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Abstract: Multilevel inverters (MLIs) have become a trend in the field of DC/AC inverters and one of
the main requirements in many of the industrial applications. MLIs spread in the academic research
field and replaced the conventional inverters due to the several advantages that these topologies
presented over the conventional inverters, as follows. (1) Operate with a high number of steps in
the output voltage waveform, which helps in reducing the level of harmonics and presents fine
and clear waveforms; furthermore, reduce the voltage stress on the switching devices and gives it
a long lifetime and more reliability. (2) MLIs have a low rating of the switching devices, which has
a noticeable role in reducing the system cost. (3) MLIs can be operated at both higher and lower
switching frequencies, which reduces the level of power losses and enhances the overall efficiency.
The main problem that faces the researchers in the multilevel inverters field is to design a topology
that uses the optimum number of components to ensure the low cost and obtain a high efficiency.
This paper presents a description of different topologies of MLIs that were investigated in the last
two decades to show the pros and cons of each topology. Also a set of performance parameters that
were used to measure the effectiveness of the MLI topologies have been discussed.

Keywords: multilevel inverters (MLIs); reduced-component topologies; symmetrical MLIs; asymmetrical
MLIs; hybrid MLIs; Modular Multilevel converters (MMCs); performance parameters

1. Introduction

Industrial applications of MLIs have been spreading widely for many years, especially in heavy
industry such as electric vehicles (EVs), ship propulsion drive, rolling mills, paper industry, as well
as metal forming [1,2]. Therefore, an AC supplier with special features is needed, for example,
variable magnitude of the output voltage to operate in a wide range between low, medium, and high
levels; in addition, variable output frequencies for ensuring a changeable range of switching speeds.
The controllable AC/DC converter can be chosen to perform this job and support fixed sources of
power for these industries [3–5].

Generally, the DC/AC converter (inverter) is a piece of equipment for power conversion that is
used to convert the DC input sources into an output AC voltage to feed AC loads. The inverters have
a wide range of applications that satisfy the needs of the pre-mentioned industries. Based on the rating
of the power electronics component as well as the control schemes, the process of operation of these
inverters has been governed. Figure 1 shows the schematic circuit for the most famous three-level
(3ϕ) inverter that is used to generate an output voltage waveform with a controllable magnitude
and frequency. The output voltage waveforms for the line voltage VAB and phase voltage VAO are
illustrated in Figure 2. Analytical study for the output voltage waveforms was performed to measure
the level of the harmonics in the output waveform. Figure 3 displays the spectrum analysis of the line
voltage waveform at different modulation index values [6].
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Figure 1. Schematic circuit of 3φ 3-Level inverter. 

 

Figure 2. Output line and phase voltage waveforms of the 3L inverter, simulated with PSIM©. 

 

Figure 3. Spectrum analysis of the output line voltage waveform. 

The conventional three-level inverter has some drawbacks, which need solutions to be solved. 
First, in high and medium power applications, the inverter requires devices with high power ratings 
to withstand high currents and voltages. Therefore, many devices need to be connected in 
series/parallel strings to obtain the required voltage/current capacity, which leads to more costly and 
complex systems. Second, the low number of steps in the output voltage waveform generates an 
output power with poor quality where the harmonics content in the output waveform exceeded 90%. 
Thus, the output side should have passive filtering components of a large size. Third, a high level of 
switching losses is obtained, which, in turn, reduces the system efficiency. To overcome all these 
limitations, the conventional inverters were replaced with multilevel inverters (MLIs) in many 
industrial applications. MLIs have the following advantages:  

1—MLIs introduce a high output voltage capability with no need for a step-up circuit. 
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Figure 1. Schematic circuit of 3ϕ 3-Level inverter.
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Figure 2. Output line and phase voltage waveforms of the 3L inverter, simulated with PSIM©.
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Figure 3. Spectrum analysis of the output line voltage waveform.

The conventional three-level inverter has some drawbacks, which need solutions to be solved.
First, in high and medium power applications, the inverter requires devices with high power ratings to
withstand high currents and voltages. Therefore, many devices need to be connected in series/parallel
strings to obtain the required voltage/current capacity, which leads to more costly and complex
systems. Second, the low number of steps in the output voltage waveform generates an output
power with poor quality where the harmonics content in the output waveform exceeded 90%.
Thus, the output side should have passive filtering components of a large size. Third, a high level
of switching losses is obtained, which, in turn, reduces the system efficiency. To overcome all these
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limitations, the conventional inverters were replaced with multilevel inverters (MLIs) in many industrial
applications. MLIs have the following advantages:

1—MLIs introduce a high output voltage capability with no need for a step-up circuit.
2—Reduce power losses. As a result, MLIs score a high efficiency compared with

conventional inverters.
3—The multiple steps in the output waveforms of the MLIs help in reducing the harmonic content.

Therefore, the waveforms reach a sinusoidal shape.
4—Produce a lower electromagnetic interface (EMI).
5—The high number of steps in one cycle of the output voltage reduces the voltage stress on the

switching devices, which gives the switching devices a long lifetime and enhances the system reliability.
6—The decrement in the level of harmonics content will lead to a decrement of (or even cancel)

the size of the passive filter components in the system, which reduces both the cost and size.
All these features and more keeps the MLIs as the first choice of the consumers to meet the

requirements of the industrial market.
Basically, the conventional MLIs have been classified into three main topologies, as follows:

Diode clamped MLIs topologies (DCMLIs) [7–11], flying capacitors MLIs (FCMLIs) [12–14], and cascaded
H-bridge MLIs (CHBMLIs) [15–20]. Each topology has the ability to be extended to a high number of
output voltage steps in the system expansion process. However, each topology has its own demerits.

DCMLIs require a set of different voltage ratings for clamping diodes. High voltage rating diodes
are needed to block the reverse voltages. Moreover, in case of system expansion for more output
power, extra switches, capacitors, and power diodes are required, which increases the system cost.
Another disadvantage is that the real power flow is difficult due to the capacitor imbalance. Although the
FCMLIs are still used in a large section of the industrial applications, they still have some disadvantages,
which can be summarized as follows: FCMLIs need a large number of bulky and expensive capacitors
that use a complex control scheme for voltage balancing. In addition, in the case of the real power
transmission switching, utilization and efficiency are poor. Practically, the DCMLIs and FCMLIs are
used sufficiently in systems with five levels in the output voltage waveforms, otherwise the system will
be bulky and too complex to be controlled. On the other hand, in CHBMLIs, the system can be extended
to any number of levels in the output voltage waveform. However, this will increase the number of
components and DC suppliers in the system to meet the required level of power and number of steps in
the output waveforms. In addition, the complex control scheme of capacitor voltage balancing still exists.

The main issues that face all the researchers in this field are to find the most optimum topology
that uses a reduced number of components to establish the topology and achieve the desired number
of levels. The recent MLIs topologies include the reduced components MLIs topologies, which can be
divided into three main sections, symmetrical MLIs, asymmetrical MLIs, and hybrid MLIs topologies.
Both the symmetrical and asymmetrical inverters are classified into topologies with an H-bridge unit
as a polarity section and topologies without the H-bridge unit. In the hybrid systems two or more
different units are connected in a cascade in order to increase the output levels and the power range
with a reduced number of components.

This paper presents a survey for the different categories of the MLIs topologies taking into account
the conventional and the newly invented topologies and highlights the features of each topology.
Moreover, we find the optimum design of the MLIs from the presented topologies. The article also
addresses some of the performance parameters that are used to distinguish between the different MLI
topologies. This paper is organized as follows. Firstly an introduction of the definition and principle
of operation of the MLIs has been presented, also the main members of the MLIs have been mentioned.
In Section 2, a full description for the classical MLIs topologies has been presented. Also, the advantages
and disadvantages are listed for each topology. Section 3 shows the newly presented MLI topologies
and has been subdivided based on the structure of the MLIs topologies and the feeding system into
three main categories; the Symmetrical MLIs, the Asymmetrical MLIs and the hybrid MLI topologies.
As Modular Multilevel Converters MMCs represent a famous member in the Multilevel converters,



Electronics 2020, 9, 1924 4 of 27

a short description for the MMCs and the most common configurations for the submodules has been
presented in Section 4. Section 5 presents a set of performance parameter expressions that have been
defined, which are used to govern the level of reliability and discrimination in preference between
different topologies. Finally, a conclusion of the paper is given in Section 6.

2. Conventional Multilevel Inverters

Figure 4 illustrates the classification of the MLIs members including traditional and reduced
switches MLIs with different subsections. As mentioned before, the family of MLIs topologies is
divided into three main branches: DCMLIs, FCMLIs and HBMLIs. They represent the conventional
types of MLIs, as given in Figure 5. Although the conventional MLIs topologies scored great success,
they still had some demisters that reduced their popularity. The following section describes different
conventional MLIs to show the advantages and disadvantages of each topology.
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2.1. Diode Clamped Multilevel Inverter Topology (DCMLI)

Figure 5a shows the DCMLI topology, which is used to generate an output voltage with three
levels. The configuration for this topology contains four unidirectional power switches, two diodes,
and two capacitors. The clamping diodes are connected in series to share the blocking voltage. Due to
the different voltage stresses on the clamping diodes, diodes with different ratings are used in the same
system to meet the required blocking voltage stress. For a long time this topology became a famous
MLI that was used in industrial applications, especially in the medium and high power applications.

In the case of three- and five-level topologies of DCMLIs, the structure of the topology as well as
the control scheme can be easily implemented. This topology needs only one DC supply regardless of
the number of the levels in the output voltage waveform while the increase will be only in the number
of chargeable capacitors as virtual DC suppliers in this topology [21]. On the other hand, DCMLIs
have some drawbacks. For example, by increasing the number of levels over five levels, the complexity
of the system will increase and the capacitor voltage balancing issue will require special treatment
on the controlling scheme [15]. In addition, the process of system extending will require additional
components, which will increase the system size and cost.

2.2. Flying Capacitor Multilevel Inverter (FCMLIs)

FCMLIs have the same structure as DCMLIs. However, the diodes are replaced with flying
capacitors. Figure 5b shows the three-level FCMLI, which contains four unidirectional power switches
and a flying capacitor, in addition to a DC supplier with two capacitors. The most famous structure of
the FCMLI is the three and five level topology. The FCMLIs result in a level of voltages higher than
that of the DCMLIs for the same number of output voltage steps, which make the system more reliable
in the industrial applications [22]. Nevertheless, the bulky and large size capacitors are still the main
drawbacks of this topology making it impossible to be packaged. Moreover, the system with output
voltage levels higher than five levels have a complex control scheme for capacitor voltage balancing.
In addition, high level of switching losses in the real power transmission are created [21].

2.3. Cascaded H-Bridge Multilevel Inverter (CHBMLIs)

Figure 5c presents the cascaded H-bridge MLI topology. CHBMLI was developed to overcome
the drawbacks of the previous topologies and give the system more flexibility in high power ranges.
The structure of this topology is based mainly on an HBU that contains four unidirectional power
switches and one DC power supply. HBU is responsible for generating an output voltage with three
levels (+Vdc, zero, and −Vdc). This unit can be repeated several times to achieve the desired level of
output power. This topology has some advantages over the DCMLI and FCMLI, where it requires
a reduced number of switching devices. Moreover, it is free of the capacitor’s charging and balancing
problems. Furthermore, it achieves low switching losses because it eliminates both the flying capacitors
and clamping diodes. CHBMLIs synthesize symmetrical units of HB or asymmetrical units to achieve
an increment in the number of the steps in the output voltage waveforms.

The main drawbacks of the CHBMLIs are the high number of DC suppliers that should be used to
feed the H-bridge units separately, as illustrated in Figure 5c, where PV panels act as DC supplies.
This issue was solved by applying multi-winding isolated transformers to replace the isolated DC
supplier [23,24]. In addition, CHBMLIs use low switching control schemes, which produces a high
level of losses due to the transformer leakage. In the case of extending the number of components in
the system, this will lead to a bulky and costly system. However, the CHBMLIs are still the best choice
in many industrial applications, such as Static VAR compensation, electrical transmission systems
(HVDC and EHVAC), energy conversion systems with grid integration like photovoltaic conversion
systems, and wind energy conversion systems.

The advantages as well as the disadvantages of the different types of the conventional MLI
topologies have been summarized in Table 1.
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Table 1. The advantages and disadvantages of the conventional MLI topologies.

Topology Advantages Disadvantages

(DCMLIs) [7–11]

1—Depend on only single DC supply.
2—Simple structure and easy
to be implemented.
3—Reduce number of components compared to
the conventional inverters for the same
number of steps.
4—System expansion is allowable.
5—For fundamental frequency switching
operation the efficiency is high.

1—Diodes with different voltage ratings for
clamping diodes are required.
2—Real power flow is difficult because of
the capacitors imbalance and it tends to
overcharge or discharge.
3—Need high voltage rating diodes to block
the reverse voltages.
4—Extra switches, capacitors, and diodes
are required for increasing the output
voltage levels.

(FCMLIs) [12–14]

1—Simple structure.
2—Reduced number of components compared
to the conventional inverters for the same
number of components.
3—Has a wide range of industrial applications
especially in the medium and high
power applications.
4—Single power supply is needed.
5—System supports modularity.
6—Deep voltage sags and short duration
outages problems can be overcome through the
large number of capacitors in the inverter.

1—Large numbers of capacitors are bulky
and more expensive than the
clamping diodes.
2—Complex control is required to maintain
the capacitor’s voltage balance.
3—Switching utilization and Efficiency are
poor for real power transmission.

(CHBMLIs) [15–20]

1—Compared to the DCMLIs and FCMLIs it
synthesizes a reduced number of
switching devices.
2—It is applicable for symmetrical and
asymmetrical operation.
3—No need for the power diodes or the
bulky capacitors.
4—System can be extended to a high level of
output power by connecting multiple units of
the basic unit in series connection.
5—Has a wide range of renewable energy
generation applications especially in the PV
power applications.

1—Large numbers of DC suppliers in the
case of system extending.
2—Extra switches and DC suppliers are
required for increasing the output
voltage levels.

Generally, it can be concluded that the conventional MLIs have the basic idea of the multilevel
process and still have many applications in the range of the medium and high power, including ship
propulsion drive, rolling mills, blowers, compressors, and conveyors. The above-mentioned drawbacks
motivated the researchers to look for new structures of MLIs to avoid these drawbacks. The following
section presents the most newly MLI topologies, which were presented in the last two decades, taking
into account the reduction of the components (DC suppliers, power switches, capacitors, diodes, etc.)
that were used to build these topologies.

3. Reduced Components Multilevel Inverter

Recently, the research community focused on reducing the size and cost of MLI systems, which
can be achieved by reducing the number of components. Many topologies have been introduced.
The reduced-component topologies are classified into three categories, symmetrical MLI topologies,
asymmetrical MLI topologies, and hybrid MLI topologies. Those MLIs aim to achieve a high number
of output voltage steps and high efficiency.

3.1. Symmetrical Multilevel Inverter Topologies

The term symmetrical means that all the DC power supplies in this topology have the same value.
The process of generating the output voltage is based on two stages, the level generating stage and
polarity generating stage. Proceeding from this meaning, the symmetrical MLI topologies are divided
into two types: symmetrical MLI topology with H-bridge and symmetrical MLI topology without
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H-bridge. The first type uses an HBU as a polarity part in the presented topology, which is responsible
for directing the output voltage waveform and generating both halves. The second type does not need
the polarity part. However, it depends on the generating level part to complete the waveform.

3.1.1. Symmetrical MLI with H-Bridge

Symmetrical MLI topologies are based on two parts, as follows. (1) Level generating part, which is
used to generate different levels in the output voltage waveform based on the DC input sources and the
switching devices. (2) Polarity generation part that consisted of an H-bridge. In most cases, the control
scheme of these topologies uses the low switching frequencies to control the switches in the polarity
part and the high switching frequencies for controlling the level generating part switches.

In [25,26], the authors presented new nine-level and eleven-level MLIs topologies, as shown in
Figure 6a,b, respectively. The presented topologies contain the level generation and polarity generation
parts. Those topologies are suitable for the renewable energy applications, especially in the PV farms,
where multi-terminal DC supplies are required to feed these systems. A cascaded half-bridge-based
multilevel DC link inverter was presented in [27,28]. This topology consisted of a set of half bridges
that was connected in series and each half bridge had its own DC source as an input supplier and
an H-bridge for polarity generating. This topology has a reduced number of switches to achieve the
output voltage level compared with the conventional topologies, as illustrated in Figure 6c.

A developed cascaded cell based multilevel inverter was discussed by Ebrahim Babaei et al.
in [29], as shown in Figure 6d. This topology presented a new basic unit for a cascaded multilevel
inverter, where each unit cell consists of three DC sources and five unidirectional switches. Moreover,
this topology supports the modularity process. Therefore, the output voltage of this system can be
extended to an unlimited number of steps by adding units in cascaded connection. Compared with the
conventional inverters, this topology has reduced count devices. In addition, it can be operated at the
fundamental switching frequency.

A modification of the previous topology was presented in [30]. The authors used a set of
bidirectional switches to connect the input sources with the polarity generation part and this structure
is called the common emitter configuration. The topology presents a reduction in the number of
components compared to the conventional topology. This topology has the ability to be extended
to a high number of steps with the cascaded connection process. Figure 6e displays a topology
configuration with an output of seven levels. In [31–33], the authors presented a new family of switched
series/parallel DC suppliers MLIs based on symmetric voltage suppliers. These topologies consisted of
a combination of switching devices that connected with the DC suppliers in a series/parallel ladder
connection. The ladder connection of these topologies can be extended to fulfill the required level of
output power by increasing the series/parallel combination. These topologies have the advantage
of reduced capability of the blocking voltage and a reduced number of components compared to
the conventional MLI topologies for the same number of output steps. This topology is illustrated
in Figure 6f.

A modular symmetrical MLI is discussed in [34]. This topology consisted of a set of separate DC
suppliers and a combination of free (insulated-gate bipolar transistor) IGBT diodes. The free diode
IGBT was used to prevent the short circuit that might occur on the input side. This topology has
fewer components compared to the conventional MLIs. However, the capacitors charging process is
complex. Figure 6g displays a single-phase seven-level inverter. In Figure 6h, a similar topology is
proposed [35]. The circuit structure consisted of a single source for charging a set of three capacitors.
In addition, a combination of switching devices and diodes are employed in this topology to generate
the output voltage.
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3.1.2. Symmetrical MLI without H-Bridge

In the symmetrical MLI without H-bridge, the topologies do not need the polarity part in directing
the different sides of the generated output voltage, and this mission is given to the generation level
part. Therefore, this type of topology is based only on a single stage in the output voltage production.

A reduced switched bidirectional MLI, which consisted of a set of cells connected in series was
presented in [36,37]. Each cell contained a separated DC supplier connected with four bidirectional
switches, as illustrated in Figure 7a. The presented topology is connected in a cascade in case of
increasing the output levels and extending the output power range. However, this topology has a high
number of switches due to the usage of bidirectional switches, and this number of switches will increase
in case of system expansion. In [38], an enhanced packed U-cells MLI (PUCMLI) topology was given,
as shown in Figure 7b. The enhancement was based on using the unidirectional switches instead of
the bidirectional with a small change in the topology structure. This change reduced the number of
components in the topology while keeping the same number of the output steps. However, it still has
drawbacks represented by the balancing circuit for capacitor voltage.

Figure 7c displays quite a similar topology [39,40], which is made of a modular of cells, each cell
consists of a separate DC source and two unidirectional switches taking the shape of a ladder.
This topology can be extended to any number of output steps by increasing the number of cells.
In addition, in case of any malfunction in one of the cells, the topology can continue supplying the
load but the number of the output levels and the voltage peak will be reduced. This topology is more
suitable for renewable energy sources to make use of the equally separated DC suppliers, such as PV
applications [41].

A cross-switched MLI is introduced in [42], as illustrated in Figure 7d. This topology ensures
a reduced number of elements and the switches use low voltage. A modification of the previous
topology was introduced by Banaei et al. [43]. The system presented a cascaded multilevel inverter to
improve the systems performance parameters. This topology succeeded in reducing the peak inverse
voltage (PIV) of the switches and increased the switch’s lifetime. Consequently, the performance of
the system was improved. Moreover, the presented topology could be extended by repeating the
modular stage several times, as given in Figure 7e. A Single-phase T-Type inverter was investigated
in [44]. The circuit was implemented based on different kinds of power switches, such as Si IGBT, SiC
MOSFET, and GaN HEMT at 600 V blocking voltage range. The study compared different switches
based on the efficiency and total harmonic distortion (THD) of the output waveforms.

3.2. Asymmetrical Multilevel Inverter Topologies

In the symmetrical MLIs in the previous section, each DC supplier is responsible for a single
level in the output waveform. As a result, a high number of DC sources are required in the case of
high output steps. The DC supplier is considered the most expensive equipment in the power system.
Therefore, the system will be more expensive. In order to overcome this limitation, the asymmetrical
MLI topologies were presented. The asymmetrical topologies synthesize a set of input DC sources with
different magnitudes to keep the number of DC sources as optimal as possible. The implementation of
the asymmetrical MLI topologies can be achieved as follows.

1. Change topologies from symmetrical into asymmetrical by replacing the symmetrical DC suppliers
with asymmetrical suppliers while keeping the structure of the topology unchanged.

2. In other cases, the asymmetrical topologies were implemented by repeating the basic cell with
different values of the input DC suppliers based on binary or trinary sequence.

3. Change the structure of the symmetrical topology to be compatible with the asymmetrical
feeding suppliers.
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3.2.1. Asymmetrical MLI Topologies with H-Bridge

The asymmetrical MLI topologies are divided into two main sections based on the structure
of the topology; asymmetrical MLI topologies with H-bridge and asymmetrical MLI topologies
without H-bridge.

The cascaded MLI topology that was presented in the symmetrical section [28], is modified
to asymmetrical topology [45]. This structure uses different magnitudes of input voltages.
This modification in the topology affects the flexibility of the system and its application. In addition,
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compared to the conventional topologies, the asymmetrical topology ensures a minimum number of
components, which keeps the cost as low as possible. Moreover, this topology has the ability to be
extended to a high number of output steps. In [46], the authors presented a multilevel module (MLM).
As shown in Figure 8a, the structure is performed by connecting a set of basic unit cells, where each
basic cell had two sources to produce an output voltage with three levels. Moreover, the structure can
be extended by series connection of the basic cells to achieve the required amount of output power.
However, the capacitor voltage balancing will be more complex. Furthermore, the authors presented
different case studies that discussed the optimal operation based on the optimal number of switching
devices and gate drives.

In [47,48], the authors introduced a set of cascaded sub multilevel cells to build up the asymmetrical
MLI topologies, which can operate under the symmetrical and asymmetrical MLI classification based
on the magnitude of the feeding sources. Compared to the conventional CHBMLIs, the number of
switches was reduced for the same number of steps in the output voltage waveforms, as given in
Figure 8b. On the other hand, the total standing voltage of this topology is higher than the recorded
value for the conventional CHB.

Figure 8c illustrates a topology that is made up of two half bridges connected in series with
an H-bridge unit [49,50]. Thus, the given structure is closer to a hybrid configuration than the
asymmetrical configuration. The proposed topology presents a reduction in the number of switching
devices compared to the other conventional topology. In [50], three different algorithms are presented
in order to estimate the most optimal values for the magnitudes of the DC input sources. In [51,52],
the authors designed a topology to reduce the switching devices, as shown in Figure 8d. In addition,
it can be extended to a high number of steps by adding multi-sources and switches with a trinary
sequence of DC sources. Moreover, it has the ability to operate with both fundamental and higher
switching frequency.

A new structure with a developed H-bridge is presented to ensure a reduced number of components,
low blocking voltage on the switches, which makes the topology easier to be implemented, low cost,
and high reliability [53,54]. The proposed topology can be extended into a high number of voltage
steps either in a cascaded connection, or extending the same topology with multi DC suppliers and
switching devices. Figure 8e presents the basic cell for the proposed topology, which consisted of
two DC suppliers and six unidirectional power switches. A similar topology that contains a set of
two DC suppliers and six unidirectional switches is presented in [55]. However, it has a different
arrangement of components, as displayed in Figure 8f. This combination is valid for both symmetrical
and asymmetrical configurations. In addition, this topology has two scenarios for expanding in either
the cascaded connection mode or modular mode. This topology has been studied under five different
algorithms for choosing the values of the DC suppliers.

In Figure 8g, a transformer based MLI is presented [56]. This topology synthesizes a single DC
source, multi-terminal high switching frequency transformer, and a combination of unidirectional
and bidirectional switches to generate the output voltage waveforms. This topology uses a single
DC source. However, the transformers generate spikes in the output waveforms, increase the losses,
and have a high cost, in addition to the bulky structure and unpackaged inverter circuit.



Electronics 2020, 9, 1924 12 of 27

Electronics 2020, 9, x FOR PEER REVIEW 12 of 28 

 

source. However, the transformers generate spikes in the output waveforms, increase the losses, and 
have a high cost, in addition to the bulky structure and unpackaged inverter circuit.  

 

 
(a) (b) 

 
 

(c) (d) 

 
 

(e) (f) 

S2

S3

S4

S1a

load

C1a

C2a

C1b

C2b

C1c

C2c

S2a

S3a

S1b

S2b

S3b

S1c

S2c

S3c

S1

S3a

S4a

load

S1a

S2a

S7a

S6a

S5a

S8aS9a

Vdc1

Vdc1

Vdc1

Vdc1

S3b

S4b

S1b

S2b

S7b

S6b

S5b

S8bS9b

Vdc2

Vdc2

Vdc2

Vdc2

S2

S3

S4

load
S1

S2c

S3c

S4c

S1c

S1a

S1b

S2a

S2b

Vdc1

Vdc2

Vdc3

S3

S4

S1

S2S7

S6

S5
S8

S9

Vdc2

Vdc1

load

S2

S3

S4

load
S1

Vdc1 Vdc2

S6

S5

S2

S3

S4

load
S1

S5

S6

Vdc1

Vdc2

Figure 8. Cont.



Electronics 2020, 9, 1924 13 of 27

Electronics 2020, 9, x FOR PEER REVIEW 13 of 28 

 

 
(g) 

Figure 8. Asymmetrical MLI with H-bridge. (a) [46] (b) [47,48] (c) [49,50] (d) [51] (e) [53,54] (f) [55] (g) 
[56]. 

3.2.2. Asymmetrical MLI without H-Bridge 

These kinds of topologies are the most famous among different categories of the MLI. The main 
target of those topologies is to obtain the optimum number of components to generate a certain 
number of steps in the output voltage waveform, and also to improve the quality of the output 
voltage performance and increase efficiency. These topologies synthesize these components to 
generate the desired output voltage waveform without any need for the polarity generating section 
in each topology. The input DC suppliers can be used in a trinary sequence, binary sequence, or any 
random sequence that serves to generate the desired number of steps in the output waveform. 

Figure 9a shows the basic cell of an asymmetrical MLI system with reduced number of 
components to generate an output voltage with seven steps [57]. The topology has two sources and 
six switches and can be extended to a high number of steps in the output voltage waveform by adding 
additional switches and DC suppliers. A Square T-type (ST-Type) Module MLI is presented in [58], 
as illustrated in Figure 9b. Based on 4 unequal DC sources and 12 unidirectional switches, this 
configuration generates an output voltage with 17 steps. The output voltage steps can be extended 
by connecting more than one unit in a cascaded connection. Not only will the output power range be 
increased but also the level of harmonics content will be reduced due to the increase in the output 
voltage steps.  

Modified multilevel inverters with reduced structures based on packed U-cells are presented in 
[59,60]. The basic cell of the proposed topology uses six unidirectional switches and two DC sources, 
as displayed in Figure 9c. The expansion of this topology can be performed by a cascaded connection 
between the basic cell, or increasing the arrangement of the DC suppliers and switches in the same 
cell. The proposed topology presents a reduced number of components and low voltage stress on the 
switches.  

Siddique et al. presented a new asymmetrical MLI topology with reduced switch count [61]. The 
proposed inverter presented an optimum design of the number of DC voltage sources and switching 
devices. In addition, the modularity process for a high number of steps generation at the output 
voltage was supported. Moreover, the authors introduced a generalized structure of the proposed 
topology for expanding the topology to a high power level. Figure 9d shows the basic cell, which 
consisted of three asymmetrical DC suppliers and a set of eight switches that were put in a special 
arrangement. Similarly, the authors presented an asymmetrical MLI topology with optimum design 

S2

S3

S4

S1

S2a

S3a

S4a

S1a

S2b

S3b

S4b

S1b

load

S11

S12

S21

S22

VS,11

VS,12

VS,21

VS,22

Vdc

Figure 8. Asymmetrical MLI with H-bridge. (a) [46] (b) [47,48] (c) [49,50] (d) [51] (e) [53,54] (f) [55]
(g) [56].

3.2.2. Asymmetrical MLI without H-Bridge

These kinds of topologies are the most famous among different categories of the MLI. The main
target of those topologies is to obtain the optimum number of components to generate a certain
number of steps in the output voltage waveform, and also to improve the quality of the output voltage
performance and increase efficiency. These topologies synthesize these components to generate the
desired output voltage waveform without any need for the polarity generating section in each topology.
The input DC suppliers can be used in a trinary sequence, binary sequence, or any random sequence
that serves to generate the desired number of steps in the output waveform.

Figure 9a shows the basic cell of an asymmetrical MLI system with reduced number of components
to generate an output voltage with seven steps [57]. The topology has two sources and six switches
and can be extended to a high number of steps in the output voltage waveform by adding additional
switches and DC suppliers. A Square T-type (ST-Type) Module MLI is presented in [58], as illustrated in
Figure 9b. Based on 4 unequal DC sources and 12 unidirectional switches, this configuration generates
an output voltage with 17 steps. The output voltage steps can be extended by connecting more than
one unit in a cascaded connection. Not only will the output power range be increased but also the
level of harmonics content will be reduced due to the increase in the output voltage steps.

Modified multilevel inverters with reduced structures based on packed U-cells are presented
in [59,60]. The basic cell of the proposed topology uses six unidirectional switches and two DC sources,
as displayed in Figure 9c. The expansion of this topology can be performed by a cascaded connection
between the basic cell, or increasing the arrangement of the DC suppliers and switches in the same
cell. The proposed topology presents a reduced number of components and low voltage stress on
the switches.

Siddique et al. presented a new asymmetrical MLI topology with reduced switch count [61].
The proposed inverter presented an optimum design of the number of DC voltage sources and switching
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devices. In addition, the modularity process for a high number of steps generation at the output voltage
was supported. Moreover, the authors introduced a generalized structure of the proposed topology
for expanding the topology to a high power level. Figure 9d shows the basic cell, which consisted of
three asymmetrical DC suppliers and a set of eight switches that were put in a special arrangement.
Similarly, the authors presented an asymmetrical MLI topology with optimum design [62]. The basic
unit of this topology, as given in Figure 9e, consisted of ten switches and three DC suppliers to generate
an output voltage with 15 steps. Moreover, this topology can by expanded regularly by adding two
switches for any additional DC source.
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An envelope type (E-Type) module consisting of four unequal DC suppliers and ten switches
to generate an output voltage with 13 steps is presented in [63]. The proposed system supported
modularity by connecting multiple units in a cascaded connection. Figure 9f shows the configuration
of the E-Type MLI topology. Two different configurations of K-Type MLI topology are investigated
in [64,65], as shown in Figure 9g,h, respectively. Both types presented self-balance methods for the
capacitors charging and ensured a capacitor balancing process without any additional charging or
balancing circuits. In addition, both topologies supported modularity to increase the output power
range and reduced the harmonics content in the output voltage waveforms.

3.3. Hybrid Multilevel Inverter Topologies

The term “hybrid system” indicates that the presented system contains two or more different
topologies in the same system that are connected to each other in a series connection in order to
increase the range of the output power and reduce the number of components in the system to get
a better performance and high efficiency. The hybrid system might be a combination of the following.
(1) The conventional MLIs that were presented in the first section of this paper. (2) A combination of
two (or more) units from the pre-discussed topologies (symmetrical or asymmetrical MLI topologies)
to achieve the desired target.

In [66], the authors introduced a hybrid system for a symmetric MLI that consisted of
a switched-capacitor MLI unit and a floating-capacitor MLI unit, which is integrated into two isolated
sub-units and connected in a cascaded connection form, as illustrated in Figure 10a. The proposed
system presents an output voltage with 19 steps, which reflects a reduction in the power losses
and enhancement in the overall efficiency. Abarzadeh et al. [67], discussed a hybrid MLI system
that consisted of a combination of voltage-level multiplier modules (VLMMs) in series with
a hybrid-neutral point-clamped (HNPC) unit. In addition, the authors proposed a novel switching
control, which achieves a self-balancing of all the capacitors voltage. Moreover, the odd multiples of
switching frequency were eliminated from the output voltage frequency spectrum. This topology can
be extended by repeating the VLMM unit several times. Figure 10b shows the two cascaded units of
the proposed topology. On the other hand, the same authors presented an improved active neutral
point clamped hybrid system, which contains a combination of a flying capacitor (FC) MLI unit in
series with an active-neutral-point-clamped (ANPC) unit [68,69]. The system generates an output
voltage with 11 steps and ensures a reduced number of high-frequency switches, which in turn, reduces
the losses and costs. In addition, the proposed control strategy in the work presents a self-balancing
for the capacitors in the FC unit. Consequently, the cost, size, and the reliability parameters of the
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system are enhanced. Figure 10c presents the hybrid system. Lee et al. [70] proposed an innovative
symmetrical four-level submodule as a basic cell that has a cascaded connection with an H-bridge unit
to generate an output voltage with nine steps. This system presented a high number of steps in the
output voltage waveform. However, it used four isolated DC suppliers, which increased the cost and
size. The nine-level hybrid cascaded MLI is shown in Figure 10d. A hybrid system, which consisted of
an H-bridge unit and a switched series/parallel MLI unit, is presented in [31]. The number of steps in the
output voltage waveform is determined based on the number of stages of the switched series/parallel
MLI unit. In addition, this work discussed configurations for 11-level (given in Figure 10e) and 15-level
hybrid systems. However, the system presented a modular and hybrid system but the system needed
many isolated DC suppliers, which increased the system cost.

A combination of a half bridge MLI, a full bridge MLI, and a DCMLI unit is given in [68].
The proposed topology increased the flexibility of the system by producing a high number of steps
in the output voltage. In [71], a combination of an improved FC unit cascaded with an H-bridge
unit is used to form a hybrid MLI system, as shown in Figure 10f. The proposed topology supports
modularity, which increases the number of steps in the output voltage. Moreover, this topology is
a good choice for high power applications. A T-Type MLI unit and an H-bridge unit are combined in
a hybrid system, as presented in [72]. This configuration can be extended to any number of steps by
extending the T-Type unit. The basic cell for the combination is presented in Figure 10g. The proposed
structure is simple, ensures a reduced number of components, and presents a high efficiency due to
the low power losses. A modification of the previous hybrid system is given in [73]. The proposed
topology involves the H-bridge unit with the T-Type unit in order to produce a compact topology with
a reduced number of components, and thus can be packaged. The topology presents an output with
nine steps and the output can be extended by modulating the T-Type unit and increasing the capacitors’
stages or cascading the same unit several times. The second scenario for system extending has been
discussed in the reference. Figure 10h presents the improved topology.
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A 21-level MLI hybrid system that consisted of a combination of a cross-switched MLI unit
cascaded with an H-bridge unit is investigated in [74]. The proposed topology ensures an increment in
the output voltage steps, decrement in the number of components that are synthesized in this hybrid
system compared to the conventional topologies, and leads to a reduction in the losses due to the usage
of the low frequency modulation technique. The structure of the proposed hybrid system is illustrated
in Figure 10i.

Finally, it can be summarized that the MLIs topologies are multiple and have different
characteristics, and each topology has its advantages and disadvantages, which are used to differentiate
between those different types and choose the appropriate type for each of the different applications.
The advantages and disadvantages for the different topologies of MLIs which presented in this
section have been summarized in Table 2. Taking into account the different categories which were
previously divided.
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Table 2. The advantages and disadvantages of the presented MLI topologies.

Category Ref. Advantages Disadvantages

Symmetrical MLI
topologies

[25,26,30]
- Highly modular and simple
- Applicable for renewable energy applications
- It requires non-isolated input DC sources

- Requires high number of DC suppliers
- Uses unidirectional and bidirectional switches
- Asymmetrical sources cannot be used

[27–29,31] - Only unidirectional switches required
- Simple structure and easy to be extended

-Many components are required for
system extending
- In [29] the symmetrical sources are mandatory

[36] - Simple structure and easy to be implemented
- Modularity is available

-It uses bidirectional switches, which increase the
size and the cost of the system

[38–40,42] - It replaces the bidirectional switches in [36] into
a unidirectional set of switches

- Switches with different rates are required
- Complex control

[43]
- Easy and simple structure
- System support modularity
- Uses only bidirectional switches.

- Asymmetry is not possible
- Switches with different ratings are required.

Asymmetrical
MLI topologies

[46]

- Simple structure and easy implementation
- Non-isolated DC sources are required
- Operates at high and fundamental
switching frequencies

- Load sharing is not equal
- Uses unidirectional as well as bidirectional
switches, which increases the losses and size.

[47,49,50]
- Available for symmetrical and
asymmetrical applications
- Supports modularity process

- The basic cell in [47] cannot be operated in the
symmetrical configuration so it can be cascaded

[51,52]
- Reduced number of components
- Use in the hybrid renewable energy sources
applications

- Symmetric source configuration is not possible.

[53–55]

- Simple and symmetric structure
- Reduced number of components are required
- Supports the symmetrical and
asymmetrical configuration
- All the switches are unidirectional switches

- Modularity is not available in these
configurations, so it can be extended through the
cascaded connection process

[56]

- Single DC source is required with the aid of
a multi-terminal high switching
frequency transformer
- System expansion process is available

- Complex to control
- High level of leakages in case of the high
switching frequency operation
- High current spikes.

[58,63]
- Simple structure
- Reduced number of switches for high
number of steps

- Uses mix of unidirectional and bidirectional
power switches

[64,65]
- Reduced the number of DC suppliers and
compensated with the chargeable DC capacitors
- Self-balancing process

- Uses both the unidirectional and bidirectional
during the system implementation
- The system expansion process is not easy and
needs more additional components

Hybrid MLI
topologies

[66] - High number of steps in the output waveform
- Reduced number of components.

- It uses a mix of unidirectional and bidirectional
power switches
- Diodes with a different rating are required

[67–69]

- Reduces the losses and costs
- Control strategy ensures a self-balancing
for the capacitor
- The system implementation based only on the
unidirectional power switches

- Complex control
- In case of system expansion the complexity of
the system increases

[72,73]

- Simple structure
- Reduced number of DC suppliers and
substituted with the virtual DC sources
- No need for the isolated DC power sources

- The charging and balancing process of the
capacitors is complex
- Uses unidirectional as well as bidirectional
power switches
- High circulating current.
- Asymmetric source configuration is not possible

4. Modular Multilevel Converters (MMC)

Modular multilevel converter (MMC) is one of the most important members of the DC/AC
converter family, especially in the industrial market due to the good features that these kinds of
converters present. For example, the high and medium power energy conversion capability especially
in the high-voltage direct current (HVDC) applications. It also presents a high number of output voltage
steps, which in turn enhances the system efficiency and low voltage stress on the power switches due
to the fact that the low-voltage ratings of these power switches are stacked up in the MMC.
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Schematically the MMC consisted of two arms for each leg and each leg has an N number of
submodules (SM)s connected in series to serve the purpose of the required level of output power.
Also, a series inductor Ls has been connected in each arm for the purpose of dv/dt suppression.
Also, it prevents the high-frequency components in the output current from injecting into the load.
The general configuration for a single-phase MMC system has been presented in Figure 11. The structure
of the MMC circuit is almost fixed and the change is in the shape of the SM cell that was used to build up
the MMC. The common SMs forms that were presented for the MMC have been illustrated as follows:

(1) The half-bridge submodule circuit [75]: the SM unit configuration circuit has been illustrated in
Figure 12a. It basically consisted of two power switches and a capacitor acted as a power source
in parallel with the switches. The output voltage of this basic cell could be equal to the capacitor
voltage in the case of firing the switch S1 ON, or zero if S2 is in the ON state. So, the switches
S1and S2 operate complimentarily.

(2) The full-bridge submodule circuit [76]: another configuration for the SM in the MMCs is the full
bridge. The basic cell of the full-bridge SM consisted of four switching devices and capacitors
arranged in the form of a bridge, this arrangement is presented in Figure 12b. Every two switches
in the same arm of the basic cell operate complimentarily.

(3) The clamp-double submodule circuit [77]: the configuration represented by two half-bridge units
that connected back to back with an additional two diodes and a power switch in the middle,
as shown in Figure 12c.

(4) The three-level converter submodule circuit [78]: the configuration for this SM is the same as the
configuration of the three-level NPC circuit and the three-level FC circuit, which is presented
in Figure 5a,b, respectively. The output voltage waveform from this unit is a three-level output
voltage (0, Vc1, Vc1 + Vc2).

(5) The five-level cross-connected submodule circuit [79]: the configuration of this SM consists of
two half-bridge cells back to back and in between, there are two power switches in the cross
direction. The structure of this SM is presented in Figure 12d. Based on the title of this SM the
output voltage contains five levels (0, Vc1, Vc2, Vc1 + Vc2).

(6) A comparison has been held between the different SMs to differentiate between them.
This comparison takes into account the number of components for each SM unit, the number of
levels in the output voltage waveform each cell, and the size of the output losses in the SM unit.
The comparison between the different structures for the SMs is presented in Table 3.

Table 3. Comparison between the different configurations for the submodules (SMs) in the modular
multilevel converter (MMC).

SM Configuration Number of
Components

Number of
Output Levels Size of Losses

half-bridge 2switches+
capacitor 2 It handles low power losses because it uses less switches

compared to the other SM configurations.

full bridge 4switches+
capacitor 2

Due to the relatively large number of switches compared to
MMC based half bridge, the power losses, as well as
the cost, increased.

The clamp-double
5switches+

2capacitors +
2diodes

5
This configuration records a higher percentage of power losses
compared to the MMC based half-bridge and a lower
percentage compared to the MMC based full bridge.

The three-level
converter: NPC

4switches+
2capacitors +

2diodes
3

The MMC based FCSM has the same power losses compared
to MMC based half bridge SM; however, the MMC based
NPCSM has high power losses compared to the MMC based
half bridge SM. However, the complexity of the circuit, as well
as the capacitor voltage balancing difficulties, limit the use of
this configuration.

The three-level
converter: FC

4switches+
2capacitors 3

The five-level
cross-connected

6switches+
2capacitors 5 This configuration has the same amount of power losses

compared to the MMC based clamped-double SM.
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5. Performance Parameters of the Compared MLI Topologies

The percentage of reliability of each MLI topology is measured based on its contribution in
reducing the performance parameters values to the optimum values. These parameters are represented
in the optimum number of components per pole, the average number of components per pole,
the total standing voltage, system efficiency, THD, and circulating current, etc. This section presents
a full description of performance parameters supported with the mathematical formulas for each
parameter individually.



Electronics 2020, 9, 1924 21 of 27

5.1. Total Number of Components per Pole

This parameter is discussed in [25,80]. It is defined as the total number of components per pole
that is used to generate the desired number of levels in the output voltage waveform. The benefit of
calculating this parameter is to get the most economical topology, which uses a reduced number of
components, and thus reduces the overall cost of the system. This parameter is calculated by:

NCom/Lev =
NSup + NCap + NTran + NSw + ND + NAux

Npoles
(1)

where:

NCom/Lev: Number of components per pole for each level in the output voltage waveform.
NSup: Number of DC power suppliers that were used to feed the topologies.
NCap: Number of capacitors in the proposed topology.
NTran: Number of transformers.
NSw: Number of switching devices.
ND: Number of diodes in the converter circuit.
NPoles: Number of levels in the voltage waveform per pole.
NAux: Any auxiliary components in the converter circuit.

It should be noted that this parameter can be calculated for any of the pre-discussed topologies.

5.2. Average Active Switches per Pole

In order to get more accurate results for the proposed topologies, the average active switches per
pole can be calculated. This parameter can be defined as the summation of the active switches for each
level of the output voltage waveform divided by the number of poles in the output voltage waveform,
as follows.

NAvg/pole =

∑m
i=0 Nsw(i)

Npoles
(2)

where Nsw(i) represents the number of active switches in the proposed topology in the period of
generating a certain level. This parameter can enhance the reliability and overall efficiency because of
the reduction in the switching losses [25].

5.3. Total Standing Voltage

This parameter is the summation of all the blocking voltages capability for all the switches in
a certain topology [46]. Equation (3) describes this parameter.

TSV =
n∑

i=1

VSi (3)

where n is the number of switching devices in a certain topology and VSi is the blocking voltage of
different switches. For example, considering the presented topology in [62] as an asymmetrical MLI
without H-bridge, the blocking voltage of different switches can be given as follow:

VS1 = VS2 = Vdc

VS3 = VS4 = 6Vdc

VS5 = VS6 = 6Vdc

VS7= VS8 = Vdc

VS9 = 3Vdc
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Therefore, the total standing voltage for this topology is calculated as follows:

TSV = 2 (1 + 6 + 6 + 1 + 3) Vdc = 2 × 17 = 34 Vdc

5.4. Total Harmonic Distortion (THD)

Harmonics are defined as the components with multiple integers of the fundamental frequency
that were added to the fundamental components and it distorts the output waveform shape. The value
of the THD indicates how close the output voltage waveform of the MLI circuit is to the pure sinusoidal
waveform. THD is formulated as the root of the summation of the squares of all the harmonics
components in the output waveform divided by the fundamental component [81]. The value of the
THD in each waveform can be calculated based on the following formula:

THD =

√∑n=2
∞ V2

n

V1
(4)

where n represents the different harmonics’ orders in the waveform and V1 is the fundamental
component of the waveform. The value of the THD depends on the control scheme and number of
steps in the output waveform.

5.5. Overall Efficiency

The overall efficiency of any system represents the percentage of the consumed power on the
output terminals to the input power. The efficiency can be kept high if the power losses through
the proposed system are low. The general formula for calculating the system efficiency is presented
as follows:

η =
Pout

Pin
= 1−

Plosses
Pin

=
vrmsirms

VdcIdc
(5)

where Vrms and irms are the load voltage and load current, respectively. Vdc and Idc are the input voltage
and input current, respectively. The efficiency of any MLI system is highly affected by the controlling
method and the number of the steps in the output waveforms.

5.6. Circulating Current

The circulating current is one of the most important parameters that need to be detected in
the MLI system. The circulating current in the MLIs is simply defined as the current component
between the neutral point of the load and supply ground. The circulating current is the cause of
parasitic capacitance, shaft voltage, and bearing damage. In addition, it causes an increment in the
electromagnetic interference (EMI) level. Therefore, reducing this current is highly recommended in
the MLI system [82]. Moreover, this current has a harmful effect on the power electronics components
and could cause a malfunction to these components [83]. The effect of the circulating current can be
limited by using the PWM control techniques to the level of ±Idc/2, ±Idc/3 and ±Idc/6, such as phase
disposition (PD) [84], phase opposition disposition (POD) [85], alternative phase opposition disposition
(APOD), and phase shift (PS) [86,87].

Some of the performance parameters have been applied for the presented MLI topologies to
choose the most optimal design from the compared structures that achieve the minimum values
from the tested parameters. The configuration parameters and the performance parameters have
been presented in Table 4. The performance parameters have been calculated for almost all of
the presented topologies based on the equations that are presented in the description of this section.
For the performance parameters, some of the statistics that are presented in Table 3 have been mentioned
in the references, such as the THD and the TSV, and are collected in the table. Other performance
parameters (NCom/Lev and Navg/pole) have been calculated from the formula given previously, as well as
the data given for each structure in the table. As mentioned before that the parameter NCom/Lev has



Electronics 2020, 9, 1924 23 of 27

been calculated to determine the number of components per level, this parameter is used to detect the
most economical structure. On the other hand, the parameter Navg/pole is used to detect the average
number of active components per pole, and this parameter is useful in detecting the size of losses
in the MLI structure. Therefore, the smaller the calculated values of these parameters, the better the
performance of this MLI topology.

Table 4. Configuration parameters and the calculated performance parameters.

Ref. Lev
References Specifications Performance Parameters

NSup NCap NTran NSw ND NPoles NAux NCom/Lev Navg/pole TSV p.u THD

DCMLI 3 1 2 0 4 2 2 0 4.5 2.5 2 69.8%
FCMLI 3 1 3 0 4 0 2 0 4 2 2 63.75%

CHBMLI 3 1 0 0 4 0 2 0 2.5 2 2 48%
[25] 9 4 0 0 10 3 5 0 3.4 2.8 16 17.9%
[26] 11 5 0 0 12 4 6 0 3.5 2.83 23 11.4%

[27,28] 7 3 0 0 10 0 4 0 3.25 4.25 16 22.6%
[29] 9 4 0 0 11 0 5 0 2.8 5.2 20 -
[30] 7 3 0 0 8 0 4 0 2.75 2.5 10 9.27%
[31] 11 3 0 0 10 0 6 0 2.16 2.33 17 9.07%
[34] 7 3 0 0 7 2 4 0 3 3.25 12 -
[35] 7 1 3 0 8 4 4 0 4 3 21 -

[36,37] 13 3 0 0 16 0 7 0 2.75 2.29 24 6.33%
[38] 7 1 1 0 6 0 4 0 2 3 12 22.45%

[39,40] 5 3 0 0 8 0 3 0 3.66 5.33 18 31.5%
[42] 7 3 0 0 8 0 4 0 2.75 4 12 -
[43] 9 4 0 0 10 0 5 0 2.8 4.2 18 12.66%

[47,48] 13 4 0 0 16 0 7 0 2.86 4 24 -
[49,50] 15 3 0 0 12 0 8 0 1.875 6.25 22 -
[51,52] 9 2 0 0 9 0 5 0 2.2 3.6 18 9.19%

[55] 5 2 0 0 6 0 3 0 2.67 3 8 17.56%
[56] 49 1 0 4 28 0 25 0 1.32 4 128 8.77%
[57] 7 2 0 0 6 0 4 0 2 3 12 16.4%
[58] 17 4 0 0 12 0 9 0 1.78 4.11 40 2.77%
[61] 11 3 0 0 8 0 6 0 1.83 3.33 21 -
[62] 15 3 0 0 10 0 8 0 1.625 4.375 34 -
[64] 13 2 2 0 14 0 7 0 2.57 5.14 32 3.87%
[65] 13 2 4 0 12 2 7 0 2.86 5.57 6 5.31%
[66] 19 2 4 0 12 6 10 0 2.4 6.2 38 -
[67] 21 2 3 0 14 4 11 0 2.1 4.54 60 6.25%
[70] 9 4 0 0 10 0 5 0 2.8 3.2 26 -
[73] 9 2 2 0 7 4 5 0 3 3.8 15 13.8%
[74] 21 3 0 0 10 0 11 0 1.18 2.55 40 3.9%

6. Conclusions

MLI topologies caused a revolution in the industrial community because of the smart features
over the conventional inverters. MLIs became widely used in the low, medium, and high power
industrial applications. Many research teams proposed different structures of the MLIs topologies in
order to achieve a reduced number of components, gain a high efficiency with low cost, and obtain
a high number of steps in the output waveforms. This paper discussed some of the MLI topologies
that were presented in the last two decades and reported different features of each topology, such as
the basic structure and number of steps in the output waveforms. In addition, the newly invented MLI
topologies were discussed in brief and classified into three main categories: symmetrical, asymmetrical,
and hybrid topologies. The symmetrical and asymmetrical topologies were divided into two types,
as follows: (1) Topologies that used a polarity generating section were called MLIs with H-bridge.
(2) Topologies that did not need the polarity section generating were called MLIs without H-bridge.
Moreover, performance parameters were discussed. These parameters are used to obtain the optimum
number of components and achieve a reliable topology. Due to the high number of steps in the output
waveforms in MLIs, a low rating for the power switches compared to the conventional inverters can
be applied. Moreover, the voltage stress on the switches is reduced, and thus increases the lifetime
and percentage of reliability of the switching devices. Furthermore, the reduced count of components
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(especially the DC suppliers) made the size and volume smaller. As a result, the system became more
packable and achieved a low cost.
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