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A General Review of Multilevel Inverters Based on
Main Submodules: Structural Point of View

Mahdi Vijeh ¥, Mohammad Rezanejad

Abstract—Multilevel inverters (MLIs) are being used in wide
range of power electronic applications. These converters have at-
tracted a lot of attention during recent years and exist in different
topologies with similar basic concepts. This paper presents five
main submodules (SMs) to be used as the basic structures of MLIs.
The paper reviews the common MLI topologies from the struc-
tural point of view. The topologies are divided into the different
SMs to show conventional MLI configurations and future topolo-
gies that can be created from the main SMs. A comparative study
between different topologies is performed in detail. The MLIs are
categorized and investigated with from different perspectives such
as the number of components, the ability to create inherent neg-
ative voltage, working in regeneration mode and using single dc
source.

Index Terms—Asymmetric, multilevel inverter (MLI), power
electronics, symmetric.

1. INTRODUCTION

ULTILEVEL inverters (MLIs) have been innovated as
M an adequate solution for dc—ac converter applications.
They play a vital role in modern technologies [1], [2]. MLIs
have been widely utilized in power system applications (such as
high-voltage direct-current (HVdc) [3]-[6], especially with re-
newable energy extensions [7]-[12], power quality devices such
as flexible ac transmission systems (FACTS) [13]-[16], static
compensators (STATCOM) [17]-[20], dynamic voltage restor-
ers [21]-[24], unified power flow controllers [25]-[27], unified
power quality conditioners [28]—-[31], active filters [32]-[35],
solid state transformers [36]-[39]), motor drives (which used in
transportation/traction [40]-[47], marine propulsion [48]-[52],
mine hoists [53], conveyors [54], [55]), industrial application
(such as induction heating power supply [56] and magnetic res-
onance imaging system [57]).

MLIs generate a staircase output voltage waveform by the
proper combinations of multiple input dc sources and power
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semiconductor devices [58]. Therefore, MLIs present a better
operation compared to two-level converters listed as follows
[59]-[61].

1) Easy extension because of modular structure.

2) Better harmonic specification and significantly reduces
the filter size due to generation a waveform as close to a
sinusoidal waveform as possible.

3) Reduction of the voltage stress (dv/dt); which can allevi-
ate the problems related to electromagnetic interference.

4) Lower switching losses as a result of lower switching
frequency and the lower voltage stress on the devices.

5) Fault tolerant operation capability using redundant
switching states.

6) Combination of MLIs with renewable energy sources
(such as photovoltaic, wind, and fuel cells), which can
improve energy harvesting and load sharing.

Fault tolerant is other aspect of MLIs to evaluate the reliability
of the power converters. The designing of the MLIs influences
on the fault tolerant. The number of switches, the appearance
of each switches on different levels, redundant paths to produce
each level and modularity are some designing parameters for
fault tolerant investigation. The authors in [62]-[66] have inves-
tigated some MLIs topologies from fault tolerant aspect and this
paper describes it as a brief coverage for the studied topologies.

Generally, redundant states help to increase the fault tolerant.
The dedicated paths for each level provide the parallel ways
to produce the level in case of fault on the switch. On the
other hand, if one switch is failed, there are another paths to
generate the same level. Regarding this issue, it is noticeable
that the symmetric MLIs are better than the asymmetric MLIs
since asymmetric ones are designed based on reduced switches.
Also, the unipolar MLIs which use H-bridge to produce negative
levels have a high risk in the fault tolerant in which if one of
each switch in H-bridge part is failed, the MLIs will be lost all
negative or positive levels.

Although it seems the higher number of switches increases
the fault tolerant, the number of component, cost, volume, and
complexity are increased that should be considered. Besides, the
modularity of MLIs in higher levels can create redundant paths
in different levels that it is good advantage of modular MLIs
from fault tolerant aspect. The character of each switch is most
important parameter in fault tolerant investigation. The appear-
ance of each switches on different levels should be considered
in the designing. If there is a switch which participates in most
levels, the switch is high risk and in failure of the switch, power
converter will be lost many levels in the output waveform. It
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Fig. 1. Perspective on evolution of MLI topologies.

is better that the switches participate in the levels on the same
appearance rate. The paper describes mentioned fault tolerant
parameters for each topologies briefly.

MLIs are suitable for medium and high voltage applications.
Nevertheless, using a greater number of switching components
is one of their main disadvantages that imposes extra expense
and more complexity on the overall system design [67].

MLIs appeared with cascade H-bridge (CHB) topology first
in 1970s [68]-[70], which followed by neutral-point-clamped
(NPC) topology in 1980s [71]-[73], and flying capacitor (FC)
in 1990s [74], [75]. These topologies, which are named clas-
sic topologies, were considered as the base of many multilevel
converters that are presented in recent decades. After that Mod-
ular multilevel converters (MMCs) were invented and showed
a breakthrough in industrial applications [76], [77]. P2 which
is a generalized MLI and embrace NPC and FC topologies
later proposed in 2000 [78]. With the development of MLIs,
especially NPC technology, active NPC (ANPC) topology pre-
sented in [79]. During the last decade other multilevel topologies
with application oriented approach are presented and investi-
gated. A perspective on evolution of MLI topologies is shown
in Fig. 1.

Generally, the multilevel converters can be considered as sym-
metric based on equal sources [81], [87]-[90], [103]-[109],
[127]-[138], [151], [154]-[195], asymmetric based on unequal
sources (binary, trinary, etc.) [83]-[86], [92], [96]-[101], [110]-
[142], [145]-[153], [165], with inherent negative level [81]—
[153] or without inherent negative level [154]-[195], single
sources by capacitor links [102], [107]-[126], [143], [144],
[173], [176]-[180], regenerative topology to work as a recti-
fier or an inverter [166]—[172] and hybrid based on the mixture
of NPC, FC, and CHB [99]-[101]. It should be noted that most
of these topologies have similar structures, which will be dis-
cussed in the next sections.

Recently, a large number of MLI structures have been studied
and presented in literature review. A few of these topologies have
the chance to attract the scientists’ attention due to their similar
structure. This issue provides deeper investigation on existed
topologies from sub-structure circuit’s attitude.

A deep investigation of the conventional and modern MLIs
with the structural point of view is considered in this paper.

2000s Up to now

Therefore, the paper can provide a structural manual to create
some new MLI for readers’ special application. On the other
hand, the readers or researchers can assemble the presented
submodules (SMs) according to their advantages and features
for their desire MLI and based on the number of levels, the
number of dc sources, the number of capacitors, and the
number of semiconductors. The paper shows the evolution of
the conventional inverters in association with the presented
SMs. It can be a good guideline to enhance the insight of
readers’ understanding of future MLIs.

In Section II, the configuration and operation principles of
main five SMs which are the base of MLI topologies are
described. Then, in Section III, various topologies are stud-
ied based on these main SMs. The most important aspects of
these structures are studied in detail and the classified in dif-
ferent topologies. Each topology, benefits and limitations have
been discussed in detail. All topologies that are discussed and
evaluated in this paper, are classified into two categories [2]:
Topologies with inherent negative voltage levels [81]-[153]
and topologies with negative voltage levels by H-bridge [154]-
[195]. This section comprehensively focuses on the structural
features of MLIs from a new point of view. Moreover, the
comparative study of the evaluated and investigated topologies
are presented in Section IV. Finally, conclusions are drawn in
Section V.

II. PROPOSED MODULE

Generally, MLIs can be constructed with some main SMs.
These SMs which mainly used as basic units of MLIs are gath-
ered in Table I. These units can be connected in series, in par-
allel, or in cross in various topologies to design a new topol-
ogy for a required application. Table I gives basic units’ form,
their switching states, and accessible output voltage for positive
current.

Advantages of each SM make them suitable for different
mixed type of topologies.

1) SM-I has three terminals and two modes with possibility

to connect to other modules in series on the left side,
and in parallel on the right side. It also can operate one dc
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source. Each switches need to withstand the voltage stress
of Vpc. It is well-known configuration as half-bridge.

2) SM-II has four terminals and six modes with possibility to
connect to other modules in series on the left side, and in
parallel (with some arrangements) on the right side. It also
can operate one dc source. Each switches need to have the
capability of blocking Vpc. Switches Sy and S5 can act
as a bidirectional switch when b and c are considered as
output terminals.

3) SM-III has four terminals and four modes with possibility
to connect to other modules in series on the left, right, up
and down sides, and in parallel on the different arrange-
ments of four terminals. It also can operate one dc source.
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Fig.2. (a) SM-IIL (b) and (c) SM-V.
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Fig. 3. SMs arrangement.

It is similar to well-known configuration as full-bridge
with two extra terminal on top and bottom. The value of
the blocked voltage by switches is Vpc.

4) SM-IV has four terminals and three modes with possibil-
ity to connect to other modules in series on the left, side,
and in parallel (with some arrangements) on the right side.
It also can operate two dc in which the existing of bidirec-
tional switch causes two controlled ways for dc sources. It
is well-known as T-Type with one extra terminal on right.
Unidirectional switches and bidirectional switch should
have the capability of blocking 2Vp ¢ and Vpc, respec-
tively. On the other hand, it generates more output voltage
levels with higher voltage stress on switches compared
with SM-I and -1I.

5) SM-V has four terminals and six modes with possibility
to connect to other modules in series on the left, side,
and in parallel on the different arrangement of four termi-
nals. It also can operate two dc source in which the ex-
isting of bidirectional switch causes two controlled ways
for dc sources. It is mixed of two well-known configu-
ration as T-Type and half-bridge with two extra terminal
on top and bottom. Compared with SM-III, it synthesizes
more output voltage levels with higher voltage stress on
the switches. Unidirectional switches and bidirectional
switches should have the capability of blocking 2V ¢ and
Vb, respectively.

Itis noticeable that unidirectional switches in all SMs are con-
trolled in one direction and diodes are uncontrolled in opposite
direction. The point “a” or “d” in SMs-III and -V become sep-
arated, three more modules can be created (see Fig. 2). These
SMs would be placed in different parts of MLI structures to
present some new topologies. The similarity of SMs arrange-
ment is shown in Fig. 3.

As most loads are resistive-inductive, a switch should handle
bidirectional current and sometimes they should block positive
and/or negative voltage (bipolar voltages). So that, some
switches are combined in parallel or in series in order to be
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Fig. 5. Creation process of bidirectional switch in T-type module (SM-IV).

capable of handling the power flow in all four power quadrants.
These switches that should have bidirectional and bipolar
capabilities are generally named bidirectional switches [80].
Bidirectional switched is realized by connecting a few unidi-
rectional switches in different combinations such as shown in
Fig. 4. The second one (b) is more commonly, especially in
voltage source inverter.

As an example; a combination of two SMs that leads to a
bidirectional switch depicted in Fig. 5. Actually, it shows how
T—type module can be created by the vertical parallel connec-
tion of two half-bridge SMs (SM-I). Here, switches S; and S,
should handle bidirectional current and withstand the positive
and negative voltages of dc sources (Vpc1 and Vpco). There-
fore, this switches can be considered as a bidirectional switch.

III. MULTILEVEL TOPOLOGIES OVERVIEW

In this section, a detailed analysis of MLI topologies is pre-
sented based on introduced SMs that were shown in Table 1.
The main SMs are being connected in series, in parallel or anti-
parallel (cross) and it is shown how some published inverters
can be derived from them. The MLI topologies fall into two cat-
egories according to output voltage polarity: bipolar topologies
(with inherent negative voltage polarity) and unipolar topologies
(the generation of negative voltage levels with H-bridge). This
category is presented in Fig. 6. As can be observed, all studied
topologies fits into two abovementioned categories (bipolar and
unipolar topologies). Each category is itself divided into three
groups according to the type of SMs connection (series, paral-
lel, and mixed connections). Then, all references are placed into
these classifications based on their SMs combination, e.g., it can
be seen that CHB topology can be created by series connection
of SM-III.

A. Topologies With Inherent Negative Voltage
Polarity (Bipolar)

As mentioned above, some of MLI converters have the abil-
ity to produce both positive and negative output voltage levels
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without using H-bridge converter through the load. A review of
these types of topologies that the authors named bipolar MLIs,
is presented in this part.

The CHB was the first patent that is proposing a topology
with the ability to produce the multilevel output voltage from
dc sources. It is a good candidate for high-voltage applications
due to its modularity. Although, separate dc voltage sources are
required for each module that limits its application in higher
output voltage levels [81]. Furthermore, it is very appropriate
for the fault tolerant applications because of its high redundancy
states and modularity [82]. CHB is formed by a series connection
of SM-III as shown in Fig. 7. Symmetric and asymmetrical
source configuration is investigated in [83]. Table II illustrates
the pattern of the dc sources and the number of output voltage
levels for Fig. 7 based on the patterns.

Fig. 8(a) is illustrates two series SMs-I, in parallel with one
SM-III. This arrangement creates a five-level active neutral
point clamped (SL-ANPC) [see Fig. 8(b)] [84]-[86]. Supposing
Vo1 = Voo = Vpcand Vg = %VD(), SL-ANPC effectively in-
creases the output voltage level and synthesizes five different
output levels (O, VIQ’(’ , Vbe, 3‘/;(' , 2Vpc). As it shown in
Fig. 8(c) the three-level ANPC (0, Vpc, 2Vp ) can be obtained
from 5L-ANPC by omitting switches S5, Sg and dc link (Ves)
[87], [88]. Now by eliminating the neutral clamping switches,
not their diodes, the classic NPC configuration can be achieved
[see Fig. 8(f)] [89], [90]. Indeed, 3L-ANPC is an active form of
NPC since using neutral clamping switches instead of clamping
diodes. The high required number of diodes, the unequal share
of losses between the inner and outer switches and complex
voltage balancing are the main drawback of NPC inverters. It
should be mentioned that the voltage balancing and the unequal
share of losses between switching devices in NPC converters
can be solved by neutral clamping switches [91].

In Fig. 8(a), using SM-I instead of the SM-III, a new general-
ized topology can be offered [see Fig. 8(d)] [92]. The generalized
MLI is a horizontal pyramid of SM-I and its three-level topology
is shown in Fig. 8(e). In symmetrical source configuration, each
switch need to be capable of blocking voltage V. Moreover,
some existing MLIs can be deduced from this generalized topol-
ogy. As an example, a 3L-ANPC can be derived by eliminating
dc link (Ve3). Also, by omitting the neutral clamping switches,
not their diodes, the conventional 3L-NPC configuration can be
obtained as shown in Fig. 8(f). New configurations using pyra-
mid structure are introduced in [93], [94]. Table Il illustrates the
pattern of the dc sources and the number of output voltage levels
for Fig. 8 based on the patterns. Moreover, a deep investigation
of the behavior of a 3L-NPC under different fault condition has
been conducted in [95], which demonstrates a certain degree of
fault tolerance, but it is restricted.

The FC configuration is achieved by the parallel connection
of SMs-I and -IIT as indicated in Fig. 9. FC converters are not
very common as much as NPC in industrial applications, due to
their requirement of a high number of capacitors and difficulties
of achieving capacitor voltage balancing [96], [97]. In addition,
the redundancy states of the FC can be applied to program a
fault tolerant operation [98]. Table IV illustrates the pattern of
the dc sources and the number of output voltage levels for Fig. 9
based on the patterns.
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Fig. 7. CHB converter. (a) Series connection of SM-III. (b) Presented in [81].

TABLE II
SOURCE CONFIGURATION OF THE CHB [81], [83]

Source Configuration|Magnitude of DC voltage sources| Nieve
Vber = Ve
Symmetric Vbei = Ve 7 (n=3)
For i=2,3,...,n
Vbca = Vac
Ve = 2171V, 15 (n=3)
Asymmetric For i=2,3,...n
Vbca = Vac
Ve = 371V, 27 (n=3)|
For i=2,3,....n

Recently, various topologies have been presented with the
help of these topologies. As an example, Fig. 10 indicates three
topologies using conventional circuits.

Unipolar Topologies

SML-III SM-1 SM-L/LIII SM-I SM-LIII SM-LII
—>| CHB [68-7(),81,83]| —>| FC [74,75,95,96] | NPC [71-73,89,90] [154-173] [174,175] [183-185]
SM-I/III SM-LII SM-LILIII
| Single Source [102] | —>| [127-142,145-147] | [150] | Single Source [176-180] | » [186]
SM-I/IIL ¢ SM-1 SM-LII
—>| MMC [103-109] | | Single Source [111-126,143,144,148] | [151,152]| [181,182,187-193]
SM-1.V. SM-I
[153] [194,195]

Fig. 10(a) shows an FC converter with a built-in 3L-NPC
which is presented in [99]. Operating over a wide range of input
voltage without connecting any switches in series, high quality
output voltage, using fewer components (compared to other
classic five-level topologies) are the considerable features of
this topology. Moreover, each switch does not have to withstand
the voltage stress more than %VDC (Vbe = Woer + Vbe2).

Le and Lee [100] propose a six-level inverter with reduced
number of components and single dc source, which reduce the
size, weight, and cost of the inverter. As depicted in Fig. 10(b)
the two SMs-I and inner 3L-FC unit are combined to create the
topology.

The voltage ratings of the switches when Vo1 = %VCQ =
Ves = $Vea = + Vg are as follows: £ Vp for Sy and S5, and
%VDC for the rest of the switches. Moreover, all the switches
possess the same current rating (load current).

The proposed inverter in [101] is developed by combin-
ing stacked 3L-FC, one 3L-NPC unit and three SMs-III
[see Fig. 10(c)]. Assuming Vpc1 = Vpco = Vpes = %Vm =
%VCQ = %ch, = %VC4 = éVC5 = 11*6‘/06 = %VDC,the topol-
ogy synthesizes forty-nine levels at the out terminals. The con-
cept can be simply extended to obtain higher voltage levels. The
comparison of modified nine-level inverter with other existing
nine-level topologies is fully investigated in [101].

A new cascaded seven-level inverter with a single dc source
presented in [102]. It is created by the series connection of SMs-
III and adding two switches as shown in Fig. 11. Compared
with the traditional CHB, the proposed topology replaces all dc
sources with capacitors, leaving only one H-bridge cell with a
dc source and adds two switches as charging switches. For a
symmetrical source configuration, switches of each SM need
to withstand the voltage stress of V¢ but charging switches
(S13 and Si4) need to have the capability of blocking 2Vpc.
Moreover, its high redundancy states make it suitable for the
fault tolerant application. Table V illustrates the pattern of the
dc sources and the number of output voltage levels for Fig. 11
based on the patterns.
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[92]. (f) Conventional 3L-NPC [89], [90].

TABLE III
SOURCE CONFIGURATION OF THE 3L-NPC [89], [90]

Source ConfigurationMagnitude of DC voltage sources| Nicyel

1
Ver = Vo2 = Vg = Evdc
For i=2,3,...,n

Symmetric 3 (n=2)

AY|

(b)

Fig. 9.
and [97].

FC converter. (a) Parallel connection of SMs-1. (b) Presented in [96]

TABLE IV
SOURCE CONFIGURATION OF THE 3L-FC [96], [97]

Source Configuration|Magnitude of DC voltage sources| Nieyel
Ver = Vg
Symmetric Vep = Vg = %VDC 3 (n=2)
For i=2,3,....n

There are various SMs which can be used in the MMCs.
SM-I is the most basic module that can be used in MMCs
for bidirectional ac—dc conversion (see Fig. 12) [103]-[106].

NPC converter. (a) Mixed connection of SMs-I and -1II. (b) SL-ANPC [84]-[86]. (c) 3L-ANPC [87], [88]. (d) Mixed connection of SMs-I. (e) P2 converter

The proposed circuit in [107] and [108] consists of two SMs-
III, which are connected in parallel to form a new three-level
SM as depicted in Fig. 12. The proposed 3L-SM that can be
replaced by two SMs-I, named double-SM. Double-SM has
eight switches meaning that it has more switches compared to
two SMs-1. However, always two switches conducting in parallel
and switches’ current rating is only half of the current rating in
SM-I. Thus, the combined power rating of the switches in the
double-SM is equal to SMs-1. In practical, several switches may
sometimes be connected in parallel to increase the current rating
of the SMs. In such a case, double-SM can be implemented with
exactly the same components. Table VI illustrates the pattern of
the dc sources and the number of output voltage levels for Fig. 12
based on the patterns.

A topology with symmetrical source configuration and asym-
metrical output waveform is presented in [109], which created
by putting a dc source between output terminals of SM-V is
shown in Fig. 13. Complementary module with asymmetrical
output should be connected to each other in order to create a
symmetrical output voltage waveform as is depicted in Fig. 13.
For symmetric source configuration (Vpc1 = Vpco = Vpes =
Vbe); switches S7 and S,, switch S5, and switches S, and Sj
need to have the capability of blocking 2Vp ¢, Vpc, and 3Vpc,
respectively. Despite the fact that all input sources are not used
optimally but compared to CHB it using fewer number of com-
ponents. Furthermore, it is not very suitable for the fault tolerant
applications because of its low redundant states. Table VII il-
lustrates the pattern of the dc sources and the number of output
voltage levels for Fig. 13 based on the patterns.

The presented work in [110] proposes a new MLI with asym-
metrical source configuration that formed by series connection
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Fig. 10. MLIs with combination of CHB, NPC, and FC. (a) FC with a built-in NPC converter [99]. (b) Combination of FC and SM-I [100]. (c) Combination of
stacked FC, NPC, and CHB (SMs-III) [101].

""""""""""" TABLE VI
S VSS SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [107] AND [108]
a [Voerd id
i LS2 S{ Source ConfigurationMagnitude of DC voltage sources| Nicye
1
I — — _
Symmetric Ver = Vez = Vi = 2 Vae 3 (n=2)
For i=2,3,....n
1V [V
S T
Se Ss .
¢ i -—j
{ So Su v T ’
Sus _1Vbas { .
¥ N 4 :'§14
¢ S | St dtz :

Fig. 11.  Single source MLI based on CHB converter. (a) Combination of

SM-IIL (b) Presented converter in [102]. Fig. 13.  One leg of the MMC with asymmetrical SMs [109].

TABLE V
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [102] TABLE VII

SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [109]

Source ConfigurationMagnitude of DC voltage sources| Nicyel
Ver = Vea = Vi = Vae
For i=2,3,....n

Symmetric 7 (n=3) Source ConfigurationMagnitude of DC voltage sources| Nieyel

Vpc1 = Vpcz = Vpci = Ve 6 (n=3)

Symmetric For i=2,3,....n

of SMs-III with parallel connection of SM-I as shown in Fig. 14.
The proposed topology uses a single dc source and four float-
ing capacitors that can generate all required voltage levels. The
upper and lower switches in each module are switched in com-
plementary fashion and should be capable of blocking unequal
voltage of the related capacitor values (dc link), except switches
S1 and S5 that should bear blocking voltage equal to the sub-
traction of the input voltage values of Vpc and V. More-
over, each voltage level can be generated using one or more
switching states (voltage redundancies). By switching through
the redundant switching combinations, the current through ca-
pacitors can be reversed and their voltages can be balanced.
The advantage of the proposed configuration is modularity and
symmetry in structure that enables the inverter to be extended
to more number of phases like five phase and six phase con-
Fig. 12.  MMC and the schematic diagram of various SMs [103]-[108]. figurations with the same control scheme and using a single

Y2 Va

EAYL
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Fig. 14.
[1101.

(a) Parallel and series connection of SMs-I and -III. (b) Presented in

TABLE VIII
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [110]

Source ConfigurationMagnitude of DC voltage sources| Nieyel
Asymmetric Vei = FVDC 17 (n=5),
For i=12,...n

dc link for three—phase structure. Besides, it can be utilized
for the fault tolerant applications because of its high redundant
states. Table VIII illustrates the pattern of the dc sources and
the number of output voltage levels for Fig. 14 based on the
patterns.

The packed U—cell (PUC) topology is presented in [111]—
[125]. This topology uses a small number of components and
can be realized by the parallel connection of SMs-I and -III
or two SMs-III and omitting spare switches (marked ones) as
shown in Fig. 15(a)—(c). The topology is obtained from the sim-
ple and understandable arrangement of components. It uses six
switches, one dc source and one capacitor to generate output
voltage levels. In order to get the most output of this topology,
symmetric source configuration cannot be utilized. Capacitor
voltage amplitude is maintained at one-second of the dc source
voltage (binary). So that, the PUC topology synthesizes five
levels at the output terminals [122], [123]. This topology can
create seven levels at the output terminals if the capacitor volt-
age value maintains at one-third of the voltage level of the dc
source (trinary) [124], [125]. Moreover, the number of output
voltage levels from given input sources can be increased by
adding two crossover switches as shown in Fig. 15(f) [126]. It is
worth mentioning that this structure is composed of two SMs-
III. All switches should tolerate the load current. High energy
conversion quality using less number of devices, low production
cost, minimum voltage blocking by switches are mentioned as
merits of this topology.

By cross connection of above-mentioned SMs and omitting
spare switches (marked ones) [see Fig. 15(d) and (e)] presented
topology in Fig. 15(g) can be achieved [127]-[133]. The topol-
ogy consists of unidirectional switches and dc sources. The
proposed topology can be used in symmetric or asymmetric
source configuration. In this topology various switches required
to have different voltage blocking capability in symmetrical and
asymmetrical source configuration, for example; switches S7 &
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So, switches S; & Sg, and switches S3 & Sy need to have the
capability of blocking Vpc1, Vpeo and Voo + Voo, respec-
tively. All of the switches, when conducting, should be able to
withstand the load current. Asymmetrical source configuration
is completely investigated in [130] and [133]. By adding two
crossover switches as shown in Fig. 15(h), the number of output
voltage levels from given input sources can be increased [134].
The topology requires less number of switches as well as gate
drives compared with CHB to synthesize same number of output
voltage levels.

Fig. 15(i) shows the topology of [135] which is actually a
new arrangement of Fig. 15(g). New extension of this topology
[see Fig. 15(i)] is proposed in [136] that increases the output
voltage levels and decreases the number of required components
and total blocking voltage by switches. With small changes, by
substituting one SM-I with SM-IV the proposed topology in
[137] and [138] can be created [see Fig. 15(j)]. The topology
consists of dc sources, unidirectional and bidirectional switches.
This topology presented and investigated in symmetrical and
asymmetrical source configuration. The important disadvantage
of the topology is that switches S3 and S, have to be able to
withstand the total voltage of input sources. Moreover, it does
not support trinary source configuration because it is not able
to create all additive and subtractive combination of the input
voltage levels.

By substituting both SM-I with SM-IV in Fig. 14(1), the pro-
posed topology in [139] can be achieved as shown in Fig. 15(k).
In this topology Vpc1 = Vpc2 = Vpe and Vpez = Vpey =
nVpc, where n = 2 or 3. Different extension types of topology
is investigated and suggested in [140]-[142]. Also, the num-
ber of dc sources in this topology can be reduced by half as it
proposed in [143] and [144] [see Fig. 15(m)].

The proposed topology in [145] and [146] can be created
by substituting SM-I with SM-IV in Fig. 15(j) as shown in
Fig. 15(1). The topology demands a mix of dc sources, unidirec-
tional and bidirectional switches. It is obvious that each power
switches should be capable of blocking unequal voltage. This
topology proposed and investigated in asymmetrical source con-
figuration (binary). Switches S5 and S5 need to be capable of
blocking total voltage of the input sources.

Moreover, this topology does not support trinary source con-
figuration because it is not able to create all additive and sub-
tractive combination of the input voltage levels. This limitation
is solved in [147] by adding a bidirectional switch as shown
in Fig. 15(n). Moreover, the number of dc sources can be re-
duced by half as it presented in [ 148], which improved economic
implementation cost [see Fig. 15(0)].

Additionally, the topology shown in Fig. 15(h) can be utilized
to program a fault tolerant operation due to its high redundancy
states. But the other presented topologies can also be more
appropriate for the fault tolerant applications if the proposed
method in [149] is used. Actually, an addition of switch is pro-
posed which enables alternative states for the missing states and
hence enables fault tolerant operation in the event of any single
switch failure.

Table IX illustrates the pattern of the dc sources and the
number of output voltage levels for Fig. 15 based on the patterns.
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Fig. 15.

S: ':" —F/DC:_“% _WDCJ
W

Juae |
V(‘z—]— )1153 \J./VCI

(0)

(a) Parallel connection of SMs-III. (b) Parallel connection of SMs-I and -III. (c) Presented in [111]-[125]. (d) Cross connection of SMs-III. (e) Cross

connection of SMs-I and -1I1. Presented in (f) [126], (g) [127]-[133], (h) [134], (i) [135], [136], () [137], [138], (k) [139]-[142], (1) [143], [144], (m) [145], [146],

(n) [147], and (o) [148].

The proposed cascade topology for multilevel converter in
[150] comprises cross and parallel connection of SMs-I and -II
(see Fig. 16). As Fig. 16(b) shows the proposed topology con-
sists of eight unidirectional switches, two bidirectional switches,
and four dc sources. Its two sources in the left-hand have the
same voltage value. Moreover, the values of two dc sources in
the right-hand are the same but different from left-hand ones.

It is obvious that switches have to block different amount of
voltage, especially switches Sg and S7 because the voltage they
should block is proportional to maximum output voltage. Fur-
thermore, the number of components increase as the number
of levels goes up. Although, these problems restrict the topol-
ogy for high voltage application, cascade structure of the pro-
posed topology makes it suitable. Additionally, it is not very
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TABLE IX
SOURCE CONFIGURATION OF FIG. 15

Source Configuration Magnitude of DC voltage sources Nievel
Vbca = Ve
Vpei = 2'7'Vpe 5
. For i=2,3,...,n
c Asymmetric
Vbea = Ve
Vpei = 37'Vp¢ 7
For i=2,3,...,n
Vbca = Vbc
f Asymmetric Vpei = 371V 9
For i=2,3,...,n
Vbc1 = Ve
Symmetric Vpei = Ve 5
For i=2,3,...,n
h
Vb1 = Vbe
Asymmetric Vpei = 37 1Vpc 9| (n=2)
For i=2,3,...,n
Vbc1 = Ve
Symmetric Vpei = Ve 5
For i=2,3,...,n
g
Vbca = Ve
Asymmetric Vpei = 271Vpe 7
For i=2,3,...,n
Vbc1 = Ve
Symmetric Vpei = Ve 5
. For i=2,3,...,n
i
Vbea = Ve
Asymmetric Vpei = 271Vpe 7
For i=2,3,...,n
Vbc1 = Ve
Symmetric Vbci = Ve 9

For i=2,3,...,n
Vbe1 = Vpea = Vnc
k Vbcz = Vpes = 2Vpe 13
Similar for next modules

(n=4)

Asymmetric
Vbc1 = Vpes = Ve

Vbca = Vpes = 3Vnc 17
Similar for next modules

Vber = Vbez = Vbei = Ve 7
For i=2,3,...,n
] Vber = VD(;
Asymmetric Vpcz = Vpei = 2171 Vpe 11
For i=2,3,...,n

Symmetric

(n=3)

Vbe1 = Vbea = Vi
Vbcz = Vpes = 2Vpc 13
Similar for next modules

1 Asymmetric

Vbe1 = Vbea = Vnc
Vbcz = Vpes = 2Vpc 13
Similar for next modules

(n=4)

m Asymmetric
Vbc1 = Vpes = Ve

Vbca = Vpes = 3Vnc 17
Similar for next modules

appropriate for fault tolerant applications because its redundant
states are low. Table X illustrates the pattern of the dc sources
and the number of output voltage levels for Fig. 16 based on the
patterns.

If SM-I linked together in vertical series and then be con-
nected in horizontal parallel and also spare dc sources be re-
moved as shown in Fig. 17 the presented topology in [151] is
created. The topology requires bidirectional switches and dc
sources to generate the required voltage levels at the output
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Fig. 16. (a) Mixed connection of SMs-I and -II. (b) Presented in [150].

TABLE X
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [150]

Source ConfigurationMagnitude of DC voltage sources| Nicve
Vbc1 = Vbez = Vpei = Ve
Asymmetric Vbes = Vbea = Vpep = 2Vp; |13 (n=4)
For i=2,3,...,n
b b

-

@ (b)

Fig. 17. (a) Vertical series and horizontal parallel connection of SMs-I.
(b) Presented in [151] and [152].

TABLE XI
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [151], [152]

Source ConfigurationMagnitude of DC voltage sources| Nieyel

7 (n=4)

Vbc1 = Voei = Ve

Symmetric For i=2,3,...,n

terminals. For a symmetrical source configuration, switches S,
Sy, Sg, and S7( need to withstand the voltage stress of 4Vp ¢,
switches S3, Sy, S7, and Sy need to bear the voltage stress of
3Vpc, switches S5 and Sg need to have the capability of block-
ing 2Vp . Moreover, asymmetrical source configuration is also
possible to be employed [152]. Moreover, it cannot be utilized
to program a fault tolerant operation since its redundancy states
are low. Table XI illustrates the pattern of the dc sources and
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Fig. 18.

(a) Parallel connection of SMs-I and -V. (b) Suggested in [153].

TABLE XII
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [143]

Source Configuration|Magnitude of DC voltage sources| Nicyl
1
Vbe1 = Vpez = 2Ve = EVDC

Similar for next modules

Asymmetric 5 (n=3)

TABLE XIII
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [154]-[172]

Source Configuration|Magnitude of DC voltage sources| N evel

7 (n=3)

Vbe1 = Vbei = Ve

Symmetric For i=2,3,...,n

the number of output voltage levels for Fig. 17 based on the
patterns.

A variation of the ANPC concept is suggested in [153] which
is created by parallel connections of SMs-III and -V as indicated
in Fig. 18. The proposed topology includes eight switches, two
dc sources and one dc capacitor. Compared to five level ANPC,
it has the same number of components but the voltage ratings
of the switches are different. The voltage ratings of the switches
when Vpco1 = Vpeo = 2Ve = %VDC are as follows: %VDC for
S7 and S,, and %VDC for the rest of the switches. Table XII
illustrates the pattern of the dc sources and the number of output
voltage levels for Fig. 18 based on the patterns.

B. Topologies With H-Bridge (Unipolar)

There are two general kinds of multilevel converters from
different aspect to generate levels as inherently or by H-bridge
(bipolar and unipolar). Studied MLIs in pervious section have
the ability to generate both positive and negative output voltage
levels. Some other multilevel converters generate only positive
polarity at the first part, and at the second part, H-bridge converts
the polarity waveform to bipolar as positive and negative half-
cycle to produce ac voltage. On other hand, the first part refers to
“level-generation part” and the second part, H-bridge, refers to
“polarity-generation part.” Although Topologies with H-bridge
have lower components but it might H-bridge circuits tolerate
high switch stress. The unipolar MLIs have a high risk in the
fault tolerant in which if one of each switch in H-bridge part
is failed, the MLIs will be lost all negative or positive levels.
These presented MLIs that can be architected from main SMs
are indicated and discussed in this section.

By series connection of SMs-I (cascaded half bridge cells)
as shown in Fig. 19(a) the level-generation part of the proposed
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! (@

(b)

Fig. 19. (a) Series connection of SMs-I. (b) Presented in [154]-[165].
(c) Proposed in [166]-[172].

(@) (b)

Fig. 20. (a) Series connection of SMs-1. (b) Proposed in [173].

TABLE XIV
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [173]

Source ConfigurationMagnitude of DC voltage sources| Nievel

1
Ver = Ve, = EVDC ( 52)
n=

Asymmetric
Similar for next modules

topology in [154]—-[164] can be created [see Fig. 19(b)]. At the
end of series connection, H-bridge is added as the polarity-
generation part. In level-generation part, each switch should
tolerate the voltage of related dc source(s). It is obvious that
each switch of polarity-generation part must be capable to block
the sum of the input voltage. Therefore, compared to the level—
generation switches, H-bridge switches are rated higher. Al-
though they operate at fundamental switching frequency. Mean-
while, unequal source configuration is not investigated in [ 154]—
[164] but the binary source configuration, not trinary, can be
employed [165]. The binary topology demands less number of
switches as well as gate drives in comparison with CHB to
synthesize the same number of output voltage levels. Table XIII
shows the pattern and number of levels for symmetric and asym-
metric of the topology. It can be simplified as a different topology
in which the switches can be replaced with diodes as depicted in
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Fig. 21.  (a) Parallel connection of SMs-I and -III. Presented in (b) [174],

[175], (c) [176], (d) and (e) [177], [178], (f) [179], and (g) [180].

TABLE XV
SOURCE CONFIGURATION OF FIG. 21

Source Configuration|Magnitude of DC voltage sources

NLevel

Vbe1r = Vbez = Vpei = Vi

Symmetric For i=2,3,...,n

7 (n=3)

Vocr'rg,

Voa S

T S

(b)

Fig. 22.  (a) Parallel connection of SMs-I and -II. (b) Presented in [181] and

[182].

TABLE XVI

SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [181] AND [182]

Source ConfigurationMagnitude of DC voltage sources

NLeveI

Vbe1 = Vpez = Vpei = Ve
For i=2,3,...,n

Symmetric

7 (n=3)

TABLE XVII

SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [183]-[185]

Source ConfigurationMagnitude of DC voltage sources

NLevel

Vbe1r = Vbez = Vbei = Ve

Symmetric For i=2,3,...,n

7 (n=3)

Fig. 19(c) [166]-[172]. This topology is unable to supply induc-
tive loads due to the diodes cannot conduct negative currents.
These sorts of topologies are renowned as none-regeneration

topology.
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(b)

Fig. 23.  (a) Series and parallel connection of SMs-I and -II. (b) Proposed in
[183]-[185].

(b)

Fig. 24.  (a) Mixed connection of SMs-I and -III. (b) Presented in [186].

TABLE XVIII
SOURCE CONFIGURATION OF THE PRESENTED TOPOLOGY IN [186]

Source Configuration|Magnitude of DC voltage sources| Nieve

Vb1 = Vbez = Voei = Ve _
For i=2,3,...,n 7 (n=3)

Symmetric

TABLE XIX
SOURCE CONFIGURATION OF FIG. 22

Source ConfigurationMagnitude of DC voltage sources| Nicyel

Vbe1 = Vbez = Ve = Vne 7 (n=3)

Symmetric For i=2,3,...,n

TABLE XX
SOURCE CONFIGURATION OF FIG. 23

Source Configuration|Magnitude of DC voltage sources| Nicve

Vb1 = VD_cz = Vpci = Vg 15 (n=7)

Symmetric For i=2,3,...,n
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Ref. Nswitch Ngate prives Npiode Npc NCapacitor (TSV)xVDC Negative level
N N N N N
cuz | 4l 4[5 4[5 [5] - 4[5 inherent
N, -2 N, — 2 N, -2 N, -2 N, -2 N,—2 .
[102] 14[ L6 +1] 14[ L +1] 14[ L +1] [ L6 +1] 3[ L6 +1] 14[ L +1] inherent
N, -3 N — N, — N, —3 N.—3 .
109 - nherent
[109] 11[ M +1] 10[ M +1] 11[ M +1] 6[ M +1] 22[ M +1] inheren
N, -2 N, -2 N, -2 N, -2 N, —2
[128] 6[ - +1] 6[ - +1] 6[ - +1] 2[ - +1] - 8[ o +1] inherent
N, -2 N, -2 N, -2 N, -2 N, —2
[134] 10[ L4 +1] 8[ L4 +1] 10[ L +1] 2[ L4 +1] - 8[ L4 +1] inherent
N, -2 N, -2 N, -2 N N, -2
[135] 6[ - +1] 6[ - +1] 6[ - +1] [TL] - 12[ L +1] inherent
N, -2 N, -2 N, -2 N, -2 N, -2
[150] 8[ L6 +1] 7[ L6 +1] 8[ L6 +1] 3[ L6 +1] - 13[ L +1] inherent
(N, +1)(3N, — 1)
3 :
N, for odd sources .
151 2N, +1 N, +1 2(NL + 1 L - herent
[151] (NL+1) Lt (NL+ 1) [2] (N, + 1)(3N, +5) inheren
3 :
for even sources
N
[155] N, +3 N, +3 N +3 [7L - 3(N,— 1) with H-bridge
N, -2 N, -2 N, -2 N, -2 N, -2 N, -2 ) .
[173] 8[ - +1] 8[ - +1] 8[ - +1] [ - +1] 2[ L +1] 12[ L +1] with H-bridge
[175] 3N Lz_ ! 3NL2_ ! 3NL2_ ! [%] - N, — 13 Lz_ 13 with H-bridge
[176] 3N, — 1 3N, — 1 3N, — 1 1 [&] 7N, — 13 with H-bridge
2 2 2 2 2
-3 N, -3 N, -3 N, -3 N, -3
8| 2P| | [P e] | s a] | 2P | e[ P+ | wimrid
[178] 22[ 1 22— —+1 28|~ +1 2|~ +1 1 88|~ +1 wi ridge
N, —2 N, —2 N,—2 ] [NL—Z ] [NL—Z ] [NL—Z ] . .
179 th H-brid
[179] 9[ 3 +1] 9[ c +1] 11[ c +1 ‘ +1 c +1 17 c +1 wi ridge
N, —2 N, —2 N,—2 ] [NL—Z ] [NL—Z ] [NL—Z ] . .
180 th H-brid
[180] 8[ 3 +1] 8[ 3 +1] 14[ 3 +1 5 +1 5 +1 17 3 +1 wi ridge
N, -2 N, — 2 N, -2 N, -2 N, —2 ) .
[182] 10[ L +1] 10[ L +1] 10[ L +1] 3[ L +1] - 21[ L +1] with H-bridge
N -2 -2 N, -2 N, —2 ) .
[184] 10[ - +1] 10[~ +1] 10[ - +1] 3[ - +1] - 19[ - +1] with H-bridge
N -2 N, -2 N, —2 ) .
[1s6] | 12[~% +1] 11~ +1] 12[ L +1] 3[ L +1] - 19[ - +1] with H-bridge
N -2 N,—2 N, —2 N, —2 N, —2 ) .
[184] | 12 L6 +1] 8[ L +1] 12[ L6 +1] 3[ L +1] - 22[ L6 +1] with H-bridge
N,—2 N, —2 N, —2 N, —2 ) .
[192] | 10|—% +1] 7[ L +1] 10[ L +1] 4[ L +1] - 8[ L +1] with H-bridge
8 8 8 8 8
-3 N, -3 3 N, -3 N, -3
194 L ] L ] [ L ] [ L ] - [ L ] ith H-brid
[194] | 16 2 +1 12 2 +1 16 I +1 7 I +1 72 2 +1 wi ridge
-2 2 N N, -2 -2
105 L ] L ] [ L ] [ L ] _ [ L ] ith H-brid
[195] ]| 16 - +1 12 3 +1 16 3 +1 6 ) +1 44 P +1 wi ridge

Presented cascaded multilevel converter in [173] can be
achieved by connection of two SMs-I as illustrated in Fig. 20.
It contains eight switches, one dc source, and two capaci-
tors. It uses remarkable less number of dc sources against the
conventional topologies. The switches of level-generation part
(S1-5,) are operated at higher switching frequency than the
switches in polarity-generation that are operated at fundamental
frequency. Moreover, polarity-generation part’s switches should
be able to tolerate total output voltage (Vb1 + Va2 ), while the

value of the blocked voltage by level-generation part’s switches
is the half of this amount (Vp¢ ). Table XIV illustrates the pat-
tern of the dc sources and the number of output voltage levels
for Fig. 20 based on the patterns.

Two SMs-III in central and two SMs-I in sides as shown in
Fig. 21(a) create the presented topology in [174] and [175] and a
new face of this topology can be made by removing of switches
Sy, Ss, and S19 as depicted in Fig. 21(b). Different output volt-
age levels can be synthesized by choice of paths from dc sources
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Similar to Fig.16, 17 and 26
e S
. .
.

(@)

Fig. 25. (a) Vertical parallel connection SMs-I and -1I. Presented in (b) [187],
and (c) [188]-[193].

@ ©

Fig. 26.  (a) Parallel connection of SMs-I and adding a dc source. Presented
in (b) [194] and (c) [195].
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and semiconductors. Each switch of level-generation part stands
the voltage of one dc source (Vpc). It is noticeable that the
zero voltage level cannot be generated by level-generation part,
therefore the zero level is generated by H-bridge. On asymmet-
ric side attitude, binary and trinary source configuration were
not offered in [174] and [175] but binary source configuration
can be employed. In comparison with CHB, the topologies use
less number of switches with the same number of dc sources to
synthesize the same number of output voltage levels.

There are some similarities between proposed topology and
the ones presented in [176]-[180] [see Fig. 21(b)—(g)]. These
topologies presented with the aim of using less number of com-
ponents and especially isolated dc sources. The single source
structure of the circuit is depicted in Fig. 21(c). It is capable to
replace dc sources with dc capacitors [176].

Fig. 21(d) is the circuit with some small changes in [177]
and [178] [see Fig. 21(c)] as switch S5 replaced with D; and
also switches Sg and S connected to diodes Do and Ds in
series and then directly connected to negative terminal of dc
sources. It is obvious that the topology generates positive output
voltage levels. Consequently, it is not proper to use for inverter
applications with positive and negative half-cycle. In order to
synthesize a full-cycle waveform, the configuration shown in
Fig. 21(e) is proposed. Fig. 21(d) uses this structure instead of
using H-bridge.

Modifications are more tangible in [179] [see Fig. 21(f)].
Switch Si changed to Ds. Also, Diode D, connected to S5 in
series and then directly connected to the upside.

More switches are changed to diodes in proposed topology in
[180], which is shown in Fig. 21(g). That reduce the complexity
and number of the gate drivers because of using less number of
switches. It is simple to be extended to higher output voltage
level. Table XV illustrates the pattern of the dc sources and the
number of output voltage levels for Fig. 21 based on the patterns.

The topology of [154]-[165], which was shown in Fig. 19(b),
is redesigned in Fig. 22(b) [181], [182]. This topology is cre-
ated by parallel connection of SMs-I and -II, that form level-
generation part [see Fig. 22(a)]. Asymmetric configuration is
not possible to be employed in this converter, so it should be ap-
plied symmetrically. Despite the fact that dc sources are equal,
various switches with different voltage rate are required. For
example, switches S5, Sg, and Sy should be capable to block
Vbe, 2Vpe, and 3Vp e, respectively. Table X VI illustrates the
pattern of the dc sources and the number of output voltage levels
for Fig. 22 based on the patterns.

By series and parallel connection of SMs-I, -II and elimi-
nating the unused switch as indicated in Fig. 23 the proposed
topology in [183]-[185] can be achieved. The level-generation
part operates at the low frequency and its switches withstand
VDC in symmetrical mode. Extendibility and using a single dc
link for three-phase structure are other features of this topol-
ogy. Furthermore, asymmetric configuration source cannot be
considered due to all of the output voltage levels is not reach-
able. Table XVII illustrates the pattern of the dc sources and
the number of output voltage levels for Fig. 23 based on the
patterns.
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TABLE XXII
COMPARISON DETAILS OF ASYMMETRICAL MLI
Ref. NSwitch NGate Drives NDiode NDC NCapacitor (TSV)XVDC Negative level
N, —2 N, —2 N, —2 N, —2 N, —2
CHB (binary) 8[ - +1] 8[ = +1] 8[ - +1] 2[ = +1] - 12[ > +1] inherent
N, —2 N, —2 N, —2 N, —2 N, —2
CHB (trinary) 8[ L8 +1] 8[ LB +1] 8[ L8 +1] 2[ Ls +1] - 16[ Ls +1] inherent
N, —2 N, —2 N, —2 N, —2 N —2 N, —2
[122] 6[ L4 +1] 6[ L4 +1] 6[ L4 +1] [ L +1] [ L +1] 8[ L +1] inherent
N, —2 N, —2 N, —2 N, —2 N -2 N .
[124] 6[ L +1] 6[ L +1] 6[ L +1] [ L +1] [ L +1] 12|+ +1] inherent
6 6 6 6 6
N, —2 N, —2 N, —2 N, —2 N, -2 N, —2
[126] 10[ L8 +1] 8[ L8 +1] 10[ L8 +1] [ L8 +1] [ L8 +1] 20 L8 +1] inherent
N, —2 N, —2 N, —2 N, —2 N, —2
[128] 6[ L6 +1] 6[ L6 +1] 6[ L6 +1] 2[ L6 +1] - 12 L6 +1] inherent
N, —2 N, —2 N, —2 N, —2 N, — 2 _
[134] 10 |—= +1] 8[ L6 +1] 10[ L +1] 2[ L6 +1] - 14 L6 +1] inherent
N, —2 N, —2 N, —2 N, —2 N, — 2 .
[136] 6[ L +1] 6[ L +1] 6[ L +1] 2[ L +1] - 12 |t +1] inherent
6 6 6 6
N.—3 N, -3 N, -3 N, -3 L _
137 1] [ 1] [ 1] [ 1] - 22[ 1] herent
1371 8[ 10 + 7 10 + 8 10 + 3 10 + 10 + inheren
[139] 1oNe= +1] 8[NL_2+1] 10[NL_2+1] 4[NL_2+1] 25[L_2+1] inherent
b mheren
12 12 12 12 12
N, — N, -2 =2 N, -2 - ,
145 - herent
[145] 10 o +1] 8[ o +1] 10[ o +1] 4[ o +1] 28[ 3 +1] inheren
. N, — N, —2 - N, -2 - ,
147] (b - herent
[147] (binary) 12 2 +1] 9[ 12 +1] 12[ 12 +1] 4[ 12 +1] 29[ 12 +1] inheren
-3 N, —3 -3 N, —3 N, —3
147) ok I ek B mrans B I srans 1 S oty | iberen
[147] (trinary) 12[ 6 +1 9 16 +1 12 6 +1 4 16 +1 39 16 +1 inheren
N — 2 N, —2 N, —2 N, — 2 N, —2 ,
150 - herent
[150] 12[ P +1] 10[ 3 +1] 12[ 3 +1] 4[ 3 +1] 30 1z +1] inheren

Babaei ef al. [186] suggested a new topology with reduced
number of components that can be created by mixed connection
of SMs-1, -III and omitting the marked switches as shown in
Fig. 24. It synthesizes seven output voltage levels by three dc
voltage sources (symmetrical source configuration) and twelve
switches (level- and polarity-generation part’s switches). As it
mentioned in previous topologies, this circuit needs an H-bridge
to generate both positive and negative half-cycle output voltage.
Since Vpc1 = Vbo2 = Vbes = Ve, the voltage ratings of the
switches are as follows: level-generation part’s switches tolerate
Vbc and polarity-generation part’s switches (H-bridge) should
withstand the total voltage created by the level-generation
part (3Vp ). Table XVIIT illustrates the pattern of the dc sources
and the number of output voltage levels for Fig. 24 based on the
patterns.

The arrangement of SM-I and -II as in vertical parallel
connection [see Fig. 25(a)] can be reformed to create the
topology [187] as depicted in Fig. 25(b). The level-generation
part consists of unequal dc sources and bidirectional switches.
These switches are implemented with different voltage stress:
switches 57 and S need to be capable of voltage blocking
3Vpc whereas switches S5 and S3 need to tolerate the voltage
stress of 2Vp . Likewise, polarity-generation part’s switches
need to bear the maximum output voltage. Some subtractive
and additive combination of the input voltage levels cannot be
achieved. Then asymmetrical configuration source cannot be
employed.

In is noticeable that the proposed topology in [188]-[193] can
be created by grounding the common point of level-generation
part’s switches and removing two switches (57 and Sg) as indi-
cated in Fig. 25(c). Various switches need to withstand differ-
ent voltage stress, switches Sy should be rated 2V whereas
switches S7 and S5 should be rated at 3V, . Moreover, polarity-
generation part’s switches (Q;—Q4) need to be capable of volt-
age blocking 4V . These switches operate at the fundamental
switching frequency. The specification of this topology is the
reduced number of components in comparison with the con-
ventional topologies. This topology can be implemented with
a single dc link in three-phase inverter. Furthermore, unequal
sources cannot be employed since all additive and subtractive
combination of input voltage sources cannot be obtained. It is
noticeable that switches S and Sg can be unidirectional switch.
As shown in Fig. 25(b), the marked part assumed as a module,
and this module is exactly used in [150]-[152] and also [194]
and [195] (see Fig. 16, 17, and 26). Table XIX illustrates the
pattern of the dc sources and the number of output voltage levels
for Fig. 25 based on the patterns.

Fig. 25(a) is added to single dc source on both sides to create
the Fig. 26(a). In this topology some unidirectional switches
are reformed to bidirectional switches as depicted in Fig. 26(b)
[194]. It is noticeable that the level-generation part is not able
to generate the zero level and the zero level is produced by
H-bridge. Considering equal sources, switches S, S, S7, and
S12 need to work on the voltage stress of 3Vpc and the re-
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TABLE XXIII
HIGHLIGHTS OF BIPOLAR TOPOLOGIES OF MLIS

Topology Benefits limitations
e Less number of output voltage level.
Modular and simple structure e Requires more number of gate driver circuit.
Easy to extend tophi gher level.s e Requires a number of DC sources to increase the output voltage.
Y ) e Switches have to bear blocking voltage equal to the input voltage

Requires only unidirectional switches.

Appropriate for fault tolerant application.

Asymmetric source configuration can be employed.

Can be implemented as a single DC source configuration [102].

CHB [68-70,81,83] value.

Loss of modularity (asymmetric source configuration).

e Implement cost is high (asymmetric source configuration).

e Switches are differently voltage rated (asymmetric source

configuration).

Good candidate for industrial applications.

Reduces the number of required DC sources.

Appropriate for fault tolerant application.

the voltage balancing and the unequal share of losses between|
switching devices in NPC converters can be solved by neutral
clamping switches [84-88]

e The complexity of voltage balancing circuit.
e The unequal share of losses between inner and outer switches.
e Requires more components (especially, diodes).

NPC [71-73,89,90]

Reduces the number of required DC sources. e The complexity of voltage balancing circuit.

FC [74,75,95,96] Appropriate for fault tolerant application. e Requires more components (especially, capacitors).
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TABLE XXIII
(CONTINUED)
e Modular and simple structure. . L
[107,108] e Switches’ current rating are reduced. s The co mplexity of voltage balanc-mg c1‘rcu1‘t.
. ; e Requires more number of gate driver circuit.
e Can be implemented with exactly the same components.
e Asymmetric output waveform.
. e Switches are differently voltage rated.
1 . . .
(109 * Modular and simple structure o Not appropriate for Fault tolerant application.
e Requires more components (especially, DC sources).
e Modular and simple structure.
e Easy to extend to higher levels. o Switches are differently voltage rated.
[110] e Requires only unidirectional switches. e The complexity of voltage balancing circuit.
e Single DC link feeds all the three phases. e Requires more number of gate driver circuit.
e Reduces the number of required DC sources.
e Loss of modularity.
e Simple structure. e DC links are mandatory asymmetric.
[111-126] e Easy to synthesize more output voltage by adding two crossover| ® Switches are differently voltage rated.
switches [126]. e The complexity of voltage balancing circuit.
e Requires a mix of unidirectional and bidirectional switches.
e Modular and simple structure.
e Easy to extend to higher levels.
e Asymmetric source configuration can be employed.
e Easy to generate more output voltage by adding two crossover| o Equal load sharing is not possible
switches [134]. . . . L o Switches are differently voltage rated.
[127-134] e Fault tolerant operation capability using redundant switching N -ate for Fault tol licati
states [134]. e Not appropriate .or . ault tolerant e}pp 1cation. )
e Considerably using less number of components compared to CHB * Implement cost is high (asymmetric source configuration).
topology.
e Less number of conducting current path devices (compared to
CHB topology)
e Simple structure. .o .
[135,136] e Easy to extend to higher levels. ° Eq1'1a1 load shapng is not possible.
. . o Switches are differently voltage rated.
e Asymmetric source configuration can be employed.
. e Equal load sharing is not possible.
[137,138] ¢ I\If][;)sdulireirlSnscllr?(f’ilei;ltltclt;t;s e Switches are differently voltage rated.
’ o As zlmetric source confi urati;)n can be emploved e Requires a mix of unidirectional and bidirectional switches.
Y g ployed. e Trinary and binary source configuration cannot be employed.
e Modular and simple structure.
e Easy to extend to higher levels. o Switches are differently voltage rated.
[139-144] e Asymmetric source configuration can be employed. e Requires a mix of unidirectional and bidirectional switches.
e The number of DC sources can be reduced by half using| e Trinary and binary source configuration cannot be employed.
capacitors [143,144].
: hé[oduiar ar;d s(;r:lp Le.gsltlrucltu rei e Requires more number of DC sources.
asy 1o extend to ugher fevess. e Switches are differently voltage rated.
[145,147) * Only binary source configuration can be employed [145,146]. e Requires a mix of unidirectional and bidirectional switches
Binary and trinary source configuration can be employed by d . :
¢ . S . e Trinary source configuration cannot be employed [145,146].
adding a bidirectional switch [147] i
e Modular structure. o Switches are differently voltage rated.
e Lasy to extend to higher levels. e Not appropriate for fault tolerant application.
150 Easy d to hi level Not appropriate for fault tol pplicati
e Asymmetric source configuration can be employed. e Requires a mix of unidirectional and bidirectional switches.
o All switches are bidirectional.
* Basy .to extend to higher levels. . N e Equal load sharing is not possible.
e Requires less number of gate driver circuit. o Switches are differently voltage rated
[151,152] e Appropriate for fault tolerant application. ate for Fault tol 1 .
Less number of conducting current path devices (only two * Not appropriate for fault tolerant application.
¢ S\f:tsches) g P y e Some levels are skipped (asymmetric source configuration).
e Asymmetric source configuration can be employed.
. o Switches are differently voltage rated.
153 . S . .
[153] * Simple structure e Similar to SL-ANPC but with more voltage stress on switches.




9496 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 10, OCTOBER 2019
T £
z 2
£ =
= =
3 z
z
Nlevel
(a)
20
R10R11R12R14
R RR R, 15 }
520 R, <« £
] E
Z 10 = z
5
Ry R,
0 . 0 .
1 9 17 25 33 41 1 9 17 25 33 41
Nle\'el Nlevel
(©) (d)
150
~100
B
-
7 g, R
= so0
Ry R,R,RRy
o i
1 9 17 25 33 41
Nlevel
(e)
Fig. 28.  Comparison details of asymmetrical MLI. (a) Variation of Nyyiiches/diodes VETSUs Nevel. (b) Variation of Nayivers versus Nieyel. (¢) Variation of

ND Csources Versus Nigyel. (d) Variation of Neapacitors VErsus Nieyel. (€) Variation of TSV

(pu.) Versus Nieyel. R1 = CHB (binary), Ry = CHB (trinary),

Ry = [122], Ry = [124], Rs = [126], R¢ = [128], R; = [134], Rg = [135], Ry = [137], Ryo = [139]. R11 = [145], Rys = [147] (binary), Ry3 =
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minded switches in level-generation part need to bear the volt-
age stress of 2V . Also, the switches in the polarity-generation
part tolerate 7Vp ¢ (total output voltage level generated by level-
generation part). Moreover, asymmetric configuration source
cannot be employed since all additive and subtractive combina-
tion of input voltage sources cannot be obtained. The proposed
topology in [195] [see Fig. 26(c)] can be achieved by deleting
the middle dc source (Vc4) in Fig. 26(b). It precisely has the
same features as aforementioned topology. Table XX illustrates
the pattern of the dc sources and the number of output voltage
levels for Fig. 26 based on the patterns.

IV. COMPARISON DISCUSSION

As itdiscussed in this paper there are many structures for mul-
tilevel with different features and there are many applications to
apply these multilevel converters. Thus suitable topology should
be selected for each application. Tables XXI and XXII are use-
ful to choice desire multilevel. Moreover, Figs. 27 and 28 give

a great and wide attitude to find the related structure based on
the number of levels versus TSV and number of components.

It depends on the number of dc sources for renewable dc
sources applications [see Figs. 27(d) and 28(c)], the switch
stress for higher voltage applications [see Figs. 27(e) and
28(f)], the number of components for limited space and cost
[see Figs. 27(a)—(c) and 28(a) and (b)]. It is notable that the
comparative diagrams are staircase waveform since the mul-
tilevel are modular based on their ability to produce different
voltage levels for each module. On the other hand, each module
for each topology (with specified number of components) cre-
ates a range of levels and it should be add another module for
the next step level. Moreover, important benefits and limitations
of all reviewed MLIs are presented in Tables XXIII and XXIV
according to their ability to synthesize the negative output volt-
age levels (Bipolar topologies: with inherent negative voltage
polarity and Unipolar: the generating of negative voltage levels
with an additional H-bridge).
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TABLE XXIV
HIGHLIGHTS OF UNIPOLAR TOPOLOGIES OF MLIS
Topology Benefits limitations
e Modular and simple structure.
- Reines only unidestons switchs » Nomsegencrative opology [166-172].
« Binary source configuration can be en'qploye q e Requires more number of gate driver circuit.
. . . ) . e Not appropriate for fault tolerant application.
[154-172] . Equal load sharing is possfple (symmetric source configuration) e Trinary source configuration cannot be employed.
¢ nghigt V?ltage rated switches can be operated at fundamental e Requires a number of DC sources to increase the output voltage.
. STYJ;E;% ezziiilicciﬁ converter version [154-165]. . Swi;ches are differently voltage rated (asymmetric source
o Using less number of components to synthesize more output voltage configuration).
[166-172].
. e Switches are differently voltage rated.
[173] : g[e(ﬁilzsr ;i}d;;r;r};z it;urztu:ie;.e 4 DC sources e Number of variety of DC sources is high.
q ) e Not appropriate for fault tolerant application.
e Modular structure.
o Easy to extend to higher levels.
e Equal load sharing is possible [175-179]. o Non-regenerative topology [177-180].
e Binary source configuration can be employed [175]. o Not appropriate for fault tolerant application.
e Can be implemented as a single DC source configuration [176]. o Trinary source configuration cannot be employed [175]
[175-180] | e Considerably using less number of components compared to CHB . . :
e Asymmetrical source configuration cannot be employed [176-180].
topol('>gy‘ . N . e Highest voltage rated switches cannot be operated at fundamental
e Requires less number of gate driver circuit because of using less switching frequency
number of active switches [177,178,180]. ’
e New configuration is proposed to avoid using an additional H-bridge
[179].
e Modular and simple structure. e Equal load sharing is not possible.
[181,182] e Reduces the number of components (especially, switches). e Switches are differently voltage rated.. -
e Highest voltage rated switches can be operated at fundamental | e Not appropriate for fault tolerant application.
switching frequency. e Symmetric source configuration is mandatory.
o Single DC link feeds all the three phases. . ?@Tf!ﬁ?firihﬁﬁéi t’l‘;tvf) ‘l’:ézl;w J
[183-185] | o Highegt voltage rated switches can be operated at fundamental « Not appropriate for fault tolerant appiication.
switching frequency. e Symmetric source configuration is mandatory.
e Asymmetric source configuration can be employed. e Equal load sharing is not possible.
[186] e Highest voltage rated switches can be operated at fundamental | e Switches are differently voltage rated.
switching frequency. o Not appropriate for fault tolerant application.
o Simple structure e Equal load sharing is not possible.
o e Switches are differently voltage rated.
[187-193] ° Cé.m be extended to higher .Ievels. o Not appropriate for fault tolerant application.
. nghegt voltage rated switches can be operated at fundamental o Symmetric source configuration is mandatory.
switching frequency. e Requires a mix of unidirectional and bidirectional switches [187].
o Equal load sharing is not possible.
o Switches are differently voltage rated.
o Can be extended to higher levels. o Not appropriate for fault tolerant application.
(194,195 e Reduces the number of required gate driver circuit * Symmetric source configuration is mandatory.
e Requires a mix of unidirectional and bidirectional switches.
e Highest voltage rated switches cannot be operated at fundamental
switching frequency.

V. CONCLUSION

This paper presents a deep investigation into the MLIs and
their evolution that give the researchers some guidelines to their
work. The paper can be used as a tutorial paper as well. The sim-
ilarity of structures is investigated seriously in this paper. In fact,
it has been found out that some SMs are commonly existed in
all topologies and all these SMs are categorized. These SMs are
selected, combined and simplified to five main SMs. Each multi-
level topology originates from these main SMs with the ability to
connect to each other, which can create conventional and mod-
ern MLIs. The article has widely reviewed almost all presented
MLIs in manuscripts based on the proposed SMs with variety
connections. The qualitative and quantitative features of MLIs
and their whole possible operations are also discussed deeply

as symmetric, asymmetric, single source, regeneration mode,
and the ability to generate negative levels. Finally, the compara-
tive study section formulized and compared the reviewed MLIs
based on the number of switches/diodes, drivers, dc links, TSV
and ability to generate negative voltage levels and discussed
their advantages and disadvantages.
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