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ABSTRACT In this work, two new topologies of single-phase hybrid multilevel inverters for symmetrical
and asymmetrical configurations are presented for use in drives and control of electrical machines and
the connection of renewable energy sources. The proposed topology uses 2 dc sources, 12 switches,
1 flying capacitor, and 3 diodes to generate boosted 13-levels and 17-levels for symmetric and asymmetric
configuration, respectively. Self-voltage balancing of its capacitor voltage regardless of load type, load
dynamics, or modulation index is a key advantage of the suggested design. The higher performance of
proposed topologies in terms of the total number of switches, TSV, THD, switch stress, and dc sources
are demonstrated by comparing those with recently published topologies. In addition, a widely employed
nearest level control modulation approach is used to provide output voltage levels with low THD. Finally,
experiments were undertaken to validate the performance of the suggested topology.

INDEX TERMS Multilevel inverter (MLI), switched-capacitor, nearest level control (NLC), total standing
voltage (TSV).

I. INTRODUCTION
Multilevel inverters (MLIs) have been widely employed,
notably in renewable energy conversion systems, variable
speed motor drive applications, UPS systems, reactive power
compensators, distributed generation, electric vehicles, and
other medium-high applications because of appealing quali-
ties such as increased power quality, high voltage gain, elec-
tromagnetic characteristics, and reduced power loss [1], [2].
Increasing the input voltage is important in renewable energy
applications, particularly in photovoltaic panels, in addition
to delivering high-quality power to the grid.

Conventional MLIs can be classified into three types: Neu-
tral point clamped (NPC) MLI, Flying capacitor (FC) MLI,
andCascadedH-bridge (CHB)MLI. For generating a specific
output voltage level (up to five levels), conventional MLIs
have proven quite popular in various industrial applications.
However, a huge number of components are required to
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achieve a higher level output voltage waveform. As the num-
ber of levels in the output voltage increases, these conven-
tional MLIs suffer from a number of problems, including the
need for more components, such as clamping diodes in diode
clamped MLIs, flying capacitors in FC-MLIs, and additional
dc sources in CHB-MLIs [3]. Furthermore, capacitor volt-
age balancing in diode clamped and FC-MLIs necessitates
sophisticated control algorithms, these traditional MLIs lack
voltage boosting features, and voltage stress across switches
is also high.

Several efforts are being undertaken to generate high
voltage levels with fewer components, lesser dc sources,
self-voltage balancing properties, and boosting capabilities.
Capacitors have received a lot of interest as a technology
that generates intermediate levels. In the hybrid MLI, flying
capacitors (FCs) are essential for generating intermediate
voltage levels. But, to keep the capacitor voltages at the
required level, a complicated control circuitry is necessary.
Furthermore, only half of the source voltage is generated at
the load terminals. Thus, efforts are later made to boost the
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output voltage without utilizing any inductors or transformers
across the output terminals. Switched capacitor-based voltage
boost structures are preferred to create appropriate voltage for
low or medium-voltage applications since these sources usu-
ally produce electric power at low voltage. In these arrange-
ments, a parallel connection of the capacitor to the isolated dc
voltage source results in capacitor charging, whereas a series
connection results in capacitor discharging. When switched-
capacitor sub-modules are connected in series, the magni-
tude of the output voltage increases [4], [5]. This concept
of switched-capacitor was given by Ronald Marusarz [6] in
1989. Since then, plenty of switched-capacitor based MLIs
has been suggested in the literature, each with its own set of
advantages and disadvantages.

SCMLIs (switched capacitor MLIs) are a type of MLI that
can generate a boosted sinusoidal output voltage with a lesser
number of dc power supply. Capacitors are used as alternate
dc sources in SCMLI. It does not require any extra circuits or
sophisticated control algorithms to balance the capacitor volt-
ages. Various configurations of SCMLIs have been reported
in the literature in recent years. Various 13 and 17-level SC-
MLI with single-phase ac output voltage are reported in [7],
[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], and [26]. In [21], [22],
[23], and [24], two-stage 13-level SC-MLI configurations are
discussed, which involve the boosting operation dc voltage in
one stage and the production of ac output voltage in another
stage. However, these configurations require switches with
a high voltage stress value, which increases the SC-MLI
cost. Therefore, two-stage configurations are less preferred.
To ensure high voltage gain output ac voltage in SC-MLI
requiring less switches with reduced voltage stress and less
number of passive components like capacitors, single-stage
SC-MLI configurations are preferred.

Depending upon the number of dc input sources, these
13 and 17-level configurations are further classified as the
SC-MLIs requiring a single voltage source and SC-MLIs
requiring multiple voltage sources. The 13 and 17-level SC-
MLI requiring multiple sources are reported in [7], [8], [14],
[15], [16], [19], [20], [21], and [27]. The 13 and 17-level
SC-MLIs requiring only single source are discussed in [5],
[10], [11], [12], [13], [17], [18], [22], [23], and [28]. In
[5], two SC-MLI configurations are suggested, which are
used to provide 13-level output ac voltage requiring switches
having reduced values of voltage stresses and PIV or switch
stress. Due to the reduction in PIV and TSV, the SC-MLI
suggested in [5] is considered the most suitable candidate
for low applications. The suggested topology offers improved
voltage balancing across the capacitors. However, all these
features are achieved at the cost of switches with high values
of TSV and diodes requiring a large value of PIV. To relax
the voltage stress and PIV rating of diodes, an improved
SC-MLI configuration is suggested in [29]. The reduced
value of TSV and PIV leads to an improvement in the effi-
ciency of the converter. To improve the self-voltage balancing
across the capacitors while including switches with reduced

FIGURE 1. Proposed SCMLI topology.

TSV, SC-MLI is suggested in [26]. The suggested topology
includes one dc source and cascaded-crisscross capacitor
units. Each unit includes three switches, and the addition
of one unit in the suggested SC-MLI leads to production
of 4 additional levels. However, the suggested converter
require high switch count to furnish 13-level single phase
ac output voltage. To reduce the switch count, an improved
SC-MLI topology which includes K-type repeating units to
improve the voltage gain with reduced number of switches
is suggested in [9]. The suggested topology requires only
12 switches for the production of 13-level ac output voltage.
To reduce the TSV of converter switches, 13-level SC-MLI is
proposed in [10]. However, the switch count of the suggested
topology is highwhichmakes it less economical. The 13-level
SC-MLI is further simplified in [11]. The component count
of the suggested topology is moderate. However, at low
values of modulation index, the self-balancing of capacitor
voltages becomes poor.

To improve the self-voltage balancing at low value of
modulation index, improved 13-level SC-MLI configurations
are suggested in [12], [13], and [28]. The topology suggested
in [12] offers switches having a reduced value of PIV. How-
ever, the suggested topology requires capacitors of bigger
sizes. The capacitor size is reduced in the 13-level SC-MLI
suggested in [13]. However, the value of the PIV of switches
and TSV of switch string is high [13]. To overcome the above
limitations, SC-MLI is suggested in [28]. The suggested
topology requires capacitors of reduced size. The 17-level
SC-MLI, including single input dc source, is suggested in
[17] and [18]. The SC-MLI configuration suggested in [17]
offers a high value of TSV of the switch string. To ensure
17-level output ac voltage using switches having low value
of TSV, an improved 17-level SC-MLI topology is suggested
in [18].

The SC-MLI configurations suggested in [5], [10], [11],
[12], [13], [17], [18], [22], [23], and [28] require single
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FIGURE 2. Positive switching states for symmetrical configuration of the proposed topology.

dc input voltage source for generation of 13 and 17-level
ac output voltage. A single source is used to charge the
capacitors, and a series connection of this source and capac-
itors may be used to charge other capacitors. However, this
approach may lead to the requirement of large capacitors
for high power factor load applications. The large value
of capacitors may lead to large spikes appearing in the
source current during the charging operation of switched
capacitors. These spikes restrict the use of SC-MLI in high-
power applications. The switches of higher power ratings
are used to compensate for current spikes. The snubber cir-
cuits are used in parallel with switches. The series-connected
inductor placed at the input dc source may also be used
to suppress the spikes appearing in the charging current.

However, these options lead to an increment in the cost of the
SC-MLI.

To resolve these issues, SC-MLI with multiple input
sources is a good option. This leads to a reduction in the
size of capacitors used in SC-MLI, which further reduces the
spikes appearing in the source current during the charging of
capacitors. The 13 and 17-level SC-MLIs including multiple
input sources are suggested in [7], [8], [14], [15], [16], [19],
[20], [21], and [27]. The SC-MLI suggested in [15] requires
four input sources. The 13-level SC-MLI suggested in [7],
[8], [19], [21], and [27] and the proposed SC-MLI requires
two input sources. Bymodifying the dc voltage of one voltage
source with respect to other sources in a symmetrical and
asymmetrical manner, the various levels of the ac output
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voltage can be generated. The topology suggested in [27]
requires switches having high values of voltage stresses, and
the TSV of the switch string is more. To ensure switches
having reduced values of voltages stresses, the improved
topologies are suggested in [7], [8], and [19]. However, the
switch count in these topologies is high.

This paper introduces a semiconductor configuration that
uses a combination of DC sources and capacitors as DC
links and also as a flying capacitor to extract the maximum
possible voltage levels fromDC sources, thereby reducing the
implementation cost and improving the power quality. The
proposed topology is a combination of an SC cell introduced
in [30] and the cross-connected SC part given in [31]. The
main motive to design this topology is to generate higher
levels having voltage gain with lesser number of components,
lower TSV with the increase in voltage levels, modular in
structure, redundancies in voltage levels. The proposed topol-
ogy can generate 13-levels and 17-levels for symmetrical
and asymmetrical configurations. The proposed 13-level SC-
MLI topology (P1) has low switch count which enhance the
power density of the proposed 13-level SC-MLI. Further,
the proposed 13-level SC-MLI includes switches having less
value of PIV and TSV of switch string is reduced. The 17-
level SC-MLI suggested in [15] and [16] requires 4 input
sources which may not be possible in practical scenarios.
The 17- level SC-MLI suggested in [14] and [19] requires
only two input sources. However, the switch count is more
for the topology suggested in [19]. The switch count of both
topologies is also identical. However, the proposed 17-level
topology (P2) requires fewer gate drivers, which enhances its
power density. As compared to [14], the proposed 17-level
SC-MLI requires fewer capacitors and the TSV of the switch
string is also less. The low value of TSV reduces the con-
verter’s cost, making it an economical option for high-power
and high-efficiency applications.

II. PROPOSED SCMLI TOPOLOGY
This section discusses the structure of the proposed 13 and
17-level inverter and its working principle.

A. CIRCUIT DESCRIPTION
The circuit diagram of the proposed topology is shown in
Fig. 1. It consists of 2 dc sources (V1, V2), 11 unidirectional
switches (S1-S8, S10,S11), 1 bidirectional switch (S9), 1 flying
capacitor (C1), 2 dc-link capacitors (C2, C3), and 3 diodes
(D1- D3). The switch pairs (S1, S2), (S3, S4), (S5, S6), and
(S7, S8) are complementary to each other, thus reducing
the control complexity and reducing the number of drivers.
Dc-link capacitors C1 and C2 share equally the dc source
voltage V2. The proposed structure works for both symmet-
rical and asymmetrical voltage sources. For the symmetrical
case, i:e, V1 = V2, 13 output voltages are generated. For the
asymmetrical case, the voltage sources are taken in the ratio
V1: V2 = 3: 2, which helps in generating 17 output levels.
The proposed inverter can be typically used in applications
involving equal dc sources or unequal dc sources (with a

TABLE 1. Switching table for symmetrical configuation.

TABLE 2. Switching table for asymmetrical configuation.

ratio 3:2). Applications withmultiple DC source systems, like
photovoltaic farms, can take advantage of the module and its
cascade connection to create a modular topology with several
voltage levels.

B. WORKING PRINCIPLE AND CAPACITOR
SELF-VOLTAGE BALANCE
The following section discusses the working of the differ-
ent operating states for the symmetrical and asymmetrical
configurations.

1) SYMMETRICAL CONFIGURATION
Fig. 2 and Table 1 demonstrate the conduction paths for
positive levels and the switching states for all 13 levels for
the symmetrical configuration of the topology when both
the voltage sources are equal in magnitude (V1 = V2 =

Vdc). Capacitor C1 is being charged to V1 = Vdc by turning
ON the switch S4, as in the levels ±0, ±1, ±2, and ±3.
Capacitors C2, and C3 are always charged to 0.5 Vdc, as they
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FIGURE 3. Positive switching states for asymmetrical configuration of the proposed topology.

are directly connected in parallel to V2. Taking positive levels
into consideration,

0th level: The load terminals are shorted through the
switches S2, S6, S8, and S10. Also, S4 is turned ON for
charging capacitor C1 as shown in Fig. 2 (a).
1st level: Voltage across C2, 0.5Vdc, is reflected at the

output by turning ON the switches S2, S6, S8, and S9, as
shown in Fig. 2 (b). In the same state switch, S4 is also turned
ON for charging C1.
2nd level: In the second state, the voltage across V2 andVdc

is reflected at the output by turning ON the switches S2, S6,
S8, and S11. In this state, capacitor C1 is also getting charged
by turning ON the switch S4.
3rd level: The voltage across C1 and C2 are added in

series by turning ON S1, S4, S6, S8, and S9, thus delivering

1.5Vdc at the output. C1 is also being charged as switch S4
is ON.
4th level: In this level, the voltage across C1 and the dc

source V1 are in series, delivering 2Vdc at the output via the
switches S1, S3, S6, S8, and S10.
5th level: Here, capacitors C1 and C2 are in series with the

dc source V1 through the switches S1, S3, S6, S8, and S9, thus
delivering 2.5Vdc at the output.
6th level: In this level, both the sources are in series with

C1 by turning ON the switches S1, S3, S6, S8, and S11. Thus,
the output voltage of 3Vdc is obtained, as shown in Fig. 2 (g).
Similarly, all 13 switching states can be easily visualized

using the switching table given in Table 1. The voltage gain
of this configuration is 1.5 (3Vdc/2 Vdc), which is one of
its merits. The total standing voltage (TSV) is an important
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TABLE 3. Comparison table for different sc-based topologies with proposed topology.

consideration in the design of MLI topology. It is defined as
the total of the maximum voltage stress occurring across the
switch for all output levels [32], [33]. The maximum stress
across each switch is given as follows:

VS1 = VS2 = 2Vdc (1)

VS3 = VS4 = Vdc (2)

VS5 = VS6 = 3Vdc (3)

VS7 = VS8 = 0.5Vdc (4)

VS9 = VS10 = VS113Vdc (5)

where, VS1, VS2, VS3, VS4, VS5, VS6, VS7, VS8,VS9,VS10, and
VS11 are the maximum voltage stress across the switches S1,
S2, S3, S4, S5, S6, S7, S8, S9, S10, and S11. Therefore, TSV

of the symmetrical topology will be,

TSV = 2× 2Vdc + 2× Vdc
+2× 3Vdc + 2× 0.5Vdc + 3× Vdc = 16Vdc (6)

As the peak output voltage is 3vdc, hence

TSV pu =
16Vdc
3Vdc

= 5.33 (7)

2) ASYMMETRICAL CONFIGURATION
For asymmetrical configuration, when V1 is taken as 3Vdc
andV2 is taken as 2Vdc (V1/V2 = 1.5), the proposed topology
is able to generate 17 output levels with a gain of 1.6 (8Vdc/5
Vdc). Fig. 3 and Table 2 demonstrate the conduction paths for
positive levels and the switching states for all 17 levels for the
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asymmetrical configuration of the topology. Capacitor C1 is
being charged to 3Vdc, equal to dc source V1, by turning ON
switch S4. Capacitors C2 and C3 are always charged to Vdc
as they share V2 equally. Considering the positive levels,
0th level: The load terminals are shorted through the

switches S2, S6, S8, and S10, and S4 is turned ON for charging
capacitor C1.
1st level: Voltage across C2, Vdc is reflected at the output

by turning ON the switches S2, S6, S8, and S9. In the same
state switch, S4 is also turned ON for charging C1, as shown
in Fig. 3 (a).
2nd level: Fig. 3 (b) shows the second state, where the

voltage across V2, 2Vdc is reflected at the output by turning
ON the switches S2, S6, S8, and S11. In this state, capacitor
C1 is also getting charged by turning ON the switch S4.
3rd level: The voltage across C1, 3Vdc is delivered at the

output through the switches S1, S4, S6, S8 and S10. Simulta-
neously,

charging of capacitor C1 also takes place as the switch S4
is ON in this state.
4th level: Capacitor voltages of C1 and C2 are added in

series via the switches S1, S4, S6, S8 and S9, thus delivering
4Vdc at the output. C1 is also getting charged as S4 is ON.
5th level: C1 and dc source V2 (2Vdc) are connected in

series through the switches S1, S4, S6, S8 and S11, hence 5Vdc
appears at the output. Charging of C1 takes place in this state
also. 6th level: C1 and dc source V1(3Vdc) are connected in
series by turning ON the switches S1, S3, S6, S8 and S10,
reflecting

6Vdc at the output.
7th level:Capacitors C1 and C2 are connected in series with

the dc source V1 via the switches S1, S3, S6, S8 and S10, thus
delivering 7Vdc at the output.
8th level: Fig. 3 (i) shows this state, where both the dc

sources are in series with the capacitor C1 through the
switches S1, S3, S6, S8 and S11, providing 8Vdc at the output.

Similarly, all 17 output levels can be visualized using the
switching table given in Table 2. Maximum voltage stress
across the switches in asymmetrical configuration is given as,

VS1 = VS2 = 3Vdc (8)

VS3 = VS4 = 1.5V dc (9)

VS5 = VS6 = 4Vdc (10)

VS7 = VS8 = Vdc (11)

VS9 = 0.5Vdc (12)

VS10 = VS11 = Vdc (13)

Therefore, TSV of the asymmetrical topology will be,

TSV = 2× 3Vdc + 2× 1.5Vdc + 2× 4Vdc
+2× Vdc + 0.5Vdc + 2× Vdc = 21.5Vdc (14)

3) AS THE PEAK OUTPUT VOLTAGE IS 8VDC, HENCE

TSV pu =
21.5Vdc
8Vdc

(15)

FIGURE 4. Nearest level modulation working principle.

The flying capacitor’s voltage is self-balanced to its proper
voltage level by the parallel connection of the capacitor to the
source and in series with the load at various periods. The time
it takes for the capacitor to fully charge at any voltage level
is always available because the charging loops’ time constant
and overall parasitic resistance are negligible.

III. MODULATION TECHNIQUE
For multilevel inverters, numerous modulation techniques
have been tested and deployed. Here, the proposed architec-
ture uses Nearest Level Control (NLC) technique to control
the switches and produce the desired output waveform. The
goal is to employ the NLC approach in an inverter with a large
number of levels in order to lessen and streamline the proces-
sor’s calculation. Fig. 4 depicts the workingmechanism of the
NLC method. A sampled waveform is produced by compar-
ing the reference sinusoidal waveform to the desired output
waveform. To generate switching signals for the respective
IGBTs, the resulting waveform is then rounded off to the
nearest level and compared using the switching logic shown
in Table 1 and Table 2 for symmetrical and asymmetrical
configuration, respectively.

IV. COMPARATIVE ANALYSIS
In this section, the comparative analysis of the proposed
13 and 17-level SC-MLI is carried out with various SC-MLI
configurations reported in the literature. The comparison is
carried out in reference to the parameters like NL = Number
of levels, G= voltage boost ratio, NIS = number of input
dc sources, Nsw = Number of switches, Nd =number of
diodes in parallel with switches, Nad = number of auxiliary
diodes, Ngd = number of the gate driver circuit, Nc = number
of the capacitor, TSV=Total standing voltage, PIV = Peak
inverse voltage or switch stress, VRC = voltage rating of
capacitors, η = Efficiency, THD= total harmonic distortion.
Table 3 shows the entries of these parameters for the proposed
and reported SC-MLI configurations.
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FIGURE 5. Power loss distribution with change in dc source voltage for the (a) symmetrical configuration (b) asymmetrical configuration.

The 13 and 17-level SC-MLI configurations, including
single source, are reported in [5], [10], [11], [12], [13], [17],
[18], [22], [23], [28], [34], and [35] the SC-MLIs including
single source used for charging the capacitors require a large
value of capacitors to maintain self-voltage balancing when
high power factor loads are connected across the output of
these SC-MLI. Further, the charging action of the capacitors
may be restricted at low values of modulation indexes. Large
capacitors may lead to the production of spikes in source
current during the charging of capacitors. This issue can be
resolved by using snubbers across the switches and overrating
the switches and external inductors in series with the input
source. However, these options lead to an increment in the
cost of the converter. To reduce the value of the capacitors
required SC-MLI, SC-MLIs, including multiple sources, are
preferred. The 13 and 17-level SC-MLIs including multi-
ple sources are discussed in [7], [8], [14], [15], [16], [19],
[20], [21], and [27]. The 13 and 17-level SC-MLI discussed
in [15], [16], and [20] require 4 input dc sources. However,
fulfilling the requirement of 4 sources is not practically fea-
sible, and the cost of the converter increases. The 13 and
17-level SC-MLI including two input sources are discussed
in [7], [8], [14], [19], and [27]. The switch count of the
13-level SC-MLI suggested in [7] is the highest, which makes
it a costly one. The switch count of the 13-level topolo-
gies suggested in [8] and [19] is moderate. However, the
switches switch count and number of gate drivers required
in the 13-level topology suggested in [27] are the lowest.
The switch and gate driver count in the proposed topology
is slightly higher than that in [27].

The 13-level topologies suggested in [8] and [27] require
no auxiliary diode. The total auxiliary diode and capacitor
count of the topologies discussed in [7] and [19] and the
proposed topology [P1] are identical, which is equal to 6. The
value of PIV across the switches is more in the case of [27] as
compared to [7], [8], and [19], and the proposed 13-level SC-
MLI. The voltage stress is lowest in case of [8] as compared
to [7], [19], [27], [P1]. The PIV is moderate in the case of [7],

FIGURE 6. Efficiency with respect to output power for both the
configurations.

[P1]. It can be observed from Table 3 that the value of TSV
across the switch string is very high in the case of [27], while
the value of TSV for the switches string connected in the
proposed 13-level SC-MLI [P1] has the lowest value.

The efficiency of the 13-level inverters, including two input
dc sources, is the lowest in the case of [19], while its value is
highest for the proposed 13-level SC-MLI [P1]. The proposed
13-level SC-MLI offers an efficiency of 95.8% at a rated load
of 700 W which is evaluated using an analytical method.
Among the 13-level SC-MLI, including two input dc sources,
the THD value of single-phase ac output voltage is highest
for the converter suggested in [22] at 18.9%, while its value
is 5.39% for the proposed 13-level SC-MLI [P1].

Further, the switch and gate driver counter is more in [19]
as compared to [14], [P2]. The 17-level SC-MLI suggested in
[14] requires no auxiliary diode, while the [19] requires only
2 and [P2] requires 3 diodes. The topology in [14] and [19]
require 6 and 4 capacitors, while the proposed topology [P2]
requires only 3 capacitors. The topology discussed in [14],
[19], [34], and [35] requires switches having a high value of
PIV and the TSV of the switch string is also high. However,
the switches connected in the proposed 17-level SC-MLI [P2]
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FIGURE 7. Simulation results for the symmetrical topology. Output voltage, output current, voltage and current across capacitor C1 for (a) dynamic
change of R-load (b) dynamic change of RL-load (c) change in frequency of the reference sinusoidal signal (d) change in Modulation Index (MI).

undergo less voltage stress, and the TSV of the switches
is significantly reduced as compared to [14] and [19]. The
efficiency of the converter discussed in [14] is the highest,
which is 99.4%. The efficiency of the proposed converter
[P2] is 97% when evaluated at a rated load of 700W using
an analytical method. The THD value of output ac voltage
in the case of the proposed converter is 3% of the funda-
mental value of ac output voltage, which is the lowest as
compared to the other 17-level topologies. The above com-
parison validates the efficacy of the proposed 13 and 17-level
SC-MLI.

V. POWER LOSS ANALYSIS
Power loss for the proposed 13 and 17-level SCMLIs are
presented in this section. A topology’s power loss is a crucial
consideration in the design process. The power semiconduc-
tor devices, including switches and diodes, are responsible for
the majority of a topology’s losses [17], [36], [37]. PLECS
software is used to estimate the proposed structure’s losses.
The proposed topology’s efficiency is estimated using these
losses. The software’s thermal modelling component is used
to compute various losses in switches, capacitors, and diodes.
This study takes into account the following losses: conduction
losses (Pc) of all semiconductor devices, switching losses
(Ps), and capacitor Equivalent Series Resistance (ESR) losses
(Pesr) [18].

There is a loss of energy whenever a switch is turned
ON or OFF, and this is referred to as switching losses [38].
Whenever a switch is turned on or off, the voltage across the
switch and the current through the switch are not zero. This
causes switching losses in semiconductor switches.

Power loss during turn-on,

PS,N ,j = f

ton∫
0

v (t) i (t) dt

= f

ton∫
0

(
VS,j
ton

t
)(
−
Ij
ton
(t − ton)

)

dt =
1
6
f V S,jIj (16)

Power loss during turn-off,

PS,F,j = f

toff∫
0

v (t) i (t) dt

= f

toff∫
0

(
VS,j
toff

t
)(
−
I ′j
toff

(
t − toff

))

dt =
1
6
f V S,jI

′
j toff (17)
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FIGURE 8. Simulation results for the asymmetrical topology. Output voltage, output current, voltage and current across capacitor C1 for (a) dynamic
change of R-load (b) dynamic change of RL-load (c) change in frequency of the reference sinusoidal signal (d) change in Modulation Index (MI).

where Ij and I ′j represent the currents flowing through the jth

switch at turn-on, and before turn-off, respectively, f repre-
sents the switching frequency, and Vs,j represents the voltage
stress across the switch. The total switching loss can be
calculated by multiplying the number of ON switching states
(NN) and number of OFF switching states (NF) in one cycle
with (16) and (17), respectively,

PS =
13∑
j=1

(
NN∑
n=1

PS,N ,jn +
NF∑
n=1

PS,F,jn) (18)

The primary contributors to conduction loss are the on-
state resistances and the forward voltage drop across the
devices that are in the path of the load current [39]. In order
to determine the conduction losses of any MLI power device,
we can use the following expression [40]:

PC =
1
f
× mi

(
VR − VS

IR
× I2 + VS×I

)
(19)

wheremi is the modulation ratio of the MLI topology, VR and
VS are the switch voltages at rated and saturation currents, IR
is the rated switch current, and I is the current through the
switch.

The frequency of the current that passes through the capac-
itor is a factor that determines the equivalent series resistance
of the capacitors [41]. It is possible to describe it as the

FIGURE 9. Experimental setup for the proposed topology.

conduction loss that is brought on by the internal resistance
of the capacitor. The internal resistance of all the capacitors
is taken as 0.1 ohms for this discussion [42], [43]. Because
of the thermal stress and heat dispersion that are induced
by these losses, the lifespan of capacitors is also negatively
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FIGURE 10. Experimental results for the symmetrical topology. Output voltage, output current and voltage across capacitor C1 for (a) dynamic change
of R-load (b) dynamic change of RL-load (c) change in frequency of the reference sinusoidal signal (d) change in Modulation Index (MI).

impacted. In PLECS, each of these three losses is modelled
and simulated. Fig. 5 shows the power loss distribution among
all the circuit components, while Fig. 6 shows the efficiency
of both inverter configurations. Loss distribution for the sym-
metrical configuration generating 13 output levels with a
change in dc source voltage is shown in Fig. 5 (a) at an output
power of 100W. Fig. 5 (b) depicts the loss distribution for
the asymmetrical configuration generating 17 output levels
with a change in dc source voltage at an output power of
100W. Both of these graphs lead us to the conclusion that
an increase in the dc source voltage will likewise result in a
rise in losses. The efficiency versus output voltage curve for
both symmetric and asymmetric topologies is shown in Fig. 6.
The efficiency curve of 17 level topology is better than the
13-level topology. But both the inverter’s efficiency is quite
good for a large range of output power.

VI. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION RESULTS
To evaluate the performance of the proposed topology
and control strategy, a simulation model is developed in

MATLAB/Simulink Environment. Fig. 7 shows the various
simulation results for the symmetrical 13-level configuration.
Both the dc sources are taken as 50V. A small inductor is used
in the charging circuit to limit the charging current. Fig. 7 (a)
shows the output voltage, output current, capacitor voltage
of C1 and capacitor current through C1 for a dynamic load
change from 100� to 50�. Capacitor C1 is getting charged
to 50V, whereas C2 and C3 are always having 25V each as
they are directly connected in parallel to V2. Thus, 13-levels
are being generated with a step of 50V and the peak voltage
being close to 300V. The dynamic performance of the sys-
tem for an inductive load is observed in Fig. 7 (b) when the
load is changed from Z=100�+100mH to Z=50�+50mH.
The effect of frequency change from 50Hz to 100Hz of
the reference sinusoidal wave is shown in Fig. 7 (c). The
number of levels decreases as the Modulation Index (MI)
is decreased. The number of output levels changes from
13 to 11 as the MI is changed from 1 to 0.8, as shown
in Fig. 7 (d).

For asymmetrical topology, which generates 17-levels at
the output, dc sources V1 = 90V and V2 = 60V are taken.
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FIGURE 11. Experimental results for the asymmetrical topology. Output voltage, output current and voltage across capacitor C1 for (a) dynamic change of
R-load (b) dynamic change of RL-load (c) change in frequency of the reference sinusoidal signal (d) change in Modulation Index (MI).

Capacitor C1 is getting charged equal to V1 (90V), whereas
C2 and C3 divide equally the dc source V2. This asymmetrical
configuration generates 17-levels at the output with a step
voltage of 30V and a peak voltage of 240V, as shown in
Fig. 8 (a), which also proves the gain of 1.6. It also shows
the output voltage, output current, voltage across capacitor
C1 and the capacitor current through C1 for a dynamic load
change from 100� to 50�. The inverter configuration is
also tested for inductive load change. Fig. 8 (b) shows the
output waveforms for a sudden change of the inductive load
from Z=100�+100mH to Z=50�+50mH. Output wave-
forms when the frequency of the reference wave is changed
from 50 Hz to 100 Hz are shown in Fig. 8 (c). Fig. 8 (d) shows
the output voltage, output current, voltage across capacitor C1
and the capacitor current through C1 for a MI change from
1 to 0.8 resulting in a reduction of the output voltage levels
from 17 to 13.

B. EXPERIMENTAL RESULTS
An experimental test circuit of 1-kW rating consisting
of 12 IGBT switches (SKM75GB128D:1200 V), 3 capacitors

(PG-6DI, C1-4700µF, C2, C3-2200µF), and 3 diodes is
designed in the lab in order to determine whether or not
the proposed 13-level and 17-level SCMLI topologies are
technically feasible. The experimental setup is shown in
Fig. 9. A gate driver circuit GDX-4A2S1, based on Texas
Instrument’s UCC21520 high performance gate driver IC
is used for pulse generation. For the purpose of send-
ing gating signals to the switches, a digital signal proces-
sor (DSP) TMS320F28379D is utilized. Two dc sources
(TDK-Lambda) are used.

For symmetrical configuration generating 13-levels at the
output, both the dc sources are taken as 50V. Capacitor C1
is getting charged to 50V, whereas C2 and C3 are always
having 25V each as they are directly connected in parallel
to V2. Thus, 13-levels are being generated with a step of
50V and the peak voltage being close to 300V as shown in
Fig. 10 (a) which verifies the gain of 1.5. The same waveform
shows the output voltage, output current and voltage across
capacitor C1 for dynamic load change from 100� to 50�.
Output waveforms for a sudden inductive load change from
Z=100�+100mH to Z=50�+50mH is shown in Fig. 10 (b).
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The effect of frequency change from 50Hz to 100Hz of the
reference sinusoidal wave is shown in Fig. 10 (c). Number of
levels decreases as the Modulation Index (MI) is decreased.
The number of output levels changes from 13 to 11 as the MI
is changed from 1 to 0.8 as shown in Fig. 10 (d).

For asymmetrical topology which generates 17-levels at
the output, dc sources V1 =90V and V2 = 60V are taen.
Capacitor C1 is getting charged equal to V1 (90V), whereas
C2 and C3 divide equally the dc source V2. This asymmetrical
configuration generates 17-levels at the output with a step
voltage of 30V and the peak voltage of 240V as shown
in Fig. 11 (a), which also proves the gain of 1.6. It also
shows the output voltage, output current and voltage across
capacitor C1 for a dynamic load change from 100� to 50�.
The inverter configuration is also tested for inductive load
change. Fig. 11 (b) shows the output waveforms for a sud-
den change of the inductive load from Z=100�+100mH to
Z=50�+50mH. Output waveforms when the frequency of
the reference wave is changed from 50 Hz to 100 Hz is shown
in Fig. 11 (c). Fig. 11 (d) shows the output voltage, output
current and voltage across capacitor C1 for a MI change
from 1 to 0.8. As a result, output voltage levels are reduced
from 17 to 13.

VII. CONCLUSION
This paper presented a topology for symmetric and asymmet-
ric configuration, which generates 13 and 17 output levels,
respectively, with lesser components. TSV and THD are also
quite low. Although it used 2 sources, it generates boosted
output voltage for both configurations with the help of a
flying capacitor. Utilizing the concept of a dc-link capacitor
across the sources, the output levels are increased. All the
capacitors are self-balanced without the need for extra control
circuitry. The static and dynamic stability of a topology is
determined by the findings obtained for various load scenar-
ios. In addition, power loss analysis provides insight into the
switch kinetics. On the basis of the comparative analysis,
it can be determined that the proposed topology provides
greater performance compared to other topologies in the
literature that have been compared. The architecture is very
efficient and well-suited for renewable energy applications
such as solar PV systems that are grid-connected.
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