Niar (1) Perigar (1) dt ] (19)
2 0

The switching losses can be calculated from the

equation (13)

wai ch Non,k Najf,k
Psi=f ZK:; [ijl Enonkj+ ijl Enoﬂ,kj:|
(20)

where Eon and Eoff are the energy used by the switches.
The total power losses (Pyozal 10ss) 1S calculated:

Protal 10ss = Pci + Py (21)

The efficiency (1) is calculated using the following
relation:
T] — I;)out — P POMI (22)
in out + Ploss
where P,,; and Pj, are the output and input powers.
The output power can be estimated:

Pout = Vrms * Irms (23)

IV. COMPARISON STUDIES

The comparison can be done for the developed 17-level,
33-level, and proposed 53-level MLIs based on the various
parameters listed below. In the designed 17-level MLI topol-
ogy, it is noticed that it is cost-effective as compared with
the different recent topologies for both values of «. The
proposed MLI is compared with various current topologies
considering essential parameters like the number of switches,
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DC source count, gate driver circuits, Capacitor count, total
standing voltage, component count per level in Table VII and
graphically represented in FIGURE 45. FIGURE 45 (f) repre-
sents the comparison of full standing voltage and is less than
the other topologies. FIGURE 45 (g) shows the comparison
of the cost function for various topologies and found cost-
effective. Also, the 33-level MLI is compared with the same
parameters discussed above and represented in Table VIII and

VOLUME 9, 2021

graphically represented in Figure 46. Figure 46 (i) Shows
the comparison of the cost function for various topologies
and found cost-effective. The proposed 53-level MLI is com-
pared with multiple topologies are of different levels, and
it is noticed that this topology is cost-effective as compared
with the various recent topologies for both values of «. The
proposed MLI is compared with multiple current topologies
considering essential parameters like the number of switches,
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DC source count, gate driver circuits, Capacitor count, and
total standing voltage in TABLE IX and graphically rep-
resented in FIGURE 47, FIGURE 47 (d) represents the
comparison of full standing voltage and is less than the other
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topologies. FIGURE 47 (i) shows the comparison of the
cost function for various topologies and found cost-effective.
The proposed MLI got better results in all parameters of
comparison.
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V. CONCLUSION

The proposed switched-capacitor based 53-level MLI
topology for electric vehicle applications is designed and
implemented for the solar PV energy system with lesser
semiconductor devices to reduce the cost and size of the
inverter, improving efficiency and reliability. P&O algorithm
based MPPT technique is used, the stable output is achieved
under all circumstances. The proposed MLI is implemented
with various combinations of SC connections. A basic two
units are cascaded and obtained a 17-level MLI configuration.
The cascade connection of two 17-level MLIs results in the
formation of a 33-level MLI, and the proposed 53-level MLI
is achieved by cascading three SC units. All the MLIs are
designed and compared with various topologies based on
several parameters like devices count, TSV, THD, and cost
function per level count. The comparative analysis shows that
the proposed MLI is more efficient with fewer power losses.
It is noticed that both simulation and experimental THD are
1.41%. TSVpy is 1.15; efficiency is 94.21%, CF/L values for
both values of « are 0.7 and 0.73, which clearly shows the
cost is significantly less compared with various topologies.
The proposed MLI is tested under multiple dynamic load
variations. This topology is most suited for renewable energy
applications.
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