IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 6, 2022, accepted January 23, 2022, date of publication January 25, 2022, date of current version February 8, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3146256

A New Hybrid Cascaded Switched-Capacitor
Reduced Switch Multilevel Inverter for
Renewable Sources and Domestic Loads

MOHAMMAD AMIN REZAEI?, (Member, IEEE), MAJID NAYERIPOUR!',
JIEFENG HU "2, (Senior Member, IEEE), SHAHAB S. BAND 3, (Senior Member, IEEE),
AMIR MOSAVI“45:67 AND MOHAMMAD-HASSAN KHOOBAN 8, (Senior Member, IEEE)

!Department of Information, Media and Electrical Engineering (IME), Cologne University of Applied Sciences, 50678 Cologne, Germany
2School of Engineering, Information Technology and Physical Sciences, Federation University Australia, Mount Helen, VIC 3353, Australia

3Future Technology Research Center, National Yunlin University of Science and Technology, Yunlin 64002, Taiwan
“#Faculty of Civil Engineering, Dresden University of Technology, 01069 Dresden, Germany

SInstitute of Information Engineering, Automation and Mathematics, Slovak University of Technology in Bratislava, Bratislava, Slovakia
6John von Neumann Faculty of Informatics, Obuda University, 1034 Budapest, Hungary
7Institute of Information Society, University of Public Service, 1083 Budapest, Hungary

8Department of Electrical and Computer Engineering, Aarhus University, 8200 Aarhus, Denmark

Corresponding authors: Mohammad Amin Rezaei (ma.rezaece @ieee.org), Shahab S. Band (shamshirbands @yuntech.edu.tw), and
Amir Mosavi (amir.mosavi @mailbox.tu-dresden.de)

ABSTRACT This multilevel inverter type summarizes an output voltage of medium voltage based on a
series connection of power cells employing standard configurations of low-voltage components. The main
problems of cascaded switched-capacitor multilevel inverters (CSCMLIs) are the harmful reverse flowing
current of inductive loads, the large number of switches, and the surge current of the capacitors. As the
number of switches increases, the reliability of the inverter decreases. To address these issues, anew CSCMLI
is proposed using two modules containing asymmetric DC sources to generate 13 levels. The main novelty of
the proposed configuration is the reduction of the number of switches while increasing the maximum output
voltage. Despite the many similarities, the presented topology differs from similar topologies. Compared to
similar structures, the direction of some switches is reversed, leading to a change in the direction of current
flow. By incorporating the lowest number of semiconductors, it was demonstrated that the proposed inverter
has the lowest cost function among similar inverters. The role of switched-capacitor inrush current in the
selection of switch, diode, and DC source for inverter operation in medium and high voltage applications is
presented. The inverter performance to supply the inductive loads is clarified. Comparison of the simulation
and experimental results validates the effectiveness of the proposed inverter topology, showing promising
potentials in photovoltaic, buildings, and domestic applications. A video demonstrating the experimental
test, and all manufacturing data are attached.

INDEX TERMS Cascaded, multi-level inverter, self-charging, switched-capacitor, total standing voltage.

NOMENCLATURE Cl1, C21 Switched capacitor identification,
to-113 Time for each pulse of the steps (s). Cnm is switched-capacitor of number n
S11, 812, 823  Identification for modules switches, from module m, n = Switched-capacitor
Snm is switch of number n from module number, m = module number.
m, n = Switch number, m = module Nievel Level numbers of the inverters.
number. Esc Amount of the switched-capacitor
T1, T2, T3, T4 Identification for inverter H-bridge energy (J).
switches, H-bridge switch number of n. \%3 Load inductor voltage (V).
VRrL Load resistor voltage (V).
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Loss power (W).

Loss power of MOSFET (W).

Loss power of diode (W).

Output voltage (V).

Magnitude of capacitor Cy; discharge
©).

Base Frequency (Hz).

Voltage ripple factor.

Output current (A).

Equivalent Series Resistance (£2).

DC source voltage (V).

Total Standing Voltage (V).

Total Blocking Voltage (V).

Level numbers of the inverters.

Cost Factor.

1) Coefficient that measures the weight-
ing of the TSV, and 2) The pulse angle.
Number of switches.

Number of drives.

Number of diodes.

Number of switched-capacitors.
Number of DC Sources.

Loss power of the capacitor (W).
Leakage loss power (W).

ESR resistance (£2).

Leakage current of a capacitor (A).
ESR resistance (£2).

Loss power when the output voltage is
equal to zero (W).

Conduction loss power of non-zero volt-
age (W).

Forward resistance of a diode (£2).
Number of modules.

Number of switches including H-bridge
switches.

Voltage across the switch T in ON situa-
tion (V).

Constant time (s).

Diode Current (A).

Saturation current of the diode (A).
Thermal voltage (V).

Average output power (W).

Period (s)

Rated power of the power supply (W).
Power extracted from the DC source
before the output voltage becomes zero
(W).

Peak output power (W).

Equivalent impedance (£2).

Inductive reactance (H).

Ohmic impedance (£2).

Current extracted from the DC source
before the output voltage becomes
zero (A).

Peak output current (A).

Total loss of a full cycle application (W).

Pioss, H—bridge Loss  power of the H-bridge
switches(W).

Iout=0 Current when the output voltage is zero
(A).

Ic Current through the capacitor (A).

EoFF Required energy to turn off the MOS-
FET (J).

Eon Required energy to turn ON the MOS-
FET (J).

VF Diode forward voltage drop (V).

iF Diode forward current (A).

Vo Peak voltage (V).

Niwitch,NH Number of switches without H-bridge
switches.

I. INTRODUCTION

A. MOTIVATION AND INCITEMENT

Nowadays, multi-level inverters (MLI) play a leading role
in various industries. The application of multi-level inverters
has increased, especially in the grid connection of renewable
energy systems. One of the problems in using voltage step-
up converters is the utilization of transformers, which MLIs
have already solved this problem [1].

Based on the output waveform, inverters can be classified
as follows: two-level or square wave inverters, quasi-square
wave inverters, two-level PWM inverters, and multi-level
inverters (MLIs) [1]. The main problem with two-level
square-wave and PWM inverters is their employment in high
and medium power systems. The devices required for switch-
ing at the appropriate voltage and frequency are either rare
or expensive. Besides, the quality of the voltage output is
low and requires large filters across the load. A reasonable
alternative to these types of converters (in this power range)
can be MLIs. Neutral point diode clamped (NPDC), flying
capacitors (FC), and cascades H-bridge (CHB) are the main
types of multi-level inverters [1]. Voltage source inverters
are widely used in electric motor drives and high-power
quality applications. One problem with switched capacitors in
multi-level inverters is the inherent unbalance of the capacitor
voltage [2]. Consequently, when a higher number of voltage
levels across the load results, this problem becomes more
complicated. A practical solution to mitigate this problem
can be the use of hybrid-source switched capacitor structures.
At higher voltage levels, the number of switches is reduced
by using this type of inverter [3]. Some types of inverters
have numerous semiconductor switches, with the possibility
of a fault in each one. Therefore, the larger the number of
switches, the lower the reliability of the inverter [1]. The
proposed MLI has the privilege of using fewer semiconduc-
tors and capacitors with lower voltage ratings for the step-up
multi-level AC output.

B. MLIS INVOLVING TWO OR MORE DC
SOURCES-LITERATURE REVIEW

The output power of some new renewable power systems,
such as photovoltaics and fuel cells, is DC. Microgrids
equipped with this type of power generator have a variety
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of DC sources. An increase in the number of DC power
generators means an increase in the number of DC sources.
Single-input, multi-output transformers are also used in some
applications. Each output of the transformer can be consid-
ered as an isolated DC source. Therefore, different studies
have proposed various solutions for the employment of these
sources. The authors of [1] introduced different topologies
that use two or more DC sources. The proposed scheme also
goes in the same direction. Each module requires a DC source
and if the modules are connected in cascade, both the output
voltage and the number of voltage levels will increase.

Since the invention of semiconductor switches, many
efforts have been made to construct DC-AC inverters. In [4]
multilevel converters are comprehensively discussed and the
classification of them is presented. Comparisons are made
between three cascaded multilevel topologies. How multi-
level modules can be connected to PV systems is examined,
and details from relevant research are provided. The com-
parison of semiconductors and the presentation of the static
characteristics of new power switches used in inverters are
the advantages of [4]. Over time, more powerful control-
lable switches have been invented. This also improved the
quality of the inverter output voltage [S]. The main impetus
for multi-level inverters was the reduction of semiconduc-
tor switches, dc voltage sources, and total standing voltage
(TSV). Based on these constraints, various articles have pre-
sented different topologies with the concept of the reduced
number of switches. In [6], a comprehensive review of MLI
topologies with the reduced number of switches has been
presented. In [7], an overview of some new topologies of
multi-level inverters with device reduction was provided.
Some challenges may arise in device reduction, which is
the main point of this literature. Recent works on multi-
level inverters (MLI) and their applications were discussed
in [8], where different inverter configurations were divided
into symmetrical, asymmetrical, and modified topologies.
A single-phase reduced-switch multi-level inverter (RSMLI)
was also experimentally analyzed by considering different
voltage levels generated at different switching frequencies.
In [9], two new topologies are proposed to reduce the number
of switches. The first topology requires three DC power
supplies and ten switches to achieve a voltage of 15 levels
above the load. With the further development of this topol-
ogy, which employed four DC power supplies and twelve
switches, a voltage of 15 levels across the load was achieved.
Based on the basic concept of switched-capacitor inverters, a
multi-level boost converter topology is proposed in [10]. The
proposed topology includes eleven unidirectional switches
with a single switched capacitor unit generating a 9-level
voltage across the load. In addition to voltage doubling, self-
voltage balancing of the capacitor voltage was performed by
reducing the voltage load, regardless of the auxiliary method.
Reference [11] has presented a new inverter topology that
contains two switched capacitors and nine switches. Its output
voltage is 9-level and its peak voltage is about twice the
input voltage. Compared with similar inverters, reduction in
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the number of switches and cost are some of the advantages
of this inverter. Reference [12] presents a step-up reduced
switch multi-level inverter that uses switched capacitors. The
work [12] uses 10 switches, 2 capacitors, 2 DC sources,
and 2 diodes to generate a 17-level waveform. Capacitors
are inherently balanced and compared to similar inverters,
the number of switches is reduced. Even though they are
very similar, the topology of [12] is totally different from
our topology presented. Reference [13] represented a multi-
level DC-Link Inverter. This inverter consists of 14 switches,
8 clamping diodes, and 5 capacitors and generates an 11-level
waveform. At first glance, [13] and the presenting topology
are similar, but they are also totally different. This inverter
uses 6 DC sources and the DC sources are provided by the
output of 3 transformers. The transformers are single input,
double output.

C. KEY CONCERNS, CONTRIBUTION, AND ARTICLE
ORGANIZATION

RSMLIs are also commonly used in domestic solar PV appli-
cations. A suitable configuration of PV cells can serve as an
isolated DC source in an RSMLI design capable of meeting
the required power demand [14], [15]. The proposed applica-
tion targets low-inductance, high-resistance domestic loads.
The best usage of the presented multi-level inverter is for
domestic and building applications. Some household appli-
ances use resistive loads more than inductive loads. Lights,
iron, TV, and resistive heaters are some types of resistive
loads that compared to inductive loads such as refrigerators,
consume more power [16]; therefore, in some houses, resis-
tive loads can outweigh inductive loads [17]. Especially in
cold regions, resistive heaters consume much more power
than inductive loads. The proposed MLI is able to supply
the demanded power of combined resistive-inductive loads
within the allowable power range. The ability of the proposed
inverter to supply the required power of inductive loads is
envisioned.

Harmful reverse flowing currents of inductive loads is one
of the obstacles that prevent further reduction in the number
of switches. In addition to investigating the performance of
inverters under resistive loads, [2]-[4], [10]-[14] have inves-
tigated the effects of inductive loads to address the current
reverse flow problem.

One problem with switched capacitor MLIs is the surge
current of the capacitors. This can be harmful to the switches
and the capacitor. Reference [18] solved this problem by a
simple auxiliary circuit that eliminates the mentioned cur-
rent surges and uses zero current switching conditions for
the charging switch. Reference [19] designed a multi-level
inverter based on flying capacitors and using PWM switching
algorithm reduced the surge current. The proposed research
provided the required current by using capacitors at the output
of DC sources. DC sources charge their output capacitor,
and this capacitor prepares the surge current of switched
capacitors. MOSFETs and IGBTs are usually capable of
withstanding the surge currents that are several times higher
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than the rated DC currents [20]. The datasheet of MOSFETSs
contains data of the most permissible current and the selection
of switches was based on this factor and the safe operating
area (SOA). Also, using 2 DC sources helps to reduce the
effect of surge currents by distributing them between the
two sources. In our work, a thorough study of output power,
number of isolated power supplies, number of passive com-
ponents, highest switch voltage rating, total standing voltage,
and number of switches has been carried out.

The development motivations behind the new CSCMLI
inverter can be summarized as follows. Based on MILHDBK-
217 [21] and MIL-HDBK-338B [22] standards, under the
same conditions for similar systems, the fewer electronic
components of an electronic system, the better the reliability.
Using fewer components reduces manufacturing costs. The
smaller the number of components, the lower the losses. The
output voltage of renewable energy sources such as photo-
voltaics and fuel cells are DC and may be used as isolated
DC voltage sources in cascaded multilevel inverters. The
combination of cascaded and switched capacitor multilevel
inverter covers each other’s weaknesses. Domestic loads are
a combination of ohmic and inductive loads. The power of
some low-inductance domestic loads may be supplied using
the proposed CSCMLI.

The gaps of the literature are: lack of practical information
on the analysis of the surge current in the ability of the DC
source and the tolerance of the diodes and MOSFETS that are
used in MLIs, ability to reduce the number of components
while increasing the maximum output voltage, and lack of
information on how to calculate the TSV of the switches that
are used in MLI.

The main contributions of the paper include: reducing the
number of switches and reducing the number of switched
capacitors while increasing the peak output voltage of the
MLI structure compared to similar inverters, extracting the
formula of calculating the number of switches, the number
of switched capacitors, the number of DC sources and the
number of semiconductors in terms of N-level for ten similar
articles to be compared with the proposed structure, and
practical surge current analysis of the proposed CSCMLI for
medium and high-power applications, including the current
tolerance of diodes and MOSFETs, and the ability of the DC
power source to supply the current.

The rest of the paper is organized as follows. Section II
describes the material and methods of proposed inverter
including switching pattern, capacitance and TSV calcula-
tion, circuit analysis, surge current analysis, and efficiency
analysis. Section III presents comparison. Section IV and V
contain simulation and experimental results. Section VI
includes limitations of the study. Section VII presents open
questions. Finally, section VIII describes our conclusions.

Il. MATERIAL AND METHODS OF PROPOSED INVERTER
A. SWITCHING PATTERN

Using the Cascaded Switched-Capacitor multi-level inverters
(CSCMLI) topology, a 17-level inverter consisting of
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FIGURE 1. Voltage-Double was obtained by removing Z1 and B1. This
Figure shows the differences between similar circuit designs and the
proposed module 1 design. (a) Doubler voltage module which is
presented by [1] and (b) the doubler voltage module of the proposed
CSCMLL.

4 modules in a cascade arrangement was proposed in [1],
pp. 7, Fig. 4]-[2] (Section C). The newly proposed topol-
ogy is the result of the improvement of the existing topolo-
gies. For better understanding, modifications are presented
in comparison to [1].

Fig. 1 shows one of the modules of this inverter. The first
section of the inverter is obtained by eliminating Z1 and
D2. This module can generate a maximum of 2Vdc. Both
configurations shown in Figure 1 are voltage doubles. Z1 and
D2 are designed to protect the system from backward flowing
currents, which is a task of the H-bridge in the proposed
topology. The second modification is a change in direction in
P1, which raises the output voltage of the module from 2V dc
to 4Vdc. Figure 2 shows this change in the direction of the
switch.

Reference [1] has presented an inverter which is similar
to our proposed CSCMLI multilevel inverter. Both circuits
in Figure 1 are voltage doublers. In the module presented in
[1,Fig. 4], switch Z1 and diode D2 are placed in the inverter to
close the loop of the reverse current of the inductive load, but
in the proposed CSCMLI inverter, Z1 and D2 are removed.
Removing these two switches serves two purposes: 1) As
shown in Figure 2, the direction of switch P1 is reversed,
and by modifying the switching algorithm, the loop for flow-
ing the current required to charge capacitor C21 is closed.
2) When the voltage is zero at load, 3 of the 4 H-bridge
switches are closed simultaneously. This both establishes the
charging current of capacitor C21 and closes the H-bridge
loop to discharge the stored energy of the inductive load.

Vout=4Vdc

Z1
D1 ‘)
%czl j[
| D2
sl ‘W Pl ‘

(a) (b)

FIGURE 2. Direction changes in P1 and the resulting voltage increase
from 2V dc to 4Vdc in the proposed topology. The direction of the switch
P1 is reversed. This Figure also shows the differences between similar
circuit designs and the proposed module 2 design. (a) Voltage doubler
proposed in [1], (b) Quadruple the voltage by modifying the structure of
the [1] voltage doubler module, P1 is reversed in module 2 of the
presented CSCMLI inverter.

Vdcl
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Thus, the reverse current of the inductive load flows through
the H-bridge closed-loop switches. (There is a limitation in
discharging the stored energy of the inductive load, which is
explained in detail in Circuit Analysis sections).

One way to achieve the output voltage of 13 levels is the
cascade of module 1 in series, but there are several problems:
1) to discharge the inductor energy it is not possible to remove
the components Z1 and D2, and one of the novelties of
our presented article is the removal of these components to
minimize the number of inverter switches, thus, the presence
of module 2 allows the removal of Z1 and D2. Figure 4 of
article [1] applied the module of Figure 1(a) of our presented
article. Connecting three modules in series results in 13 levels
and requires 13 switches, 6 diodes, and three capacitors.
Compared to [1], the CSCMLI presented in our article has
9 switches, 3 diodes, and 2 capacitors.

In similar inverters, at zero time, neither h-bridge switch is
closed, and if two h-bridge switches are closed, either a short
circuit occurs in the circuit or a load is placed in the circuit
and the load voltage will not be zero, but in our presented
article When the output voltage is zero, 3 h-bridges are closed.
The current flowing through the H-bridge is used to charge
capacitor C21.

In general, the presence of module 2 has several
advantages: 1) The CSCMLI inverter can be designed and
manufactured with fewer switches compared to similar
inverters, 2) Module 2 is capable of generating 9 voltage
levels (of course, with the assistance of module 1) and using
an appropriate switching algorithm, it can generate more
cascaded voltage levels at the output, as compared to cascade
module 1.

The proposed 13-level Switched-Capacitor Unit (SCU)
inverter is shown in Figure 3. This topology uses H-bridge
switches to prevent the inductive load current from flow-
ing backward. The maximum voltages that can be obtained
from modules 1 and 2 are 2V dc and 4V dc, respectively. The
inverter can be expanded by using module 1 in a cascade
configuration to achieve higher output voltage levels. This
configuration produces six positive levels, six negative levels,
and one zero level (13 levels total). Figure 4 shows how the
inverter is expanded to form a cascade arrangement. Under
the isolated condition, each of the modules from 2 to N + 1
can generate a maximum of 4Vdc. This, along with proper
switching, can generate a desirable waveform at the output.
The objective is to eliminate S13 and D12 to change the
direction of S22 and use the H-bridge to ultimately provide
protection against reverse current flow. The stored energy of
the inductor is discharged in the H-bridge switches. The effect
of a current flowing in reverse is shown in Figure 5. When the
H-bridge switches perform their normal task of reversing the
polarity, the output waveform across the load is as shown in
Figure 6. In this case, not only is the behavior of the switching
output undesirable, but voltage spikes can damage the semi-
conductors or cause them to fail. Such a negative effect occurs
when the H-bridge switches’ while performing their normal
task, attempt to set the output voltage across the load equal
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FIGURE 3. 13-level SCU inverter, aiming to eliminate S13 and D12 to
change the direction of S22, and use the H-bridge to ultimately provide
protection against the backward-flowing current.

D11

D} I
I k cit
s T1 T3
vDCl
L R
S12 Module 1

Load

D21 J_ T2 T4
—

vVDC2 SZI
Module 2

FIGURE 4. Extended cascade topology of the proposed inverter.

to zero. As long as the load type is resistive, the circuit in
Figure 3 will operate with no problems. However, with an
inductive load, a considerable amount of energy is discharged
when the H-bridge switches are turned on, resulting in a
large voltage reversal. Under such circumstances, the inverter
is more likely to fail, and the total blocking voltage of the
system increases. The proposed MLI can handle the inductor
load, but there are limitations, which will be discussed in the
following sections.

Figure 5(a) and Figure 5(b) show how an inductive load is
discharged at zero voltage in conventional multi-level invert-
ers. All four switches T1 to T4 are on (off) and the inductor
is discharged by freewheeling diodes of H-bridge switches.
As shown in these figures, the reverse current returns to
the main circuit of the MLI, in fact, the inductive discharge
loop is closed using the main circuit of the MLI and thus
this energy is discharged. But in the CSCMLI inverter, the
discharge of the inductive load energy is performed according
to Figure 5(c) and Figure 5(d). When the output voltage of
the load is zero, two switches on one of the H-bridge legs
must be closed (on). Closing these switches causes capacitor
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FIGURE 5. Discharging the inductive load energy and charging all the
capacitors.

C21 to be charged. Figure 2 (b) shows capacitor C21 whose
voltage is 3V dc and shows the output voltage of the module
is 4Vdc. Charging this capacitor and increasing the voltage
of this capacitor by closing two H-Bridge switches.

Figure 5(c) and Figure 5(d) show the operation of the
H-bridge switches of the proposed CSCMLI at V out = 0.
Three switches are turned on at the moment when the voltage
is zero, which serves several purposes: 1) discharging the
energy of the inductive load, 2) Close the current path to
charge all capacitors, 3) distributing the capacitor charging
current to all H-bridge switches, and 4) distributing heat due
to the discharge of the inductive load energy to all H-bridge
switches. This virtually obviates the necessity of an additional
switch or diode in Module 1 to prevent the undesirable effects
of an inductive load. When three switches are on, two current
loops are formed and the energy from the inductive load is
discharged in all four switches. In the closed loops, these
two loops are formed by two switches and two freewheeling
diodes. With the direction of current flow to both switches,
the capacitor charging current is allowed to pass. The line
for reactive power path in modes of operation are shown in
Figure 5(c) and Figure 5(d).

Table 1 shows the switching pattern of the proposed topol-
ogy based on a sinusoidal waveform and the assumption of
Vdcl= Vdc2= Vdc. The switches that should be turned on
are indicated at the end of each column. In column A, where
no voltage is applied, S11 from the module section and three
switches from the H-bridge section are turned on. The same
switches from the same sections are turned on in column M,
where the voltage is zero again.

This eliminates the adverse effects of the inductive load and
charges all the capacitors. It also distributes the heat losses
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TABLE 1. Switching pattern of proposed topology based on sinus
waveform.
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TABLE 2. Valid switching states for presented topology.
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among the switches, which in turn improves the reliability of
the system. It is worth noting that all capacitors are charged
up to 3Vdc. Table 2 shows the valid switching states for
the presented topology. The highlighting indicates the sec-
tions dedicated to charging all capacitors and discharging
the inductive load energy at the zero voltage of the output.
Tables 1 and 2 serve as basic patterns for switching in the
presented inverter. Figure 7 illustrates the switching operation
of the topology. The increase of the output voltage from 1V dc
to 6V dc is shown from left to right. The last items show how
capacitor C21 is charged and the energy of the inductive load
is discharged. The bold black lines show the paths through
which the current flows to produce the voltage across the load,
and the blue lines show the paths for charging the capacitor
and discharging the inductive load. C21 is charged when
there is no voltage across the load. In positive and negative
half-cycles, this voltage also increases from 1Vdc to 6Vdc
and the polarity is changed by the H-bridge switches. C11
is charged 4 times during a half cycle. In fact, C11 and C21
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FIGURE 6. (a) Effect of a backward-flowing current on the output voltage
waveform due to an inductive load, (b) The alternative circuit we used in
this article instead of the body diode-free switch.

can be charged 8 and 2 times respectively in a full cycle of
one period. This is a suitable charge time for both capacitors,
balance their voltage, and provided the capacitance values
are properly selected to avoid excessive voltage drop. Also,
switch S22 should not have a freewheeling diode, and other
diodes in the circuit will not allow the reverse current to pass,
so this diode is not needed. Also in Figure 6, due to the
charging of the switched capacitors during the operation of
the inverter, the voltage drops through the path diodes and
the surge current of the switched capacitors, the step voltages
are not equal.

Switches that do not have a body diode may be used as
S22 switches. However, if a MOSFET is used in the circuit,
an additional diode should be added in series with the MOS-
FET to prevent current flow when the switch is OFF, as shown
in Figure 6 (b).

The two power sources in such an inverter design should be
able to provide the instantaneous current required to charge
the capacitors. Since the total energy required to charge C11
and C21 is relatively low, the system has no difficulty pro-
viding this surge current. In other topologies, simultaneous
switching of the H-bridge arms causes problems, but the pro-
posed topology uses this simultaneity for charging switched
capacitors.

B. THEORY/CALCULATION, CAPACITANCE CALCULATION
In SCMLISs, the capacitance of the capacitors plays a major
role in balancing their voltage ripple. The capacitor voltage
should not drop below a certain threshold when discharging.
A lower voltage ripple leads to a reduction in losses and
improves the efficiency of the converter [23]. The capacitance
is mainly determined by the amplitude of the output current
and the discharge time of the capacitor in the worst state. The
maximum discharge of each capacitor is given by

LiyN
/ Tout sinQ2mfot)dt, (1)

LiyN

OcN)1 =

where fj is the base frequency, k£ denotes the voltage ripple
factor and I,y denotes the output current in the maximum
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discharge time for each capacitor [23].

€5

The resulting value is the ideal capacitance. Capacitors and
inductors used in practical electrical circuits are non-ideal
components. Thus, any capacitor or inductor can be consid-
ered to be connected in series with an associated resistor,
which is called the equivalent series resistance (ESR).

In designing for practical applications, the selection of
capacitance values is done by considering the ESR [24]. As a
result, the minimum capacitance for the presented circuit was
calculated. In the case of an inverter designed for practical
applications, the final capacitance values can be determined
from the datasheets of the capacitors, taking into account the
operating frequency and ESR. Also, the calculation of the
gain voltage in terms of input voltage is accomplished by
the following equation:

G, = 0.6062 In(Ny,) + 2.62, A3)

where Ny is the input DC source and Gy is the voltage gain
of the CSCMLIL.

C. TSV CALCULATION

The cost and realization of a multi-level converter are
significantly influenced by the current and voltage values
of its switches [25]. The magnitude of the reverse voltage
across the switches is considered a major determinant when
comparing different multi-level converter structures in terms
of the overall cost and operating range of the switches.
A smaller magnitude of reverse (or withstand) voltage across
the switches has the advantage of a smaller voltage across
the switch terminals [26]. The cost requirements of a semi-
conductor are dictated by the total standing voltage (TSV),
which is sometimes referred to also as total blocked voltage
(TBV) [27]. In the proposed 13-level inverter, each of the
H-bridge switches has a TSV of 6Vdc. The number njgye]
of levels in the proposed inverter is determined by

Nevel = [4 X 2N + D]+ 1, 4)

where N is the number of modules added to the circuit
in a cascade arrangement. For N = 0, there is only one
module with a maximum voltage of 2V dc, and the inverter has
5 levels. For N = 1, module 2 is added to the circuit, which
can provide 4Vdc at the output, and a 13-level inverter is
obtained. In the 5-level inverter, there are a total of 6 switches:
T1 to T4 located in the H-bridge and S11 and S12 located in
the voltage doubler part of the circuit. The calculation of the
TSV of the individual switches and their summation TS Viota1
is performed as follows:

TSVSll,SlZ = 1Vdc

TSVri_74 =2Vdc } = TSViotal

= @2x 1)+ 4 x2) =10Vdc.
Q)
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FIGURE 7. The function of the presented inverter topology.

In the 13-level inverter, T4 is in the H-bridge, S11 and S12
are in the voltage doubler section, and S21, S22, and S23
are in the first module to provide the 4 multiplier levels. The
TSV otal for the 13-level inverter is calculated similarly to that
for the 5-level inverter as:

TSVsi11,512 = 1Vde
TSVgo =2Vdc

TSV521,523 = 3Vdc
TSVT]-T4 = 6Vdc

= TSViotal

CxD)+2+2x3)+@x6)
34Vde. (6)
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For the 21-level inverter, TS Viota1 is calculated as follows:
TSVSI 1,812 = 1Vdc
TSV522 §32 = 2Vdc

TSVs21,823,831,833 = 3Vdc
TSVTl-T4 = 10Vdc

= TSViptal

2x1)+(2x2)
+(4 x 3)+ (4 x 10)
— 58Vdc. 7

Therefore, the TSV of the H-bridge switches and the over-

all TSV for N modules are given by:
TSVTi—T4 = 2N 4+ 1) x 2Vdc ®)
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FIGURE 8. (a) The discharge circuit of the H-bridge, (b) the equivalent
circuit of the discharge load.

TSViota = (24N + 10) x Vdc 9)

Of all the inverter switches, only the four H-bridge
switches must withstand high voltages. The remaining
switches have lower TSV and experience lower voltages. The
TSV values for the switches in the inverter presented are
listed in Table 3. The TSVs for the switches S11 and S12,
S(N+1)2, S(N+1)1, S(N+1)3 are constant and equal to 1, 2, and 3,
respectively. However, the TSV of the H-bridge switches, T1
to T4, increases according to (2N + 1) x 2V dc as the voltage
increases. This causes the overall TSV to rise, according to
(24N + 10)Vdc. The cost function, CF, is given in (10), as
shown at the bottom of the next page, by [25], where alpha «
is a coefficient that measures the weighting of the TSV and
is set equal to 0.5 and 1.5 in two different cases.

TABLE 3. TSV of each of the switches in the presented topology.

N Nievel SI1, 812 Sewnz  Sevenyis Sawens T1-T4 TSVigwl
N=0 5 1 - - 2 10
N=1 13 1 2 3 6 34
N=2 21 1 2 3 10 58
N=N [4Q2N+1)]+1 1 2 3 Covie e

D. CIRCUIT ANALYSIS

In the last step of each half cycle of the output waveform, the
magnitude of 1V dc becomes zero. Therefore, the circuit will
be as a closed RL circuit, in which the inductor energy must
be discharged by the circuit resistors. Due to the 1V dc change
in voltage, the change in current is high, of course, compared
to the PWM switching algorithm. Thus, an RL first-order
circuit needs to be solved.

Figure 8 displays the discharge energy of the inductor load.
Figure 8(a) shows the discharge circuit of the H-bridge and
(b) shows the equivalent current circuit of the discharge. The
analysis of the circuit is as follows:

VL +VRL + VED + VRT =0. (11
Which V is the load inductor voltage, VR is the load resistor
voltage, Vpp is the forward voltage of freewheeling diode

of T3, and VRt is the voltage across the T1 in the “On”
situation.

i
Ld—i+iRL+VFD+iRT —o. (12)
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By ignoring the voltage Vg = 0.7V, the equation becomes
simpler and:

di  —(Rp + Rp)i
dt L ’

According to Table 1, the output voltage across the load is
zero in times the fo-f; and the 715-f13. These zero voltages
repeat twice in a period of the waveform. The more time
of zero voltage, the more time of discharge of the inductive
load. By increasing the zero-voltage time, the proposed MLI
can operate successfully at higher inductive loads. How-
ever, it should be taken into account that extending the zero
voltage-time results in an increase in THD. By proceeding to
solve (13),

13)

i(t)d I3
i R R
a_ _/ Mdt. (14)
i L
fo

0

Thus, the current flowing through the circuit becomes:

) (R +Rp)

i(t) = Ipe r ! (15)
which I is the steady-state current. The steady-state time is
about 57, which 7 is the constant time of the circuit, and is
equal to:

L
T=—"
(R + Rr)

The minimum time for discharging the load’s inductor is
about 5t. The main problem of reverse current arises at zero
voltage and by the time the polarity of the load voltage is
changed. It must be taken into account that at the time of
zero voltage, the energy of the inductor must be discharged.
Therefore:

(16)

to — 1 > 5St. (17

THD should be taken into account here. Increasing the #o-
t1 time results in increasing the THD; therefore, a balance
between them should be performed. The main reason that the
proposed inverter is appropriate for domestic load is that more
loads are not inductive. Loads such as lighting, heating, iron,
TV, etc., are resistive loads, and sometimes inductive loads
such as a refrigerator require less power than other overall
resistive loads. Of course, some homes use more inductive
loads, but that is not the point here. The combination of
all loads is equivalent to a resistive-inductive load, and the
proposed MLI is capable of producing a sinusoidal waveform
under the constraint the #y-#; > S5t. This paper focuses on
the topology of the multi-level inverter, and the presented
switching algorithm only aims to illustrate how this inverter
works. In the presented topology, it is assumed that:

1
Aty = T x 10 ms=0.84 ms. (18)
Therefore 5t < 0.84 x 1073, so:
SL 0.84 ms = L 017x 103 (19)
— < L. ms — < U. X .
R R
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If the zero-voltage time of a half-cycle is 0.84 ms, the con-
straint (L/R) < 0.17 x 1073 should be observed. The
zero-voltage time can be changed due to the switching algo-
rithm of MLI. The resistance of the load is 50 €2, thus,
assumed that the switch resistance is 0.3 €2, the inductive load
should not exceed 8.55 mH.

Figure 9, Figure 10 and, Figure 11 show the time of the
zero-voltage range of the output voltage versus the resistance

x

<
)
°

s o o
= a = =

I
o

60

Time of output zero voltage (Sec.)

40 0.1

. 40 35
Resistance (Ohm) 20 25 Inductance (H) 0

0 20

FIGURE 12. The curve of 57 (maximum zero-voltage time of the load) for
parallel RL load.

and inductance. Based on (16) and (17), these Figures are
produced. These curves show that for being in authorized
to-t; > S5t time, how much resistance and inductance has to
be. There must be a balance between R and L for the proper
operation of the presented CSCMLI. In Figure 9 it is shown
that there is a possibility to use 100 mH inductance in series
RL load, but the resistance should be about 1000 €. It is
shown that this MLI is suitable for series RL loads with low
inductance.

Figure 10 demonstrates the time of the zero-voltage range
of the output versus the resistor, and the inductance smaller
than 10 mH when viewed closer. The resistance of the sim-
ulation and the experimental test is 50 2. Figure 11 shows
the curve of zero voltage-time of output voltage for series RL
load, whose resistance is 50 2. As shown in this figure, the
inductance of the load should be lower than about 9 mH.

The limitations in inductance for series RL loads were
discussed in this chapter. There are constraints in using this
MLI in series RL loads. To obtain the best performance, these
Figures’ data and comparisons should be considered.

E. ROLE OF FREQUENCY ON INDUCTIVE LOAD INSTANT
TIME

So far, an RL load has been discussed in the series. The
discussion was about the discharge time of an inductor based
on instant time. Now let’s discuss parallel RL loads. Figure 13
shows a parallel resistive inductive (RL) load. The equivalent
impedance of the parallel RL circuit calculates as follows:

R x X1 RjwL  jR*wL + Rw*L?
Zeq = R|IXL = = =

R+X, R+joL  R?+ L2

(20)

Therefore, the equivalent circuit becomes like Figure 14.
Again, the discharging circuit will be like Figure 8. Thus, the

CF

i=1

14166

_ (Ngwitch + Ndr + Ndiode + Neap + @TSV) x Nsource

Vo.max
Nsource
>

(10)

Nevel
VdCl‘
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total resistance would be:

RTotal = RTransistor + Req- 2y
Now the instant time 7 for inductor discharging will be:

R oL

I = Leq _ R2+w?L2
- - 272
RTransistor T Req  Rr + 1%
R2wL
B Rl RPwL @)
T Rr(RP4w?L2)+RwL? Ry (R2 + szZ) + Rw?2L2 :
R2+w2L2

In a series RL circuit, the resistance of the h-Bridge switch
has not much influence on the computation of the instant time
and may be ignored, but in a parallel RL circuit, this resistance
cannot be neglected.

F. OPERATION OF MLI UNDER THE HIGH INDUCTIVE
LOADS

It is discussed that for the best performance of the proposed
ML, the condition #y-¢; > 5t should be observed. #y-¢; is the
zero-voltage time of the output voltage across the load. The
operating conditions of the series and parallel RL loads are
totally different. The proposed MLI is capable of providing
the power of parallel RL loads, whose inductance is very high.
Figure 12 shows the curve 5t based on (22), which means
that the proposed MLI can handle the inductances between
20-H and 30-H. As shown, if the resistance of the RL load is
between 1 Q — 40 €2, the MLI can operate correctly within
the high inductance loads.

G. CALCULATION OF THE ANGLE AND PULSE TIME OF
SWITCHES

The output voltage is the summation of the voltages of the
switched capacitors and the DC voltage sources of the cas-
caded modules. One way to estimate the switching angles is
to use the Fourier series [28].

() =ao+ ) aycos(not) + by sin(nowt),  (23)

n=1
) T
aw= / Fayd, (24)
0
) T
a, = ? /f(t) sin(nwt)dt, (25)
0
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T
b, = %/f(t) cos(nwt)dt, (26)
0

Owing to AC and sinus, the coefficients a, and ag are
zero.Also, the coefficients b,, for even n are equal to zero,
thus:

4 L

by = — Zcos(nak) nis odd (27)
ni =1

b, = 0 forevenn. (28)

where o represents the switching angle, b, describes the
amplitude of the nth harmonics, and D is the number of indi-
vidual DC sources or the maximum achievable level of the
output waveform. Some articles use 6 instead of . Therefore,
the output voltage can be expressed as:

e’} AE D
Vour = Z [E Z Cos(nak)] sin(nwt). (29)

n=1 k=1

Simplified, the relationship would look like the following:

4E &
Vour = E 2; [cos(nay)
n=
+cos(nop) + ... 4 cos(nay )] sin(nwt)  (30)

Which0 < o) < a0 < a3 < ... < ay < 71/2and
likewise, the peak value of the nth harmonic is calculated as
follows:

4V,

o0
V, = 7‘:0 X;COS(nock). G1)
n=

n

The first harmonic is a useful and ideal harmonic. To achieve
a pure sine wave voltage, except for the first harmonic, the
magnitude of the other harmonics must be zero. According
to (31) the magnitude of the first harmonic is calculated as
follows:

4Vyc
T

Vi =

[cos(ary) 4 cos(an) + ... 4+ cos(ay)] (32)

A key factor for acceptable sinusoidal voltage is the low THD
of the voltage waveform across the load, which is computed

as follows:
00 0.5
(%)
n=2

THD = —, 33
v, (33)

4VdC
o

Vi = (34

Allowing forthe 0 < o] < g < @3 < ... < ay <
T / 2 constraint, setting the individual harmonics except the
first harmonic to zero, and considering the optimal THD, the
angles of each pulse may be calculated. In this paper, o, = t,,
is shown in Table 1.

14167



IEEE Access

M. A. Rezaei et al.: New Hybrid Cascaded Switched-Capacitor Reduced Switch MLI

__Re’L R’L
eq R+ 0’2

2

eq R2 +a)ZL,_

FIGURE 14. The equivalent circuit of parallel RL load.

H. THE SURGE CURRENT ANALYSIS OF THE PROPOSED
CSCMLI FOR MEDIUM-POWER AND HIGH-POWER
APPLICATIONS

The first issue to be noted is that there is a surge current in
all topologies involving switched capacitors, and one of the
disadvantages of this type of MLI is the high surge current
of the capacitor charge. But in the case of the surge current
of the proposed CSCMLI, two main concerns need to be
considered: a) the current tolerance by diodes and MOSFETs,
b) the ability of the power supply (or DC source) to provide
current.

1) THE CURRENT TOLERANCE BY DIODES AND MOSFETs
The influence of the inrush current upon the diodes and
semiconductor switches is different, thus they are discussed
in two distinct sections as follows.

a: SEMICONDUCTOR SWITCH SELECTION CONSIDERING
THE CAPACITORS SURGE CURRENT

As shown in Figure 7, when V' = 0, the surge current
of capacitor C21 flows through H-Bridge switches, S11
switches, and diodes D21 and D22. Therefore, to justify the
possibility of using inverters at medium and high power, the
design and manufacture of inverters should rely on the use
of common components on the market. GTO and thyristor
may be used in an H-bridge network. Figure 15 shows that
these components can easily be selected with high voltage and
current. Semiconductor switches provide in their datasheet
a Safe Operation Area (SOA) that can be used to select
the correct switch based on the current transit time. In the
provided CSCMLI inverter, the MOSFET IRFP450 is used
as the switch.

b: DIODE SELECTION CONSIDERING THE CAPACITORS
SURGE CURRENT

The terms for diodes are slightly different and more difficult.
One limitation of the inrush current intolerance found in
semiconductors is the junction temperature. The higher the
junction temperature current, the higher the probability of
the component failing. Here, assuming the performance of
the component at room temperature and that the semicon-
ductor placed in the circuit can withstand that temperature,
further analysis is performed. The diode employed in this cir-
cuit is SFAF1606G. The maximum average forward Rectifier
current of this diode is 16 A and the peak forward peak current
in 8.3 ms is 200 A. Since the transient of this current is less
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FIGURE 15. The SOA of IRFP450 MOSFET is used to select the correct
switch based on the current transit time.

than 1 ms, there will be no problem in the circuit [29]. The
relationship of the current flowing through the diode in the
forward-bias region is as follows [30]:

P =IseVr — 1), (35)

which i is the diode current, Is the saturation current, v is
the diode forward bias voltage and the thermal voltage Vr at
room temperature is:

kT

Vp=— =258 mV. (36)
q

In (36), k = 8.6 x 107> (eV /K) is the Boltzmann’s constant
and ¢ = 1.6 x 107!° C is the magnitude of electron charge.
The following formula is obtained by simplification:

) .
i:ISe/VT:>v=VT1n<IL>. (37)
S

The objective is to determine that the maximum current
can be a multiple of the diode’s rated current. Therefore, the
proportion of the two currents is considered to determine how
much the current of a diode can be in exchange for the forward
voltage of the diode.

%] Vs i (V2 —V1)
i1 = Ige /VT,iQZIge /VT=>‘—2=€ /VT,
I
(38)
L

Vo— Vi =Vrln (1—) =V,—V; =23Vrlog <;—2> . (39

1 1
Equation (39) shows that for 10 times the current, the forward
bias voltage increases by 60 mV. The instantaneous current
in Figure 21 is approximately 25 times the maximum output
current. If (I/I;) = 25 is assumed, then V, — V| > 83 mV is
obtained. This voltage change is within the acceptable range
of most diodes on the market. For example, in the diode,
SFAF1606G used in the inverter, AVmax ~ 850mYV, which
is more than ten times Vo, — V| =~ 83mV was calculated for
25-times the instantaneous current and can easily pass current
in an estimated time of 700 us [29].
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In Figure 16 the curve shows the increase in the current
ratio I» / I, versus the increase in the V, — Vi forward volt-
age of the diode. The junction point shows the instanta-
neous current passing through the diode when capacitor C21
is loaded. As shown in the figure, the proposed CSCMLI
inverter is easily able to charge the switched capacitor through
conventional diodes. Each diode can increase the minimum
voltage AVmax= 0.1V and tolerate it, which corresponds
to an instantaneous current of about 50-times the nominal
current.

2) THE CAPABILITY OF THE POWER SUPPLY TO PROVIDE
SURGE CURRENT
The two power supplies Vdc1 and Vdc2 must also be capa-
ble of providing instantaneous current. The tested inverter
uses HRP-150N-24 power supplies. This power supply is
150 watts and is easily capable of supplying the required cur-
rent of 1000 uF capacitors. According to MIL-HDBK-11991,
the selected power supply must be capable of delivering twice
the demanded load power [31]. Since the approximate total
power of the inverter is 180 W, two power supplies of 150 W
were used (Adding up the two power supplies is 300 W). Even
if a capacitor of 1000 us is not in the output of this power
supply these DC sources are capable of easily supplying the
current of 20 A instantaneously in about 700-us [32].

The relationship between the maximum pulsed power of
switching power supplies is as follows [32]:

(Ppk X 1)+ (Pnpk x (T —1)

Pav = T < Prated- (40)

Which Pyy is the average output power (W), ¢ is the pulse
width of the peak power (s), Ppy is the peak output power W,
Pypk is the non-peak output power (W), T is the period (s), and
Prateq 1S the rated power of the power supply (W). Two power
supplies Vdc1 and Vdc2 are used in the provided inverter. The
surge current is drawn when the output voltage is zero. Con-
cerning (40), the power Pypk is the power extracted from the
DC source before the output voltage becomes zero, i.e., level
one step before zero. At this time, the power supply Vdc2
does not supply any power and Pppk vdc2=0, but the power
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FIGURE 17. The current path when the output voltage is one level of
voltage.

supply Vdcl is responsible for supplying the power of the
first step of the output voltage waveform. Figure 17 shows the
connection of power supply Vdcl in the first level of output
voltage and the corresponding current. The current flowing
in the bold black path results in generating one voltage level
(24 V) across the load.

By simplifying (40), the relationship for calculating the
maximum pulsed power is obtained as follows:

1
Pox =~ (T X Pay = Pypi (T — z)) . @

P =VI, 42)

Ifin (41), T = 0.02s, ¢ = 700 pus, and Pppx = 0 owing
to the zero level of the output voltage, the result is Ppx =
4700 W. If this power is divided by 24 V, a current of 371 A
is obtained. This means that this 150 W power supply easily
is capable of delivering 371 A in 700 us at 50 Hz frequency.
Therefore, this power supply and similar power supplies are
easily capable of delivering this instantaneous surge current.
If the Kirchhoff (42) is put in (41), the current equation is
obtained as follows:

1
Ik = 7 (T x Tay — Inpk (T — t)) . 43)

In Vdc2, the current Inpx = 0, so the maximum pulsed
current supplied by the power supply, for the period variations
(frequency) of the output voltage, and the duration of the
surge current is shown in Figure 18.

In contrast to Vdc2, Ipk takes a value in the supply Vdcl.
The equivalent impedance of the load is equal to

Zeq =Ry +jXr. 44)

And the magnitude of the impedance will be equal to:

|Zeq| = /R + X[ (45)

Thus, due to the stepped voltage level, which is DC in the
corresponding time interval, and Ry > Xj, the inductance
may be neglected. As a result, the current of one-step voltage
will be approximately equal to:

Vv Vv

Inpk = 57— = ——=
PR Zeq JR? +X?

~ 0.5. (46)
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FIGURE 18. The maximum pulse current supplied by the power supply,
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FIGURE 19. The peak pulsed output current of the power supply curve,
with variables, non-peak current, and pulse width.

Inpk, obtained from (46), is the current one-level output volt-
age of the power supply for the load of 5 2. As the load
changes, the magnitude of the current also changes. Figure 19
shows the peak output current of the power supply curve, with
variables Inpx and pulse width. From Figure 19, it is clear
that the higher the pulse width and the non-peak current, the
lower the ability to provide pulse current, but the proposed
inverter has the ability to operate in medium and high-power
applications.

I. LOSS CALCULATION AND EFFICIENCY ANALYSIS

The loss power of each capacitor bank includes both losses
due to ESR and capacitor leakage losses. The relationships
for calculating capacitor losses are as follows [33]:

PC,loss = PC,lealage + PESR 47

PC lealage = V¢ X llcakage: (48)
2

PESR = RESRL; - (49)

where P, 10ss i the loss power of the capacitor, Pc leakage 1S
the leakage loss power, Pgsr is the ESR loss power, V¢ is the
capacitor voltage, lieakage i the leakage current, Rgsr is
the ESR resistance, and I, is the current of the capacitor.
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The proposed CSCMLI inverter loss power should be calcu-
lated using the following formula:

Ploss = P V=00 T PV gy 200 (50)

where Pp vout=o 1S the loss power when the output voltage
is equal to zero, and Pr vouto 1S the conduction loss power
of non-zero voltage. Since these losses repeat twice in each
cycle, the power for each half cycle is calculated and finally
multiplied by two, thus calculating the power losses of a full
cycle, so we may state:

P loss,full-cycle

=2 (P(L’Voutzo) + P(L’Vouﬁﬁo))half—cycle - OD

where Plogs, full—cycle 18 the full cycle losses of the inverter.
First, situation Pr, vout=0 1s analyzed. When the output volt-
age is zero, the energy of the coil is discharged into the circuit
loop formed as shown in Figure 8. Kirchhoff’s law of power
calculation is:

P = v)i(t). (52)

At zero voltage, as shown in Figure 7 and Tables 1 and 2,
at Voue = 0, a current path is established to charge capacitor
C21, so the losses consist of discharge of inductor energy at
the H-bridge and losses of the current path. In the formed
voltage loop, the power loss can be expressed by the follow-
ing relationship:

P(L’Voutzo)
141

PC21,loss + PCll,loss + (Ploss,H-bridge)
= I3 x (Rr1 +Rr2 + R .
+| Vout=09) (Rr: 12 s11)
H(V y=0) * (VD21 + VD22) .
(53)

where Pjoss, H-bridge 15 the H-bridge switches loss, Pc21,loss
is the C21 capacitor loss, Pci1,10ss 1S the C11 capacitor loss,
Rri, R, and Rgy; are the resistance of T1, T2, and S11
switches, respectively. Vpp; and Vpyy are the forward volt-
ages of D21 and D22 diodes. The power loss due to the
energy discharge of the inductor is equal to Ploss, H—bridges
thus according to (14), the current of the energy discharge
of the coil is equal to:

. V4 _(RrERLY,
ULVout=0(0) = m X e ( . ) ) (54)
Vi = LI (55)
L - dt £
s = 5T = 5 X — = (56)
= T = X —
max RT +RL7
diLt
Vi(t) = L——
(1) it
— I x i ( Ve y e_(RTz-RL)t) ’
dt \ (Rr + Ry)
(57)
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_(RTZ'RL )t
Vi(t) = =Vgex e : (58)
St=t _V(%C _z(RTerL)t
P Loss,H-bridge = 5, m dt,
0=ty
(59)
2 St=t
-V RT+Rp,
~ dc —2( =L )e
PLoss,H-bridge ~ 51 e ( B )dt. (60)

0=ty

To calculate the losses along the rest of the voltage path,
it is also necessary to calculate the Ivou—o current. Ivout—0
current is equal to the charging current of capacitor C21. The
charging current of capacitor C21 is equal to:

dVoy !
Iy, =0y =1c21 = Car—5~ (61)
Ic21 is the current of capacitor C21, which is located three
times in the path of the formation of the charge loop to
generate the voltage levels of 4-6, that is shown in Figure 7.
Hence, again, according to the (61), the capacitor voltage
droop may be calculated as follows:

dVo = C%llczl = /dVZI :C%] /ICZI- (62)
According to Table 1, C21 is in the load path from time #4-19,
and the current flowing through it is equal to the load current.
Therefore, (62) will be equal to (63), as shown at the bottom
of the next page, where Z;, is the load impedance, d V> droop,
or capacitor voltage drop C21 when Viu£0. When there is
voltage across the load, capacitor C21 is discharged, and this
discharge of the capacitor causes a voltage droop. In the above
relationship, the voltage droop of capacitor C11 is ignored
because it is continuously charged.

At the time V=0, capacitor C11 is discharged and C21 is
charged, so the losses of both capacitors must be included in
the calculation of losses. Thus, in half a cycle:

PC,loss
= PC lealage T PESR- (64)
P C,loss,total
= Ploss,C11 1 Ploss,C21- (65)
P C21,lealage
n
= Vea1 X fleakage,C21], - (66)
Pcq 1,lealage
n
= Vc11 X leakage,C11 0’ (67)
PESR
2
= RgsRr/
1 4 )
PEsR,c21 = (75 / RgsR,c21 * Lo dt
: ! 1 0 toll (68)
2
PESR,C11 = 77— / Rgsr,c11 x 1t
(tl to) )
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TABLE 4. Components that cause losses in each level voltage loop.

Time Output voltage level Components

t-t,, t,-t, 1Vde S12,822,T1,T4,D11,Cl11

t-ty, to-t, 2Vdc S12, 823, T1, T4, D11, D21, Cl1
t-t,, to-ty, 3Vde S11, 823, T1, T4, Cl1, D21

ty-ts, tg-tg 4Vdc S12, 822,823, T1, T4, D11, C11, C21
to-tg, t,-tg 5Vde S12, 821,823, T1, T4, D11, C11, C21

te-t, 6Vdc S11, 821,823, T1, T4, C11, C21

where Pc 1oss 1S the loss of the capacitor C, Pc leakage 1S the
leakage loss, and PggsRr is the ESR loss of the capacitor C.
Pc joss,total 15 the total loss of the capacitors C// and C21.

Through (53)-(68), the CSCMLI loss power at time zero
is obtained. The loss power PL vout0 is equal to the total
loss power of the loops of each voltage level in Figure 7.
Using Table 1 and Figure 7, by forming voltage loops in each
path, the power loss at each voltage level can be calculated
according to the following equation:

1 12
P L Vout#0) = (1 — 1) /,l Prat. 69)

where, Py is the loss power of the inverter. Table 4 lists the
electronic components that have losses at any given time.
Between each time point, the losses of the components are
calculated separately, and ultimately the summation of these
losses is the power loss when the voltage across the load is
not zero.

The drain-source resistance of each MOSFET is listed in
its datasheet, therefore, the MOSFET loss power is calculated
using (73). The diode losses are calculated using (74)). The
forward voltage curve of each diode depends on the current.
By extracting the voltage-current fitness curve of each diode,
the loss power of each diode can also be calculated [34], [35].
Another point is to consider the losses of capacitor banks C11
and C21. The current through each capacitor is known, so by
extracting the ESR of each capacitor of the capacitor bank,
and calculating the impedance equivalent to the ESR, these
losses should also be calculated. The diode, MOSFET, and
capacitor losses are thus:

P = RI?, (70)

P = VI, (71)
2
PESR = RgsR x/
= PESR,C21

1 fy ,
T (o —1a) /t REsR 21 % Iodt, (72)
4

1 n
PMOSFET loss = 7 > (EOn(i) + Eoff(i) + Err(i))-
i=1
(73)

where Eorr and Egn are the energy needed to turn OFF and
ON the MOSFET, respectively, E;; is the diode recovery loss,
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TABLE 5. The efficiency of the CSCMLI inverter at three different loads.

Load Loss (W) Load (W)  Input (W)  Efficiency (%)
25Q+ 10 mH 45 255 300 85
50 Q+10 mH 21 142 163 87
100 Q + 10 mH 11 50 61 82

and n is the number of steps in a fundamental period of 7.

| T

T f (VF + RONiF) ipdt. (74)
0

P diode,loss =

In which T is the fundamental frequency period, VF repre-
sents the forward voltage drop, Ron represents the forward
resistance, and ir represents the forward current through the
device.

The efficiency of the inverter varies depending on the type
and magnitude of the load. Table 5 shows the efficiency of
the CSCMLI inverter at three different loads. The indicated
efficiency is based on the datasheet of the components used in
the proposed CSCMLI inverter. If the optimal components are
used, the efficiency is increased, for example, if the MOSFET
is used with a lower drain-source resistance, or if the capacitor
is used with a lower ESR, the efficiency is improved. The
proposed inverter was only a prototype to evaluate the inverter
performance and was not an optimized efficiency target.

lIl. COMPARISON

A. COMPARISON WITH OTHER 13-LEVEL INVERTERS
Table 7 shows the results of a comparison between the pro-
posed inverter and various 13-level inverters from recent
publications. The primary objective was to reduce the number
of switches. It is observed that the topology reported in [36] is

the only configuration with fewer switches than the inverter
proposed in this study. This is due to the one additional
DC source used in the inverter presented in [36]. Despite
the inclusion of an H-bridge, the present 13-level topology
used a total of nine switches and only two DC sources.
In contrast, the topology presented in [36], which is not a
switched capacitor inverter, used eight switches but three DC
sources. The additional DC source compensated for the one
less switch. As a result, the proposed inverter uses the least
number of switches compared to other similar inverters with
the same conditions. The total number of semiconductors
used in the present topology was eleven, which is a relatively
small number compared to similar topologies. The inverter
reported in [36] used eight semiconductors, but three DC
sources, as mentioned earlier. Reference [37] used twelve
semiconductors but fourteen switches for a similar inverter.
Reference [45] is one of the major investigations of
13-level MLI which used ten switches, one dc source, four
diodes, and four capacitors. For the devices using one dc
source, this article used a minimum of switches, compared
to other similar MLIs. The application of this MLI is differ-
ent from the proposed MLI. Our proposed MLI uses nine
switches, but [45] used ten switches. It cannot be claimed
that our proposed MLI is better than [45], but for two DC
source applications, the proposed MLI has the minimal use
of switches, diodes, and capacitors. The advantages of the
proposed MLI over [45] are as follows: a) Our proposed
MLI uses two DC sources, so the power demand of the load
is distributed among them. The proposed MLI needs two
low-power DC sources, but [45] needs one higher-power DC
source, which would have to provide the total power by itself.
b) Reference [45] uses four capacitors, so the peak currents
are larger than in the proposed MLI. ¢) In [45], one DC source

vac - (Yew) ( s 1V dt)

s 4Vde 1
< 14 dt) t56

ZL
4vy 5 d
, 6VdC - ( /C21) ( ; Cd t5 Cdt>
7
+| /. ZL
1
= — X (63)
4V 5V 6V,
C21 t SVdC _ ( /C21) ( 15 dCd 15 dcdt+ ftt7 dC dt)
+| /5 Z

4V, 5V, 6V, 5
4Vdc_<1/C21)< dchFftG dcd“Ff” dchFftS dcdt)

+1 /i
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TABLE 6. Comparison of our proposed inverter with [2] and [49] based
on DC sources and modules.

Pro. CSCMLI [49, Sec. 4.2] [49, Sec.4.3] [2]-1  [2]2

Ny k k k k k
Niewl 8%-3 4k+1 4k+1 st (2x3)-1
Niwichntt 3k-1 4k 342 6k-4 3k
Nowitentt 3k+3 4k+4 3546 6k 3k+4
Neaw k 2k-1) 2(k-1) k k
Na 2k-1 2(k-1) 2(k-1) k 2k
k k k
Ve o ARV, W 22V 22,
J=2 Jj=1 J=1

Nsource k 1 1 k k

must supply the peak currents, but in the proposed MLI they
are distributed among two DC sources.

In the inverter reported in [38], eleven switches were also
used. Using fewer diodes is a favorable design choice while
increasing the number of switches reduces system reliabil-
ity [39]. The presented design used two capacitors and had a
TSV of 5.6. It used two DC sources, which was less compared
to the number of DC sources in the other similar topologies.
As the number of modules increased, only the TSV of the
four H-bridge switches above the load was increased, while
the TSV of the other switches remained the same. The TSV
per unit is obtained by:

TSVp, =TSV / Vout,Peak (75)

The comparison of the equations of our proposed
CSCMLI, [2] and [49] as a function of the number of modules
k is shown in Table 6.

A comparison of all the different 13-level inverters from
recent publications, as shown in Table 7, indicates a bal-
ance in the proposed configuration. Semiconductors are more
likely to fail compared to passive components, such as capac-
itors. In other words, with fewer semiconductors (relative to
the number of passive components), the probability of system
failure is significantly reduced. Simply put, system reliability
is improved. One advantage of the proposed inverter topology
is the higher reliability achieved by reducing the number of
switches.

B. COMPARISON WITH SWITCHED-CAPACITOR
TOPOLOGIES HAVING 2 DC SOURCES

To validate the proposed topology in terms of cost and num-
ber of components used, it is more appropriate to compare
this inverter with similar inverters employing two power
supplies. Calculating CF using (10) reveals that can signif-
icantly increase the cost function and a reduction in output
power leads to lower costs, which could not be taken into
account in the CF ratio. One of the disadvantages of this
formula is that the cost factor cannot be calculated pre-
cisely and accurately, and an increase in the number of input
power supplies does not necessarily mean a cost increase of
the amount envisioned. Hence, the research publications on
13-level inverters with two DC sources have been compiled
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FIGURE 20. The comparison results. (a) Capacitor number vs Level, (b) DC
source number vs Level, (c) Semiconductor number vs Level, (d) Switch
number vs Level.

in a separate table for comparison. Table 8 shows the results
of the comparison of switched-capacitor inverters with two
sources. It can be observed that the CF and other parameters
of the proposed configuration were lower compared to other
similar configurations. The comparison indicates that the
number of parameters for the proposed inverter is the lowest
compared to similar inverters. Based on data collected from
several publications on the subject, equations for the number
of switches, diodes, dc sources, and capacitors as a function
were derived and are given in Table 9. It should be noted that
in some studies the method of cascade modulus expansion
was not specified. Therefore, according to the information in
the articles, the author has derived new formulas to extend the
inverter cascading. To clarify and better understand the cas-
cade expansion of the modules, the proposed configuration
was compared with the other inverter topologies. The number
of modules was increased for the configurations reported in
the latest publications that allowed such an increase (and
explained how it could be done). The number of modules was
increased for the configurations reported in the most recent
publications that allowed such an increase (and explained
how it could be done).

Figure 20 shows the curves of the number of capacitors, the
total number of semiconductors, the number of switches, and
the number of DC sources, all as a function of the number
of levels. The curves show that as the number of modules
and levels increases, the proposed SCMLI topology requires
the fewest power switching devices, the fewest total number
of semiconductors, and the fewest capacitors compared to
the other topologies. The main advantage of the proposed
configuration over the other MLIs with the same number of
levels is the smaller number of components and switches.

C. SUMMARY OF THE COMPARISON
Table 7 gives the comparison of the presented Cas-
caded Switched-Capacitor multi-level inverter with different
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TABLE 7. Comparison of some new 13-level investigated multi-level inverter.

Ref. Year Moo Negw Ny PVS N N, N, N, TSV-Pu Gain CF,a=0.5 CF,2=1.5 Voltage Boosting
[3]-2020 13 12 12 0.67 16 4 1 4 4.33 6 0.438 0.494 Yes
[27]-2020 13 12 12 2 12 0 1 4 6 6 0.397 0.474 Yes
[36]-2019 13 8 8 5 8 0 3 0 4 1 4.154 5.077 No
[37]-2021 13 14 14 6 16 2 2 4 6 3 1.897 2.205 Yes
[38]-2020 13 11 10 6 12 1 2 1 6.33 3 1.342 1.666 Yes
[40]-2019 13 14 9 6 14 0 2 2 10.66 3 1.555 2.102 Yes
[41]-2018 13 16 15 6 16 0 6 0 Nodata 1 -- - No
[42]-2019 13 16 16 6 20 4 2 4 5.33 3 2.188 2.461 Yes
[43]-2019 13 15 15 3 15 0 3 3 4 2 4.038 4.500 Yes
[44]-2020 13 24 24 1 240 1 13 4 13 0.373 0.396 Yes
[45]-2020 13 10 5 6 14 4 1 4 5.5 6 0.330 0.401 Yes
[46]-2020 13 12 12 6 14 2 2 2 6.33 3 1.598 1.923 Yes
[47]-2021 13 14 14 3 15 1 1 3 5.5 6 0.446 0.516 Yes
[48]-2020 13 13 9 3 15 2 1 3 5.33 6 0.551 0.962 Yes
[49, Sec. 4.2]-2020 13 16 16 3 20 4 1 4 4.88 3 1.29 2.53 Yes
[49, Sec. 4.3]-2020 13 15 15 3 19 4 1 4 5.27 3 1.13 2.22 Yes
Pro. 13 9 7 6 12 3 2 2 5.6 3 1.323 1.610 Yes

Hiever: NUMber of levels, Nsw: number of switches, Ng: Number of drivers, PVS: Peak voltage stress, Nem: total number of semiconductors, N,;: number of
diodes (including antiparallel and series connected to a MOSFET), Ny=number of dc, voltage sources, Nc= Number of capacitors, TSVp,= Total standing

voltage (in per unit).

TABLE 8. Comparison of similar 13-level switched-capacitor inverters
including two DC sources.

Ref. ]:\:-el Nsw Ndr PVS Nsem Nd Ndc N c Fl_-gl\l/ Oc?ial_s
[37]-2021 13 14 14 6 16 2 2 4 6 1.89 2.20
[38]-2020 13 11 10 6 12 1 2 1 633 134 1.67
[40]-2019 13 14 9 6 14 0 2 2 1066 1.55 2.10
[42]-2019 13 16 16 6 20 4 2 4 533 219 246
[46]-2019 13 12 12 6 14 2 2 2 633 16 192
Proposed 13 9 9 6 12 3 2 2 567 132 1.61

topologies of 13-level inverters including various types of
topologies, and Table 8 gives the comparison of the presented
inverter with 13-level inverters using cascaded switched
capacitor topology. The last row of each table indicates the
characteristics of the presented inverter, which is relatively
better than other inverters. An attempt has been made to
review and compare all relevant new articles. Compared arti-
cles are organized in a better rank than older articles. For all
articles, the year of publication of the article has also been
given. The formula for increasing the number of switches,
semiconductors, DC source, and switching capacitor was
extracted from the data of each reference (there were no
formulas in the articles) and is shown in Table 9. The curves
of Figure 20 compared the increasing voltage levels versus
increasing switch, semiconductor, DC source, and switching
capacitor of the presented CSCMLI with other inverters. The
superior state of the presented CSCMLI compared to other
inverters is indicated by an arrow in the figures.

IV. SIMULATION
The proposed topology was simulated in MATLAB
/Simulink. The simulation parameters are given in Table 10.
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FIGURE 22. Current flowing through the H-bridge switches.

The frequency of the output voltage was 50 Hz and a
resistive-inductive load was considered. At 0.1 s, the load
was changed from 50 2410 mH to 25 2410 mH. Figure 21
shows the voltage and current waveforms across the load.
The current has been multiplied by a factor of 40 so that the
two waveforms can be compared. Since this is a resistive-
inductive load, the current lags slightly behind the voltage.
Figure 22 shows the current flowing through the H-bridge
switches. The value of this surge current is always positive,
even when the polarity of the voltage across the load is
reversed by the H-bridge. It can be observed that the surge
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FIGURE 24. Stress voltage of H-bridge switches, (a) T3 and T4,
(b) T1 and T2.

current drawn to charge capacitor C21 resembles an impulse
response. When the voltage across the load is zero, three
switches of the H-bridge were turned on and let the current
flow. The stress voltage of the module switches is shown in
Figure 23. The TSV of the switches S11 and S12, S22, and
S23 and S21 was about 1Vdc, 2Vdc, and 3V dc, respectively.
Figure 15 shows the H-bridge switch voltages. It can be
observed that the TSV is about 6V dc. Figure 25 illustrates the
waveforms of the output voltage and current and the voltages
of C21 and Cl11 at the time when the load changed from
50 Q+10 mH to 25 2410 mH. The current was multiplied
by 20 in this plot. Once the output resistance was reduced and
thus the power was increased to a required value, the current
increased accordingly while the voltage waveform remained
unchanged.

The voltage ripple in C11 and C21 increased from 2.6 V
to 3.5 V and 2.5 V to 3V, respectively. The value of this
increase in voltage ripple is shown in Figure 27(a) for both
capacitors. The ripple occurs when high currents are drawn
from the capacitor. Figure 27 (b) shows the voltages of C11
and C21 for two different loads. When the power demand
was increased, the current drawn from the capacitor, the
value of the voltage droop, and the voltage ripple increased
accordingly. The currents through C21 and C11 are shown in
Figure 27 (c) and Figure 27(d) for two different loads. The
Figures show that large amounts of current drawn immedi-
ately cause large changes in the capacitor voltage. Similarly,
there was a sudden change in voltage when large currents
flowed into the capacitor in a short time.

The Total Harmonic Distortion (THD) of the voltage and
current is shown in Figure 26 for two different loads. After
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FIGURE 27. (a) The ripple voltages of C11 and C21, (b) The voltages of
C11 and C21, (c) The current through C21 for two different loads, and
(d) The current through C11.

the power was increased, the THD of both voltage and current
improved.

V. EXPERIMENTAL RESULTS

A. EXPLANATIONS OF CONSTRUCTED MLI

The proposed inverter was realized with the components
whose specifications are listed in Table 11. A 50 €2 resistor
and a 10 mH inductor were used as loads. Figure 29 shows the
experimental prototype of the proposed multi-level inverter.
In this figure, two of the DC power supplies are used as
DC sources and the others are DC-isolated adapters used
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TABLE 9. Formula based on N-level and factor.

Ref. Nsw Nsem Ndc N C
1 1
[3]-2020 Ry —1 2 B =7) 1 2 (Mey —5)
271]- 3 3 1
B [ 20 S 1 oY)
371- 1
[202]1 Ry +1 Mgy +3 2 2 (Mey —5)
40]- 7 7 1 1
201]9 3 (Mg = 1) 3 (M = 1) 7 (M = 1) 7 (M = 1)
41]- 1
[20 1]8 My =3 i =3 2 (M = 1) No data
42]- 4 10 1 1
B | 30D 201D 2Oa=) 0D
43]- | 10 10 2 2
£01]9 D) My —1) D) (Moo —1) D) (Mo —1) D My —1)
44]- 1
501]9 i +11 i +11 1 2 (Meva —9)
46]- |1 1 1
B |Gt 2O +1D) <=1 (=)
48]- |1 1 1
By [eGmat13) cOma+29 1 g+
3 1 1 1
Proposed| 3 (Mg +11) 5 (Mg +9) 3 (Mg +3) 3 (Mg +3)
TABLE 10. Simulation parameters.
Parameter Abbreviation Value Unit
1 Diodes Forward Voltage v, 0.8 \%
2 Diodes Internal Resistance R, 0.001 Q
3 Switches On-State Resistance R, 0.3 Q
4 C11 Capacitance 4000  yF
5 Capacitors Cl11 ESR 0.01 Q
6 P C21 Capacitance 1333 4F
7 C21 ESR 003 Q
8 Input DC Sources Vdcl & Vdc2 24 \%
9  Output Frequency f 50 Hz
10 Load 50 Q+10 mH and 25 Q+10 mH

TABLE 11. Component specifications of the MLI.

Item Parameter Part Number
1 Diodes SFAF1606G
2 Regulators L7805CV, REF02AU, LF33CPT
3 Switches IRFP450
4 Drivers TC4426COA, 6N137
5 Capacitors C1000uF50v
6 Processor ATMEGA32A-PU
7 Buffers SN74HCT240N
8 Current sensors MAX4080
9 Voltage sensors ACPL-C87A
10 Op Amp OP37GP
11 Load 50Q+10mH

for driving MOSFETs. Table 12 shows the tested inverter
specifications. The waveform of the current generated by the
modules is shown in Figure 30 which includes the total both
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FIGURE 30. Current flowing through the H-bridge including the surge
current under load change.

of the load current and the charging current of the capacitors
under sudden load change. The sinusoidal half-wave current
is the load current and the peak-shaped current is the charging
current of the capacitors.

Figure 31, and Figure 32 show the output voltage and cur-
rent under the sudden load change, respectively. As the energy
of the capacitor is discharged, the levels of the waveform
across the load experience the droop. The waveform of the
load current also becomes slightly more sinusoidal due to
the presence of the load inductance. By constructing the pro-
posed inverter, the following goals were achieved: a) power
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TABLE 12. Tested inverter specifications.

Item Specifications Values Unit
1 Number of Levels 13 level
2 Input Voltages 2x24 \Y%
3 Peak Output Voltage 119 \Y%
4 Output Power 178 VA
5 THD 12 %
6 Peak Efficiency 96.45 %

VL pp=238V

|
|
|
|
[
|
T
|
|
|
|
|
CF 40.0V

I > ‘Save Wave]
Source Vedia [

[ Location ||

[ W

_ Load Changing
3 f=50Hz

Ipp ~5A

7
|
|
|
|

v

FIGURE 32. The output current under load change.

supplies could provide the needed energy from capacitors,
and b) switched capacitors could provide the required energy
to shape the waveform, c) power supplies could provide the
needed energy from capacitors, and d) switched capacitors
could provide the required energy to shape the waveform.
To evaluate the appropriate behavior and correct perfor-
mance of the presented topology, the mentioned multi-level
inverter was constructed and tested on a smaller scale. The
required pulses were generated by an ATMEGA32 microcon-
troller. Although the inverter was tested at 50 Hz, the supplied
inverter is easily capable of operating at 400 Hz or higher
frequencies. This inverter is independent of the power factor
and can supply more power if it uses a capacitor bank with
sufficient capacitance. Another advantage of this inverter
is that the capacitors charge in a self-balancing manner.
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Looking at the voltage waveform across the load, the TSV
value also matches the simulation.

The modules’ switch TSVs are fixed at a maximum of
3Vdc, so higher voltages can easily be generated with this
topology. As the voltage across the load increases, only the
TSV of the H-bridge switches increases, and due to the low
switching frequency of the H-bridge switches, even a relay or
thyristor can be used in this section to create a high-voltage
sine waveform with commercially available and inexpensive
components.

B. DISCUSSION OF THE PROPOSED CSCMLI

One of the differences between H-bridge switches in the
proposed topology compared to conventional PWM inverters
is the switching frequency. In the proposed structure, the
switching frequency of T1 to T4 switches in the H-bridge
circuit is twice the load frequency. the switching frequency
of the H-bridge switches at 50 Hz load frequency, is equal
to 100 Hz, and at 400 Hz operating frequency, is equal to
800-Hz. Figure 34 shows the application of different switches
at different frequencies, currents, and voltages [50]. The max-
imum operating frequency of the Thyristor is about 1kHz,
and the GTO’s is almost equal to 2 kHz, respectively. Also,
the GTO and Thyristor have a higher current capacity and
can conduct the capacitor charging current through them.
Therefore, it is possible to include GTO, thyristor, and even
relays in the H-bridge circuit switches. This means that it will
have more capability in electronic systems than conventional
inverters, even without the use of transformers in the output.

One problem of conventional PWM inverters is the simul-
taneous switching of each leg of the H-bridge switches. In the
proposed topology, not only is simultaneous switching a
problem, but as an advantage, this problem has been used
to solve the following two challenges: A) Discharge of the
energy stored in the inductor into the H-bridge switches and
not allow the reverse current to return to the main circuit,
and B) Charging the switched capacitors. Another point in
this structure to consider is the inrush current of the switched
capacitors. The energy required by the capacitor must be
supplied, this energy depends on the inrush current of the
capacitor and its duration [23].

The charging time of the capacitors can be extended by
extending the zero-voltage time of the inverter, and the max-
imum incoming current also depends on the DC source.

If the capacitance of the switched capacitors is high and the
DC source is not able to supply the inrush current, a Soft Start
circuit should be implemented on the DC source’s output.
However, a balance must be struck between the capacitor
charging time and the output current of the power supply so
that the THD of the output voltage does not fall victim to the
reduction of the delivery power of the DC source.

Another way is to place a high-capacity capacitor at the
output of DC sources. Sometimes a soft-start circuit for
charging these capacitors needs to be predicted. In the con-
structed inverter, capacitors with a capacity of 1000 uF are
used at the output of the power supplies.
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DC sources on their own are not capable of providing the
inrush current of the switched capacitors, but the capacitors
in the output of the DC sources provide this inrush current.
In the provided inverter, the capacitors on the outputs of the
DC sources are charged without requiring a soft start circuit.

The proposed CSCMLI MLI is also capable of operating
correctly under different DC source voltages. Even when one
of the voltages changes temporarily, the inverter is still able
to operate properly. Figure 28 validates this. As shown in
Figure 28, the voltage Vdc1 suddenly increases from 24 volts
to 48 volts at t = 0.055 s.

In the first and second cycles after this voltage change,
there is no proper sinusoidal output waveform because capac-
itors C11 and C21 are not charged yet. In the fourth cycle after
this voltage change, the output waveform becomes almost
sinusoidal. Figure 28 shows the red voltage curve and the
blue current curve. The other color also indicates Vdc1. The
voltage variations observed in Vdcl are due to the current
flowing through the switched capacitors.

Also, in the proposed structure, the step voltages will not
be equal to the input DC voltages for the following reasons:
a) The capacitors must be charged during the operation of the
inverter, b) The diodes of the paths will reduce the forward
voltage, ¢) In some situations, the switched capacitors dis-
charge in two steps, thus reducing the voltage, and d) Surge
current of switched capacitors during inverter operation [51].

C. COMPARISON OF SIMULATION WITH EXPERIMENTAL
RESULTS
Figure 31 and Figure 32 show the measurements of the load
voltage and current in the experimental test under the load
change, respectively, and Figure 21 displays the simulated
CSCMLI voltage and current, respectively. As may be seen,
the voltage and current measurements are similar. Some steps
of the voltage waveform display drooping due to the voltage
droop over the switched capacitors. In both the positive and
negative half-cycles, only the first (24 volts) and second
(48 volts) surface voltages do not exhibit droop due to the
absence of the switched capacitor voltage. The first level of
the CSCMLI voltage is the voltage Vdcl of module 1 in the
output, and the second level of the inverter output voltage is
the summation of the voltages Vdcl +Vdc2 where none of
the switching capacitors play a role. The waveforms of the
currents are equal to each other. Because of the inductive
load, the waveform of the load current is lagged, and the
inductive load acts as a low-pass filter, eliminating some
harmonics. The waveforms of voltage and current simulated
with a real inverter are somewhat different, and as mentioned
in the previous section, the reasons are: (a) capacitors must
be charged during the operation of the inverter, (b) the diodes
of the loops will reduce the voltage equal to their forward
voltage, (c) in some situations switched capacitors discharge
in two steps, and (d) surge current of switched capacitors
during the operation of the inverter [51].

Figure 30 and Figure 22 show the current flowing through
the H-bridge in the experimental and simulation tests,
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respectively. The capacitor is capable of both supplying a
large amount of instantaneous current and charging rapidly
when it supplies the required current. The fast charging cur-
rent of the capacitor is called the inrush/surge current. If the
capacitance of the switching capacitor is high, and the power
supply is unable to supply the required instantaneous current,
the input current to the capacitor must be limited using the
soft-start circuit. In the designed inverter, the instantaneous
current drawn, or the current required by the switching capac-
itors, is instantaneous high, but the average current is low.
Figure 30 and Figure 22 show that the current drawn is
about 20 A, but the current drawn by the load is about 2 A.
It was stated in the prior section that the instantaneous charge
of these switched capacitors is provided by the power supplies
Vdcl and Vdc2.

The amount of energy Esc that would evaporate from the
SC bank unit can be expressed as:

Ege = %c (v2-v7). (76)

where C is the capacitance of the capacitor; V; is the primary
voltage and Vy is the secondary voltage of the capacitor. The
relationship between current and capacitor voltage is also as
follows:

i C v 77

ic=Cor (77
The ic is the capacitor current and dV is the voltage change
in time df. The maximum voltage droop of each switch-
ing capacitor in the worst case (peak voltage) is almost
seven volts over 700 us. By inserting these numbers into
the (76)-(77)) it is obtained that under the most severe condi-
tions the capacitor must have at least the capacity of 1000 uF;
thus, the capacitor placed in the output of each power supply
is 1000 uF.

D. METHODS TO REDUCE THE THD OF THE PROPOSED
mLI

There are several methods of adjusting the MLI’s angular
times, resulting in harmonic reduction. Reference [52] uses
Select Harmonic Reduction (SHE) to optimize the THD of a
similar type of MLI. By including the constraint ty — t; >
57 in the optimization methods like [52], the THD will be
improved.

The presented MLI has the ability to employ PWM switch-
ing algorithms. By utilizing this switching technique, the
current changes (di;) of (13) will be reduced, resulting in low
changes in inductor voltage [53].

Thus, in this situation, the negative effects of the inductor
in the MLI will be reduced. While using the PWM switching
algorithm, the inverter is capable of driving high inductive
loads. Compared to PWM, one of the advantages of the
proposed switching technique is the low switching frequency.
But this is counterbalanced by the negative effect of the
inductor discharge energy problem.

Figure 33 shows the voltage of switched capacitors C11
and C21 under the sudden load change. As the load decreases,
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currents, and voltages. Because of the low switching frequency of
H-bridge switches, these can be GTO or Thyristor for high voltage
applications.

both the average and the peak-peak magnitude of the voltage
decrease.

E. BRIEF EXPLANATORY MEMORANDUM FOR THE
PROPOSED CSCMLI

All manufacturing information including PCB, schematic of
the inverter circuit designed in Proteus software, exported,
PDF circuit diagram, simulation of the inverter in MAT-
LAB software, and microcontroller program codes have been
attached to the article. Tables 10-13 also give the values of
simulation and construction parameters. The main remarks
of the presented article are as follows:

1) The new CSCMLI inverter has the lowest number of
switches, the lowest drive and the lowest cost fac-
tor compared to all comparable cascaded multi-level
inverters.

2) In similar multi-level inverters having an H-bridge,
closing two switches of one leg at the same time is

VOLUME 10, 2022

TABLE 13. Values of the experimental design.

Item  Description Value  Unit
1 Snubber Resistor 10 kQ
2 Snubber Capacitor 337 uF
3 C11 Capacitor 1333 uF
4 C11 Electrolyte Capacitor 4000 uF
5 Series resistor with gate of MOSFETSs 10 Q
6 Adaptor of Gate-source isolated Voltage 12 \%
7 HRP-150N-24, Vdc Power supplies 24 \

detrimental, but in the proposed inverter the switches
of 2 legs are used to charge the switched capacitor.

3) There is limited information about TSV calculation in
other articles, but this article fully explains how to
calculate TSV.

4) As explained, the low switching frequency of the
H-bridge allows the presented CSCMLI inverter to
operate at high voltages.

5) All information about the construction and simulation
of the CSCMLI inverter, including the circuit board,
microcontroller program code, PCB, circuit diagram,
etc. is attached to the article for other researchers to
use.

6) The structure of the inverter is such that it may be
connected to photovoltaic cells and fuel cells and is
appropriate for domestic and building use.

7) Regarding the inverter design for high and medium
voltage applications, the SOA factor in selecting the
switch to consider the capacitor inrush current was
explained.

8) Descriptions of the diode’s ability to carry the peak
instantaneous inrush current were given.

9) A fairly complete description was given of the capa-
bility of the maximum pulsed current of the DC
source to supply the required peak current of switched
capacitors.

VI. LIMITATIONS OF THE STUDY
The proposed CSCMLI multilevel inverter faces the follow-
ing limitations:

A. REQUIREMENT OF MORE THAN ONE DC SOURCE IN
CASE OF MODULE CASCADE INCREASE

From the perspective of some researchers, using multiple
DC sources as an inverter input may exhibit weakness, but
in some cases the number of DC power supplies, including
photovoltaics, batteries, and photovoltaics, is large and they
cannot be connected in parallel or series. For example, it is
completely erroneous to connect two DC sources in parallel
with even a 0.1-V voltage difference, causing the current to
flow back to a power supply of lower voltage. Also, sine or
DC voltage may sometimes be up to several kilovolts, and it is
not possible to use a typical low-voltage DC source without
using a transformer, thus an inverter capable of generating
this voltage without a transformer would be quite helpful.
Recently, a lot of research has been conducted in this area and
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many topologies have been proposed to use more DC sources
to generate sinusoidal voltage [1]-[9], [12]-[14], [23]-[24],
[34]-[36], [38]-[41], [44]. If the output voltage of the inverter
is high, or if more than one isolated DC source exists, the use
of the proposed CSCMLI will be useful.

B. INDUCTION LOAD LIMITATION

The proposed topology is not suitable for pure reactive power
and high inductance applications. There are limitations in
using the proposed CSCMLI to supply demand power to
applications. Due to the discharge of inductive load energy
in H-bridge switches, it is not possible to connect any type of
inductive load to the proposed inverter. The proposed inverter
is capable of handling inductive loads more than even 20 Hen-
ries, but only if the ohmic resistance is low and the inductive
energy can be dissipated into the energy-discharge loop. This
limitation does not mean that the presented inverter will not
work with inductive loads, but not all types of inductive
loads can be connected to the presented CSCMLI inverter.
Depending on the type of load, the quantity of ohmic load,
and the quantity of inductive load, the relevant mathematical
relationships were presented in the following sections.

In “Section II. Material and methods of Proposed Inverter,
Subsections D. Circuit Analysis, E. Role of frequency on
inductive load instant time, F. Operation of MLI under the
high Inductance Loads”, mathematical calculations were
used to express the allowable performance limits of CSCMLI
under combined resistance/induction loads. Because of the
limitations foreseen, this CSCMLI inverter can be used in
Domestic Loads. Loads like lighting, resistive heaters, irons,
TV, etc. are resistive loads and sometimes inductive loads,
such as a refrigerator require less inductive power compared
to other general resistive loads. Therefore, in residential
applications which have less inductive loads, the use of this
inverter will be acceptable.

Hence, a novel multilevel inverter was designed, simulated,
and subsequently manufactured. The proposed CSCMLI
inverter utilizes reduced switched capacitors and semicon-
ductors compared to other topologies, elides the requirement
of a transformer, and in general, it performs well compared
to conventional inverters and similar multilevel topologies.
Experimental results validate the possibility of using the pro-
posed CSCMLI inverter in domestic applications incorporat-
ing renewable energies as DC input sources.

VII. OPEN QUESTIONS
The proposed CSCMLI inverter is the first one that is being
tested experimentally. So far, this topology has not been
presented in any journal, thus, there are issues and questions
related to this inverter that has not been studied yet, the
answer to which may lead to the generation of science and
more articles and pave the way for the use of this inverter in
the industry. In summary, these Open Questions include:

1) Can this inverter supply high voltage loads such as
Klystron and microwave tubes? These tubes are types of
pulsed resistive loads that require high voltage to operate.
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By changing the angles of modules 1 and 2 switches, the
required voltage of these tubes can be generated.

2) Is it possible that the proposed CSCMLI inverter be
fault-tolerant? In case of failures, the number of voltage levels
can be reduced by changing the switching algorithm, but
the operation of the inverter continues. This issue will be
discussed in more detail in the future.

3) Canrelays, thyristors, or GTOs be employed in modules
instead of MOSFET and IGBT switches? In this document,
in Section V. EXPERIMENTAL RESULTS, Subsection B.
Discussion of the proposed CSCMLLI, it is stated that relays,
thyristors, and GTOs may also be used in the H-bridge.
However, it is also possible to use these components instead
of the S23 switch. The switching frequency of this switch is
low, and if a thyristor or GTO is used, the reliability of the
system can be increased or the manufacturing cost reduced.
It is also worth studying this issue.

4) Reducing the speed of some induction motors, reducing
the light of resistance lights, and reducing the power con-
sumption of the load all can be made by adjusting the output
voltage. Since module 2 is capable of generating 1, 2, 3, and
4 times the DC input voltage, the number of output voltage
levels can be changed by modifying the switching algorithm.
The investigation of this question is also of interest.

5) Despite the constant peak output voltage, the number
of voltage levels was increased in article [2] by changing the
switching algorithm. The voltage levels number of proposed
CSCMLI can also be increased using the technique used in
this reference.

VIil. CONCLUSION

In this paper, a new type of MLI topology with switched
capacitors is introduced, containing fewer switches but pro-
viding the same response compared to similar inverters with
two isolated DC sources. Eliminating the harmful reverse
flowing currents associated with inductive loads was the
purpose of the switch eliminated from the topology. The
elimination of the switch was compensated by a novel
switching technique. The proposed configuration produced
a 13-level voltage with a voltage gain of six by incorpo-
rating nine switches including an H-bridge. This topology
can be extended in a cascade configuration. The cost func-
tion was calculated and compared to similar SCMLIs. Based
on data from recently published research on similar invert-
ers, linear equations were derived using level-switch, level-
semiconductor, level-DC source, and level-capacitor axes,
and the proposed configuration was compared with inverter
topologies from the literature. The proposed configuration
had the least number of switches, semiconductors, drives,
and capacitors and the lowest cost function value at all levels
compared to similar topologies using two DC sources.

The role of switched-capacitor inrush current in the selec-
tion of switch, diode, and DC source for inverter operation
in medium and high voltage applications was presented.
Focused on the supply and ability to pass the inrush current
required to charge up the switched capacitor, and considering
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the availability of the components in the market, the fol-
lowing topics were examined in detail: 1) The role of the
SOA parameter in the selection of the switch, 2) The max-
imum current ratio that the diode passes through, concerning
time and its nominal current, and 3) The maximum pulsed
power (instantaneous) that may be supplied by the DC power
supply to provide the inrush current, considering time. The
main advantages of the proposed topology are: a) Due to
the low switching frequency of the H-bridge, it is possible
to use Thyristor, GTO, IGBT and relays in the H-bridge
circuit, and thus this CSCMLI is operable for high voltage
applications, b) In other topologies, simultaneous switching
of the H-bridge arms causes problems, but the proposed
topology uses this simultaneity for charging switched capac-
itors, c) The energy stored in the inductor load, discharges
to the H-bridge circuit instead of current flowing back to the
main circuit of the multi-level inverter, and d) This structure
has the possibility of using PWM switching algorithm, for
having the better performance. Finally, the correct operation
of the proposed inverter was verified by the simulation and
experimental results. A video demonstrating the experimental
test, and all manufacturing data, including PCB, schematics,
processor code, etc., are also attached.
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