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Abstract: In high‑power applications, achieving adequate power quality in power converter design
is accomplished by utilizing multilevel inverters instead of using two‑level and three‑level inverters.
The device generates a sinusoidal output voltage, which results in reduced total harmonic distortion
and lower voltage stress on the switches and leads to lower electromagnetic interference, making it
suitable for use in renewable energy applications. However, to illustrate the advantages mentioned
above, a significant number of switching devices and DC sources are necessary while raising the
voltage levels. This article proposes an asymmetrical voltage generation method, which operates in
a ratio of 1:5 and generates 25 levels using 11 power switches. The topology is modular in struc‑
ture, and each module has a lower component count, which significantly reduces the overall cost.
The proposed topology is capable of generating negative output voltage levels without the use of
an H‑bridge configuration, where only three switches are used to generate any voltage levels. The
functionality of the developed module is amended by fixing different voltage values in DC sources.
This article also presents a comprehensive examination of the circuit and the functioning of various
voltage levels. The advantages of the proposed inverter have been demonstrated by comparative re‑
search with the currently existingMLI topologies. Ultimately, both the simulation and experimental
findings validated the practical capabilities.

Keywords: multilevel inverter; nearest level control; reduced power switches; modularly
structure; cascaded

1. Introduction
Multilevel inverters (MLIs) have become increasingly significant in renewable energy

systems due to their capacity to generate high‑quality power output with minimal har‑
monic distortion. MLIs effectively transform direct current (DC) from renewable sources
into alternating current (AC), thereby increasing compatibility with the power grid and
improving overall system efficiency [1,2]. The automotive industry, which plays a crucial
role in global economic dynamics, is undergoing a rapid evolution with the emergence
of electric vehicles (EVs) and autonomous driving technologies taking the lead [3,4]. Air‑
craft applications encompass both commercial and military aviation, including passenger
transport, cargo delivery, and combat missions. Innovations include advanced materials
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for lighter, stronger structures, cutting‑edge propulsion systems, and autonomous flight
technologies to enhance safety and efficiency [5]. Reactive power compensation makes
the power system more efficient by integrating the supply and demand of reactive power,
which lowers losses and makes the voltage more stable [6–8]. It claims its advantages in
terms of generating a stepped voltage closer to a sinusoidal shape through several isolated
DC sources, dc‑link capacitors, clamping diodes, or capacitors. Several researchers have
developed MLIs with novel topologies, carrier‑based modulation strategies, and closed‑
loop control [9]. Many topologies have originated from traditional cascaded H‑bridge
MLIs to reduce total components and modulation strategies from phase/level‑shifted car‑
rier PWM methods. Over the past few years, there have been notable improvements in
the field of electrical engineering, specifically in the areas of circuit design and power elec‑
tronics [10]. One of the key innovations that has revolutionized the way electrical sys‑
tems are constructed and operated is the H‑bridge configuration [11]. The H‑bridge, a
fundamental component in power electronics, enables efficient control of voltage polarity
and magnitude, making it indispensable in a wide range of applications including motor
control, power conversion, and renewable energy systems [12,13]. Moreover, the com‑
parative analysis of circuits with and without H‑bridge configurations is incorporated as
well. The H‑bridge structure is used in circuits that are specifically designed for renew‑
able energy applications. This design incorporates a revolutionary multisource switching
capacitor architecture, as described in references [14–16]. By using low‑power semiconduc‑
tor switches and capacitors, this system utilizes a binary charging/discharging algorithm
with series/parallel modes. As a result, it eliminates the requirement for circuit balance.
Notably, it integrates a dual‑input nine‑level inverter featuring trinary voltage ratios to
minimize active switches, augmenting reactive power capability through the integration
of bidirectional switches. In addition, it demonstrates a switched capacitor module that
produces voltage sources with 9 levels and 21 levels. This eliminates the need for H‑bridge
operation and reduces the use of high‑blocking voltage switches. Furthermore, a tapped
source stack (TSS) and a modified H‑bridge inverter are proposed to function in a single
stage, buttressed bymulticarrier pulsewidthmodulation implementation. This innovative
MLI optimizes switch count for targeted voltage levels, pledging a higher voltage output
with fewer components and bolstered performance, while concomitantly curtailing over‑
all power device requisites, size, cost, and intricacy [17,18]. In contrast, several different
MLI topologies are presented for renewable energy applications. For example, a cascaded
structure with three DC sources and bidirectional switches requires an H‑bridge inverter
for polarity reversal, indicating potential in photovoltaic (PV) applications. Another topol‑
ogy, employing four DC sources with bidirectional and unidirectional switches, achieves
high‑quality output voltage yet demands a surplus of switching devices. Moreover, a
structure employing five DC sources and twelve switches yields stepped voltage, accen‑
tuating the utilization of bidirectional switches with high blocking voltage. An innovative
modifiedmatrix structureMLI heightens output levels via a flexible configuration, thereby
diminishing the number of switching devices [19–23]. These advancements portend effi‑
cient utilization of renewable energy with enhanced voltage control and diminished com‑
ponent complexity.

This research paper deals with a new topology with asymmetric DC sources, and the
novelty of the MLI can be summarized as follows:
(a) It employs eleven switches and fourDC sources to generate awaveformwith 25 levels

of output voltage.
(b) The proposed MLI does not require an H‑bridge for negative polarity generation.
(c) The proposed topology was initially modeled and simulated using the MATLAB/

Simulink 2019b platform.
(d) A 25‑level inverter is proposed, simulated, and designed in the laboratory. The ex‑

perimental results validate the smooth operation of the inverter.
(e) Only three switches are conducted to generate any voltage levels.
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(f) The staircase waveform enhances power quality and lowers overall total harmonic
distortion (THD).
This article is organized into distinct sections. Section 2 methodically summarizes

the developed topology. Section 3 offers a comprehensive review of existing topologies,
setting the stage for comparative analysis. Following this, Section 4 presents the empirical
results obtained through simulation and experimentation. Finally, Section 5 encapsulates
the conclusions drawn from the study, highlighting the significance of the findings and
avenues for future research.

2. Proposed Modular Structure Topology
In this structure, four DC sources and eleven power switches are employed to gener‑

ate 25 voltage levels across the output. Figure 1 depicts the circuit configuration, where
a DC voltage ratio of 1:5 is employed to generate 25 voltage level outputs. The proposed
topology is designed to function with various magnitudes of source voltage in order to
achieve high voltage levels. Switches T1–T6 are only unidirectional, while switches T7–T11
are bidirectional. The proposed topology can be easily extended in a modular structure to
generate n levels of output voltage, as depicted in Figure 2.
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The bidirectional switches are derived from the common emitter configuration of two
unidirectional IGBTs, utilizing a single gate driver circuit to provide cost‑effective real‑time
implementation [7]. Table 1 illustrates the operating mode of the proposed topology. A
tick mark (4) in the table indicates that the corresponding switch is ON for the particular
positive voltage level shown in the second column of the table. A cross mark (
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) signifies
that the corresponding switch is switched ON for the negative voltage level represented
in the 14th column of the table. The switches T1, T4, and T6 are ON to achieve +2 Vdc, as
depicted in Mode 2 of Figure 3, whereas the switches T2, T3, and T5 are switched ON to
achieve −2 Vdc, as depicted in Mode 15 in Table 1. Similarly, the switches T2, T9, and T10
are switched ON to generate +3 Vdc, whereas the switches T1, T9, and T11 are switched
ON to generate−3 Vdc, as depicted in Mode 16 in Table 1. It should be said that only three
switches out of eleven switches are operated at a time to generate a particular voltage level.
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Table 1. Different switching states for 25−level inverter: positive level (4), negative level (
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els. For example, two proposed modules are cascaded to produce 49 levels of voltage in 
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served in Figure 3 and Table 1. 
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The blocking voltage of the switches is determined by the magnitude of the DC volt-

age source, whereas the total standing voltage, determined by the summation of the mag-

nitude of DC voltage sources, are used in the proposed topology. The proposed structure 

does not require an H-bridge to generate negative voltage levels; therefore, the proposed 

topology would experience less TSV than the configuration using an H-bridge inverter. 
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els. For example, two proposed modules are cascaded to produce 49 levels of voltage in 
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The other important parameter in design aspects is the total blocking voltage of the 
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does not require an H-bridge to generate negative voltage levels; therefore, the proposed 
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output voltage. The switching sequence to obtain various voltage levels can be observed
in Figure 3 and Table 1.

The other important parameter in design aspects is the total blocking voltage of the
switches used in the developed topology. The blocking voltage of the switches T1, T2, and
T7 is decided by the voltage sources V1R = V1 = 1 Vdc and V1R = V2 = 1 Vdc, and the switches
T5, T6, and T9 are calculated by the voltage sources V1L = V3 = 5 Vdc and V1L = V4 = 5 Vdc,
while the switches T10, T11, T3, and T4 are determined by the voltage sources V1R = V1 = 1
Vdc, V1R = V2 = 1 Vdc, V1L = V3 = 5 Vdc, andV1L = V4 = 5 Vdc. In addition, the blocking voltage
of the switch T8 is calculated by the voltage sources V1R = V1 = 1 Vdc and V1L = V3 = 5 Vdc.
Therefore, the total standing voltage (TSV) of the switches is 84 Vdc and is determined as
depicted in Table 2.

Table 2. Blocking voltage distribution of the proposed topology for Module 1 (p = 1).

Switches T7 T1, T2 T9 T8 T5, T6 T3, T4, T10, T11
TSV *(Vdc) 1 2 5 6 10 12

The blocking voltage of the switches is determined by the magnitude of the DC volt‑
age source, whereas the total standing voltage, determined by the summation of the mag‑
nitude of DC voltage sources, are used in the proposed topology. The proposed structure
does not require an H‑bridge to generate negative voltage levels; therefore, the proposed
topology would experience less TSV than the configuration using an H‑bridge inverter.
Thus, it can be concluded that the configuration generates more voltage levels with a vari‑
ety of DC sources.

2.1. Cascaded Operations
By connecting multiple modules together, the voltage levels can be expanded as

needed. The basic structure of the proposed topology produces 25 voltage levels. Using
a variety of cascaded modules, Figure 2 depicts the generalized structure of the proposed
topology. Each module is cascaded together to enhance the voltage levels and to demon‑
strate the direct link between the module number and harmonic distribution. The voltage
level is generated based on the voltage ratio of input DC sources. The two different voltage
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ratios for the proposed inverter are elaborated as two different cases, described below as
Case 1 and Case 2, respectively.

2.1.1. Case 1 (For Identical Voltage Ratios in All Modules)
Table 3 illustrates the various properties of the cascaded structure for a group of ‘p’

modules. In Figure 3 shown above, DC voltage sources and their respective values are
selected in the ratio of 1:5, and details about the module are given in Table 3. In the first
module (p = 1), there are 25 levels generated with only sixteen IGBTs/diodes, eleven gate
drivers, and four DC sources. Similarly, in the second module (p = 2), when cascaded with
the first module, there are 49 levels generated with only 32 IGBTs/diodes, twenty‑two gate
drivers, and eight DC sources. Similarly, in the pth module (p = p), there are (24p + 1) levels
generated with only 16p IGBTs/diodes, 11p gate drivers, and 4p DC source. Thus, it can be
said that upon doubling the required components, voltage levels can be linearly increased
with nearly a double count.

Table 3. Relationship between various design parameters in terms of (p) for 1:5 voltage ratio.

No. of
Module

Voltage
Levels
(NL)

IGBTs
(NS)

Diodes
(Nd)

Gate Drivers
(Ng)

DC Sources
(Ndc)

1 25 16 16 11 4

2 49 32 32 22 8

3 73 48 48 33 12

︙ ︙ ︙ ︙ ︙ ︙

p (24p + 1) 16p 16p 11p 4p

2.1.2. Case 2 (For Voltage Ratio of 52t:52t+1, Where t = p−1 and ‘p’ is the Module)
Each module is cascaded together in order to generalize the provided topology with

the voltage ratio of 52t:52t+1, where t = p‑1 and ‘p’ is the number of modules cascaded.
Table 4 illustrates the various properties of the cascaded structure for a group of ‘p’ mod‑
ules. Details about the module are given in Table 4 below; as with the first module (p = 1),
there are 25 levels generated with only sixteen IGBTs/diodes, eleven gate drivers, and four
DC sources. Similarly, in the second module (p = 2), when cascaded with the first mod‑
ule, there are 625 levels generated with only 32 IGBTs/diodes, twenty‑two gate drivers,
and eight DC sources. Similarly, in the third module (p = 3), when cascaded with the first
and second modules, there are 15,625 levels generated with only forty‑eight IGBTs/diodes,
thirty‑three gate drivers, and twelve DC sources. Similarly, in the pth module (p = p), there
are 25p levels generated with only 16p IGBTs/diodes, 11p gate drivers, and 4p DC sources.
Thus, it can be observed that upon nearly doubling the required component count, the
voltage levels increase abruptly, in a non‑linear manner.

Table 4. Relationship between various design parameters for DC voltage ratio of 52t:52t+1.

No. of
Module

Voltage
Levels
(NL)

IGBTs
(NS)

Diodes
(Nd)

Gate Drivers
(Ng)

DC Sources
(Ndc)

1 25 16 16 11 4

2 625 32 32 22 8

3 15,625 48 48 33 12

︙ ︙ ︙ ︙ ︙ ︙

p 25p 16p 16p 11p 4p

It can be clearly observed in Case 1, with the same voltage ratio of 1:5 in all the cas‑
caded modules, that the voltage level of the consecutive module is almost double its pre‑
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vious one. Meanwhile, in Case 2, it can be observed that when the voltage ratio is 52t:52t+1,
the voltage levels are increasing enormously.

A brief description of the output voltage of the proposed topology for Case 1 and
Case 2 is shown in Tables 5 and 6. Module 1 (m1) of both cases shows the same output
voltage, while there is a remarkable difference in output voltage between Case 1 and Case
2 for Module 2 (m2): the output voltage of Case 2 is 25 times that of Case 1. For a better
understanding, the parameters of the generalized cascaded MLI with ‘p’ modules of Case
1 and Case 2 are shown in Table 7.

Table 5. Generated output voltage levels of the cascaded inverter modules with a voltage ratio
of 1:5.

Module 1 Module 2 Module 3

V1L = 5 Vdc
V1R = Vdc
Output voltage levels:
0, ±1 Vdc, ±2 Vdc, ±3 Vdc,
±4 Vdc, ±5 Vdc, ±6 Vdc,
±7 Vdc, ±8 Vdc, ±9 Vdc,
±10 Vdc, ±11 Vdc, ±12 Vdc

V2L = 5 Vdc
V2R = Vdc
Output voltage levels:
0, ±1 Vdc, ±2 Vdc, ±3 Vdc,
±4 Vdc, ±5 Vdc, ±6 Vdc,
±7 Vdc, ±8 Vdc, ±9 Vdc,
±10 Vdc, ±11 Vdc, ±12 Vdc

V3L = 5 Vdc
V3R = Vdc
Output voltage levels:
0, ±1 Vdc, ±2 Vdc, ±3 Vdc,
±4 Vdc, ±5 Vdc, ±6 Vdc,
±7 Vdc, ±8 Vdc, ±9 Vdc,
±10 Vdc, ±11 Vdc, ±12 Vdc

Table 6. Generated output voltage levels of the cascaded inverter modules with a voltage ratio of
52t:52t+1.

Module‑1 Module‑2 Module‑3

V1L = 5 Vdc
V1R = Vdc
Output voltage levels:
0, ±1 Vdc, ±2 Vdc, ±3 Vdc,
±4 Vdc, ±5 Vdc, ±6 Vdc,
±7 Vdc, ±8 Vdc, ±9 Vdc,
±10 Vdc, ±11 Vdc, ±12 Vdc

V2L = 125 Vdc
V2R = 25 Vdc
Output voltage levels:
0, ±25 Vdc, ±50 Vdc, ±75 Vdc,
±100 Vdc, ±125 Vdc,
±150 Vdc, ±175 Vdc,
±200 Vdc, ±225 Vdc,
±250 Vdc,
±275 Vdc, ±312 Vdc

V3L = 3125 Vdc
V3R = 625 Vdc
Output voltage levels:
0, ±625 Vdc, ±1250 Vdc,
±1875 Vdc, ±2500 Vdc,
±3125 Vdc, ±3750 Vdc,
±4375 Vdc, ±5000 Vdc,
±5625 Vdc, ±6250 Vdc,
±6875 Vdc, ±7500 Vdc

Table 7. Parameters of the generalized cascaded MLI with ‘p’ modules operating under Case 1
and Case 2.

Parameters Case 1 Case 2

Voltage levels (24p + 1) 25p
Power switches 16p 16p
DC sources 4p 4p

However, with different DC link voltages, the cascaded combination of the aforemen‑
tioned inverter modules can generate much higher voltage levels with the same number
of components (Case 2), as depicted in Table 4. Module 1 can generate 49 voltage levels
of magnitude with different DC link voltages (Case 1). The voltage levels has shown in
Table 8. Module 2 can generate 625 voltage levels of magnitude, i.e., 25 times those of
Module 1 (+300, +275, …, −275, −300). Thus, the output voltage levels of the 625‑level
inverter, which can be generated by cascading the same two inverter modules with differ‑
ent DC link voltages (Case 2) in Module 2 (25 times Module 1) ranging from −312 to +312
(312 positive voltage levels, 312 negative voltage levels, and a 0 voltage level), are depicted
in Table 9.
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Table 8. Case 1 (49 voltage levels with identical DC voltage ratio in both modules).

m1
m2 −12 −11 −10 −9 −8 . . . . 0 . . . . 8 9 10 11 12

−12 −24 −23 −22 −21 −20 . . . . −12 . . . . −4 −3 −2 −1 0
−11 −23 −22 −21 −20 −19 . . . . −11 . . . . −3 −2 −1 0 1
−10 −22 −21 −20 −19 −18 . . . . −10 . . . . −2 −1 0 1 2
−9 −21 −20 −19 −18 −17 . . . . −9 . . . . −1 0 1 2 3
−8 −20 −19 −18 17 −16 . . . . −8 . . . . 0 1 2 3 4
︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙
0 −12 −11 −10 −9 −8 . . . . 0 . . . . 8 9 10 11 12
︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙
8 −4 −3 −2 −1 0 . . . . 8 . . . . 16 17 18 19 20
9 −3 −2 −3 0 1 . . . . 9 . . . . 17 18 19 20 21
10 −2 −1 0 1 2 . . . . 10 . . . . 18 19 20 21 22
11 −1 0 1 2 3 . . . . 11 . . . . 19 20 21 22 23
12 0 1 2 3 4 . . . . 12 . . . . 20 21 22 23 24

Table 9. Case 2 (625 voltage levels with different DC voltage ratios in both modules).

m1
m2 −300 −275 −250 −225 −200 . . . . 0 . . . . 200 225 250 275 300

−12 −312 −287 −262 −237 −212 . . . . −12 . . . . 192 213 238 263 288
−11 −311 −286 −261 −236 −211 . . . . −11 . . . . 191 214 239 262 289
−10 −310 −285 −260 −235 −210 . . . . −10 . . . . 190 215 240 261 290
−9 −309 −284 −259 −234 −209 . . . . −9 . . . . 189 216 241 260 291
−8 −308 −283 −258 −233 −208 . . . . −8 . . . . 188 217 241 259 292
︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙
0 −300 −275 −250 −225 −200 . . . . 0 . . . . 200 225 250 275 300
︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙ ︙
8 −292 −267 −242 −217 −192 . . . . 8 . . . . 208 233 258 283 308
9 −291 −266 −241 −216 −191 . . . . 9 . . . . 209 234 259 284 309
10 −290 −265 −240 −215 −190 . . . . 10 . . . . 210 235 260 285 310
11 −289 −264 −239 −214 −189 . . . . 11 . . . . 211 236 261 286 311
12 −288 −263 −238 −213 −188 . . . . 12 . . . . 212 237 262 287 312

At a voltage ratio of 1:5, across the module, as depicted in Figure 4a, the blocking
voltage is distributed within the module. Similarly, for the voltage ratio of 52t:52t+1, the
distribution of blocking voltage is investigated as depicted in Figure 4b. It can be clearly
concluded while selecting the topology for a voltage ratio of 1:5 that the blocking voltage
remains the same in each module, whereas the blocking voltage of three modules for the
other voltage ratio of 52t:52t+1 is dangerously high, leading to a higher overall cost for the
component. The blocking voltages are studied across different modules, as depicted in
Figure 4.
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Figure 4. Blocking voltage distribution for Module 1 with a voltage ratio of (a) 1:5, (b) 52t:52t+1

(t = p − 1).

3. Comparison Study
The circuit design section elucidates two configurations: one employing an H‑bridge

and another without an H‑bridge. The circuits with an H‑bridge have been depicted in
Figure 5 and the circuits without H‑bridge have been depicted in Figure 6. The H‑bridge
variant offers enhanced control and efficiency by facilitating bidirectional power flow and
reduced losses. Contrarily, the non‑H‑bridge circuit, while simpler, lacks the flexibility
and robustness of its counterpart.
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Figure 5. Recently published inverter circuits with H‑bridge configuration (a) [14]; (b) [15]; (c) [16];
(d) [17]; (e) [18]; (f) [19]; (g) [20]; (h) [21].
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Figure 6. Recently published inverter circuits without H‑bridge configuration (a) [22]; (b) [23];
(c) [24]; (d) [25]; (e) [26]; (f) [27]; (g) [28]; (h) [29]; (i) [30]; (j) [31]; (k) [32]; (l) [33].

3.1. Comparison of Inverter Circuits with H‑Bridge Configuration [14–21]
A multisource switched capacitor topology for renewable energy applications has

been portrayed using reduced‑power semiconductor switches and capacitors. The topol‑
ogy uses fewer capacitors which charge/discharge in a binary algorithm using series/
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parallel modes without the use of any circuit balancing [14]. A dual‑input 9‑level inverter
with a trinary voltage ratio is presented to offer theminimum current‑conducting switches.
The topology is realized for reactive power capability by replacing unidirectional switches
with bidirectional switches [15]. A novel switched capacitor module is developed to pro‑
duce 9‑level and 21‑level inverters in similar and asymmetrical voltage sources. The topol‑
ogy eliminates H‑bridges in its operation to reduce high‑blocking‑voltage switches, and a
new switching scheme is used to self‑balance the capacitor voltages [16]. The DC sources
are arranged in a parallel/series combination through a set of switching devices to offer
high‑quality output voltage, and the topology requires a large number of bidirectional
switching devices, which are used in limited applications [17].

A single‑stage novel MLI is presented in [18], featuring a modified H‑bridge inverter
and a tapped source stack (TSS). The application of a field‑programmable gate array (FPGA)
for developing multicarrier pulse width modulation is also described.

The reduction in the overall power of devices such as power semiconductor switches,
gate drivers with their associated circuits, and DC voltage sources reduces their size, cost,
and complexity. A multicarrier pulse width modulation strategy is adopted to generate
the switching pulses. The authors of [19,20] discussed the calculation of switching losses
as well as the conduction losses. In this proposed H‑type inverter, 17 voltage levels can be
generated using nine power switches. Moreover, a 49‑level inverter is developed based on
the first algorithm of the proposed MLI; various performance parameters are compared to
prove the effectiveness of the proposed MLI [21].

3.2. Comparison of Inverter Circuits without H‑Bridge Configuration [22–33]
A cascaded three‑DC‑source structure using several bidirectional switches to produce

a stepped voltage was created, and the topology requires an H‑bridge inverter for polarity
reversal. The topology was realized in PV applications to demonstrate its utility in renew‑
able energy applications [22]. A four‑DC‑source MLI topology with several bidirectional
and unidirectional switches to offer high‑quality output voltage was created. The topol‑
ogy requires a large number of bidirectional switching devices and current‑conducting
devices [23]. A new structure based on five DC sources and twelve switches was used to
produce a stepped voltage, and the cascaded structure was obtained by using several basic
units. The structure uses several bidirectional switcheswith a high blocking voltage [24]. A
cross‑connected DC source with fewer switches to optimize voltage levels was developed
to reduce total power components. However, the topology follows the traditional cross‑
connected voltage source’s structure, and the novelty is its asymmetrical operation with
high blocking voltage [25]. The concept of the proposed modified matrix structure multi‑
level inverter (MMSMLI) involves arranging switches in columns and separate DC sources
(SDCs) in row links. This arrangement facilitates easy addition and subtraction of SDCs,
which is particularly beneficial for asymmetrical operation, enabling the creation of more
output levels. Additionally, introducing cross‑switching in the matrix structure helps re‑
duce the number of switching devices in the current conduction path across various output
voltage levels [26]. Another proposed design, the flexible rung ladder‑structured multi‑
level inverter (FRLSMLI), essentially extends a ladder‑structured bridge (H‑bridgewith ad‑
ditional rungs). These rungs consist of either source inclusion–bypass cells (SIBCs) or four‑
level creator cells (FLCCs). The FRLSMLI can synthesize fifteen levels using three SDCs,
with simulation and experimental results validating its applicability in real‑time applica‑
tions [27]. A novel generalized modular MLI topology combines the unique advantages of
existing MLIs to enhance output voltage levels while incorporating a comparatively lower
number of power electronic components, maintaining similar performances [28].

Furthermore, the proposed configurations include a specimen 27‑level inverter mod‑
ulated using sinusoidal pulsewidthmodulation (SPWM) and implemented in a laboratory
prototype setup using a d‑SPACE 1103 controller. Real‑time experimental results are pre‑
sented and verified against simulation results for both 7‑level and 13‑level inverters across
RL‑Load [29,30]. Two new structures of MLIs are introduced based on a modified T‑type



Electronics 2024, 13, 3566 12 of 23

inverter and switched‑diode cell. These inverter topologies are cascaded in series due to
their generalized structure, with the inherent property of generating negative voltage lev‑
els without using any full H‑bridge circuit being a key feature [31]. Additionally, a gen‑
eralized cascaded multilevel inverter is proposed, employing only a half‑bridge converter
for polarity reversal, thus reducing the required number of power switches [32]. Lastly, a
single‑phase cascaded generalized doubling circuit‑based MLI configuration is presented,
capable of generating the maximum number of output voltage levels by distributing the
total asymmetrical input DC link voltage among the cells using a minimum number of
power switches [33].

A comparison of the proposed topology with other topologies (with and without H‑
bridges) based on total switches, DC sources, number of voltage levels, number of switches
in the current conduction path, and gate drivers is depicted in Table 10.

Table 10. Component counts with several recent MLI configurations.

Type of
Topology Reference No. Total Switches Gate Drivers DC Sources No. of Voltage

Levels

Switches in
Current

Conduction
Path

Topologies
with

H‑bridges

[14] 16 16 2 33 6

[15] 7 7 2 9 3

[16] 14 14 2 21 4

[17] 13 13 5 49 2

[18] 12 12 3 7 5

[19] 11 11 3 7 3

[20] 9 9 3 9 5

[21] 9 9 4 17 3

Topologies
without
H‑bridges

[22] 3 3 3 15 5

[23] 12 12 4 33 6

[24] 12 12 5 27 4

[25] 8 8 4 9 6

[26] 8 8 2 9 4

[27] 9 9 2 9 4

[28] 10 10 3 7 4

[29] 11 11 5 27 4

[30] 8 8 4 15 4

[31] 6 6 4 9 3

[32] 6 6 3 7 3

[33] 7 7 3 15 4

Proposed 11 11 4 25 3

The proposed multilevel inverter (MLI) topology in Table 10 is compared with vari‑
ous existing topologies in terms of component counts, such as total switches, gate drivers,
DC sources, number of voltage levels, and switches in the current conduction path. The
proposed topology requires 11 total switches and 11 gate drivers, which is relatively effi‑
cient compared to topologies with higher component counts like those in references [14,19]
and [24]. The proposed topology requires fewer DC voltage sources compared tomany ex‑
isting topologies to achieve equivalent output levels. For instance, the topology referenced
in [24] requires fiveDC sources to generate 27 levels of output, and the topology referenced
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in [29] also needs five DC sources to produce 27 levels. In contrast, the proposed topol‑
ogy only requires four DC sources to generate 25 levels of output, demonstrating greater
efficiency in component utilization. Additionally, the proposed topology has only three
switches in the current conduction path, indicating a lower conduction loss compared to
most other topologies, making it a balanced choice in terms of efficiency and performance.

4. Simulation and Experimental Studies
This section portrays the simulation and experimental investigation of the developed

topology in theMATLAB/Simulink platform and a laboratory prototype arrangement. The
design of a low‑power laboratory prototype of a single‑phase reduced‑switch MLI has
been explained for experimental verification. The proposed single‑phase 25‑level inverter
consists of six unidirectional and five bidirectional controlled switches. The unidirectional
controlled switches are realized using an insulated gate bipolar junction transistor (IGBT)
with an anti‑parallel diode. The bidirectional controlled switches are realized using an
IGBT with four ultra‑fast diodes.

In practice, the selected rating of the devices (voltage and current) must be greater
than the theoretical (calculated) values by 1.5 to 2.0 times for the safety of the switches.
However, due to its availability in the laboratory, the IGBT CT60AM‑18F is used in the
design of the proposed inverter. The proposed 25‑level inverter prototype model uses
the following components: power switch—CT60AM IGBT, TLP250 (gate driver circuits),
isolated DC sources, DSO‑X 2024A (Key sight Technologies), and Resistive Inductive Load.

The prototype of the proposed inverters is developed using the DC sources obtained
by the multiple isolated winding transformers, rectifiers, and arrangements of the capaci‑
tive filter, as shown in Figure 7a. TheNLC gate pulse for the proposedMLI that is obtained
from the DS1103 is fed to the converter/inverter switches through the DS1103 connector
and the isolated gate drivers. Figure 7b shows the complete hardware setup of the pro‑
posed 25‑level inverter‑based system, which shows the power components (inverter, trans‑
former, etc.) and the d‑SPACE controller (DS1103) along with the measuring devices. The
bidirectional IGBTs are obtained by using two unidirectional IGBTs in a common emitter
configuration in simulation, and the same is used in the experimental setup. The blocking
voltage in the MLI is the voltage rating that every switching device has to endure when
it is in the OFF state. Overvoltage can cause semiconductor devices to fail and possibly
damage the inverter circuit as a whole. Therefore, in order to ensure dependability and
safe operation, choosing switching devices with the proper voltage ratings is essential in
MLI design. The blocking voltage across switches S1, S2, S3, S4, S5, S6 S7, S8, S9 S10, and S11
is 50 V, 50 V, −300 V, 300 V, −250 V, −250 V, 25 V, 150 V, 125 V, 250 V, and −250 V, respec‑
tively, as depicted in Figure 8. The magnitudes of the maximum blocking voltage across
the switches are S3 = 12 Vdc, S4 = 12 Vdc, S5 = 10 Vdc, and S6 = 10 Vdc and the minimum
blocking voltages across the switches are S7 = Vdc, S1 = 2 Vdc, S3 = 2 Vdc, S9 = 5 Vdc. The
selection of power switches is carried out accordingly to reduce the cost of the proposed
MLI. To optimize the cost of the inverter, the blocking voltage is the most important aspect
of the inverter.

In the simulation, the input voltage values are V1 = V2 = 25 V and V3 = V4 = 125 V.
Referring to Table 11, both simulation and experimentation are conductedwith twodistinct
loads: one with R = 180 Ω, L = 25 mH, and the other with R = 180 Ω, L = 150 mH. The
simulation and experimentation analysis are performed with a modulation index (MI) of
0.8 and 1 for the 25‑level inverter. Figure 9 illustrates the outcomes of both simulation and
experimentation for the load current and output voltage for R = 180 Ω and L = 25mH atMI
= 0.8. Themeasured Vo/p stands at 275 V, as depicted in Figure 9a, while the load current is
recorded at 1.2 A, as depicted in Figure 9b. The experimental results for the output voltage
and load current, as depicted in Figure 9c, match the values obtained from the simulation.
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Figure 7. (a) Schematic diagram of multi‑winding isolated transformer, (b) Experimental setup in
the laboratory for the proposed modular inverter. 1: host PC. 2: DS1103. 3: multimeter. 4: Multi‑
winding Isolated Transformer with rectifier and filter arrangements (realization of DC sources).
4: Multi‑winding Isolated Transformer with rectifier and filter arrangements (realization of DC
sources). 6: resistive road. 7: delay board or dead‑band board. 8: DC supply to driver circuits.
9: proposed inverter. 10: inductive load.
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Table 11. Circuit parameters in simulation and experimental tests for proposed 25‑level inverter.

Parameters Specification

Switching parameters for IGBT CT‑60AM‑18F: 900 V, 60 A
Von, IGBT = 1.3 V, Von, Dio = 1.5 V, RDio = 0.01 Ω, RIGBT = 0.11 Ω, β = 3

Types of switching devices and their
controlling elements

Driver
Controller

TLP250: 10–35 V, ±1.5 A
DS1103

Simulation and experimental parameters
for V1 = V2 = 25 V, V3 = V4 = 125 V

R = 180 Ω, L = 25 mH, Vpk = 259.2 V, Ipk = 1.2 A, MI = 0.8.

R = 180 Ω, L = 150 mH, Vpk = 259.2 V, Ipk = 0.9 A, MI = 0.8.

R = 180 Ω, L = 25 mH, Vpk = 301 V, Ipk = 1.3 A, MI = 1.
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Figure 9. Simulation results for the (a) output voltage and (b) load current. (c) Experimental results
for the output voltage and the load current at modulation index 0.8 for L = 25 mH, R = 180 Ω.

The simulation results of output voltage and load current are depicted in Figures 10a
and 10b, respectively, for the load R = 180 Ω and L = 150 mH at MI = 0.8. Specifically,
the load current is reported as 0.9 A, while the output voltage is measured at 259.2 V.
Figure 10c presents the corresponding experimental results, which validate the simulation
results, ensuring the accuracy and reliability of the simulation model.
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Figure 10. Simulation results for the (a) output voltage and (b) load current. (c) Experimental results
for the output voltage and load current at modulation index 0.8 for L = 150 mH, R = 180 Ω.

Figure 11 illustrates the comparative results between simulation and experimental
data for the output voltage and load current under specific conditions: R = 180Ω, L = 25mH,
atMI = 1. The load current registers at 1.3A,while themeasured value of the output voltage
stands at 301 V. The simulation results of output voltage and load current are depicted in
Figures 11a and 11b, respectively, while Figure 11c illustrates the experimental results of
load current and output voltage. It can be observed that the results obtained from the
simulation and experimentation are nearly equal.

In Figure 12, the outcomes of both simulation and experimental tests are depicted
for the output voltage and load current under the conditions of R = 180 Ω, L = 150 mH,
and MI = 1. The load current measures at 1.1 A, with the recorded value of Vo/p being
301 V. Figure 12a,b show the simulation outcomes for the output voltage and load current,
respectively, whereas Figure 12c depicts the experimental data for both load current and
output voltage, validating the simulation results.

Figure 13 depicts the experimental results for the output voltage and load currentwith
variable modulation indexes ranging from 0.8 to 1 for two different loads. The experimen‑
tation is conducted with two distinct loads: one with R = 180 Ω, L = 25 mH, as depicted in
Figure 13a, and the other with R = 180 Ω, L = 150 mH, as depicted in Figure 13b.

The total harmonic distortion (THD) values for MI of 1 and 0.8 are illustrated in
Figure 14a and b, respectively. The THD value for MI = 1 is 3.28%, while for MI = 0.8,
it is 4.58%. It can be observed that with a decrease in MI, the value of THD is increased,
which is the reason why an MLI is preferred to be used at maximumMI.
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for the output voltage and the load current at modulation index 1 for L = 25 mH, R = 180 Ω.
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Figure 12. Simulation results for the (a) output voltage and (b) load current. (c) Experimental results
for the output voltage and load current at modulation index 1 for L = 150 mH.
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index from 0.8 to 1 with (a) L = 25 mH and (b) L = 150 mH.
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Figure 14. Total harmonic distortion of output voltage of proposed 25‑level inverter for (a) MI = 1;
(b) MI = 0.8.

The power rating of the inverter is 1000 VA. In order to show the performance of
the proposed MLI, the inverter is simulated in MATLAB/Simulink using PLECS Blocksets
for R‑load (R = 62 Ω). The inverter parameters for a specimen output power of 1016 W
are considered, with a peak inverter output voltage of 360 V, a fundamental frequency of
f = 50 Hz, and an input DC‑link voltage of Vdc = 30 V and 5 Vdc = 150 V. The total power
input to the inverter is 1026 W. The sum of all conduction losses across the switches is
9.2787 W. The total switching loss for all switches is 0.2588 W. The total loss (sum of con‑
duction and switching losses) in the MLI is 9.5375 W. The output power is calculated by
subtracting the total loss from the input power, which is 1016.463 W. So, the efficiency of
theMLI is 99.07%, indicating that only a small fraction of power is lost during the operation.
Conduction loss is the predominant form of loss compared to switching loss.
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The highest switching loss occurs in switch S7, as it is heavily involved in generat‑
ing the 25‑level output, turning on and OFF ten times per cycle. In contrast, switch S8
experiences the lowest switching loss due to its minimal involvement in producing the
25‑level output, switching ON and OFF only four times per cycle. Figure 15a–c show the
bar graphs for the switching loss, conduction loss, and total loss of the eleven individual
switches, respectively.

Conduction losses occur when current flows through the semiconductor switches
(such asMOSFETs, IGBTs, or other devices). These losses depend on the on‑state resistance
of the switches and the amount of current passing through them. In multilevel inverters,
conduction losses are typically lower than in traditional inverters because they operate
with a higher number of switches and lower voltage steps, reducing the voltage stress
on each switch. Conduction loss increases as the output power increases, starting from
0.7225 W at 112.78 W output power and rising to 71.08 W at 4861.54 W output power, as
depicted in Figure 16a. This indicates that conduction losses have a significant impact on
the overall losses, especially at higher output power levels.

Switching losses arise during the transition periodswhen the semiconductor switches
turn ON and OFF. These losses are influenced by the switching frequency, the voltage and
current during switching, and the characteristics of the switches. Switching losses are rel‑
atively small compared to conduction losses but still increase with output power, starting
at 0.2897W for 112.78W output power and reaching 0.3836W for 4861.54W output power,
as depicted in Figure 16b. Despite their smaller magnitude, switching losses contribute to
the overall loss and can affect efficiency. The total loss, which is the sum of conduction
and switching losses, increases as output power increases. Total loss starts at 1.0122 W for
112.78 W output power and increases to 71.4636W for 4861W output power. The increase
in total losses is not linear but rather shows a steep rise as input power increases, especially
beyond 1500W input power. The total losses at different output power levels are depicted
in Figure 16c.
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Figure 15. Loss distribution of individual power switches: (a) switching loss, (b) conduction loss,
(c) total loss.

The output power follows closely with the input power, but is always slightly less
due to the losses. As expected, higher input power leads to higher output power, but the
output power efficiency slightly decreases as output power increases. Efficiency at dif‑
ferent output power levels is depicted in Figure 16d. The inverter is highly efficient at
lower input powers, with efficiency slightly decreasing as input power increases. Conduc‑
tion losses dominate the overall losses, and both conduction and switching losses increase
with output power.
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