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Abstract. Multilevel converters have been intensively investigated and developed since 1960s and have found successful industrial applications. 
The aim of this paper is to present state of the art as well as recent research and applications of cascaded multilevel converters, which are a very 
interesting solution for power distribution systems and renewable energy sources. Cascaded multilevel converters can easily operate at medium 
and high voltage based on the series connection of power modules (cells), which use standard low-voltage component configurations. Series 
connections of modules (cells) allow for high quality output voltages and input currents, reduction of passive components and availability of 
component redundancy. Due to these features the cascaded multilevel converters have been recognized as attractive solutions for high-voltage 
direct-current (HVDC) transmission, solid state transformers (SST) and photovoltaic (PV) systems.
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for multilevel structures. Among the main benefits one may 
count a superior harmonic spectrum for a given switching fre-
quency, a lower dv/dt stress at the converter terminals, cables 
and end windings of transformers/generators, a lower common 
mode voltage, and substantially lower semiconductor switching 
losses, particularly at medium to higher switching frequencies. 
A three-level topology is also a highly competitive alternative 
to the two-level structure in terms of cost, efficiency, and 
weight/size [2].

The final choice of converter topology for RES depends 
on type of application, expected power, reliability demand and 
price. Three-phase multilevel converters, e.g. three-level neutral 
point clamped (3L-NPC) [3‒6], three-level transistor clamped 
(3L-TCC) [4] or five-level active neutral point clamped 
(5L-ANPC) [7‒9] are most popular in high power applications. 
However, 3L-NPC converters may be considered even in power 
range of few hundreds kVA, which was discussed in [2].

1. Introduction

Lately, multilevel power electronics converters have become 
a very important part of energy conversion in drives, distributed 
energy systems and renewable energy sources [1].

There are many types of multilevel voltage source con-
verters, which are shown in Fig. 1 and described in [1]. The 
multilevel converter is not a new topology, some converters are 
known since the 1960s, but they were not used in industry until 
recently because of certain technical barriers. There are many 
types of multilevel converters and are increasingly frequently 
used in power conversion systems due to distinctive advantages 
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Fig. 1. Classification of the most popular multilevel converters
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Recently, many publications have addressed multilevel 
converter technology and stressed the growing importance 
of them for cascaded multilevel converters (CMC) applied in 
high power wind turbines, wind parks [10‒15], photovoltaic 
and power systems [34] – the main topic of this publication.

2. Multilevel converter topologies

2.1. Basic converter topologies (cells). Several topologies can 
be used as a single converter or module in cascade configura-
tion, which is shown in Fig. 2. The most popular solution is 
the full-bridge three-level converter, also known as H-bridge 
converter (Fig. 2b), which can generate zero states and has 
lower DC-link voltage level as compared with half-bridge 
two-level converter (Fig. 2a). Nowadays, half-bridge and full 
bridge multilevel converters composed of 3L-NPC or 3L-FC, 
shown in Fig. 2c-e, are significantly growing in importance. 
They are known as half-bridge 3L-NPC, full-bridge 5L-NPC 
and full-bridge 5L-FC [16]. All those converters have zero 
voltage states, but the half-bridge 3L-NPC topology requires 

higher DC-link voltage level as compared with 5L-NPC and 
5L-FC. All possible switching states for topologies from Fig. 2 
are shown in Table 1.

Table 1 
Switching states for converter from Fig. 2

Converter switching states

Voltage level Sa11 Sa12 Sa21 Sa22

half–bridge two–level

+Udc/2 1 – – –

–Udc/2 0 – – –

full–bridge three–level (H–bridge)

+Udc 0 1 – –

0
0 0 – –

1 1 – –

–Udc 1 0 – –

Fig. 2. Basic converter modules (cells) (a) half-bridge two-level (b) full-bridge three-level (H-bridge) (c) half-bridge three-level NPC  
(d) full-bridge five-level NPC (e) full-bridge five-level FC

(a)

(c) (d) (e)

(b)
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Converter switching states

Voltage level Sa11 Sa12 Sa21 Sa22

half–bridge three–level NPC

+Udc/2 1 1 – –

0 0 1 – –

–Udc/2 0 0 – –

full–bridge five–level NPC

+Udc 1 1 0 0

+Udc/2
1 1 0 1

0 1 0 0

0

1 1 1 1

0 0 0 0

0 1 0 1

–Udc/2
0 0 0 1

0 1 1 1

–Udc 0 0 1 1

full–bridge five–level FC

+Udc 1 1 0 0

+Udc/2

1 0 0 0

0 1 0 0

1 1 0 1

1 1 1 0

0

0 0 0 0

1 1 1 1

1 0 1 0

0 1 0 1

0 1 1 0

1 0 0 1

–Udc/2

0 0 0 1

0 0 1 0

0 1 1 1

1 0 1 1

–Udc 0 0 1 1

2.2. CMC topologies. Multilevel converters are still being de-
veloped in spite of the fact that the first multilevel topology 
known as series connected H-bridge or cascaded H-bridge was 
invented in the late 1960s [17]. This was closely followed by 
the development of FC [18] and NPC [19]. Recent advances 
in single-phase multilevel converter topologies focus mainly 

on hybrid technology based on series connection of modules 
(Fig. 3), different classic topologies (e.g. those shown in Fig. 2), 
DC voltage levels and modulation [16]. The output voltage is 
obtained by adding the voltages of each module:

 ua(t) = ua1(t) + ua2(t) + … + uan(t). (1)

The number of levels obtained in such a cascade multilevel 
converter with equal DC voltage ratios on each module can be 
described as [16]:

 m = 1 + 
n

j=1
∑(mj ¡ 1). (2)

where mj is the number of phase-to-neutral voltage levels of 
each module. An example of possible switching states for 
cascade connection of two H-bridge converters is shown in 
Table 2.

Usually, cascaded multilevel converters use the same DC-link  
voltage value for each module. However, a larger number of 
levels can be obtained not only by increasing number of mod-
ules, but even by applying unequal DC voltage ratios between 
them, which eliminates some or even all voltage level redundant 
switching states in the converter. The topologies having different 
DC-link voltages ratios are called asymmetric cascaded con-
verters; this concept was introduced in [20]. Later this idea was 

Fig. 3. Structure view of one-phase cascade multilevel PWM converter

Table 1 
Switching states for converter from Fig. 2 – cont.
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further explored for MV converters [21] with two or more mod-
ules in series with a voltage ratio asymmetry (1 : 2 : : : 2n ¡ 1), 
capable of generating 7 different voltage levels with only two 
three-level modules (Table 3).

Later voltage ratios of three (1 : 3 : : : 3n ¡ 1) for three-level 
modules (Table 3) [21‒22] and four (1 : 4 : : : 4n ¡ 1) for five-
level modules [12‒13] were introduced, eliminating all redun-
dancies and maximizing the number of levels at the output. 
A comprehensive work analyzing this topology in depth is 
presented in [16, 23]. Besides the exponential increase in the 
number of levels when adding more modules, cascade topology 
allows to switch the highest voltage module at fundamental 
frequency, reducing the switching losses of the converter and 
improving efficiency. It is also worth to note that unequal DC 
voltage ratios among modules bring unequal power distribution 
among them. Therefore the high voltage module manages the 
major part of the output power. Due to this power distribu-
tion, these kinds of converters can be designed with different 
switch technologies like IGCT for the high power converter, 
HV-IGBT for the medium power converter and LV-IGBT for 
the low power converter. Cascaded multilevel inverters that use 
different switch technologies are also called hybrid cascaded in-
verters [16, 23‒30]. One of the main drawbacks of this topology 
is the loss of modularity due to the different semiconductor 
technology used [12].

If the topology shown in Fig. 3 is fed with unequal DC 
voltage ratios between modules, the number of levels can be 
described by equation (3) [16]:

Table 2 
Switching states and voltage levels for two 5L-CHB converters with 

1:1 DC voltage ratio

1:1 dc voltage ratio Converter switching states

Voltage level Module 1 Module 2 Sa11 Sa12 Sa21 Sa22

+2Udc +Udc +Udc 0 1 0 1

+Udc

+Udc 0 0 1 1 1

+Udc 0 0 1 0 0

0 +Udc 1 1 0 1

0 +Udc 0 0 0 1

0

0 0 0 0 1 1

0 0 0 0 0 0

0 0 1 1 1 1

0 0 1 1 0 0

+Udc –Udc 0 1 1 0

–Udc +Udc 1 0 0 1

–Udc

–Udc 0 1 0 1 1

–Udc 0 1 0 0 0

0 –Udc 1 1 1 0

0 –Udc 0 0 1 0

–2Udc –Udc –Udc 1 1 0 0

Table 3 
Switching states and voltage levels for two CHB Converters with 1:2 and 1:3 DC voltage ratio

1:2 dc voltage ratio 1:3 dc voltage ratio Converter switching states

Voltage level Module 1 Module 2 Voltage level Module 1 Module 2 Sa11 Sa12 Sa21 Sa22

+3Udc +Udc +2Udc +4Udc +Udc +3Udc 0 1 0 1

+2Udc
0 +2Udc +3Udc

0 +3Udc 0 0 0 1

0 +2Udc 0 +3Udc 1 1 0 1

+Udc

–Udc +2Udc +2Udc –Udc +3Udc 1 0 0 1

+Udc 0
+Udc

+Udc 0 0 1 0 0

+Udc 0 +Udc 0 0 1 1 1

0

0 0

0

0 0 0 0 0 0

0 0 0 0 1 1 0 0

0 0 0 0 0 0 1 1

0 0 0 0 1 1 1 1

–Udc

–Udc 0
–Udc

–Udc 0 1 0 1 1

–Udc 0 –Udc 0 1 0 0 0

Udc -2Udc –2Udc +Udc –3Udc 0 1 1 0

–2Udc
0 -2Udc –3Udc

0 –3Udc 1 1 1 0

0 -2Udc 0 –3Udc 0 0 1 0

–3Udc –Udc -2Udc –4Udc –Udc –3Udc 1 0 1 0
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 m = 1 + 
n

j=1
∑(mj ¡ 1) ¢ Vdcj (3)

where Vdcj is defined as dc voltage ratios between modules, 
e.g. 1 : 2 : : : 2n ¡ 1.

Figure 4 shows the maximum number of levels in cascaded 
multilevel converter using two or three modules of two-, three- 
and five-level converters.

3. Modulation of CMC

The most interesting type of modulation for CMC is quasi space 
vector modulation (SVM). This kind of modulator was pro-
posed in [31] for single-phase 3L-NPC converter controlled 
in virtual synchronous rotating coordinate system. Then quasi 
SVM developed in [32‒33] was applied for all kinds of multi-
level converters and called one-dimensional modulation (1DM). 
Basic idea of this simple modulation come from three-phase 
two-level converters, where duty cycle of each phase can be 
calculated as ua_ref/udc+Ts/2, where ua_ref is reference voltage 
for modulator, udc is DC link voltage, and Ts is sampling time. 
This idea can be easily applied in single-phase multilevel con-
verters, where modulation method uses the nearest switching 

states (voltage levels) to the reference ua_ref with the aim to 
generate switching sequence and duty cycle. Switching states of 
5L-NPC, 5L-FLC and 5L-CHB based on Table 1 can be shown 
in 1-D representation (Fig. 5), where each digit of switching 
states S1S2 represents one leg (5L-NPC, 5L-FLC) or one module 
(5L-CHB) of converter and the value of each digit in switching 
state varies with level of leg output voltage (e.g. S1 = 0 for 
lowest possible output voltage of leg “1” in 5L-NPC converter 
equal –Udc/2 or S1 = 2 for highest possible output voltage of 
leg “1” equal Udc/2). It is worth to note that same notation can 
be used for any number of one leg levels N giving maximal 
value of S = N ¡ 1.

The flowchart of the 1DM method for 5L-NPC is shown 
in Fig. 6, where x = ua_ref/(udc/2) is the normalization of the 

Fig. 4. Maximum number of levels for two (a) and three (b) cascade connected modules based on two-, three-, or five-level converters with 
different DC source ratios

Fig. 6. Flowchart of 1-DM for 5L-NPCFig. 5. 1-D representation of switching states in 5L-NPC
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Fig. 6. Flowchart of 1-DM for 5L-NPC. 

TABLE IV SWITCHING STATES FOR 5L-NPC AND 5L-FC 

  Converter switching states 
Voltage level   Sa11  Sa12  Sa21  Sa22  S1S2 

full‐bridge five‐level NPC   
+Udc  1  1  0  0  20 

+Udc/2 
1  1  0  1  21 
0  1  0  0  10 

0 
1  1  1  1  22 
0  0  0  0  00 
0  1  0  1  11 

‐Udc/2 
0  0  0  1  01 
0  1  1  1  12 

‐Udc  0  0  1  1  02 
full‐bridge five‐level FC   

+Udc  1  1  0  0  20 

+Udc/2 

1  0  0  0  10 
0  1  0  0  10 
1  1  0  1  21 
1  1  1  0  21 

0 

0  0  0  0  00 
1  1  1  1  22 
1  0  1  0  11 
0  1  0  1  11 
0  1  1  0  11 
1  0  0  1  11 

‐Udc/2 

0  0  0  1  01 
0  0  1  0  01 
0  1  1  1  12 
1  0  1  1  12 

‐Udc  0  0  1  1  02 
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TABLE IV SWITCHING STATES FOR 5L-NPC AND 5L-FC 

  Converter switching states 
Voltage level   Sa11  Sa12  Sa21  Sa22  S1S2 

full‐bridge five‐level NPC   
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reference to the nearest output voltage levels and operator 
xf = f loor(x) means round to the integer towards minus infinity 
(e.g. 1, 0, –1, –2 for five-level converter) [32]. Finally, xf algo-
rithm determines switching sequence and duty cycles. The same 
flowchart can be used for 5L-FC converter, taking in account 
the fact that there are twice as many redundant switching states 
for this type of converter and some of them cannot be used 
(Table 4). The only difference is that signals S1S2 from Fig. 6 
are related to different power switches.

Table 4 
Switching states for 5L-NPC and 5L-FC

Converter switching states

Voltage level Sa11 Sa12 Sa21 Sa22 S1S2

full–bridge five–level NPC

+Udc 1 1 0 0 20

+Udc/2
1 1 0 1 21

0 1 0 0 10

0

1 1 1 1 22

0 0 0 0 00

0 1 0 1 11

–Udc/2
0 0 0 1 01

0 1 1 1 12

–Udc 0 0 1 1 02

full–bridge five–level FC

+Udc 1 1 0 0 20

+Udc/2

1 0 0 0 10

0 1 0 0 10

1 1 0 1 21

1 1 1 0 21

0

0 0 0 0 00

1 1 1 1 22

1 0 1 0 11

0 1 0 1 11

0 1 1 0 11

1 0 0 1 11

–Udc/2

0 0 0 1 01

0 0 1 0 01

0 1 1 1 12

1 0 1 1 12

–Udc 0 0 1 1 02

Another interesting feature of multilevel converter is the 
redundancy of some switching states, shown in Fig. 5, which 
can be used for capacitor voltage balancing, reduction of 

switching losses and minimization of common mode voltage. 
1DM is not taken in account in the basic flowchart shown 
in Fig. 6. Therefore, an additional algorithm has to take in 
account some optimization, as shown in Table 5 for 5L-NPC 
and Table 6 for 5L-FC.

Table 5
Redundant switching states for capacitor voltage balancing in 5L-NPC

Converter switching states

Voltage 
level

Capacitor 
Voltage

Output 
Current Sa11 Sa12 Sa21 Sa22 S1S2

+udc/2

Uc1 ¡ Uc2 ¸ 0
ia ¸ 0 1 1 0 1 21

ia < 0 0 1 0 0 10

Uc1 ¡ Uc2 < 0
ia ¸ 0 0 1 0 0 10

ia < 0 1 1 0 1 21

–udc/2

Uc1 ¡ Uc2 ¸ 0
ia ¸ 0 0 0 0 1 01

ia < 0 0 1 1 1 12

Uc1 ¡ Uc2 < 0
ia ¸ 0 0 1 1 1 12

ia < 0 0 0 0 1 01

Table 6 
Redundant switching states for capacitor voltage balancing in 5L-FC

Converter switching states

Voltage 
level

Capacitor 
Voltage

Output 
Current Sa11 Sa12 Sa21 Sa22 S1S2

+udc/2

Uc1 ¸ udc/2
ia ¸ 0 0 1 0 0 10

ia < 0 1 0 0 0 10

Uc1 < udc/2
ia ¸ 0 1 0 0 0 10

ia < 0 0 1 0 0 10

–udc/2

Uc1 ¸ udc/2
ia ¸ 0 0 1 1 1 12

ia < 0 1 0 1 1 12

Uc1 < udc/2
ia ¸ 0 1 0 1 1 12

ia < 0 0 1 1 1 12

Interesting cases of 1DM operation are the symmetric and 
asymmetric CHB converters. 1D representation of those con-
verters for two modules with DC voltage ratios 1:1, 1:2 and 1:3 
are shown in Fig. 7. Note that converters with DC voltage ratio 
1:2 and 1:3 eliminate some or all redundant states. Flowcharts 
of modulation are shown in Figs. 8‒10. A similar idea of 1DM 
modulation for asymmetric cascaded connected converters can 
be used in any kind of modules (Fig. 2), giving similar results 
as previously described multicarrier based hybrid modulation. 
A detailed description of 1DM can be found in [23, 31‒33].
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4. CMC in recent research and applications

4.1. Applications in power distribution system. A converter 
operating at medium voltage (MV) level should be designed as 
a modular converter [34]. The modularity of cascaded topology 
allows for easy expansion of converter unit for a desired voltage 
level by increasing the number of modules.

Current state-of-art semiconductor devices are still not ready 
to operate with MV, therefore, applicable solutions include to-
pologies of cascade connected multi-level converters, forming 
MV waveform. Cascaded topology provides high switching fre-
quency, while maintaining relatively low switching losses, since Fig. 10. Flowchart of 1-DM for DC voltage ratio 1:3

Fig. 9. Flowchart of 1-DM for DC voltage ratio 1:2

Fig. 8. Flowchart of 1-DM for DC voltage ratio 1:1

Fig. 7. 1-D representation of switching states in symmetric and asym-
metric CHB converters
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modules do not modulate at the same time. In case of damage of 
one of transistors in any module, multilevel cascaded converter 
designed with adequate voltage reserve should be able to work 
properly, but with less voltage levels.

Therefore, new research on CMC is devoted to several new 
areas. A cascaded multilevel converter that has recently found 
industrial applications in HVDC systems is the modular multi-
level converter (MMC). This topology, developed by R. Mar-
quardt [35‒36], is basically composed of half-bridge two-level 
modules (Fig. 11) or full-bridge three-level (H-bridge) mod-
ules [37‒38], which contain low voltage capacitors – a major 
advantage of this solution. Each phase leg includes modules 
divided into two equal parts and inductors protecting short cir-
cuits. The two switches of the power cell are controlled with 
complementary signals and produce two active switching states 
that can connect or bypass its respective capacitor to the total 
sum of capacitors of the converter leg, generating, in this way, 
the multilevel waveform. There is a third switching state: both 
switches are off during startup or fault conditions, allowing 
the current to freely circulate through the diodes (and through 
capacitors, if so demanded by the current polarity) [1, 34]. In 

practical application, there is an additional bypass switch to 
fully isolate each cell for fault-tolerant operation [39]. An im-
portant problem is the control needed to keep each capacitor 
in constant cell voltage level [36]. An attractive feature of this 
topology is its modularity and scalability to easily reach me-
dium- and high-voltage levels, while greatly improving AC side 
power quality, as compared with the classic series connection 
of power switches in a two-level converter configuration used 
in HVDC [1, 34]. This topology can be found in practical ap-
plications reported with 200 power-cell/phase reaching up to 
400 MW [39] and is commercialized by ABB and Siemens as 
HVDC Light up to 1 GW [5‒6].

A similar feature of CMC can be used in medium voltage 
side of solid state transformer (SST), also called smart trans-
former (Fig. 12). The application of power electronic converters 
as distribution transformers has become a wide area of interest 
of many research centers [40‒43]. Although SST structure is 
much more complex as compared to the conventional trans-
former, it may eliminate some of its disadvantages and add 
completely new functionalities, e.g.:

● direct connection of DC grid and energy storages, what 
eliminates additional DC/AC power converters and im-
proving overall efficiency;

● proper operation at voltage unbalance and distortion, that 
will not be transferred from one side of the transformer 
to the other;

● increased efficiency of smart grid due to controlled 
power distribution (reduced energy losses during trans-
mission);

● reactive power and higher-harmonics compensation in-
dependently for both sides of transformer;

● easy communication with other elements of the power 
system (data exchange with other devices, which enables 

Fig. 12. Block scheme of SST including: medium voltage 
AC-MV/DC-MV converter, medium/low voltage MV-DC/DC-LV 
converter with high frequency intermediate transformer and low 

voltage DC-LV/AC-LV converter

Fig. 11. Three-phase modular multilevel converter
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fast control of energy flow, reconfiguration of the power 
grid in case of failure),

● full control of each individual phase and simple island 
mode of operation.

Other considered applications of CMC are renewable en-
ergy sources (RES), mainly PV, where each converter module 
requires an isolated DC voltage obtained from photovoltaic 
panels, which is shown in Fig. 13. This structure is capable of 
reaching medium output voltage levels using only standard low 
voltage mature technology components, as well as minimizing 
total harmonic distortion THD, which can provide significant 
reduction of output passive filters. This kind of converters also 
features a high modularity degree because each converter can be 
seen as a module with similar circuit topology, control structure 
and modulation [16, 34, 44]. Thus, in case of a fault in one of 
these modules, it is possible to replace it quickly and easily. 
Moreover, with an appropriated control strategy it is possible 
to bypass the faulty module without stopping the load, bringing 
an almost continuous overall availability [47].

4.2. Examples of CMC operation. As stated before, the most 
important features of CMC can be summarized as follows.
● The structure is capable of reaching medium output voltage 

levels using only standard low voltage mature technology 
components.

● The topology allows for easy expansion of converter unit for 
desired voltage level by increasing the number of modules.

● Converters are designed with adequate voltage reserve, so 
in case of damage of one of the transistors in any module, 
they should be able to work properly, although with less 
voltage levels.

● The converter is capable of proper post-fault operation 
thanks to easy reconfiguration mechanism.

● The topology achieves high switching frequency, while 
maintaining relatively low switching losses.

● The topology minimizes total harmonic distortion THD of 
voltage and current, which can provide a significant reduc-
tion of output passive filters.
Some of those features can be presented on exemplary 

scheme of two cascade connected 5-level FC modules shown 
in Fig. 14. High performance of steady state operation of 5-, 9-, 
13- and 21-level converters is presented in Fig. 15. In all cases 
the current is very smooth, with low harmonic content. Output 
voltage waveform of 13- and 21-level converters is nearly si-
nusoidal. Therefore, output LC filter in some applications can 
be omitted.

Fig. 14. Scheme of two cascade connected 5L FC modules (cells)

Fig. 13. Applications of single-phase DC/AC converters for multi PV 
strings used in cascaded converter configuration
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Fig. 15. Experimental results of single-phase multilevel converter based on FC modules: (a) 5-level (b) 9-level (c) 13-level (d) 21-level.  
From the top: converter output voltage ua, DC-link voltage udc1 and udc2, output current ia [48]

Possible reduction of LC filter inductance at the same value 
of output voltage THD (5%) for all discussed cascaded con-
verters is shown in Fig. 16. The 21-level cascade converter 
can provide around 7 times lower inductance than the 3-level 
converter and around 4 times lower inductance than the 5-level 
converter.

5. Conclusions

The current research on converters for power distribution sys-
tems focuses mainly on cascaded multilevel converters, which 
are able to minimize or almost eliminate output passive filters, 
as well as provide higher reliability through possible converter 

Fig. 16. The impact of converter voltage levels for the output voltage 
THD and input inductance
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reconfiguration. This new trend of multilevel converters fol-
lows the direction of medium-voltage and high-voltage (above 
20 kV) grid-side converters. Thanks to this, the reliability is 
improved, and the expensive and bulky transformer connecting 
RES to the grid can be eliminated.

However, there are still some aspects that require further 
development and research. An important issue that has to be 
addressed is efficiency improvement in terms of conduction 
losses caused by series connection of several semiconductors 
and high output currents. In order to reduce those losses, new 
advances in the semiconductor technology are still expected.

To reach higher voltage levels is a challenge for semicon-
ductor technology, increasing not only the blocking voltage 
but other related technologies like isolation, gate drivers and 
sensors.

The further development requires research on fault manage-
ment, intelligent modularization, and the possibility of recon-
figuration on the fly [34, 45‒46].
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