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ABSTRACT The efficient and compact design ofmultilevel 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

The associate editor coordinating the review of this manuscript and

approving it for publication was Sudhakar Babu Thanikanti .

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 FCMLI and NPCMLI, 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-basedMLI 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 PVmodule,

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 handlingmaximumpower

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

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

usedMPPTmethods 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 ofMLI topologies are presented in section-

V. Finally, conclusions are made in section VI.

II. 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.

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 RSE and RSH

connected to the diode in series and parallel combination,

known to be an equivalent circuit shown in FIGURE 2.

VPV and IPV 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),

IPV =

{

IPh − I0

[

exp

(

q(VPV + RSE IPV )

NSEAKT

)

− 1

]

−
(VPV + RSE IPV )

NSERSH

}

(1)

where NSE and NSH are the number of PV cells in series and

parallel connection. RSE is the series resistance, and RH is the

parallel resistance. A is the ideality factor of a semiconductor

device. K is Boltzmann’s constant (1.3806503× 10−23 J/K),

T is ’he temperature. Ip is the current produced and is depends

FIGURE 3. I-V Characteristics of solar cell.

on the irradiation and temperature shown in equation (2)

IP = [ISK−STM + Ki (T − TSTM )] −

(

G

GSTM

)

(2)

where ISK−STM is a short-circuited current at standard testing

cases (STM), Ki is the SCC coefficient, G (W/m2) is the

irradiance on the surface of the cell, GSTM (1000W/m2) is

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

IO =

{

ISK−STM + Ki (T − TSTM )

exp [(VOK−STM + KOV (T − TSKC ) /AVSth)]

}

(3)

where VOK−STM is an open-circuited voltage at the standard

testing case, KOV represents the open-circuit voltage coeffi-

cient, VSth is solar cell thermal voltage.

PPV = VPV × NSH

(

IPh − IOexp

(

qVPV

NSEAKT

)

−

(

VPV

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 VMPP, 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/m2 and 250oC 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 IPV varies

with the variation of sunray incidence, making VPV constant

and VPV also shifts its magnitude, making IPV 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 = V ′
OC + a2

(

T − T ′
)

− (ISC − I ′SC )RSE (5)

ISC = I ′SC

(

G

G′

)

+ a1
(

T − T ′
)

(6)

From the above equations, the temperature coefficients are a1
and a2 of the PV cell, respectively [35]. V ′

OC and I ′SC 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 theMPPT tech-

nique in achievingmaximum power. This partial shade occurs

with mists, consecutive structures, trees, etc. [36]. According

to equation (2), the photocurrent Iph 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

TABLE 1. Specifications of the 215W PV system.

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.

c) Voltage and power values are stored.

d) The values are recorded for the next consecutive (k +

1)th instant and repeat step ‘a’.

e) The values got at (k + 1)th 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
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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:

L =

(

mVdc

4afsIr

)

(7)

where Vdc 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:

C =

(

DIdc

Vdcrfs × 0.5

)

(8)

where Idc is the dc current, fs is the switching frequency, r is

the ripple voltage, Vdc is the input dc voltage, D is the duty

cycle.

The duty cycle of the converter can be calculated using the

following relation :

D =

(

VO

VO + Vdc

)

(9)

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.

III. 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

TABLE 2. Specifications of the boost converter.

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

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 V1 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 7. SCU (a) Basic SC unit: (b) Charging.

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 S2
switch during V0 = ±Vc1.

The discharging of the capacitor C is started when the

switch S1 is in conduction at the front end of the proposed

MLI topology. During the discharging period, the diode D

and switch S2 gets turned off. V1 and VC1 supply energy to

the load and the respective maximum load current is known

where

V0 = V1 + VC1 (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

QC =

∫ td2

td1

[I0sin (2π fst − ϕ) dt] (11)

where td1, td2 is the period of discharging, I0 is maximum

output current, fs is the fundamental frequency, and ϕ is

the phase difference among the voltage and current. 1VC

is the ripple voltage and can be calculated using the angles

computed using

1VC =
1

2π fsC

∫ π−θ

θ

I0 sin(2π fst − ϕ)dωt (12)

where θ is the angle where the capacitor discharges and πθ

is the angle where the capacitor is discharging stops.

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

FIGURE 9. Developed structure of 17-level MLI.

absence of inductors. The twoDC 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, SD, S3, S1 turn on forming

a load current path, where V1, VC1, V2, and VC2 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 D1, S5, SD, S3, S1 turn on where V1, V2, and VC2

sources act in the circuit and produce a voltage of 50V, 50V,

and 150V respectively and get a voltage of 7Vdc which is

equal to 350V. In mode-3 operation, the switches SD, S3,

S6, S5 turn on forming a load current path where V2, VC2

sources act in the circuit and produce a voltage of 50V and

150V respectively and get a voltage of 6Vdc equal to 300V.

In mode-4 operation, the switches SA, S5, D2, S3, S1 turn on

with the voltages V1, VC1, and V2 sources act in the circuit

and produce a voltage of 50V, 150V, and 50V respectively

and get a voltage of 5Vdc which is equal to 250V. In mode-

5 operation, the switches D1, S5, D2, S3, S1 turn on with the

voltages V1 and V2 sources act in the circuit and produces

a voltage of 50V and 150V respectively and get a voltage

of 4Vdc equal to 200V. In mode-6 operation, the switches

D2, S3, S4, S5, turn on with the voltage V2 source act in

the circuit and produce a voltage of 50V and get a voltage

of 3Vdc which is equal to 150V. In mode-7 operation, the

switches SA, S5, S6, S1, turn on with the voltages V1 andVC1
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FIGURE 10. Modes of operation of the proposed 17-Level MLI topology.

sources act in the circuit and produces a voltage of 50V and

150V respectively and get a voltage of 2Vdc equal to 100V.

In mode-8 operation, the switches D1, S5, S6, S1 turn on

with the voltages V1 source act in the circuit and produces

a voltage of 50V respectively and get a voltage of Vdc which

is equal to 50V. In mode-9 operation, the switches S1, S2,

S3, turn on with no voltages acts in the circuit and produces

a voltage of 0V. Hence the positive cycle is created. The

negative cycle is implemented with the negative modes of

operation, along with the switching states shown in Table III.

Therefore, the 17-level MLI output waveform is achieved

with a simulation THD of 4.12% shown in FIGURE 14. The

experimental THD is shown in Figure 21 is 4.12%, which is

like that of simulation THD. The output waveform for output

voltage and currents are shown in FIGURE 12, FIGURE 13,

FIGURE 14, and FIGURE 15.

The experimental output voltage and output current are

represented in FIGURE 16. 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 17.

For L-load, the experimental result is shown in FIGURE 18,

where the voltage and currents are of 400V and 6.8A, 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-

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

VOLUME 9, 2021 323



C. Dhanamjayulu et al.: Design and Implementation of Multilevel Inverters for Electric Vehicles

FIGURE 12. SCU Simulation output voltage waveforms of 17MLI.

FIGURE 13. Simulation output voltage waveform of the 21-Level MLI.

FIGURE 14. Simulation output voltage and current waveforms of the
17-Level MLI.

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, alongwith the states of operation, are represented in

TABLE 3. Generation voltage levels according to Conduction of Switches
of 17 MLI.

FIGURE 16. Experimental output waveform (Vo).

FIGURE 17. Experimental output waveform for R-load.

TABLE IV. Fewmodes 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, S5, SD, S3, S7, SE, S11, SH,

S9, S1 turn on forming a load current path, where V1, VC1,

V2, VC2, V3, VC3, V4, and VC4 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.

FIGURE 19. Experimental output waveform for R || L-load.

FIGURE 20. Experimental output waveform for L || R-load.

the switches D1, S5, SD, S3, S7, SE, S11, SH, S9, S1 turn on

where V1, V2, VC2, V3, VC3, V4, and VC4 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 SD, S3, S7,

SE, S11, SH, S9, S1, SB, SA, D1, S5 turn on forming a load

current path where V2, VC2, V3, VC3, V4, and VC4 sources

act in the circuit and produce the voltages of 75V, 75V, 25V,

25V and 75V respectively and get a voltage of 14Vdc equal

to 350V. In mode-4 operation, the switches SD, S3, S7, D3,

S11, SH, S9, S1, SB, SA, D1, S5 turn on with the voltages V2,

VC2, V3, V4, and VC4 sources acts in the circuit and produces

a voltage of 75V, 75V, 25V, 75V and 75V respectively and

get a voltage of 13Vdc which is equal to 325V. In mode-

5 operation, the switches SD, S3, S7, SF, SE, D3, S11, SH,

S9, S1, SB, SA, D1, S5 turn on with the voltages V2, VC2, V4,

and VC4 sources acts in the circuit and produces a voltage

of 75V, 75V, 75V and 75V respectively and get a voltage

of 12Vdc equal to 300V. In mode-6 operation, the switches

SA, S5, SD, S3, S7, SF, SE, D3, S11, D4, S9, S1, turn on

with the voltage V1, VC1, V2, VC2, and V4 sources acts in

the circuit and produce a voltage of 25V, 25V, 75V, 75V

and 75V respectively and get a voltage of 11Vdc which is

equal to 275V. In mode-7 operation, the switches D1, S5,

SD, S3, S7, SF, SE, D3, S11, S4, S9, S1, turn on with the

voltages V1, V2, VC2, and V4 sources acts in the circuit and

produces a voltage of 25V, 75V, 75V and 75V respectively

and get a voltage of 10Vdc which is equal to 250V. In mode-

8 operation, the switches D2, S3, S7, SF, SE, D3, S11, D4,

S9, S1, SB, SA, D1, S5 turn on with the voltages V2, VC2,

and V4 sources acts in the circuit and produces a voltage

of 75V, 75V and 75V respectively and get a voltage of 9Vdc

which is equal to 225V. In mode-9 operation, the switches

SA, S5, SD, S3, S7, S8, S9, S1, turn on with the voltages V1,

VC1, V2, and VC2 acts in the circuit and produces a voltage

of 25V, 25V, 75V, 75V respectively and get a voltage of 8Vdc

equal to 200V. In mode-10 operation, the switches D1, S5,

SD, S3, S7, S8, S9, S1, turn on with the voltages V1, V2,

and VC2 acts in the circuit and produces a voltage of 25V,

75V and 75V respectively and get a voltage of 7Vdc which

is equal to 175V. In mode-11 operation, the switches SD, S3,

S7, S8, S9, S1, SB, SA, D1, S5, turn on with the voltages V2

and VC2 acts in the circuit and produces a voltage of 75V

and 75V respectively and get a voltage of 6Vdc equal to

150V. In mode-12 operation, the switches SA, S5, D2, S3,
S7, S8, S9, S1 turn on with the voltages V1, VC1 and V2

acts in the circuit and produces a voltage of 25V, 25V and

75V respectively and get a voltage of 5Vdc which is equal

to 125V. In mode-13 operation, the switches SA, S5, S6, S7,

SE, S11, S12, S1 turn on with the voltages V1, VC1, V3, and

VC3 acts in the circuit and produces a voltage of 25V, 25V,

25V, and 25V respectively and get a voltage of 4Vdc which

is equal to 100V. In mode-14 operation, the switches D2,

S3, S7, S8, S9, S1, SB, SA, D1, S5 turn on with the voltages

V2 acts in the circuit and produces a voltage 75V and get a

voltage of 3Vdc which is equal to 75V. In mode-15 operation,

the switches SA, S5, S6, S7, S8, S9, S1 turn on with the

voltages V1 and VC1 acts in the circuit and produces a voltage

25V and 25V respectively and get a voltage of 2Vdc equal

to 50V. In mode-16 operation, the switches D1, S5, S6, S7,

S8, S9, S1 turn on with the voltages V1 acts in the circuit

and produces a voltage 25V and gets a voltage of Vdc 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 21. Experimental THD.

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

SE, S2, SA, S7, SD, S4, S5 turns on forming a load current

path, where V1, VC1, V2, VC2, V3, and VC3 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

states and current paths are represented in Table V. In mode-

2 operation of the circuit, the switches SE, S2, D1, S7, SD,

S4, S5 turn on forming a load current path, where V1, V2,

VC2, V3, and VC3 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 SE, S2, SB, SA, D1, S7,
SD, S4, S5 turn on forming a load current path, where V2,

VC2, V3, and VC3 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 SE, S2, SA, S7, D2, S4, S5 turn on forming

a load current path, where V1, VC1, V2, V3, and VC3 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 SE, S2, D1, S7, D2, S4, S5 turn on forming a load

current path, where V1, V2, V3, and VC3 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, S2, 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 9Vdc which is equal

to 138.6V. In mode-28 operation, the switches D1, S6, S5, S4,

S3 turn on forming a load current path where the -V1 source

acts in the circuit and produces the voltage of -15.4V and

gets a voltage of -Vdc equal to -15.4V. In mode-53 operation,

the switches SD, S3, SA, S6, SE, S1, S8 turn on with the volt-

ages V1, VC1, V2, VC2, V3, and VC3 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 26Vdc 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 VSbi = Vi and VSuni = 2Vi
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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.
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FIGURE 24. Simulation output voltage waveform of the 33-Level MLI.

FIGURE 25. Simulation output voltage and current waveforms of the
33-Level MLI.

FIGURE 26. Simulation THD.

FIGURE 27. Experimental output waveform (Vo).

respectively, where i = 1, 2. . . . . . n, and n are complimentary

switches count. The maximum output voltage (Vo) for the

FIGURE 28. Experimental output waveform for R-load.

FIGURE 29. Experimental output waveform for L-load.

FIGURE 30. Experimental output waveform for R || L-load.

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(VS1 + VS3 + . . . . . . . . . . . . .VS(2n+1)) (13)
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FIGURE 32. Experimental THD.

FIGURE 33. Proposed 53-Level MLI.

FIGURE 34. Modes of operation of the proposed 53-Level MLI topology.

For the developed 17-levelMLI, TSV can be calculated based

on the equation (7) and found to be 16Vdc. Similarly, for the

33-level MLI and the proposed 53-level MLI, TSV is found

to be 50Vdc and 30.8Vdc, respectively.

TABLE 5. Specifications of 53-level MLI.

FIGURE 35. Simulation output voltage waveform of the 53-Level MLI.

FIGURE 36. Simulation output voltage and current waveforms of the
53-Level MLI.

FIGURE 37. Simulation THD.

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.

count, total standing voltage, driver circuits count, and using

the formula shown in equation (14) [37].

CF = (NS + Ndk + Nd + Nc + αTSVpu) × n (14)

where CF is the cost factor, NS is the number of switches,

Ndk is the gate driver circuit count, Nd is the diodes count, Nc

is the number of capacitors. TSV is the maximum standing

voltage for the switches in conduction. TSVpu is the total

standing voltage per unit, which is given by

TSV(pu) = VTSV/Vomax (15)

where n is the DC sources count in the circuit. α 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 + Ndk + αTSVpu) × n (16)
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TABLE 7. Cost comparison of various multilevel inverters with proposed 17-Level MLI.

TABLE 8. Variance of various 33-Level MLI topologies.

FIGURE 38. Experimental output waveform (Vo).

FIGURE 39. Experimental output waveform for R-load.

The value of α 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 α 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

FIGURE 40. Experimental output waveform for L-load.

FIGURE 41. Experimental output waveform for R || L-load.

of α 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.

FIGURE 43. Experimental THD.

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 Fccl is calculated using

the following relation:

Fccl =
Ns + Nd + Nc + Ndk + n

NLev
(17)

The component count level factor for the developed 17-level

MLI, 33-level MLI, and the proposed 53-level MLI is found

to be 1.53, 1.57, and 0.69, respectively.

TABLE 9. Cost comparison of various multilevel inverters with proposed
53-Level MLI.

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).

PCls =
[

VS + RS i
β (t)

]

i(t) (18)

where VS is the voltage drop of the IGBT switch, and Vd is

the voltage drop of diodes. RS is the equivalent resistance

of the switch, Rd is the diodes equivalent-resistance. The

generaliseded relation for finding conduction power losses

(Pcl) considering the NIGBT switches and Nd diodes at t

instant of time is given in equation (12).

PCl =
1

2π

∫ 2π

0

[

NIGBT (t)Pcl,IGBT (t) dt
]

(19)

The switching losses can be calculated from the

equation (13)

PSl = f
∑Nswitch

K=1

[

∑Non,k

j=1
Enon,kj+

∑Noff ,k

j=1
Enoff ,kj

]

(20)

where Eon and Eoff are the energy used by the switches.

The total power losses (Ptotal loss) is calculated:

Ptotal loss = Pcl + Psl (21)

The efficiency (η) is calculated using the following

relation:

η =
Pout

Pin
=

Pout

Pout + Ploss
(22)

where Pout and Pin 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 α. The

proposed MLI is compared with various current topologies

considering essential parameters like the number of switches,
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FIGURE 45. Comparison of various 17-Level MLI topologies (a) Switches count (b) Diodes count (c) DC sources count
(d) Components count per level (e) THD (f) TSV (g) Cost function/Level count.

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

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 α. The

proposed MLI is compared with multiple current topologies

considering essential parameters like the number of switches,
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FIGURE 46. Comparison of various 33-Level MLI topologies. Switches count (b) Gate driver circuits count (c) DC sources
count (d) Diodes count (e) Capacitors count (f) TSV (g) Components count per level (h) THD (i) Cost function/Level count.

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

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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FIGURE 47. Comparison of various topologies of MLI with different levels with proposed 53-Level MLI Switches count (b) Gate driver
circuits count (c) Number of levels (d) TSV (e) DC sources count (f) Capacitors count (g) Components count per level (h) THD (i) Cost
function/Level count.
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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-levelMLI 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%. TSVpu is 1.15; efficiency is 94.21%, CF/L values for

both values of α 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.

REFERENCES

[1] J. Rodriguez, J.-S. Lai, and F. Z. Peng, ‘‘Multilevel inverters: A survey of

topologies, controls, and applications,’’ IEEE Trans. Ind. Electron., vol. 49,

no. 4, pp. 724–738, Aug. 2002.

[2] L. Franquelo, J. Rodriguez, J. Leon, S. Kouro, R. Portillo, and M. Prats,

‘‘The age of multilevel converters arrives,’’ IEEE Ind. Electron. Mag.,

vol. 2, no. 2, pp. 28–39, Jun. 2008.

[3] K. K. Gupta and S. Jain, ‘‘A novel multilevel inverter based on switched

DC sources,’’ IEEE Trans. Ind. Electron., vol. 61, no. 7, pp. 3269–3278,

Jul. 2014.

[4] L. Zhang, K. Sun, Y. Xing, and J. Zhao, ‘‘A family of five-level dual-

buck full-bridge inverters for grid-tied applications,’’ IEEE Trans. Power

Electron., vol. 31, no. 10, pp. 7029–7042, Oct. 2016.

[5] R. Agrawal and S. Jain, ‘‘Comparison of reduced part count multilevel

inverters (RPC-MLIs) for integration to the grid,’’ Int. J. Electr. Power

Energy Syst., vol. 84, pp. 214–224, Jan. 2017.

[6] K. K. Gupta, A. Ranjan, P. Bhatnagar, L. K. Sahu, and S. Jain, ‘‘Multilevel

inverter topologies with reduced device count: A review,’’ IEEE Trans.

Power Electron., vol. 31, no. 1, pp. 135–151, Jan. 2016.

[7] C. Dhanamjayulu, S. R. Khasim, S. Padmanaban, G. Arunkumar,

J. B. Holm-Nielsen, and F. Blaabjerg, ‘‘Design and implementation of

multilevel inverters for fuel cell energy conversion system,’’ IEEE Access,

vol. 8, pp. 183690–183707, 2020.

[8] Y. Suresh and A. K. Panda, ‘‘Investigation on hybrid cascaded multilevel

inverter with reduced DC sources,’’ Renew. Sustain. Energy Rev., vol. 26,

pp. 49–59, Oct. 2013.

[9] Z. Li, P. Wang, Y. Li, and F. Gao, ‘‘A novel single-phase five-level inverter

with coupled inductors,’’ IEEE Trans. Power Electron., vol. 27, no. 6,

pp. 2716–2725, Jun. 2012.

[10] J. Ebrahimi, E. Babaei, and G. B. Gharehpetian, ‘‘A new multilevel

converter topology with reduced number of power electronic com-

ponents,’’ IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 655–667,

Feb. 2012.

[11] J. Salmon, A. M. Knight, and J. Ewanchuk, ‘‘Single-phase multilevel

PWM inverter topologies using coupled inductors,’’ IEEE Trans. Power

Electron., vol. 24, no. 5, pp. 1259–1266, May 2009.

[12] M. S. W. Chan and K. T. Chau, ‘‘A new switched-capacitor boost-

multilevel inverter using partial charging,’’ IEEE Trans. Circuits Syst. II,

Exp. Briefs, vol. 54, no. 12, pp. 1145–1149, Dec. 2007.

[13] B. Axelrod, Y. Berkovich, and A. Ioinovici, ‘‘A cascade boost-switched-

capacitor-converter–two level inverter with an optimized multilevel output

waveform,’’ IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 52, no. 12,

pp. 2763–2770, Dec. 2005.

[14] Y. Hinago and H. Koizumi, ‘‘A switched-capacitor inverter using

series/parallel conversion with inductive load,’’ IEEE Trans. Ind. Electron.,

vol. 59, no. 2, pp. 878–887, Feb. 2012.

[15] J.-M. Shen, H.-L. Jou, J.-C. Wu, and K.-D. Wu, ‘‘Five-level inverter

for renewable power generation system,’’ IEEE Trans. Energy Convers.,

vol. 28, no. 2, pp. 257–266, Jun. 2013.

[16] B. P. Divakar, K. W. E. Cheng, D. H. Wang, D. Ping, and K. F. Kwok,

‘‘Implementation of a voltage multiplier integrated HID ballast circuit with

dimming control for automotive application,’’ IEEE Trans. Ind. Electron.,

vol. 56, no. 7, pp. 2479–2492, Jul. 2009.

[17] S.-J. Park, F.-S. Kang, M. H. Lee, and C.-U. Kim, ‘‘A new single-phase

five-level PWM inverter employing a deadbeat control scheme,’’ IEEE

Trans. Power Electron., vol. 18, no. 3, pp. 831–843, May 2003.

[18] C. Dhanamjayulu and S. Meikandasivam, ‘‘Implementation and compari-

son of symmetric and asymmetric multilevel inverters for dynamic loads,’’

IEEE Access, vol. 6, pp. 738–746, 2018.

[19] K. K. Law and K.W. E. Cheng, ‘‘Examination of the frequencymodulation

and lifting techniques for the generalized power factor correction switched-

capacitor resonant converter,’’ Int. J. Circuit Theory Appl., vol. 36, no. 7,

pp. 839–855, Oct. 2008.

[20] C. C. Antaloae, J. Marco, and N. D. Vaughan, ‘‘Feasibility of high-

frequency alternating current power for motor auxiliary loads in vehicles,’’

IEEE Trans. Veh. Technol., vol. 60, no. 2, pp. 390–405, Feb. 2011.

[21] S. Daher, J. Schmid, and F. L. M. Antunes, ‘‘Multilevel inverter topologies

for stand-alone PV systems,’’ IEEE Trans. Ind. Electron., vol. 55, no. 7,

pp. 2703–2712, Jul. 2008.

[22] M. Mosa, M. B. Shadmand, R. S. Balog, and H. A. Rub, ‘‘Efficient maxi-

mum power point tracking using model predictive control for photovoltaic

systems under dynamic weather condition,’’ IET Renew. Power Gener.,

vol. 11, no. 11, pp. 1401–1409, Sep. 2017.

[23] Y. Yang and H. Wen, ‘‘Adaptive perturb and observe maximum power

point tracking with current predictive and decoupled power control for

grid-connected photovoltaic inverters,’’ J. Mod. Power Syst. Clean Energy,

vol. 7, no. 2, pp. 422–432, Mar. 2019.

[24] S. N. Singh, ‘‘Selection of non-isolated DC-DC converters for solar pho-

tovoltaic system,’’ Renew. Sustain. Energy Rev., vol. 76, pp. 1230–1247,

Sep. 2017.

[25] H. A. Mohamed, H. A. Khattab, A. Mobarka, and G. A. Morsy, ‘‘Design,

control and performance analysis of DC-DC boost converter for stand-

alone PV system,’’ in Proc. 18th Int. Middle East Power Syst. Conf.

(MEPCON), Dec. 2016, pp. 101–106.

[26] P. Bhatnagar and R. K. Nema, ‘‘Maximum power point tracking control

techniques: State-of-the-art in photovoltaic applications,’’ Renew. Sustain.

Energy Rev., vol. 23, pp. 224–241, Jul. 2013.

[27] N. Bizon, ‘‘Global extremum seeking control of the power generated by

a photovoltaic array under partially shaded conditions,’’ Energy Convers.

Manage., vol. 109, pp. 71–85, Feb. 2016.

[28] M. Mao, L. Zhang, Q. Duan, and B. Chong, ‘‘Multilevel DC-link converter

photovoltaic system with modified PSO based on maximum power point

tracking,’’ Sol. Energy, vol. 153, pp. 329–342, Sep. 2017.

[29] A. Sireesha, K. P. Swaroop, and D. G. Prasad, ‘‘Generalized cascadedmulti

level inverter using reduced number of components with PV systems,’’

in Proc. Biennial Int. Conf. Power Energy Syst., Towards Sustain. Energy

(PESTSE), Jan. 2016, pp. 1–7.

[30] A. K. Podder, N. K. Roy, and H. R. Pota, ‘‘MPPT methods for solar PV

systems: A critical review based on tracking nature,’’ IET Renew. Power

Gener., vol. 13, no. 10, pp. 1615–1632, Jul. 2019.

[31] N. Asim, K. Sopian, S. Ahmadi, K. Saeedfar, M. A. Alghoul, O. Saa-

datian, and S. H. Zaidi, ‘‘A review on the role of materials science in

solar cells,’’ Renew. Sustain. Energy Rev., vol. 16, no. 8, pp. 5834–5847,

2012.

[32] A. Amir, A. Amir, J. Selvaraj, and N. A. Rahim, ‘‘Study of the MPP

tracking algorithms: Focusing the numerical method techniques,’’ Renew.

Sustain. Energy Rev., vol. 62, pp. 350–371, Sep. 2016.

[33] M. G. Villalva, J. R. Gazoli, and E. R. Filho, ‘‘Comprehensive

approach to modeling and simulation of photovoltaic arrays,’’

IEEE Trans. Power Electron., vol. 24, no. 5, pp. 1198–1208,

May 2009.

336 VOLUME 9, 2021



C. Dhanamjayulu et al.: Design and Implementation of Multilevel Inverters for Electric Vehicles

[34] B. Bendib, H. Belmili, and F. Krim, ‘‘A survey of the most used

MPPT methods: Conventional and advanced algorithms applied for pho-

tovoltaic systems,’’ Renew. Sustain. Energy Rev., vol. 45, pp. 637–648,

May 2015.

[35] K. Leban and E. Ritchie, ‘‘Selecting the accurate solar panel sim-

ulation model,’’ in Proc. Nordic Workshop Power Ind. Electron.

(NORPIE). Espoo, Finland: Helsinki Univ. Technology, Jun. 2008,

pp. 1–7.

[36] A. R. Jordehi, ‘‘Maximum power point tracking in photovoltaic (PV)

systems: A review of different approaches,’’ Renew. Sustain. Energy Rev.,

vol. 65, pp. 1127–1138, Nov. 2016.

[37] T. Noguchi, S. Togashi, and R. Nakamoto, ‘‘Short-current pulse-based

maximum-power-point tracking method for multiple photovoltaic-and-

converter module system,’’ IEEE Trans. Ind. Electron., vol. 49, no. 1,

pp. 217–223, Aug. 2002.

[38] N. M. C. Mukundan, P. Jayaprakash, U. Subramaniam, and

D. J. Almakhles, ‘‘Trinary hybrid cascaded H-bridge multilevel

inverter-based grid-connected solar power transfer system supporting

critical load,’’ IEEE Syst. J., early access, Oct. 5, 2020, doi:

10.1109/JSYST.2020.3025001.

[39] P. Bhatnagar, R. Agrawal, and K. K. Gupta, ‘‘Reduced device count

version of single-stage switched-capacitor module for cascaded multi-

level inverters,’’ IET Power Electron., vol. 12, no. 5, pp. 1079–1086,

May 2019.

[40] E. Samadaei, A. Sheikholeslami, S. A. Gholamian, and J. Adabi, ‘‘A

square T-type (ST-type) module for asymmetrical multilevel invert-

ers,’’ IEEE Trans. Power Electron., vol. 33, no. 2, pp. 987–996,

Feb. 2018.

[41] J. S. M. Ali, R. S. Alishah, N. Sandeep, S. H. Hosseini, E. Babaei,

K. Vijayakumar, and U. R. Yaragatti, ‘‘A new generalized multilevel

converter topology based on cascaded connection of basic units,’’ IEEE

J. Emerg. Sel. Topics Power Electron., vol. 7, no. 4, pp. 2498–2512,

Dec. 2019.

[42] M. N. Hamidi, D. Ishak, M. A. A. M. Zainuri, and C. A. Ooi, ‘‘Multilevel

inverter with improved basic unit structure for symmetric and asymmetric

source configuration,’’ IET Power Electron., vol. 13, no. 7, pp. 1445–1455,

May 2020.

[43] R. S. Alishah, S. H. Hosseini, E. Babaei, M. Sabahi, and

G. B. Gharehpetian, ‘‘New high step-up multilevel converter

topology with self-voltage balancing ability and its optimization

analysis,’’ IEEE Trans. Ind. Electron., vol. 64, no. 9, pp. 7060–7070,

Sep. 2017.

[44] S. T. Meraj, K. Hasan, and A. Masaoud, ‘‘A novel configuration of cross-

switched T-type (CT-type) multilevel inverter,’’ IEEE Trans. Power Elec-

tron., vol. 35, no. 4, pp. 3688–3696, Apr. 2020.

[45] N. Lakshmipriya and N. P. Anathamoorthy, ‘‘Using FPGA real time

model for novel 33-level switched-capacitor multilevel inverter

for PMSM drive,’’ Microprocessors Microsyst., vol. 76, Jul. 2020,

Art. no. 103078.

[46] A. Taghvaie, J. Adabi, and M. Rezanejad, ‘‘A self-balanced step-up multi-

level inverter based on switched-capacitor structure,’’ IEEE Trans. Power

Electron., vol. 33, no. 1, pp. 199–209, Jan. 2018.

[47] Y. Ye, K. W. E. Cheng, J. Liu, and K. Ding, ‘‘A step-up switched-capacitor

multilevel inverter with self-voltage balancing,’’ IEEE Trans. Ind. Elec-

tron., vol. 61, no. 12, pp. 6672–6680, Dec. 2014.

[48] S. T. Meraj, K. Hasan, and A. Masaoud, ‘‘A novel configuration of cross-

switched T-type (CT-type) multilevel inverter,’’ IEEE Trans. Power Elec-

tron., vol. 35, no. 4, pp. 3688–3696, Apr. 2020.

[49] M. Meraj, S. Rahman, A. Iqbal, M. Tariq, K. A. Lodi, and L. Ben-Brahim,

‘‘A new variable frequency control of 49-level cascaded packedU-cell volt-

age source inverter,’’ IEEE Trans. Ind. Appl., vol. 55, no. 6, pp. 7537–7548,

Nov. 2019.

[50] S. K. Chattopadhyay and C. Chakraborty, ‘‘Performance of three-

phase asymmetric cascaded bridge (16: 4: 1) multilevel inverter,’’

IEEE Trans. Ind. Electron., vol. 62, no. 10, pp. 5983–5992,

Oct. 2015.

[51] C. Dhanamjayulu, G. Arunkumar, B. J. Pandian, and S. Padmanaban,

‘‘Design and implementation of a novel asymmetrical multilevel inverter

optimal hardware components,’’ Int. Trans. Electr. Energy Syst., vol. 30,

no. 2, p. e12201, Feb. 2020.

C. DHANAMJAYULU (Member, IEEE) received

the B.Tech. degree in electronics and communi-

cation engineering from JNTU University, Hyder-

abad, India, the M.Tech. degree in control and

instrumentation systems from the Indian Institute

of Technology Madras, Chennai, India, and the

Ph.D. degree in power electronics from the Vellore

Institute of Technology, Vellore, India. He is cur-

rently a Postdoctoral Researcher with the Depart-

ment of Energy Technology, Aalborg University,

Esbjerg, Denmark. He is currently a Faculty Member and a member of

the Control and Automation Department, School of Electrical Engineering,

Vellore Institute of Technology. He is also a Senior Assistant Professor

with the School of Electrical Engineering, Vellore Institute of Technology.

Since 2010, he has been a Senior Assistant Professor with the Vellore

Institute of Technology. He was invited as a Visiting Researcher with the

Department of Energy Technology, Aalborg University, Esbjerg, Denmark,

funded by the Danida Mobility Grant, Ministry of Foreign Affairs of Den-

mark on Denmark’s International Development Cooperation. His research

interests include multilevel inverters, power converters, active power filters,

power quality, grid-connected systems, smart grid, electric vehicle, electric

spring, and tuning of memory elements and controller parameters using soft-

switching techniques for power converters, average modeling, steady-state

modeling, and small-signal modeling stability analysis of the converters and

inverters.

SANJEEVIKUMAR PADMANABAN (Senior

Member, IEEE) received the Ph.D. degree in elec-

trical engineering from the University of Bologna,

Bologna, Italy, in 2012. He was an Associate

Professor with VIT University, from 2012 to 2013.

In 2013, he joined the National Institute of Tech-

nology, India, as a Faculty Member. In 2014,

he was invited as a Visiting Researcher with the

Department of Electrical Engineering, Qatar Uni-

versity, Doha, Qatar, funded by the Qatar National

Research Foundation (Government of Qatar). He continued his research

activities with the Dublin Institute of Technology, Dublin, Ireland, in 2014.

Further, he served an Associate Professor with the Department of Electrical

and Electronics Engineering, University of Johannesburg, Johannesburg,

South Africa, from 2016 to 2018. Since 2018, he has been a Faculty Member

with the Department of Energy Technology, Aalborg University, Esbjerg,

Denmark. He has authored more than 300 scientific papers. He was a

recipient of the Best Paper cumMost Excellence Research Paper Award from

IET-SEISCON’13, IET-CEAT’16, IEEE-EECSI’19, IEEE-CENCON’19,

and five best paper awards from ETAEERE’16 sponsored Lecture Notes

in Electrical Engineering, Springer book. He is a Fellow of the Institution

of Engineers, India, the Institution of Electronics and Telecommunication

Engineers, India, and the Institution of Engineering and Technology, U.K.

He is an Editor/Associate Editor/Editorial Board for refereed journals,

in particular the IEEE SYSTEMS JOURNAL, IEEE TRANSACTION ON INDUSTRY

APPLICATIONS, IEEE ACCESS, IET Power Electronics, IET Electronics Letters,

andWiley-International Transactions on Electrical Energy Systems, Subject

Editorial Board Member – Energy Sources – Energies Journal, MDPI, and

the Subject Editor for the IETRenewable PowerGeneration, IETGeneration,

Transmission and Distribution, and FACTS journal (Canada).

VOLUME 9, 2021 337



C. Dhanamjayulu et al.: Design and Implementation of Multilevel Inverters for Electric Vehicles

VIGNA K. RAMACHANDARAMURTHY (Senior

Member, IEEE) received the bachelor’s degree

in electrical and electronics engineering from the

Institute of Science and Technology, University of

Manchester (UMIST), U.K., in 1998, under the

Malaysian Government scholarship, and the Ph.D.

degree in electrical engineering from the Insti-

tute of Science and Technology, The University

of Manchester, U.K., in 2001. He is currently a

Professor with the Institute of Power Engineering,

Universiti Tenaga Nasional, Malaysia. He is also a Chartered Engineer

registered with the Engineering Council of U.K., and a Professional Engineer

registered with the Board of Engineers, Malaysia. He is also the Principal

Consultant for Malaysia’s most prominent electrical utility, Tenaga Nasional

Berhad, and has completed over 250 projects in renewable energy. He

has also developed several technical guidelines for distributed generation,

Malaysia. He is also in the editorial board/associate editor of IET Smart

Grid, IET RPG, the IEEE Smart Grid, and IEEE ACCESS. His areas of

interests include power systems related studies, renewable energy, energy

storage; power quality, electric vehicle, and rural electrification. He joined

theMalaysian electrical utility, Tenaga Nasional Berhad, in 2002, as an Elec-

trical Engineer. In 2005, he moved to Universiti Tenaga Nasional (UNITEN)

and presently a Professor with the Institute of Power Engineering. He has

received many awards for research and leadership. In 2008, he received the

‘Institution of Engineering and Technology (IET) Mike Sargeant Award’ in

London. The award is given to a young professional who is judged to have

made significant achievements in career over several years globally. In 2009,

he received the prestigious Institution of Engineers Malaysia (IEM) Young

Engineers Award. He was also a recipient of the Best Researcher Award

for few consecutive years in College of Engineering and UNITEN. He has

also won several gold medals at International Invention Competition. His

achievement has led to him being appointed as the Chief Judge at theNational

Schools Robotics Competition and at the World Young Inventors Exhibition

with ITEX, a leading invention exhibition in Asia.

JENS BO HOLM-NIELSEN (Senior Member,

IEEE) was born in 1954. He received the Ph.D.

degree. He is currently the Head of the Research

Group of Bioenergy and Green Engineering,

Department of Energy Technology, Aalborg Uni-

versity, Denmark. He has 30 years of experience

in biomass feedstock production, biorefinery con-

cepts, and biogas production. He is a Board mem-

ber of Research and Development, committees of

the cross-governmental body of biogas develop-

ments from 1993–2009, Denmark. He is a Secretary and/or chair of NGO

biogas and bio-energy organizations. He is a Chair and presenter of

Sustainable and 100 per cent Renewables and SDG-17 goals. He has expe-

rience of a variety of EU projects, organizer of international conferences,

workshops and training programs in EU, USA, Canada, China, Brazil,

India, Iran, Russia, Ukraine, among others. His researches include managing

research, development and demonstration programs in integrated agriculture,

environment, and energy systems. He fulfilled the biomass and bio-energy

Research and Development projects. His principle focuses on biofuels, bio-

gas and biomass resources. EDU and Supervising M.Sc. and PhD students

in these research fields. His training programs are International courses,

training programs, and supervision for PhD students and academic staff,

governmental bodies and experts in bio-energy systems. His full biography

at www.aau.dk—profile search Jens Bo Holm-Nielsen.

FREDE BLAABJERG (Fellow, IEEE) was with

ABB-Scandia, Randers, Denmark, from 1987 to

1988. He received the Ph.D. degree in electrical

engineering from Aalborg University, in 1995.

He became an Assistant Professor, in 1992,

an Associate Professor, in 1996, and a Full Pro-

fessor of power electronics and drives, in 1998.

Since 2017, he became a Villum Investigator. He is

honoris causa at University Politehnica Timisoara

(UPT), Romania, and Tallinn Technical University

(TTU), Estonia. His current research interests include power electronics and

its applications such as in wind turbines, PV systems, reliability, harmonics

and adjustable speed drives. He has published more than 600 journal articles

in the fields of power electronics and its applications. He is the coauthor

of four monographs and editor of ten books in power electronics and its

applications.

Dr. Blaabjerg has received 32 IEEE Prize Paper Awards, the IEEE PELS

Distinguished Service Award in 2009, the EPE-PEMC Council Award

in 2010, the IEEE William E. Newell Power Electronics Award 2014,

the Villum Kann Rasmussen Research Award 2014, the Global Energy Prize

in 2019, and the 2020 IEEE Edison Medal. He was the Editor-in-Chief of the

IEEE TRANSACTIONS ON POWER ELECTRONICS, from 2006 to 2012. He has been

Distinguished Lecturer for the IEEE Power Electronics Society, from 2005 to

2007 and for the IEEE Industry Applications Society from 2010 to 2011 as

well as 2017 to 2018. From 2019 to 2020, he serves as a President of IEEE

Power Electronics Society. He is Vice-President of the Danish Academy of

Technical Sciences. He is nominated in 2014–2019 by Thomson Reuters

to be between the most 250 cited researchers in Engineering in the world.

In 2020, he received the prestigious IEEE Edison award for his extraordinary

contribution to the next generation of reliable power electronics technologies

with industry. In 2017, he became Honoris Causa at University Politehnica

Timisoara (UPT), Romania.

338 VOLUME 9, 2021


