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ABSTRACT The Multilevel inverters (MLIs) are a new breed of power electronics converters. They are
primarily used for the conversion of dc power to ac power. The two-level inverters are conventionally used
to obtain ac power, but it requires operating the switches under very high switching frequency. Besides,
the two-level inverter necessitates the use of LC filters with the switches operating under high dv/dt stress.
The MLIs offer the advantage of utilizing several dc voltage sources to generate a stepped ac waveform
with the proper arrangement of switches. Investigation of a Transistor Clamped T Type H-Bridge Multilevel
Inverter (TC-TT-HB-MLI) with Inverted Double Reference Single Carrier PWM Technique (IDRSCPWM)
for Renewable Energy Applications are discussed in this paper. A PV source is taken as an input to the
TC-TT-HB-MLI. For different modulation indices like 0.85, 1 and 1.25, the FFT analysis is performed
and presented, which corresponds to the variations in the irradiations from solar energy. A single unit of
the TC-TT-HB-MLI is extended to a generalized MLI structure named Generalized Transistor Clamped
T-Type H-Bridge Multilevel Inverter (GTC-TT-HB-MLI). The significant benefits of GTC-TT-HB-MLI are
the multiple numbers of reductions in the switch count, and driver circuit counts for a higher number of
MLI levels. Fast Fourier Transform (FFT) analysis is carried out on the MLI output to calculate the total
harmonics distortion (THD). The experimental verification is performed using SPARTAN 3E-XCS250E;
the gate signals are generated and provided to the switches.

INDEX TERMS Multilevel inverter topology, high switching frequency, double reference, single carrier,
pulse width modulation scheme, total harmonics distortion.

I. INTRODUCTION energy generation. Renewable sources are seen as an alter-
Ultimatum for energy is getting incremented every day, native to the fossil fuel-based non-renewable energy sources.
which is also resulting in an increased requirement of The overexploitation of these sources to meet our daily
requirements have put it in a degraded state. Hence there

The associate editor coordinating the review of this manuscript and is rapid development in the research to extract power from
approving it for publication was Moin Hanif . alternate sources such as PV, wind, tidal, etc. Among them,
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the energy extracted from photovoltaic systems plays a
vital role. The energy extracted from a photovoltaic system
(PV system) is DC in nature. The DC nature of power from
the PV panel is required to be converted into AC power
to meet the domestic and industrial power needs. For this,
power inverters play a significant role [1]-[10]. Two-level
inverters are operated under very high switching frequency,
resulting in high dv/dt of output voltage, increased heating
up of the switches and higher electromagnetic interferences
(EMI) [11], [12]. The multilevel inverters can overcome the
drawbacks associated with the two-level inverters in many
ways.

With a higher number of MLI levels, a nearly sinusoidal
waveform is attained. As the number of MLI levels increase,
the THD present in the ac output is reduced. The multilevel
inverters can maximize the power and minimize the har-
monic contents in the output AC voltage side [13], [14]. The
modulation scheme serves the purpose by proper switching
on and off the power switches. Diode Clamped MLLI, flying
capacitor MLI, and Cascaded H-Bridge MLI are three con-
ventional multilevel inverter topologies [15]-[33]. Multilevel
inverters are widely used in renewable energy applications,
static reactive power compensators and adjustable speed
drives [30], [35]-[38].

Diode Clamped MLI (DC-MLI) and Flying Capacitor MLI
(FC-MLI) have problems like voltage balancing and dynamic
voltage sharing at higher output levels. Thus, among the
conventional MLI topologies cascaded H-Bridge configura-
tion is widely accepted due to their modular structure and
fault-tolerant capability [34]. The switching pulses for multi-
level inverters can be generated by using various modulation
techniques. Sinusoidal Pulse Width Modulation (SPWM),
Space Vector Modulation (SVM), and Selective Harmonic
Elimination (SHE-PWM) are the most used modulation tech-
niques [30], [37]-[42]. Further SPWM technique is classified
as Phase Disposition (PD), Phase Opposition Disposition
(POD), Alternate Phase Opposition Disposition (APOD) and
Phase Shifted techniques (PS).

A single H-bridge cell generates only a three-level out-
put. A high switching frequency modulation scheme can be
employed to generate the MLI output. However, the har-
monics distortion in the three-level H-bridge is still high.
To improve the THD, the levels in the H-bridge can be
increased by cascading several single H-bridge units to
achieve a higher number of levels. However, this leads to an
increase in the number of switches and gate driver circuits.
A better solution is to improve the single H-bridge circuit to
generate a five-level output with the use of two additional
switches as against four additional switches in case of cas-
caded H-bridge circuit [43]. Similar work was carried out in
the T-type MLI, where a predictive model controller was used
in combination with a PI controller which creates a robust
control algorithm [44]. In [45], and improved high switching
frequency modulation scheme was employed to reduce the
THD of the five-level T-type MLI. The work had utilized
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multi-referenced and dual-carriers to generate the gate pulses.
Apart from the implementation of the conventional T-type
topology for various applications and modulation schemes,
it has also been extended to other MLI topologies. One such
hybrid topology is the combination of T-type MLI with cross-
connected MLI topology to achieve a higher number of levels
with an increase in the number of switches [46]. In [47],
a cross switched T-type MLI topology is proposed. Multiple
T-type topologies with half-bridge configurations are inter-
connected with each other to generate a higher number of
levels. But as the full-bridge configuration is not used, this
topology is not suitable as a single unit which will generate
only a three-level output for a Module Integrated Converter
(MIC). In [48], a similar half-bridge configuration for a
T-type inverter is used for electric vehicle application. The
work results in only a three-level output for a bidirectional
converter configuration.

The Transistor Clamped T-Type H-Bridge Multilevel
Inverter (TC-TT-HB-MLI) is investigated in this paper with
Inverted Double Reference Single Carrier PWM Technique
(IDRSCPWM) for Renewable Energy Applications and dif-
ferent modulation index. The TC-TT-HB-MLI topology is a
modification over the existing T-type topology with a reduced
number of switches. The reduction in the number of switches
is very much evident with the generalized version of the TC-
TT-HB-MLI for a higher number of levels. The TC-TT-HB-
MLI topology is highly suitable for photovoltaic applications.
The TC-TT-HB-MLI is operated for different variations in the
modulation index, which corresponds to the variations in the
insolation level from the sun.

In section II, the working principle of the TC-TT-HB-
MLI is given. Also, Fourier Series (FS) analysis of multilevel
waveform is discussed in detail to calculate the magnitude of
harmonics. In Section-III, experimental results and observa-
tions for different modulation index are discussed in detail.
Section-IV deals with the extension of TC-TT-HB-MLI and
comparison of MLI topologies. The conclusion is given in
section-V.

II. FIVE-LEVEL TRANSISTOR CLAMPED T-TYPE

H-BRIDGE MLI (TC-TT-HB-MLI)

The power circuit of TC-TT-HB-MLI is shown in Fig. 1(a).
The power circuit of a five-level Transistor Clamped T-Type
H-Bridge Multilevel Inverter (TC-TT-HB-MLI) consists of
H-Bridge inverter and an auxiliary circuit. The auxiliary
circuit comprised of a power MOSFET switch. The capac-
itors used ‘C{ and ‘Cj act as two input capacitors, share
the input voltage is an equal magnitude of V;,/2. The five-
level magnitudes are Vi, Vi, /2, 0, —Vi,/2, and —Vj,. These
different magnitudes are obtained proper sequence of the
gate pulses to the switches. With the help of five semicon-
ductor switches, the TC-TT-HB-MLI achieves a five-level
output. The H-bridge at the end of the MLI topology offers
the positive and negative polarity to generate a complete ac
waveform.
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FIGURE 1. (a) Power circuit of five-level TC-TT-HB-MLI (b) Inverted Double Reference Single Carrier Pulse Width Modulation
(IDRSCPWM) Technique (c) Control logic for Inverted Double Reference Single Carrier Pulse Width Modulation (IDRSCPWM).

A. INVERTED DOUBLE REFERENCE SINGLE CARRIER
PULSE WIDTH MODULATION (IDRSCPWM)

TECHNIQUE AND MPPT

Fig. 1(b) represents the control logic of the IDRSCPWM
technique. Fig. 1(c) depicts the control logic block diagram
to obtain PWM pulses for switches of the TC-TT-HB-MLI.
The control logic of TC-TT-HB-MLI consists of a Sinusoidal
Pulse generator, Modulus Block (Mod), carrier waveform,
positive biasing block, PWM Logic block along with max-
imum power point tracking (MPPT) controller. There is a
small amount of loss (losses include semiconductor and con-
version loss) while converts photovoltaic energy into elec-
trical energy. Maximum Power Point (MPP) illustrates the
maximum power (Product of Vpp and Ipp where Vpp and
Ipp is the voltage and current at which maximum power is
achieved) of Photovoltaic (PV) device. The use of Maxi-
mum Power Point Tracking (MPPT) is necessary and com-
pulsory to make sure the output power of the photovoltaic
device is maximum (Pmax) because the power depends on
light, temperature and environmental condition [49]-[52].
To utilize input supply (V;,) maximum MPPT is necessary to
transfer power to the inverter system. When the photovoltaic
voltage (Vpy) decreases then photovoltaic current (Ipy) will
ultimately increase and vice-versa. Maximum power point
(MPP) is needed to position by any tracking algorithm
because MPP depends upon temperature, irradiance and
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other environmental parameters [49]-[52]. Furthermore, its
position is changed dynamically when these parameters are
varied.

Load resistance should be necessary and compulsory
match with good possible output resistance (Rypp =
Vupp/Ivpp) to achieve maximum power transfer [52]. The
curve of current-voltage (I-V) and power-voltage (P-V) is
depicted in Fig. 2(a). In an inverter system, the Maximum
Power Point is tracked by a varying duty cycle of DC-DC
converter before feeding power to the inverter or by vary-
ing directly modulation index PWM of the inverter system.
Several MPPT algorithms are addressed to track the MPP
of the photovoltaic system [49]-[53]. An idea to control the
modulation index of the controlled signal of the TC-TT-HB-
MLI is explained in Fig. 2(b)-2(d).

Consequently, maximum power from the photovoltaic
module is extracted by operating inverter near to MPP by
varying modulation index (). In this modulation technique
two inverted references, one with an offset value added equal
to the amplitude of the carrier is compared with the single
triangular carrier to obtain the pulses for the power switches
S1-S3. The switches S4 and S5 are operated with a line
frequency of 50 Hz. Using equation (1), the modulation index
to operate the MLI topology is designed. Where ‘Am’ is the
amplitude of the reference wave, and ‘Ac’ is the amplitude
of the triangular carrier wave. The modes of operation of the

161789
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FIGURE 2. (a) P-V and I-V characteristic (a) curve of photovoltaic (PV) inverter system (b) MPPT condition when AP = 0 and
AV = 0 (c) MPPT condition when AP <0, AV < 0and AP > 0, AV > 0 (d) MPPT condition when AP > 0,AV < Oand AP < 0,
AV > 0.

TABLE 1. Modes of operation of TC-TT-HB-MLI.

Voltage across switches
V() S] Sz S3 S4 Sj VPN(AUX.
switch) 5 B B a
Vin OFF ON OFF OFF ON Vin/2 0 Vi Vin 0
Vin/2 ON OFF OFF OFF ON 0 Vin/2 Vi/2 Vin 0
0 OFF OFF ON OFF ON -Vi/2 Vin 0 Vin 0
0 OFF ON OFF ON OFF Vi/2 0 Vi 0 Vi
-Vi/2 ON OFF OFF ON OFF 0 Vin/2 Vi/2 0 Vin
-Vin ON OFF ON ON OFF -Vi/2 Vi 0 0 Vin
TC-TT-HB-MLI is shown in Table 1. For odd symmetry,
Am
= oA M v(t) = —v(—1)
oo .
v(t) = av—i—z |G cos(2mnfyt) + by, sin(2mnf,t) a, =0,
n=
to+T
a, =0 for all n
ay = — / w(t)dt, n=0f 3)
o T/2
to+T 4 .
2 2) b, = — v(t) sin(2r nf,t)dt,
a, = T / v(t) cosmnf,t)dt, T 0
to
2 tox™ Using Fourier Series, it is possible, characterize periodic
by, = T v(t) sin(2r nfyt )dt function v(¢) by infinite addition of cosine and sine functions
o which are harmonics related [54], [55].
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For half-wave symmetry,

v(it)y=—v(it —T/2)
a,=0
a, =0, for neven
T/2
4
a, = T [ v(t) cosmnfyt)dt, for n odd @
0
b, =0, for n even
T/2
4
b, = T / v(t) sinrnf,t)dt, for n odd
0

For odd quarter-wave symmetry (with both odd and
half-wave symmetry),

a, =0
a, =0, foralln

b, =0, for neven
" T/4 (5)

8
b, = T / v(t) sinQrnf,t)dt, for n odd
0

It is possible to write the equation of harmonics in terms of
switching angles of the multilevel inverter by using Fourier
Series (FS). The output of Multilevel Inverter (MLI) is odd
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quarter-wave symmetry (the combination of odd and half-
wave symmetry), thus for MLI output coefficient is,

2m/4

by = 2 / ) sin(nwot)dwt 6)
n= v(anO sin(nw,yt)d w (
0

For simplicity, let us consider voltage across each capac-
itor is Vj, and 61, 0>, 63,.. are switching angles. It is pos-
sible to calculate the magnitude of harmonics by using
equation (1) to (7).

0>
4
b, = —[/ Vin sin(nwt)d(wt)
T
01
03 04

+ [ 2V sin(nwt)d(wt) + / 3V, sin(nwt)d(wt)+- - - - - ]
0> 03
4
= — Vinlcos(nb) + cos(nby) + cos(nbz) + - - - - -]
Tn

(7

B. WORKING MODE OF TC-TT-HB-MLI
The various operating modes of the TC-TT-HB-MLI circuit
is discussed in this section. The Fig. 3(a) shows the mode
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of operation to generate the output voltage V;,. The switches
S> and S5 are switched ON to obtain the input voltage at the
output. From Fig. 3(b), it can be observed that the switch-
ing ON the switches S and S5 generated an output voltage
of V;,/2. A zero-level output is obtained by turning on the
switches Sy and Sy. It is represented in Fig. 3(c). The zero-
level output is continued in Fig. 3(d) where the switches S3
and S5 are switched ON. It offers a balanced switching of
the power switches during zero-level. The negative voltage
—Vin/2 is generated by switching ON S; and S4, as shown
in Fig. 3(e). Fig. 3(f) represents the last level — V;, is gener-
ated by switching ON §3 and S4.

TC-TT-

Cr HB-MLI

= Crvz

lem

FIGURE 4. Common mode voltage model of the proposed converter
model.

C. COMMON MODE VOLTAGE (CMV) ANALYSIS
Fig. 4 shows the Common Mode Voltage (CMV) of the pro-
posed model. The CMV model consists of two stray capac-
itances from the PV panel Cpy;| and Cpy>, a common point
“Z” and a common mode current (is;) [56]. The common
mode current is the difference of current i; and i>. The
common mode voltage (VCM) and common mode current
(i¢cm) are given by,
Vow = LI ®)
icm = i1 — iz )

Based on (8)-(9), Table 2 is summarized, which shows the
common mode voltages for different modes of operations.

TABLE 2. CMV analysis of the TC-TT-HB-MLI.

Level Viz Viz Veu
Vin Vey 0 Vev/2
Vi/2 Vpr/2 0 Vpr/4
Zero pr VPV VPV
Zero 0 0 0
'Vm VPV/2 Vpl/ 3VPV/2
-Vi/2 0 Vey Vpy/2

* Vpyis the PV voltage

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

The IDRSCPWM switching logic for the power switches
of the TC-TT-HB-MLI is implemented with the help of
SPARTAN-3E XCS250E FPGA trainer kit. The clock fre-
quency of the processor is 20MHz. The family architecture of
Spartan-3E is composed of the following fundamental blocks:
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1. The “Input/Output Blocks (IOBs)” is responsible for
collecting the data as input. After carrying out the
desired operation, the output block is active to generate
signals.

2. The data storage is carried out by “Block RAM” of
18-kbit memory.

3. A variety of logical operation is carried out by the
“Configurable Logic Blocks (CLBs)” in the form of
latches and flip flops.

4. The ‘“‘Multiplier
multiplication”.

5. “Digital Clock Manager (DCM)” provides the ref-
erence for carrying out the various process such as
dividing, delaying and phase-shifting of clock signals.

Block performs the signal

The input for the experiment is taken from PV panels.
In peak times each panel can provide a maximum voltage
ranging from 32V-33V. For the implementation of a transistor
clamped H-Bridge MLI four PV panels are connected in
series. The experiment is conducted for modulation indices
0.85, 1 and 1.25 with R and RL-Load. The output results
in each case are obtained and investigated with the help
of Fluke-43B power quality analyzer. Table 3 specifies the
hardware specification details of the TC-TT-HB-MLI.

TABLE 3. Experimental hardware specifications.

Parameters
Input Voltage (Vin)

Specifications
4 PV Panels (Each of 32V, Internal
Series Resistance, Rs=0.40hm,
Reference solar
irradiation=1000W/m?, Tref= 25°C,
Voc=39.5V, Isc=2.06A)

Capacitors(C,-C,) 2200uF
Switching 1kHz
frequency(fs)
Power resistor 100Q,5A (Maximum rating)
Inductor 12mH
MOSFET IRFP460
Fast Diode DPG10I400PA
MOSFET Driver IC TLP250

The experimental output is shown in Fig. 5(a) and Fig. 5(b)
for an under-modulation case of m = 0.85 with R-load.
It is observed that for R-load obtained power is 114W,
114VA, 8VAR with the 79.7V and 1.442A. The experimental
output is shown in Fig. 5(c) and Fig. 5(d) for an under-
modulation case of m = 0.85 with RL-load. It is observed
that for RL-load obtained power is 104W, 108VA, 31VAR
with the 80.1V and 1.343A. For the same under-modulation
case, the individual fundamental component of voltage and
current is obtained R-load is represented in Fig. 5(e) and
Fig. 5(f). It was observed that the fundamental voltage is
78.9V, 49.98 Hz with 32.4% THD. It is also observed that
the fundamental current is 1.426A, 49.98 Hz with 32.0%
THD. For the same under-modulation case, the individual
fundamental component of voltage and current is obtained
with RL-load is shown in Fig. 5(g) and Fig. 5(h). It was
observed that the fundamental voltage is 79.3V, 49.98 Hz with

VOLUME 8, 2020
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FIGURE 5. Experimental results (a) Output power of TC-TT-HB-MLI for m = 0.85 with R-load. (b) Output voltage and current of TC-TT-HB-MLI
for m = 0.85 with R-load. (c) Output power of TC-TT-HB-MLI for m = 0.85 with RL-load (d) Output voltage and current of TC-TT-HB-MLI for
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for m = 0.85 with R-load. (g) 1st harmonics (voltage) or fundamental for m = 0.85 with RL-load. (h) 1st harmonics (current) or fundamental for

m = 0.85 with RL-load.

32.9% THD. It is also observed that the fundamental current
is 1.337A, 49.98 Hz with 19.4% THD.

Fig. 6(a) and Fig. 6(b) shows the output power, out-
put voltage and output current for a modulation index of
m = 1 (Unity Modulation) with R-load, respectively. It is
observed that for R-load obtained power is 152W, 152VA,
10VAR with the 91.6V and 1.654A. Fig. 6(c) and Fig. 6(d)
shows the output power, output voltage and output current
for a modulation index of m = 1 (Unity Modulation) with
RL-load respectively. It is observed that for RL-load obtained
power is 142W, 146VA, 33VAR with the 92.0V and 1.577A.
A separately fundamental component of voltage and current
is obtained for a modulation index m = 1 and R-load as shown
in Fig. 6(e) and Fig. 6(f). It is observed that the fundamen-
tal voltage is 91.0V, 49.98 Hz with 22.6% THD. It is also
observed that the fundamental current is 1.638A, 49.98 Hz
with 22.5% THD. The separately fundamental component
of voltage and current is obtained for a modulation index
m = 0.85 with RL-load is shown in Fig. 6(g) and Fig. 6(h).
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It is observed that the fundamental voltage is 91.2V, 49.98 Hz
with 23.6% THD. It is also observed that the fundamental
current is 1.574A, 49.98 Hz with 13.7% THD.

Fig. 7(a) and Fig. 7(b) shows the output power, output
voltage and output current for a modulation index of m = 1.25
(Over Modulation) with R-load respectively. It is observed
that for R-load obtained power is 183W, 183VA, 9VAR with
the 100.8V and 1.821A. Fig. 7(c) and Fig. 7(d) shows the
output power, output voltage and output current for a mod-
ulation index of m = 1.25 (Over Modulation) with RL-load
respectively. It is observed that for RL-load obtained power is
177W, 180VA, 33VAR with the 101.7Vand 1.769A. Fig. 7(e)
shows the fundamental voltage component while Fig. 7(f)
shows the fundamental current component with R-load. The
modulation index set for this purpose is m = 1.25. It is
observed that the fundamental voltage is 100.1V, 49.98 Hz
with 18.2% THD. It is also observed that the fundamental
current is 1.805A, 49.98 Hz with 18.0% THD. Fig. 7(g)
fundamental voltage while Fig. 7(h) shows the fundamental
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FIGURE 6. Experimental results (a) Output power of TC-TT-HB-MLI for m = 1 with R-load. (b) Output voltage and current of TC-TT-HB-MLI for
m = 1 with R-load. (c) The output power of TC-TT-HB-MLI for m = 1 with RL-load (d) Output voltage and current of TC-TT-HB-MLI for m = 1 with
RL-load (e) 15t harmonics (voltage) or fundamental for m = 1 with R-Load. (f) 15t harmonics (current) or fundamental for m = 1 with R-Load.
(g) 1%t harmonics (voltage) or fundamental for m = 1 with RL-load. (h) 15t harmonics (current) or fundamental for m = 1 with RL-load.

TABLE 4. Experimentally observed voltage and current THD.

Modulation Index Koz Riftozd
Voltage THD Current THD Voltage THD Current THD
0.85 324 32 329 19.4
1 22.6 22.5 23.6 13.7
1.25 18.2 18 18.5 12.5

current component with RL-load. It is observed that the
fundamental voltage is 101.1V, 49.98 Hz with 18.5% THD.
It is also observed that the fundamental current is 1.760A,
49.98 Hz with 12.5% THD.

The obtained THD results are summarized in Table 4.
The graphical analysis is done based on the results obtained
from the power quality analyzer (Fluke 43B). Henceforth,
the THD, and odd harmonics of both the current and volt-
age of TC-TT-HB-MLI is performed for modulation indices
in 0.85, 1 and 1.25 with R and RL-load. Fig. 8(a) and Fig. 8(b)
show the voltage, and current harmonic spectrum analysis
with R-load is graphically represented. Fig. 8(c) and Fig. 8(d)
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show the graph study of voltage and current harmonic
spectrum of TC-TT-HB-MLI with RL-load, respectively.
Fig. 8(e) and Fig. 8(f) show the Total Harmonic Distortions of
both voltage and current of TC-TT-HB-MLI for modulation
indices of 0.85, 1 and 1.25 with R and RL load respectively.
From the observations, it is found that: The THD content
of over modulated (m = 1.25) condition is low for TC-TT-
HB-MLI but their odd harmonics (3", 5%, 7t 9ty contents
are higher compared to m = 0.85 and m = 1. Using the
same input DC supply the over modulated condition can
produce more output voltage compared to unity modulated
and under modulated condition. TC-TT-HB-MLI can produce
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FIGURE 7. Experimental results (a) Output power of TC-TT-HB-MLI for m = 1.25 with R-load. (b) Output voltage and current of TC-TT-HB-MLI for
m = 1.25 with R-load. (c) The output power of TC-TT-HB-MLI for m = 1.25 with RL-load (d) Output voltage and current of TC-TT-HB-MLI

for m = 1.25 with RL-load (e) 1! harmonics (voltage) or fundamental for m = 1.25 with R-Load. (f) 15 harmonics (current) or fundamental for
m = 1.25 with R-Load. (g) 15! harmonics (voltage) or fundamental for m = 1.25 with R-Load. (h) 15t harmonics (current) or fundamental for

m = 1.25 with R-Load.

TABLE 5. Experimental results for varying irradiation conditions on TC-TT-HB-MLI.

Solar Modulation R-Load RL-Load
irradiation Index rms rms Voltage | Current Power rms rms Voltage | Current Power
(W/m2) voltage | current THD THD Generated | voltage | current THD THD Generated
V) (A) (%) (%) (W) V) A (%) (%) W)
1000 1.25 100 1.80 18.2 18.0 183 101 1.76 18.5 12.5 177
850 1 91 1.64 22.6 22.5 152 91.2 1.57 23.6 13.7 142
750 0.85 78.9 1.43 324 32.0 114 79.3 1.38 32.9 19.4 104

a five-level output with five power switches, whereas con-
ventional cascaded CHB-MLI requires eight power switches,
thereby reducing the power circuit complexity.

Table 5 shows the consolidated experimental results for
varying irradiation conditions on TC-TT-HB-MLI for R and
RL load. As observed from the table, for different irradiation
conditions, the modulation index varied from a maximum
of 1.25 corresponding to 1000 W/m?. With a decrease in the
solar irradiation condition, the modulation index decreases,
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which results in a lower output rms voltage, rms current and
power generated.

IV. EXTENSION AND GENERALIZED STRUCTURE OF
TC-TT-HB-MLI AND COMPARISON

In this section, the extension of TC-TT-HB-MLI named
as Generalized TC-TT-HB-MLI (GTC-TT-HB-MLI) is
explained, and it is also compared with conventional and
recently addressed proposed Multilevel Inverter (MLI).
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Fig. 9 shows the generalized structure of the TC-TT-HB-
MLI for N-Level. For extend the TC-TT-HB-MLI circuit
additional, each stage required one controlled switch and four
uncontrolled devices along with the capacitor. The GTC-TT-
HB-MLI can generate any number of MLI levels with the
cascaded operation of TC-TT-HB-MLI with proper capacitor
balancing algorithm. For this purpose, for any specific level
of GTC-TT-HB-MLL, it is necessary to take into account all
the possible switching modes for achieving a particular MLI
level. Depending upon the state of charge of the capacitors of
each TC-TT-HB-MLI module, the suitable switching mode
of all the possible modes can be selected so that the capacitor
charging and discharging is balanced. Fig. 10 shows the
capacitor voltage balancing algorithm where the status of
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FIGURE 10. Capacitor voltage balancing algorithm for GTC-TT-HB-MLI.

capacitor charges is taken into account in the first step [57].
This is followed by measuring the current direction to decide
upon the positive or negative mode of operation. A hysteresis
comparator algorithm is utilized where a reference voltage for
each capacitor is set to compare the actual voltage and decide
upon the duty cycle of the power switches to charge or dis-
charge the capacitor.

Conventional MLI consist of Diode Clamped Mul-
tilevel inverter (DC-MLI), Flying capacitor Multilevel
Inverter (FC-MLI) and Cascaded Bridge Multilevel Inverter
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[62] (d) MLI proposed in [63] (e) MLI proposed in [64].

(Cascaded MLI or CHB-MLI) [58], [59]. Numerous MLI are
addressed in the literature based on the cascaded structure
and arrangement of switches [60]-[67]. In [60], [61], seven-
level Inverter is proposed with seven and nine switches,
respectively. These both structures extended to generate the
number of levels by adding n number of sources and addi-
tional switches, as shown in Fig. 11(a) and Fig. 11(b). Inverter
depicted in Fig. 11(a) required one switch and an additional
one voltage source to extend one stage of power circuit (or to
add two levels in the output). Similarly, inverter depicted
in Fig. 11(b) required two switch and additional one voltage
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source to extend one stage of the circuit (or to add two levels
in the output). In [62], a nine-level inverter is proposed using
seven switches, and extended multilevel structure of this
inverter is shown in Fig. 11(c). Inverter depicted in Fig. 11(c)
required one switch, one diode and additional one voltage
source to extend one stage of the circuit (or to add two
levels in the output). In [63], a new Multilevel Inverter (MLI)
structure is proposed using fewer numbers of switches and
its power circuit shown in Fig. 11(d). The noticeable feature
of this inverter is that it only generates 3, 7, 11, 15, 19....
number of levels. Inverter depicted in Fig. 11(d) required two
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FIGURE 12. Requirement of number of capacitors for Multilevel Inverter (MLI) (a) Diode Clamped MLI or (DC-MLI) (b) Flying Capacitor
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switches, eight diodes and additional two voltage sources to
extend one stage of the circuit (or to add four levels in the
output). In [64], a new cascaded Multilevel Inverter (MLI)
is proposed by cascading new primary cell, which consists
of additional switches and power circuit of the inverter is
shown in Fig. 11(e). The noticeable feature of this inverter
is that it only generates 5, 9, 13, 17, 21.... number of lev-
els. For extend this topology (or to add four levels in the
output), additional six switches with anti-parallel diodes and
two sources are required. In Fig. 12(a)-(i), the requirement of
number of capacitors to design conventional MLI, recently
addressed MLI [62]-[67] and GTC-TT-HB-MLI is shown
graphically as radar plot. First, it is observed that the Flying
Capacitor Multilevel Inverter (FC-MLI) required the number
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of capacitors compared to all discussed multilevel inverter
(MLI). Second, it is observed that there is no requirement of
the number of capacitors for recently addressed and discussed
MLI. Third, it is also observed that GTC-TT-HB-MLI, diode
clamped MLI, and conventional cascaded MLI required the
same number of capacitors.

In Fig. 13(a)-(i), the requirement of number of diodes
to design conventional MLI, recently addressed MLI
[62]-[67] and GTC-TT-HB-MLI is shown graphically as
radar plot. First, it is observed that Diode Clamped
MLI (DC-MLI) required the number of diodes compared to
all discussed multilevel inverters. Second, it is also observed
that Flying Capacitor MLI (FC-MLI) and conventional cas-
caded MLI required the same number of diodes. Third, it is
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in Figure 11(c) [62] (g) MLI shown in Figure 11(d) [63] (h) MLI shown in Figure 11(e) [64] (i) GTC-TT-HB-MLI.

observed that recently addressed MLI and GTC-TT-HB-MLI
required fewer diode count in comparison to conventional
MLI recently addressed MLI in [63].

In Fig. 14(a)-(i), the requirement of the number of
switches to design conventional MLI, recently addressed
MLI [62]-[64], [66], [67] and GTC-TT-HB-MLI is shown
graphically like a radar plot. The first and foremost obser-
vation is that the GTC-TT-HB-MLI required relatively
fewer switches count as compared to the conventional
MLI topologies. The second observation is the equal number
of components count for all the conventional MLI topologies.
The third observation is the fewer switch count requirement
by the GTC-TT-HB-MLI in comparison to the recently pro-
posed MLI [62]-[67].
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In Fig. 15(a), GTC-TT-HB-MLI is compared with con-
ventional MLI (DC-MLI, FC-MLI, and CHB-MLI). In com-
parison to a CHB-MLI, the GTC-TT-HB-MLI required a
fewer number of sources. The GTC-TT-HB-MLI, DC-MLI
and FC-MLI required single source to generate any required
MLI levels, but the magnitude of each level equals Vin/N.
Moreover, the peak level voltage is equal to the magni-
tude of that single source. In Fig. 15(b), GTC-TT-HB-
MLI is compared with recently addressed MLI [60]-[64].
With a smaller number of components, the GTC-TT-HB-
MLI topology is observed better than the recently devel-
oped MLI topologies. In Table 6, the requirements of com-
ponents are tabulated for conventional, recently addressed
[60]-[64] and GTC-TT-HB-MLI; where N is the number
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FIGURE 15. (a) Comparison of GTC-TT-HB-MLI with conventional MLI (b) Comparison of GTC-TT-HB-MLI with recently addressed MLI.

of levels. It is observed that in overall, GTC-TT-HB-MLI V. CONCLUSION

required a smaller number of components, and hence the cir- A Transistor Clamped T-Type H-Bridge MLI (TC-TT-HB-
cuit of GTC-TT-HB-MLI is cheaper and has less conduction MLI) was investigated with Inverted Double Reference
loss. Single Carrier PWM (IDRSCPWM) technique at differ-
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TABLE 6. The requirement of number of capacitors, diodes, switches and source to design MLI structures.

Multilevel Inverter (MLI) Number of capacitors Number of diodes Number of Switches Number of sources

DC-MLI 0.5(N-1) 0.5(N>1) 2(N-1) 1
FC-MLI 0.25(N-1)? 2(N-1) 2(N-1) 1

Cascaded MLI 0.5(N-1) 2(N-1) 2(N-1) 0.5(N-1)

MLI shown in Fig. 9(a) 0 0.5(N+7) 0.5(N+7) 0.5(N-1)

MLI shown in Fig. 9(b) 0 N+2 N+2 0.5(N-1)

MLI shown in Fig. 9(c) 0 N+1 0.5(N+5) 0.5(N-1)

MLI shown in Fig. 9(d) 0 2(N-1),N=3,7, 11... 0.5(N+3),N=3, 7, I1...... 0.5(N+1)

MLI shown in Fig. 9(e) 0 1.5(N-1), N=5,9,13...... 1.5(N-1),N=5,9,13...... 0.5(N-1)
GTC-TT-HB-MLI 0.5(N-1) 2(N-1) 0.5(N+5) 1

ent modulation index for renewable energy application. [5] A. Tirupathi, K. Annamalai, and S. V. Tirumala, “A new hybrid flying

Five-level PWM was achieved using an inverted double ref-
erence and single-carrier pulse signals; thus, the complexity
of control logic was reduced. Fourier Series (FC) equations
are discussed in detail to calculate the magnitude of har-
monics. The applicability of PV input to the TC-TT-HB-
MLI topology, a detailed study of the harmonic spectrum of
the TC-TT-HB-MLI was done for modulation indices 0.85,
1 and 1.25 with R and RL load using Fluke-43B power
quality analyzer. The extension of the TC-TT-HB-MLI was
compared with conventional and recently addressed MLI
considering the number of the capacitor, diodes, switches,
sources and comparison was graphically shown by radar plot.
TC-TT-HB-MLI required fewer component counts in com-
parison to recently addressed MLI and conventional MLIs.
Experimental results proved the real-time justification of
the TC-TT-HB-MLI topology with the presented modulation
scheme.

ACKNOWLEDGMENT

Authors express their gratitude to the ‘“‘Renewable Energy
Lab (REL)”, College of Engineering, Prince Sultan Uni-
versity, Riyadh, Saudi Arabia, for technical and laboratory
support. Authors express their gratitude to the Department
of Energy Technology, Aalborg University, Denmark, for
technical knowledge transfer and support received. Authors
would also like to acknowledge the support they received
from Typhoon HIL and Power & Telecom Technologies
Com., Saudi Arabia.

REFERENCES

[1] R.J. Satputaley and V. B. Borghate, “‘Performance analysis of DVR using
‘new reduced component’ multilevel inverter,” Int. Trans. Electr. Energy
Syst., vol. 27, no. 4, p. 2288, Apr. 2017.

[2] S. Padmanaban, F. Blaabjerg, P. Wheeler, R. Khanna, M. S. Bhaskar,
and S. Dwivedi, “Optimized carrier based multilevel generated modified
dual three-phase open-winding inverter for medium power application,”
in Proc. IEEE Transp. Electrific. Conf. Expo, Asia—Pacific (ITEC Asia—
Pacific), Busan, South Korea, Jun. 2016, pp. 40-45.

[3] S. Padmanaban, F. Blaabjerg, P. Wheeler, K.-B. Lee, M. S. Bhaskar,
and S.Dwivedi, “Five-phase five-level open-winding/star-winding
inverter drive for low-voltage/high-current applications,” in Proc. IEEE
Transp. Electrific. Conf. Expo, Asia—Pacific (ITEC Asia—Pacific), Busan,
South Korea, Jun. 2016, pp. 66-71.

[4] M. S. Benmerabet, A. Talha, and E. M. Berkouk, “A novel asymmetrical
inverter proposal based on switched series/parallel inverter,” Int. Trans.
Electr. Energy Syst., vol. 29, no. 5, p. 2830, May 2019.

VOLUME 8, 2020

[6]

[7

—

[8

—

[9]

[10]

(11]

[12]

[13]

(14]

(15]

(16]

[17]

(18]

[19]

capacitor—based single-phase nine-level inverter,” Int. Trans. Elect. Energy
Syst., vol. 29, no. 12, p. €12139, Jul. 2019.

M. S. Bhaskar, M. Meraj, A. Igbal, L. Ben-Brahim, S. Padmanaban,
and H. Abu-Rub, “EX® multilevel inverter—A minimal switch novel
configuration for higher number of output voltage levels,” IET Power
Electron., early access, Jan. 2020. [Online]. Available: https://digital-
library.theiet.org/content/journals/10.1049/iet-pel.2019.0945

O. Husev, R. Strzelecki, F. Blaabjerg, V. Chopyk, and D. Vinnikov, ‘“Novel
family of single-phase modified impedance-source buck-boost multilevel
inverters with reduced switch count,” IEEE Trans. Power Electron.,
vol. 31, no. 11, pp. 7580-7591, Nov. 2016.

L. Hadjidemetriou, E. Kyriakides, Y. Yang, and F. Blaabjerg, ““A synchro-
nization method for single-phase grid-tied inverters,” IEEE Trans. Power
Electron., vol. 31, no. 3, pp. 2139-2149, Mar. 2016.

J. F. Ardashir, M. Sabahi, S. H. Hosseini, F. Blaabjerg, E. Babaei, and
G. B. Gharehpetian, “A single-phase transformerless inverter with charge
pump circuit concept for grid-tied PV applications,” IEEE Trans. Ind.
Electron., vol. 64, no. 7, pp. 5403-5415, Jul. 2017.

A. R. Kumar, M. S. Bhaskar, U. Subramaniam, D. Almakhles,
S. Padmanaban, and J. B.-H. Nielsen, “An improved harmonics mitiga-
tion scheme for a modular multilevel converter,” IEEE Access, vol. 7,
pp. 147244-147255, 2019.

F. Eroglu, M. Kurtoglu, A. O. Arslan, and A. M. Vural, “Harmonic reduc-
tion under unbalanced operating conditions of PV-connected cascaded
H-bridge multilevel inverters using fault tolerant adaptive phase-shifted
pulse width modulation,” Int. Trans. Electr. Energy Syst., vol. 29, no. 4,
p. €2814, Apr. 2019.

I. Colak, E. Kabalci, and R. Bayindir, “Review of multilevel voltage
source inverter topologies and control schemes,” Energy Convers. Man-
age., vol. 52, no. 2, pp. 1114-1128, Feb. 2011.

C. 1. Odeh, “Enhanced three-phase multilevel inverter configuration,” IET
Power Electron., vol. 6, no. 6, pp. 1122-1131, Jun. 2013.

M. FE. M. Elias, N. A. Rahim, H. W. Ping, and M. N. Uddin, ‘“Asymmetrical
transistor-clamped H-bridge cascaded multilevel inverter,” in Proc. IEEE
Ind. Appl. Soc. Annu. Meeting (IAS), Las Vegas, NV, USA, Oct. 2012,
pp. 1-8.

J. Rodriguez, J. Pontt, S. Kouro, and P. Correa, “Direct torque control
with imposed switching frequency in an 11-level cascaded inverter,” [EEE
Trans. Ind. Electron., vol. 51, no. 4, pp. 827-833, Aug. 2004.

M. Malinowski, K. Gopakumar, J. Rodriguez, and M. A. Pérez, ““A survey
on cascaded multilevel inverters,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2197-2206, Jul. 2010.

Z. Du, B. Ozpineci, L. M. Tolbert, and J. N. Chiasson, “DC-AC cascaded
H-bridge multilevel boost inverter with no inductors for electric/hybrid
electric vehicle applications,” IEEE Trans. Ind. Appl., vol. 45, no. 3,
pp. 963-970, Jun. 2009.

Z. Pan and F. Z. Peng, “A sinusoidal PWM method with voltage balanc-
ing capability for diode-clamped five-level converters,” IEEE Trans. Ind.
Appl., vol. 45, no. 3, pp. 1028-1034, Mar. 2009.

W. Fei, X. Ruan, and B. Wu, “A generalized formulation of quarter-wave
symmetry SHE-PWM problems for multilevel inverters,” IEEE Trans.
Power Electron., vol. 24, no. 7, pp. 1758-1766, Jul. 2009.

161801



IEEE Access

M. Sagar Bhaskar et al.: Investigation of a Transistor Clamped T-Type Multilevel H-Bridge Inverter With IDRSCPWM Technique

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

G. Rajesh, G. Arindam, and J. Avinash, “Multiband hysteresis modulation
and switching characterization for sliding-mode-controlled cascaded mul-
tilevel inverter,” IEEE Trans. Ind. Electron., vol. 57, no. 7, pp. 2344-2353,
Jul. 2010.

J. Wang and D. Ahmadi, “A precise and practical harmonic elimination
method for multilevel inverters,” IEEE Trans. Ind. Appl., vol. 46, no. 2,
pp. 857-865, Mar. 2010.

H. Abu-Rub, J. Holtz, J. Rodriguez, and G. Baoming, “Medium-voltage
multilevel converters—State of the art, challenges, and requirements
in industrial applications,” IEEE Trans. Ind. Electron., vol. 57, no. 8,
pp. 2581-2596, Aug. 2010.

S. Suroso and T. Noguchi, “Multilevel current waveform generation using
inductor cells and H-bridge current-source inverter,” IEEE Trans. Power
Electron., vol. 27, no. 3, pp. 1090-1098, Mar. 2012.

G. P. Adam, O. Anaya-Lara, G. M. Burt, and D. Telford, “Modular multi-
level inverter: Pulse width modulation and capacitor balancing technique,”
IET Power Electron., vol. 3, no. 5, pp. 702-715, May 2010.

N. Farokhnia, H. Vadizadeh, S. H. Fathi, and F. Anvariasl, “Calculat-
ing the formula of line-voltage THD in multilevel inverter with unequal
DC sources,” IEEE Trans. Ind. Electron., vol. 58, no. 8, pp. 3359-3372,
Aug. 2011.

S. Hossein, K. Mostafa, F. Mehdi, and C. Keith, “A hybrid multilevel
inverter with both staircase and PWM switching scheme,” in Proc.
IEEE Energy Convers. Congr. Expo. (IEEE-ECCE), Atlanta, GA, USA,
Sep. 2010, pp. 4364-4367.

Y. Zhang and L. Sun, ““An efficient control strategy for a five-level inverter
comprising flying-capacitor asymmetric H-bridge,” IEEE Trans. Ind. Elec-
tron., vol. 58, no. 9, pp. 4000-4009, Sep. 2011.

N. K. Dewangan, S. Gupta, and K. K. Gupta, “Fault-tolerant operation
of some reduced-device-count multilevel inverters with improved perfor-
mance,” Int. Trans. Electr. Energy Syst., vol. 29, no. 2, p. 2731, Feb. 2019.
C. Govindaraju, “Efficient sequential switching hybrid modulation tech-
niques for multiphase multilevel inverters,” IET Power Electron., vol. 4,
no. 5, pp. 557-569, May 2011.

P. Palanivel and S. S. Dash, “Analysis of THD and output voltage per-
formance for cascaded multilevel inverter using carrier pulse width mod-
ulation techniques,” IET Power Electron., vol. 4, no. 8, pp. 951-958,
Sep. 2011.

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.

P. Roshankumar, P. P. Rajeevan, K. Mathew, K. Gopakumar, J. I. Leon, and
L. G. Franquelo, “A five-level inverter topology with single-DC supply by
cascading a flying capacitor inverter and an H-bridge,” IEEE Trans. Power
Electron., vol. 27, no. 8, pp. 3505-3512, Aug. 2012.

N. Bodo, E. Levi, and M. Jones, ““‘Investigation of carrier-based PWM tech-
niques for a five-phase open-end winding drive topology,” IEEE Trans.
Ind. Electron., vol. 60, no. 5, pp. 2054-2065, May 2013.

R. Muhammad, Power Electronics Circuits, Devices, and Applications,
3rd ed. Upper Saddle River, NJ, USA: Prentice-Hall, 2004.

R. Rabinovici, D. Baimel, J. Tomasik, and A. Zuck-Erberger, ‘“Series space
vector modulation for multi-level cascaded H-bridge inverters,” IET Power
Electron., vol. 3, no. 6, pp. 843-857, Jun. 2010.

A. A. Rokan, S. Mekhilef, and W. P. Hew, “New multilevel inverter topol-
ogy with minimum number of switches,” in Proc. TENCON, Fukuoka,
Japan, Nov. 2010, pp. 1862-1867.

K. P. Anup and Y. Suresh, “Research on cascaded multilevel inverter with
single DC source by using three-phase transformers,” Electr. Power Energy
Syst., vol. 40, no. 1, pp. 9-20, Sep. 2012.

Y. Suresh and K. P. Anup, “Research on a cascaded multilevel inverter by
employing three-phase transformers,” IET Power Electron., vol. 5, no. 5,
pp. 561-570, May 2012.

R. Nasrudin, F. Mohamad, and P. H. Wooi, ““Transistor-clamped H-bridge
cascaded multilevel inverter with new method of capacitor voltage balanc-
ing,” IEEE Trans. Ind. Electron., vol. 60, no. 8, pp. 2943-2956, Aug. 2013.
J. Selvaraj and N. A. Rahim, “Multilevel inverter for grid-connected
PV system employing digital PI controller,” IEEE Trans. Ind. Electron.,
vol. 56, no. 1, pp. 149-158, Jan. 2009.

N. A. Rahim, J. Selvaraj, and C. Krismadinata, “Five-level inverter with
dual reference modulation technique for grid-connected PV system,”
Renew. Energy, vol. 35, no. 3, pp. 712-720, Mar. 2010.

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.

161802

(43]

(44]

[45]

(46]

(47]

(48]

(49]

[50]

(51]

[52]

(53]

(54]

[55]

[56]

[57]

(58]

(591

(60]

[61]

[62]

G. E. Valderrama, G. V. Guzman, E. 1. Pool-Mazun,
P. R. Martinez-Rodriguez, M. J. Lopez-Sanchez, and J. M. S. Zuniga,
“A single-phase asymmetrical T-type five-level transformerless PV
inverter,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 6, no. 1,
pp. 140-150, Mar. 2018, doi: 10.1109/JESTPE.2017.2726989.

S. A. Khan, Y. Guo, and J. Zhu, “Model predictive observer based
control for single-phase asymmetrical T-type AC/DC power converter,”
IEEE Trans. Ind. Appl., vol. 55, no. 2, pp. 2033-2044, Mar. 2019, doi:
10.1109/TTIA.2018.2877397.

H. P. Vemuganti, D. Sreenivasarao, and G. S. Kumar, “Improved pulse-
width modulation scheme for T-type multilevel inverter,” IET Power
Electron., vol. 10, no. 8, pp.968-976, Jun. 2017, doi: 10.1049/iet-
pel.2016.0729.

M. Khenar, A. Taghvaie, J. Adabi, and M. Rezanejad, ‘“Multi-level
inverter with combined T-type and cross-connected modules,” IET Power
Electron., vol. 11, no. 8, pp. 1407-1415, Jul. 2018, doi: 10.1049/iet-
pel.2017.0378.

S. T. Meraj, K. Hasan, and A. Masaoud, “A novel configuration
of cross-switched T-type (CT-type) multilevel inverter,” IEEE Trans.
Power Electron., vol. 35, no. 4, pp.3688-3696, Apr. 2020, doi:
10.1109/TPEL.2019.2935612.

A. Sheir, M. Z. Youssef, and M. Orabi, “A novel bidirectional T-
type multilevel inverter for electric vehicle applications,” IEEE Trans.
Power Electron., vol. 34, no. 7, pp.6648-6658, Jul. 2019, doi:
10.1109/TPEL.2018.2871624.

S. Jain, C. Ramulu, S. Padmanaban, J. O. Ojo, and A. H. Ertas, “Dual
MPPT algorithm for dual PV source fed open-end winding induction motor
drive for pumping application,” Eng. Sci. Technol., Int. J., vol. 19, no. 4,
pp. 1771-1780, Dec. 2016.

Y. H. Chang, C. L. Chen, and T. C. Lin, “Reconfigurable switched-
capacitor converter for maximum power point tracking of PV system,”
in Proc. Int. Multi Conf. Eng. Comput. Sci. (IMECS), Hong Kong,
Mar. 2014, pp. 791-796.

S. Kolsi, H. Samet, and M. B. Amar, “Design analysis of DC-DC con-
verters connected to a photovoltaic generator and controlled by MPPT for
optimal energy transfer throughout a clear day,” J. Power Energy Eng.,
vol. 2, no. 1, pp. 27-34, 2014.

M. S. Bhaskar, S. Padmanaban, and F. Blaabjerg, “A multistage DC-
DC step-up self-balanced and magnetic component-free converter for
photovoltaic applications: Hardware implementation,” Energies J., MDPI
Publication Switzerland, vol. 10, no. 5, p. 719, May 2017.

L. M. Tolbert and F. Z. Peng, “Multilevel converters as a utility interface
for renewable energy systems,” in Proc. IEEE Power Eng. Soc. Summer
Meeting, Seattle, WA, USA, Jul. 2000, pp. 1271-1274.

J. W. Nilsson and S. A. Riedel, Electric Circuits, 5th ed. Reading, MA,
USA: Addison-Wesley, 1996.

N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electronics: Con-
verters, Applications, and Design, 2nd ed. Hoboken, NJ, USA: Wiley,
1995.

E. Gubia, P. Sanchis, A. Ursua, J. Lopez, and L. Marroyo, “Ground
currents in single-phase transformerless photovoltaic systems,” Prog. Pho-
tovolt. Res. Appl., vol. 15, no. 7, pp. 629-650, Nov. 2007.

A.R. Sanjeevan, R. S. Kaarthik, K. Gopakumar, P. P. Rajeevan, J. I. Leon,
and L. G. Franquelo, “Reduced common-mode voltage operation of a new
seven-level hybrid multilevel inverter topology with a single DC voltage
source,” IET Power Electron., vol. 9, no. 3, pp. 519-528, Mar. 2016.

B. Singh, N. Mittal, and K. S. Verma, “Multi-level inverter: A literature
survey on topologies and control strategies,” Int. J. Rev. Comput., vol. 10,
pp. 1-16, Jul. 2012.

S. B. Mahajan, P. S. Wankhade, and N. Gondhalekar, “A modified cas-
caded H-bridge multilevel inverter for solar applications,” in Proc. IEEE
Int. Conf. Green Comput., Commun. Conservation Electr. Energy (IEEE-
ICGCCEE), Coimbatore, India, Mar. 2014, pp. 1-7.

T. S. G. Lakshmi Noby, S. Umashankar, and D. P. Kothari, “Cascaded
seven level inverter with reduced number of switches using level shifting
PWM technique,” in Proc. IEEE Int. Conf. Power, Energy, Control (IEEE-
ICPEC), Dindigul, India, Feb. 2013, pp. 676-680.

S. Umashankar, T. S. Sreedevi, V. G. Nithya, and D. Vijaykumar, “A new
7-level symmetric multilevel inverter with minimum number of switches,”
Hindawi Publishing Corp., ISRN Electron., vol. 2013, pp. 1-9, Jun. 2013.
S. B. Mahajan, K. M. Pandav, R. Maheshwari, and R. M. Pachagade,
“Multilevel inverter with level shifting SPWM technique using fewer
number of switches for solar applications,” Int. J. Res. Eng. Technol., vol. 4,
no. 10, pp. 39-46, Oct. 2015.

VOLUME 8, 2020


http://dx.doi.org/10.1109/JESTPE.2017.2726989
http://dx.doi.org/10.1109/TIA.2018.2877397
http://dx.doi.org/10.1049/iet-pel.2016.0729
http://dx.doi.org/10.1049/iet-pel.2016.0729
http://dx.doi.org/10.1049/iet-pel.2017.0378
http://dx.doi.org/10.1049/iet-pel.2017.0378
http://dx.doi.org/10.1109/TPEL.2019.2935612
http://dx.doi.org/10.1109/TPEL.2018.2871624

M. Sagar Bhaskar et al.: Investigation of a Transistor Clamped T-Type Multilevel H-Bridge Inverter With IDRSCPWM Technique

IEEE Access

[63] R. M. Pachagade, S. B. Mahajan, K. M. Pandav, and R. Maheshwari,
“A new multilevel inverter with fewer number of control switches,” in
Proc. IEEE Conf. Power, Control, Commun. Comput. Technol. Sustain.
Growth (IEEE-PCCCTSG), Kurnool, India, Dec. 2015, pp. 246-251.

[64] S.B.Mahajan, K. P. Draxe, and K. M. Pandav, ‘A novel asymmetric multi-
level inverter with minimum number of switches for renewable power grid
applications,” in Proc. IEEE Int. Conf. Green Comput., Commun. Conser-
vation Energy (IEEE-ICGCE), Chennai, India, Dec. 2013, pp. 423-427.

[65] E.Babaei and S. H. Hosseini, “New cascaded multilevel inverter topology
with minimum number of switches,” Energy Convers. Manage., vol. 50,
no. 11, pp. 2761-2767, Nov. 2009.

[66] E.Babaei, S. Laali, and S. Alilu, “Cascaded multilevel inverter with series
connection of novel H-bridge basic units,” IEEE Trans. Ind. Electron.,
vol. 61, no. 12, pp. 6664-6671, Dec. 2014.

[67] E.Babaei, S. Laali, and S. Bahravar, ““A new cascaded multi-level inverter
topology with reduced number of components and charge balance con-
trol methods capabilities,” Electr. Power Compon. Syst., vol. 43, no. 19,
pp. 2116-2130, Nov. 2015.

MAHAJAN SAGAR BHASKAR (Senior Member,
IEEE) received the bachelor’s degree in electron-
ics and telecommunication engineering from the
University of Mumbai, Mumbai, India, in 2011,
the master’s degree in power electronics and
drives from the Vellore Institute of Technology
(VIT University), India, in 2014, and the
Ph.D. degree in electrical and electronic engi-
neering from the University of Johannesburg,
South Africa, in 2019. He is currently with the
Renewable Energy Lab, Department of Communications and Networks
Engineering, College of Engineering, Prince Sultan University, Riyadh,
Saudi Arabia. He has published scientific articles in the field of power
electronics, with particular reference to XY converter family, multilevel
dc/dc and dc/ac converter, and high gain converter. He has authored 100 plus
scientific articles and has received the Best Paper Research Paper Awards
from the IEEE-CENCON’19, the IEEE-ICCPCT’14, IET-CEAT’16, and
ETAEERE’16 sponsored Lecture note in electrical engineering, Springer
book series. He is a Senior Member of the IEEE Industrial Electronics,
Power Electronics, Industrial Application, and Power and Energy, Robotics
and Automation, Vehicular Technology Societies, Young Professionals, and
the various IEEE councils and technical communities. He is a reviewer
member of various international journals and conferences, including the
IEEE and IET. He received IEEE Access Award “Reviewer of Month,” in
January 2019, for his valuable and thorough feedback on manuscripts, and
for his quick turnaround on reviews.

DHAFER ALMAKHLES (Senior Member, IEEE)
received the B.E. degree in electrical engineering
from the King Fahd University of Petroleum and
Minerals, Dhahran, Saudi Arabia, in 2006, and
the master’s (Hons.) and Ph.D. degrees from The
University of Auckland, New Zealand, in 2011 and
2016, respectively. Since 2016, he has been with
Prince Sultan University, Saudi Arabia, where he
is currently the Chairman of the Communications
and Networks Engineering Department, and the
Director of the Science and Technology Unit. He is also the Leader of the
Renewable Energy Laboratory, Prince Sultan University. He has authored
many published articles in the area of control systems. He served as a
reviewer for many journals including, the IEEE TraNsacTioNs oN Fuzzy
Systems, the IEEE TrRANSACTIONS ON CONTROL OF NETWORK SYSTEMS, the IEEE
TrANsACTIONS ON INDUSTRIAL ELECTRONICS, the IEEE TrRANSACTIONS ON CONTROL
Systems TecaNoLOGY, the IEEE ConTroL SysTEMS LETTERS, and the Interna-
tional Journal of Control.

VOLUME 8, 2020

SANJEEVIKUMAR PADMANABAN (Senior
Member, IEEE) received the bachelor’s degree
in electrical engineering from the University
of Madras, Chennai, India, in 2002, the mas-
ter’s degree (Hons.) in electrical engineering
from Pondicherry University, Puducherry, India,
in 2006, and the Ph.D. degree in electrical engi-
neering from the University of Bologna, Bologna,
Italy, in 2012.

He was an Associate Professor with VIT Uni-
versity, from 2012 to 2013. In 2013, he joined the National Institute of
Technology, India, as a Faculty Member. In 2014, he was invited as a
Visiting Researcher with the Department of Electrical Engineering, Qatar
University, 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 as
an Associate Professor with the Department of Electrical and Electron-
ics 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 articles. He was a recipient of
the Best Paper cum Most Excellence Research Paper Award from IET-
SEISCON’13, IET-CEAT"’ 16, the IEEE-EECSI’ 19, the 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, the IEEE TRANSACTIONS ON INDUSTRY
AppLICATIONS, IEEE Access, IET Power Electronics, IET Electronics Letters,
and International Transactions on Electrical Energy Systems (Wiley), a Sub-
ject Editorial Board Member of Energy Sources in Energies journal (MDPI),
and a Subject Editor of IET Renewable Power Generation, IET Generation,
Transmission & Distribution, and FACTS journal (Canada).

DAN M. IONEL (Fellow, IEEE) received the
M.Eng. and Ph.D. degrees in electrical engineer-
ing from the Polytechnic University of Bucharest,
Bucharest, Romania. His Ph.D. program included
a Leverhulme Visiting Fellowship with the Uni-
versity of Bath, Bath, U.K. He was a Postdoc-
toral Researcher with the SPEED Laboratory,
University of Glasgow, Glasgow, U.K. He is cur-
‘ rently a Professor of electrical engineering and
- the L. Stanley Pigman Chair in Power with the
University of Kentucky, Lexington, K'Y, USA, where he is also the Director of
the Power and Energy Institute of Kentucky and of the SPARK Laboratory.
He previously worked in industry, most recently as a Chief Engineer for
Regal Beloit Corporation, Grafton, WI, USA, and before that, as the Chief
Scientist at Vestas Wind Turbines. Concurrently, he was also a Visiting
and Research Professor with the University of Wisconsin and Marquette
University, Milwaukee, WI, USA. He has authored or coauthored two books
and more than 200 technical articles, including five that received IEEE
awards, and holds 30 patents. He has contributed to technology develop-
ments with long lasting industrial impact. He was the Inaugural Chair of
the IEEE Industry Applications Society Renewable and Sustainable Energy
Conversion Systems Committee and an Editor of the IEEE TRANSACTIONS ON
SusTaINABLE ENERGY. He is the Editor-in-Chief of Electric Power Components
and Systems journal, the Past Chair of the IEEE Power and Energy Society
Electric Motor Subcommittee and of the IEEE WG 1812, and was the
General Chair of the IEEE 2017 Anniversary Edition of the International
Conference on Electrical Machines and Drives.

161803



IEEE Access

M. Sagar Bhaskar et al.: Investigation of a Transistor Clamped T-Type Multilevel H-Bridge Inverter With IDRSCPWM Technique

FREDE BLAABJERG (Fellow, IEEE) received the
Ph.D. degree in electrical engineering from Aal-
borg University, in 1995.

He was with ABB-Scandia, Randers, Denmark,
from 1987 to 1988. He became an Assistant Pro-
fessorin 1992, an Associate Professor in 1996, and
a Full Professor of power electronics and drives
in 1998. In 2017, he became a Villum Investiga-
tor. 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
an editor of ten books in power electronics and its applications. He 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 a Distinguished Lecturer
of the IEEE Power Electronics Society, from 2005 to 2007, and of the
IEEE Industry Applications Society, from 2010 to 2011 and from 2017 to
2018. From 2019 to 2020, he serves the President of the IEEE Power
Electronics Society. He is also the Vice-President of the Danish Academy
of Technical Sciences. He is nominated by Thomson Reuters to be between
the most 250 cited researchers in Engineering in the world, for the period
of 2014-2019. He is also Honoris Causa at the Politehnica University of
Timisoara (UPT), Romania, and the Tallinn University of Technology (TTU),
Estonia, in 2017.

JIANGBIAO HE (Senior Member, IEEE) received
the Ph.D. degree in electrical engineering from
Marquette University, Milwaukee, WI, USA. He is
currently an Assistant Professor in power energy
with the Department of Electrical and Com-
puter Engineering, University of Kentucky, USA.
Previously, he worked in industry, most recently
as a Lead Engineer with GE Global Research,
Niskayuna, NY, USA. Before joining GE Global
Research, in 2015, he also worked with Eaton
Corporation and Rockwell Automation. His research interests include
high-performance propulsion drives for electric transportation, renewable

161804

energies, and fault-tolerant power conversion systems for safety-critical
applications. He has authored more than 80 technical articles and holds ten
U.S. patents in power electronics and motor drives areas. He was a recipient
of the 2019 IEEE IAS AWS Outstanding Young Member Achievement
Award. He also served in the organizing committees for the various IEEE
international conferences (IEMDC-2017, ECCE-2018, and ITEC-2019), and
has been an active member of multiple IEEE standards working groups.
He has served as an Editor or Associate Editor for several prestigious journals
in electric power area.

A. RAKESH KUMAR (Member, IEEE) received
the B.E. degree (Hons.) in electrical and electron-
ics engineering from the DMI College of Engineer-
ing, Chennai, India, in 2011, the M. Tech. degree in
power electronics and drives from the Jerusalem
College of Engineering, in 2013, and the Ph.D.
degree from the Vellore Institute of Technology
(VIT), Chennai Campus, in 2020. He worked as an
Assistant Professor with the Department of EEE,
Rajalakshmi Engineering College, Chennai, from
2013 to 2015. He was working as a Teaching cum Research Assistant with
VIT, Chennai, from 2015 to 2019. He is currently a Postdoctoral Fellow with
the Department of EEE, National Institute of Technology, Tiruchirappalli,
India. His fields of interests include multilevel inverters, inverter modulation
techniques, smart grid, and its applications.

VOLUME 8, 2020



