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Abstract—Multilevel converters have been under research and
development for more than 3 decades, and have found successful
industrial application. However, this is still a technology under
development, and many new contributions and new commercial
topologies have been reported in the last few years. The aim of
this paper is to group and review these recent contributions, in
order to establish the current state of the art and trends of the
technology, to provide readers a comprehensive and insightful
review of where multilevel converter technology stands and is
heading. The paper first presents a brief overview of the well
established multilevel converters, strongly oriented to their cur-
rent state in industrial applications, to then center the discussion
on the new converters that have made their way to industry.
Also new promising topologies are discussed. Recent advances
made in modulation and control of multilevel converters are also
addressed. A great part of the paper is devoted to show non-
traditional applications powered by multilevel converters, and
how multilevel converters are becoming an enabling technology
in many industrial sectors. Finally, some future trends and
challenges in the further development of this technology are
discussed, to motivate future contributions that address open
problems and explore new possibilities.
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I. INTRODUCTION

M
ULTILEVEL converters are finding increased attention

in industry and academia as one of the preferred choices

of electronic power conversion for high power applications

[1]–[10]. They have made their way successfully into industry

and therefore can be considered a mature and proven tech-

nology. Currently, they are commercialized in standard and

customized products that power a wide range of applications,

such as: compressors, extruders, pumps, fans, grinding mills,

rolling mills, conveyors, crushers, blast furnace blowers, gas

turbine starters, mixers, mine hoists, reactive power compen-

sation, marine propulsion, HVDC transmission, hydro pumped

storage, wind energy conversion, and railway traction to name

a few [1]–[10]. Converters for these applications are commer-

cially offered by a growing group of companies in the field

[11]–[26].

Although it is an enabling and already proven technol-

ogy, multilevel converters present a great deal of challenges,

and even more importantly, they offer such a wide range

of possibilities, that their research and development is still

growing in depth and width. Researchers all over the world are

contributing to further improve energy efficiency, reliability,

power density, simplicity and cost of multilevel converters, and

broaden their application field as they become more attractive

and competitive than classic topologies.

Recently, many publications have addressed multilevel con-

verter technology and stressed the growing importance of mul-

tilevel converters for high power applications [4]–[9]. These

works have a survey and tutorial nature and cover in depth the

traditional and well established multilevel converter topologies

like the Neutral Point Clamped (NPC), Cascaded H-bridge

(CHB) and the Flying Capacitor (FC), as well as the most used

modulation methods. Instead, this paper presents a technology

review, focused mainly on the most recent advances made

in this field in the past few years, covering new promising

topologies, modulations, controls and operational issues. In

addition, one of the most interesting topics in multilevel

converter technology is the rapidly increasing and diverse

application field, which is addressed in this work as well. Also

emerging trends, challenges and possible future directions

of the development in multilevel converter technology are

outlined to motivate further work in this field.

This paper is organized as follows: first, a brief overview

of classic multilevel topologies is presented in section II to

introduce basic concepts needed throughout the paper. This is
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Fig. 1. Classic multilevel converter topologies (only one phase shown): a)
Three-level Neutral Point Clamped (NPC) featuring IGCTs, b) Three-level
Flying Capacitor (FC) featuring MV-IGBTs and c) Five-level Cascaded H-
Bridge (CHB) featuring LV-IGBTs.

followed by a review of recent advances in multilevel converter

topologies in section III, where those already found in practice

and those currently under development are addressed. Section

IV covers the latest developments in multilevel modulation

methods. Latest contributions on multilevel converter control

and different operational issues, such as capacitor voltage

balance and fault tolerant operation are reviewed in section V.

New and future promising applications of multilevel converters

are described in section VI. Finally, in Section VII future

trends and challenges of multilevel converter technology are

discussed, which is followed by concluding remarks in section

VIII.

II. CLASSIC MULTILEVEL TOPOLOGIES OVERVIEW

For completeness and better understanding of the advances

in multilevel technology, it is necessary to cover classic

multilevel converter topologies. However, in order to focus

the content of this paper on the most recent advances and

ongoing research lines, the well established topologies will be

only briefly introduced and referred to existing literature. In

the following, classic topologies will be referred to those that

have been extensively analyzed and documented and have been

commercialized and used in practical applications for more

than a decade.

Multilevel converter technology started with the introduc-

tion of the multilevel stepped waveform concept with a Se-

ries Connected H-Bridge, also known as Cascaded H-Bridge

(CHB) converter in the late 60s [27]. This was followed

closely by a low power development of a flying capacitor (FC)

topology the same year [28]. Finally, in the late 70s, the diode

clamped converter (DCC) [29] was first introduced. The DCC

concept evolved into the three-level Neutral Point Clamped

Converter (3L-NPC) we know today as it was proposed in

[30]–[32], and can be considered as the first real multilevel

power converter for medium voltage applications. Later, the

CHB would be reintroduced in the late 80s [33], although it

would reach more industrial relevance in the mid 90s [34]. In

the same way, the early concept of the FC circuit introduced

for low power in the 60s developed into the medium voltage

multilevel converter topology we know today in the early 90s

[35]. Through the years the FC has also been reported as the

imbricated-cell and multi-cell converter (the latter is also a

name used for the CHB, since both are modular and made by

interconnection of power cells).

These three multilevel converter topologies could be consid-

ered now as the classic or traditional multilevel topologies that

first made it into real industrial products during the last two

decades. The power circuits of a single-phase leg of these three

topologies are shown in Fig. 1, featuring the corresponding

commonly used semiconductor device. These converters are

commercialized by several manufacturers in the field [11]–

[26], offering different power ratings, front end configurations,

cooling systems, semiconductor devices and control schemes,

among other technical specifications. The most relevant pa-

rameters and ratings for each od these classic topologies are

listed in Table I. The parameters for each category are given for

the different manufacturers, whose corresponding reference is

given at the bottom of the table. As can be observed from

the table, the 3L-NPC and the CHB are the most popular

multilevel topologies used in industry. It is not straight forward

or fair to compare the commercially available 3L-NPC with

the 7L- to 17L-CHB listed in Table I, since the first will have

worse power quality and the second a more complex circuit

structure. However, some evident differences between them

can be concluded from Table I:

• The NPC features medium/high voltage devices (IGCT

and MV/HV-IGBTs), while the CHB uses exclusively low

voltage IGBTs.

• The CHB reaches higher voltage and higher power levels.

• The NPC is definitely more suitable for back-to-back

regenerative applications. The CHB needs substantially

higher number of devices to achieve a regenerative option

(a 3-phase 2-level VSI per cell).

• The CHB needs a phase shifting transformer, usually

to conform a 36 pulse rectifier system. This is more

expensive but improves input power quality.

• The NPC has a simpler circuit structure, leading to a

smaller footprint.

• Although both topologies generate same amount of lev-

els when using same number of power switches, the

commercially available CHBs have more output voltage

levels (up to 17 compared to 3 of the NPC). Hence,

lower average device switching frequencies are possible

for same output voltage waveform quality. Therefore, air

cooling and higher fundamental output frequency can be

achieved without derating and without use of output filter.

These multilevel voltage source converter topologies belong

to the medium-voltage-high-power converter family, whose

classification is shown in Fig. 2. Note that generally speaking

the medium-voltage range is considered in the power converter

industry from 2.3 to 6.6kV, and high power from 1MW

to 50MW. The classification also includes the direct ac-

ac converters and current source converters, which currently

are the main competitors of multilevel technology: mainly

the cycloconverter and load commutated inverters for very

high power, high torque and low speed applications, and the
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TABLE I
CLASSIC MULTILEVEL TOPOLOGIES COMMERCIAL RATINGS AND SPECIFICATIONS.

Parameter
Multilevel topology

3L-NPC CHB 4L-FC

Max. power 27MW(1), 31.5MVA(2), 40MVA(3), 44MW(4), 120MW(2), 15MW(3), 5.6MW(7), 2.24MW(15)

33.6MW(5), 3.7MW(6,9), 27MVA(8), 10MW(14) 10MVA(10), 11.1MVA(11), 6MVA(12), 6250kVA(13)

Output voltage [kV] 2.3/3.3/4.0/4.16(1,2), 2.3/3.3/4.16(4,6,8,9,14), 2.3–13.8(2), 3.3/6.6(3,12), 2.3/4.16/6/11(7), 2.3/3.3/4.16(15)

3.3/6.6(5) 3/6/10(10), 3/4/6/10(11), 3/3.3/4.16/6/6.6/10(13)

Max. output freq. [Hz] 82.5(1), 250(2), 90(3), 140(4,14), 300(5), 120(6), 100(8,9) 330(2), 120(3,7,11−13), 50(10) 120(15)

Diode front end [# pulses] 12/24(1−5,8), 24(6), 12/18(9), 12/24/36(14) 18/36(2,3,12), 30(7), 36(11), 24/30/42/48(13) 18/24/36 (diode+SCR)(15)

Active front end option 3L-NPC in back-to-back(1−5,8,14) 3-phase VSI per cell(10) 4L-FC in back-to-back(15)

Power semiconductor IGCT(1,2,4,8), MV/HV-IGBT(2,5,6,8,9,14), IEGT(3,8) LV-IGBT(2,3,7,10−13) MV-IGBT(15)

Cooling system air/water(1,2,4,8,14), water(3,5), air(9) air/water(2,13) , air(3,7,11,12) air(15)

Modulation method PWM(2−6,14), SHE(3,9), SVM(8,9) PS-PWM(2,3,7,10−13) PS-PWM(15)

Control methods DTC(1), v/f and FOC(2−4,14), FOC(5,6,8), v/f(9), v/f and FOC(2,3,7,11,12), FOC(10,13) v/f and FOC(15)

DPC(1), VOC(2−5,8,14)

# voltage levels 3 9/13(2), 7/13(3,12), 11(7), 7/11/13/19)(10), 4(15)

13(11), 9/11/15/17(13)

# power cells — 4/6(2), 3/6(3,12), 5(7), 3/5/6/9(10), 3(15)

6(11), 4/5/7/8(13)

References (1) [11], (2) [12], (3) [13], (4) [14], (5) [15], (6) [16], (7) [17], (8) [18], (9) [19], (10) [20], (11) [21], (12) [22], (13) [23], (14) [24], (15) [25]

Note: Information provided in the table is to the authors best knowledge valid to the submission date of this paper, hence some differences or unintentional omissions could be

possible.
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Fig. 2. Multilevel converter classification.

pulse width modulated current source inverter for high power

variable speed drives. Other multilevel converter topologies

also appear in this classification, some of them have recently

found practical application, and will be discussed later in this

paper.

The operating principles, multilevel waveform generation,

special characteristics, modulation schemes and other infor-

mation related to the NPC, FC, and CHB can be found with

plenty of details and useful references to previous works in

[2]–[9], and therefore will not covered in this paper devoted

to present research topics.

A number of papers have been published recently comparing

the three topologies for specific applications in terms of the

losses and the output voltage quality [36]–[38]. A few conclu-

sions from these papers are worth mentioning. The 3L-NPC

has become quite popular because of a simple transformer

rectifier power circuit structure, with a lower device count

when considering both the inverter and rectifier, and less

number of capacitors. Although the NPC structure can be

extended to higher number of levels, these are less attractive,

because of higher losses and uneven distribution of losses

in the outer and inner devices [5]. Specially the clamping

diodes, which have to be connected in series to block the

higher voltages, introduce more conduction losses and produce

reverse recovery currents during commutation that affects

switching losses of the other devices even more. Furthermore,

dc-link capacitors voltage balance becomes unattainable in

higher-level topologies with a passive front end when using

conventional modulation strategies [39]–[41]. In this case the

classic multilevel stepped waveform cannot be retained and

higher dv/dts (more than one-level transitions) are necessary

to balance the capacitors for certain modulation indexes.

On the other hand, the CHB is well suited for high power

applications because of the modular structure that enables

higher voltage operation with classic low voltage semicon-

ductors. The phase-shifting of the carrier signals moves the

frequency harmonics to the higher frequency side, and this to-

gether with the high number of levels enables the reduction of

the average device switching frequency (≤500 Hz), allowing

air cooling and lower losses. However, it requires large number

of isolated dc sources, which have to be fed from phase-

shifting isolation transformers, which are more expensive and

bulky compared the standard transformer used for the NPC.

Nevertheless, this has been effectively used to improve the

input power factor of this converter, reducing input current

harmonics.

Although the flying capacitor is modular in structure, like
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the CHB, it has found less industrial penetration compared to

the NPC and CHB, mainly because higher switching frequen-

cies are necessary to keep the capacitors properly balanced,

whether a self balancing or a control assisted balancing

modulation method is used (e.g. greater than 1200 Hz) [5].

These switching frequencies are not feasible for high power

applications, where usually they are limited in a range from

500 to 700 Hz. This topology also requires initialization of

the flying capacitor voltages.

III. RECENT ADVANCES IN TOPOLOGIES

Since the introduction of the first multilevel topologies

almost four decades ago [27], perhaps dozens of variants and

new multilevel converters have been proposed in literature.

Most of them are variations to the three classic multilevel

topologies, discussed in previous section, or hybrids between

them. However, not so many have made their way to in-

dustry yet. Among the newer topologies that currently have

found practical application are: the five-level H-bridge NPC

(5L-HNPC), the three-level Active NPC (3L-ANP), the 5L-

ANPC, the Modular Multilevel Converter (MMC) and the

Cascaded Matrix Converter (CMC). Apart from these, several

other topologies have been proposed and are currently under

development, among them: the Transistor Clamped Converter

(TCC), the CHB fed with unequal dc-sources or asymmetric

CHB, the cascaded NPC feeding open-end loads, the hybrid

NPC-CHB and hybrid FC-CHB topologies, the stacked flying

capacitor or stacked multi-cell to name a few. All these

topologies are addressed in the following subsections, and can

be found in the medium voltage converter classification of Fig.

2.

A. Five-level H-bridge NPC (5L-HNPC)

This converter is composed by the H-bridge connection of

two classic 3L-NPC phase legs as shown in Fig. 3, form-

ing a five-level HNPC (5L-HNPC) converter, and was first

introduced in [45]. This topology has been commercialized

by two medium voltage drive manufacturers [11], [13], and

has received increased attention over the years [42]–[44].

The combination of the three levels of each leg of the

NPC (Vdc/2, 0,−Vdc/2) results in the five different output

levels (Vdc, Vdc/2, 0,−Vdc/2,−Vdc). As with the traditional

36-pulse rectifier system

a

3-phase, 5-level H-NPC

b
c

n

N

-20°

0°

+20°

-20°
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+20°
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6-pulse 

rectifier

6-pulse 
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Fig. 3. Three-phase five-level H-bridge NPC (5L-HNPC) [42]–[44].

H-bridge, this topology requires an isolated dc-source for each

H-bridge to avoid short-circuit of the dc-links. Therefore a

transformer with three dedicated secondary three-phase wind-

ings is necessary to supply the H-bridge of each phase of the

converter. Moreover, since the semiconductors of the 3L-NPC

leg block half of the total dc-link voltage, higher voltage can

be reached with a series connection of two diode bridges. This

can lead to a 36-pulse rectifier system as can be seen in Fig.

3.

The disadvantage of a more complex transformer comes

along with an attractive feature which is the enhanced input

side power quality obtained with the phase-shifting trans-

former and multipulse rectifier configuration. Low order har-

monics are effectively canceled up to the 25th (for a 36 pulse

rectifier) improving greatly the input current THD, eliminating

the needs of filters just like with the CHB topology [34]. In

fact this topology features an identical transformer to the one

that would be used for a five-level two cell CHB, with the

same amount of diode rectifier bridges, number of capacitors

and switching semiconductors, but with the addition of 12

clamping diodes, and need to control the neutral point of each

H-bridge.

This converter can be found in practice with a 36-pulse

rectifier system, featuring IGCTs, and for a 2 to 7 MW

power range air cooled or 5 to 22 MW water cooled. Other

characteristics are: it is controlled with direct torque control,

reaches output frequency up to 250Hz and output voltages up

to 6.9kV [11]. Alternatively, several configurations of the 5L-

HNPC are available from [13]: with 24 or 36 pulse diode

rectifier front end, with medium voltage IGBTs, IEGTs or

GCTs, up to 7.8 kV maximum output voltage, up to 120Hz

output frequency, air or water cooled, vector controlled, with

a power range up to 120 MVA.

B. Three-level Active NPC (3L-ANPC)

One of the drawbacks of the 3L-NPC topology is the

unequal share of losses between the inner and outer switching

devices in each converter leg. Since the semiconductors are

cooled with separate heat sinks and cooling system it results

in an unsymmetrical semiconductor-junction temperature dis-

tribution which affects the cooling system design, limits the

maximum power rate, output current and switching frequency

of the converter for a specific semiconductor technology

(usually the IGCT) [46], [47]. This issue can be solved by

replacing the neutral clamping diodes with clamping switches

to provide a controllable path for the neutral current, and

hence control the loss distribution among the switches of

the converter. In other words, with clamping diodes like in

the 3L-NPC, the current freewheels through the upper or

lower clamping diode depending on the current polarity when

the zero voltage level is generated. Instead, with clamping

switches, the current can be forced to go through the upper or

lower clamping path. This can be used to control the power

loss distribution and overcome the limitations of the 3L-NPC,

enabling substantially higher power rates. These additional

devices are called the active neutral clamping switches and
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are shown in Fig. 4a, and give this converter its name 3L-

ANPC. A detailed analysis on the loss distribution and how

to control it through the new switching states provided by the

additional clamping switches is performed in [46].

The 3L-ANPC was developed during the past five years

[47], [52], and has been recently introduced with a back-to-

back regenerative configuration as a commercial product [11].

It covers a power range from 20 to 200 MVA and can be

connected with a transformer from a 6kV to a 220kV grid.

Recently a variation of the ANPC concept has been pro-

posed, namely a five-level hybrid multilevel converter that

combines a three-level ANPC leg with a three-level FC power

cell connected between the internal ANPC switching devices

as shown in Fig. 4b. Although it is a hybrid topology, it has

been called 5L-ANPC [48]–[50], [53]. It effectively increases

the number of levels of the converter with the levels introduced

by the FC cell. The flying capacitor is controlled to Vdc/4

so that its series connection to the ANPC dc-link capacitors

at Vdc/2 or to the neutral at zero volt, using an appropriate

switching state generates the additional intermediate voltage

levels completing a total of five levels (±Vdc/2,±Vdc/4,

and 0). There are several redundancies that can be used to

control the flying capacitor voltage. This hybrid ANPC-FC

concept enables somehow the modularity factor that lacks the

classic NPC converter family by just adding FC cells to reach

easily higher level values [53], without the need to add series

connected diodes. Moreover, because only a 3L-NPC leg is

used, the problems of capacitor voltage balancing when using

passive front ends in higher number of level NPCs explained

further in Section V is avoided as well. These advantages
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Fig. 4. Active NPCs (only phase a shown): a) 3L-ANPC featuring IGCTs
[46], [47], b) 5L-ANPC featuring IGBTs (hybrid between 3L-ANPC and a
3L-FC) [48]–[50], c) Common cross converter stage plus 5L-ANPC hybrid
9-level converter [51].

come at expense of a more complex circuit structure, and

with the need to control the flying capacitor voltages and

their initialization, besides the NPC dc-link capacitors voltage

unbalance control. In contrast to the CHB topology, this

modularity does not increase the power rating of the converter

but only the number of levels and the power quality, since the

flying capacitor adds an intermediate voltage level and does

not provide active power, so the power rating is still limited by

the ANPC part. Note that instead of IGCTs, series connected

IGBTs are used in the NPC part of the converter, probably

to keep all semiconductors of the same type. This inherently

introduces more conduction and switching losses, and requires

a special gate driver to ensure simultaneous control of both

switches. Nevertheless, because of the extra levels and the

particular configuration of the power circuit, the outer switches

commutate at lower switching frequency which compensates

for the series losses. Other ratios for the flying capacitor

voltage can be used to increase the number of voltage levels at

the output. However, in that case higher switching frequencies

are necessary to control the capacitor voltage properly and

makes it less attractive.

A commercial version of this topology has been recently

introduced [11], [50], aimed at medium voltage but not high

power. Configurations are available from 0.4 to 1MVA, rated

at 6 to 6.9kV, air cooled, with maximum output frequency of

75 Hz, exclusively in back-to-back configuration.

In addition, a variation to the hybrid 5L-ANPC has been

proposed by adding a common cross converter (CCC) stage

introduced in [54] to the 5L-ANPC resulting in a 9-level

hybrid converter introduced in [51] and shown in Fig. 4c. This

converter stage can connect any nodes of its input to any node

of its output through a set of direct and diagonal connected

switches. When this stage is added between the 3L-ANPC

part and the FC part of the circuit, the CCC stage capacitor

can be clamped in any polarity between the 3L-ANPC dc-

link capacitors and the flying capacitor producing even more

levels. If Vdc/8 is chosen for the CCC stage capacitor (i.e.

a ratio between the ANPC dc-link voltge, the FC voltage

and the CCC voltage equal to Vdc/2 : Vdc/4 : Vdc/8 =

1 : 0.5 : 0.25), 9 different output levels can be generated

(±Vdc/2,±3Vdc/8,±Vdc/4,±Vdc/8 and 0). More CCC stages

can be added to increase the number of levels. Although this

additional stage increases the number of levels which greatly

improves power quality, this comes at expense of a complex

circuit structure and the need to balance both, the CCC and FC

stage capacitor voltages. Moreover, the voltage ratio chosen

for the CCC stage capacitor can affect the overall maximum

modulation index achieved by this topology, which for the

ratio 1:0.5:0.25 is M=0.925 at full active power [51], limiting

its application field. As with the 5L-ANPC this converter is

also limited in power range to the ANPC stage, and the CCC

does not supply additional active power. On the attractive

side, since the CCC stage is common to the three phases this

converter reaches 9 levels with less components than the CHB

with equal dc-sources, and with a much simpler transformer-

rectifier system.
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Fig. 5. Modular Multilevel Converter M2C or MMC (series connected 2-level
VSIs).

C. Modular Multilevel Converter (MMC)

Another multilevel converter that has recently found indus-

trial applications is the Modular Multilevel Converter (M2C

or MMC), particularly for HVDC systems [55], [56]. This

topology was developed in the early 2000s [57] and received

increased attention since then [58]–[60]. Three-phase ac-ac

and also ac-dc topologies have been proposed. Basically the

MMC is composed of single-phase two-level voltage source

converter (2L-VSC) legs, also known as half-bridges, con-

nected in series as illustrated in Fig. 5. The phase leg is divided

in two equal parts (number of cells must be even) to be able

to generate equal number of positive and negative levels at

the ac side. Also H-bridge cells have been proposed [60]–

[62]. Some inductors are usually included within each leg to

protect during transitory short circuits.

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 array of capacitors of the converter leg, generating in

this way the multilevel waveform. There is a third switching

state: both switches off that is used during start up or failure

condition, allowing the current to circulate freely trough the

diodes (and through capacitors if so demanded by the current

polarity). In practical application there is an additional bypass

switch to fully isolate each cell for fault tolerant operation

[55].

Since the capacitors are floating, an appropriate voltage

balance control is necessary to keep each one at a constant

voltage level [59]. The total dc side will be the sum of all

the capacitor voltages in one leg. The attractive feature of

this topology is its modularity and scalability to reach easily

medium and high voltage levels, meanwhile greatly improving

ac side power quality compared to the classic series connection

of power switches in a two-level converter configuration used

in HVDC (also the uneven voltage sharing problem between

series connected devices is solved). In addition, there is no

need for high voltage dc-link capacitors (or series connected),

since the intrinsic capacitors of the cells perform these task.

The high number of levels enables a great reduction in

the device average switching frequency without compromise

of power quality. This topology can be found in practical

applications reported with 200 power cells per phase reaching

up to 400MW [55], and is commercialized up to 1GW [56].

MV-IGBT
+

_

Vdc/2

Vdc/2

Vdc

N

a b c

N

Fig. 6. Three-phase three-level transistor clamped converter (3L-TCC).

D. Transistor Clamped Converter

The transistor clamped converter (TCC) concept is very

similar to the one of the DCC and was first introduced in

1077 [63]. Instead of clamping the connection points between

switches and the capacitors through diodes, it is done by

bidirectional switches This gives a controllable path for the

currents through the clamping devices, like with the ANPC.

In [64] a bidirectional switch using 4 diodes and one transistor

is presented, and the topology is explored from three to several

levels. In [65] a three-level version with a bidirectional switch

based on two anti-series connected IGBTs is proposed. Since

the three-level case has a neutral point, just like the NPC and

it is fully controllable, this topology is also known as Neutral

Point Piloted (NPP), and can be seen in Fig. 6. Note that two

switches in series are necessary in the upper and lower part

of the converter leg to reach medium voltage. The two central

IGBTs form the bidirectional switch, that when on generates

the zero voltage level.

This topology has found industrial application [15], [66],

and is aimed for medium voltage (3.3, 6.6 amd 9.9kV) and

high power up to 48MW. The losses shared by the devices,

enable to switch at higher switching frequencies which can

effectively increase the maximum output frequency. Hence this

converter can be suitable for variable high speed applications

such as train traction drives.

E. Multilevel Matrix Converters

The matrix converter belongs to the direct conversion family

of the classification in Fig. 2 since it connects directly the input

ac lines to the output ac lines trough bidirectional switches

and without need of energy storage devices like capacitors

or inductors. As consequence, their strengths are an important

weight/volume reduction and inherent four quadrant operation,

which are desirable features for transportation systems (elec-

tric vehicles, more electric aircraft, military vehicles, etc.).

The lack of energy storage devices does not favor the

possibility to arrange semiconductors in such a way that higher

voltages and more voltage levels can be reached. This is why

this topology was limited to a small application scope. How-

ever, recently several multilevel matrix converter topologies

have been reported [69]. Most of them are actually based
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Fig. 7. Multilevel matrix converter topologies: a) Cascaded Matrix Converter
[67], b) Indirect Matrix-NPC [68], [69] and c) Flying Capacitor Matrix
Converter [70].

on the three classic multilevel topologies discussed earlier:

the Cascaded Matrix Converter [67], the Indirect Matrix-NPC

[68], [69] and the Flying Capacitor Matrix Converter [70],

shown in Fig. 7a, Fig. 7b and Fig. 7c respectively.

The cascaded matrix converter is the only one that ef-

fectively increases the power rating of the converter. Like

the CHB, this topology elevates the voltage by the series

connection of power modules. This is achieved by introducing

a phase shifting power transformer that provides isolated

and phase-shifted three-phase secondary ac sources that are

connected to the load side by a power cell composed of

a 3×2 matrix converter and its corresponding three-phase

input capacitive filter. Each cell connects through bidirectional

switches (shown as connection nodes in each cell of Fig. 7a)

two input ac lines to the two output ac lines of each cell

provided the following restriction: each output line must be

connected to one, but not more than one input line. This means

that if the output line is not connected to one input line, no

current path is available at the load side, and if it is connected

to more than one, a short circuit of the input lines is produced.

The series connection of the two output lines of the cells is

possible due to the isolation of the ac inputs provided by the

transformer. The phase shifting transformer not only supplies

isolated ac sources, but the phase shift has a multipulse effect

reducing the input current harmonics, just as with the CHB.

In addition the phase shifts at the secondary side produce the

effect of having a multiphase ac source (6 phases for a 2-cell

converter, 9 phases for a 3-cell converter), that enables the

generation of more output voltage levels. The proper control

of the switching states produces a stepped multilevel output

voltage waveform at the load side. More details on this can

be found in [67].

The cascaded matrix converter is the only one of the

matrix converter based multilevel topologies that recently has

found commercial presence [22]. Two commercial versions are

available featuring 3 or 6 matrix converter cells in series per

phase. The 3 (or 6) cell version generates a 7 (or 13) level

phase voltage to feed the ac load up to 3.3kV (or 6.6kV),

covering a power range of 0.2-3MVA (or 0.4-6MVA).

Although the phase-shifting transformer is needed to enable

the series connection of matrix converter cells to reach medium

voltage and high power operation, and also improves the in-

put/output power quality, it adds volume and weight affecting

negatively one of the features of classic matrix converters. In

addition, one of the mayor drawbacks is the switch count: 6

bidirectional switches per cell will require 108 switches for a

3-cell 3-phase 7-level cascaded matrix converter compared to

36 switches used in a 3-cell 3-phase 7-level CHB. This reduces

reliability (higher failure probability) and reduces efficiency

(more conduction and switching losses).

F. CHB with unequal dc sources (asymmetric CHB)

If the CHB topology, shown in Fig. 1c, is fed with unequal

dc voltage ratios between cells, some or even all voltage level

redundant switching states can be eliminated, maximizing the

number of different voltage levels generated by the converter.

This concept of asymmetric dc source ratios was introduced in

[71] for magnetic resonance imaging applications. Later this

idea was further explored for medium voltage converters [72]

with two or more cells in series with a powers of two voltage

ratio asymmetry (1 : 2 : . . . : 2
n−1), capable of generating

7 different voltage levels with only two cells. Later voltage

ratios in powers of three (1 : 3 : . . . : 3
n−1) were introduced

[72], [73] that eliminate all redundancies and maximize the

number of levels at the output. This converter asymmetry is

also known as trinary hybrid multilevel converter [74]. Another

popular ratio is 1 : 2 : 6 : . . . : 2 · Σ(previous ratios),

which can maximize the number of levels while still being

able to apply hybrid PWM modulation [75]. A comprehensive

work analyzing this topology in depth is presented in [76]. A

variant to this topology was introduced in [77], in which all

the cells have the same voltage rating at the dc side and the

asymmetry is introduced in the output transformer primary-

secondary ratios, so that the voltage when connecting the

secondaries in series has the multilevel waveform.
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Besides the exponential increase in the number of levels

when adding more cells, this topology allows to switch the

higher power cells at fundamental frequency reducing the

switching losses of the converter, improving efficiency. How-

ever, this advantage is also its greatest weakness, since power

is not evenly distributed among the converter cells, eliminating

the input current low order harmonics cancelation effect of the

multipulse rectifier system of the traditional CHB. Moreover,

to reach medium voltage operation different switching device

families are necessary, as well as different thermal design for

each power cell, eliminating the modularity advantage of the

CHB. The impact on the input current harmonics is addressed

in [78].

Another disadvantage is that for some asymmetries and

some modulation indexes the circulating current among the

cells produces regeneration in small power cells even if the

overall converter is in motoring mode, forcing the use of

resistive choppers, regenerative front end or non-conventional

modulation schemes to keep the capacitors at the desired

voltage ratio. Despite its great advantages in power quality

and efficiency, these drawbacks have kept back this converter

to have practical application. Nevertheless, the concept of

asymmetric voltage ratios to maximize number of voltage

levels when cascading other topologies (even hybrids between

topologies) has further been explored and has interesting

potential to become applicable. Some of these topologies are

discussed in following subsections.

G. Hybrid Multilevel Converters

The combination of two, or even just part of classic and

not so classic multilevel converter topologies gives birth to

an overwhelmingly wide range of hybrid multilevel converter

topologies found in literature. Due to space limitations these

cannot be covered comprehensively in this technology review.

Some hybrid topologies have been already discussed earlier

in this paper, for example: the H-NPC, the 5L-ANPC and the

cascaded matrix converter. The first combing the H-bridge and

NPC, the second merging the ANPC and the FC, and the later

an hybrid between CHB and matrix converters.

Another hybrid that has received sustained attention in the

last decade is the NPC-CHB multilevel converter [79]–[83]. A

generic power circuit of the NPC-CHB is illustrated in Fig. 8.

As the name suggests, it is an hybrid between the 3L-NPC and

single phase H-bridge cells connected in series at the output

between the NPC and the load. The H-bridge dc side is a

floating capacitor without a voltage supply. Hence, the addition

of H-bridge stages only introduces more voltage levels, but

does not effectively increase the active power rating of the

overall converter. The number of H-bridge cells connected in

series varies are usually one or two [79]–[83].

The CHB stage acts as a series connected active filter.

Although it contributes to enhance the power quality and

reduce the common mode voltages, it also introduces ad-

ditional conduction and switching losses. The H-bridge dc-

link capacitor voltage control, necessary to keep a desired

voltage ratio between the NPC and the CHB, also adds to

2-level VSI

or 

3-level NPC

3L-NPC

+

_

Vdc

ac

dc

ac

dc
H-bridges

AC
Load

a

b

c

Fig. 8. Multilevel NPC-CHB hybrid converter with one or more H-bridges
in series connection per phase (can also have unequal dc voltageratios) [79]–
[83].

the complexity of the control system and requires additional

voltage sensors.

Similar to the NPC-CHB, the traditional CHB has been

modified by using a single dc-supply per phase, leaving

the other cells floating [84], [85]. This simplifies the CHB

topology by eliminating the complex face shifting transformer,

but limits the total active power rate of the converter. As with

the NPC-CHB special control of the floating dc-link capacitors

is necessary.

A sub-category of hybrids has been specially conceived for

open-end stator winding motor drives, and have very particular

features. These are addressed in next sub-section.

H. Hybrid Multilevel Converters feeding open-end stator

winding motor drives.

The concept of cascading two converters, one at each side

of an open-end stator winding of an induction motor, was

first introduced in [86] with several configurations, including

two 3L-NPC converters at each side of the machine. Later, in

[87] two separately exited two-level voltage source inverters

with different voltage ratios generating a four level converter

was introduced. More recently, this concept has found more

acceptance cascading two 3L-NPC one at each side [88]–[91],

with only one supplying active power (main NPC inverter)

fed by dc-source, and the other used for power quality im-

provement as a series active filter (conditioning NPC inverter)

with floating dc-side capacitors with different voltage ratios,

as shown in Fig. 9. With a 1:3 voltage ratio 9-levels can be

generated. The latest contributions feature IGCTs for the large

converter and IGBTs in the smaller one, being the first one the

classic of-the-shelf commercially available 3L-NPC discussed

in previous section [90], [91].

Several other variants of the cascaded open-end winding

converter have also been reported, some with different topolo-

gies at both sides, with other voltage ratios, with two or one

dc-source, and even some with more than two converters in

series connection [73], [92]–[100].

In order to produce the same air-gap flux in the machine,

the voltage amplitude required for the motor is divided in the

two total dc voltages of the converters at both sides of the

stator, in two equal or unequal parts (depending on the dc

ratio used). This automatically reduces the device ratings and

dv/dt stress on the machine and the inverters. Many additional

advantages of open-end induction motor drives like common-

mode voltage elimination and capacitor voltage balancing has

been reported recently [95]–[98].

The use of asymmetric dc sources together with an open-end

winding has produced a new voltage space vector disposition
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following a 12-sided polygonal shape rather than the classic

hexagonal shape [101]–[104]. This converter configuration

serves also as an active harmonic filter to the voltage fed to

the motor, since all the 6n ± 1 harmonics (with n odd) are

absent throughout the modulation index range including over-

modulation region. Since the 12-sided polygon is closer to

a circle than a hexagon, the linear modulation range is also

extended. This has also been extended to multilevel 12-sided

[105] and 18-sided polygonal voltage space vector dispositions

[106].

It is worth to mention that in those cases when the con-

ditioning (usually smaller rated) converter is floating it does

not supply active power, so additional power electronics is

used without actually increasing the active power rating of

the converter. Although this improves the power quality by

introducing more levels, it adds complexity to the topology, to

the control/modulation scheme and introduces new conduction

and switching losses. On the other side if both converters

are connected to a rectifier front end, and both supply active

power, the asymmetry in the voltage ratios introduces same

problems as with the CHB with unequal dc sources, namely

the multipulse rectifier configuration looses its effect in can-

celing low order input current harmonics.

The concept of the cascaded conditioning converter of

the hybrid topology of Fig. 8 and the cascaded connection

through open end winding of Fig. 9 competes with other

available solutions, such as active filters in shunt connection

directly between the converter and motor drive with a separate

control/modulation scheme.

I. Multilevel topologies by interconnection of 2L-VSIs

The concept of interconnecting three classic of-the-shelf

three-phase 2-level voltage source inverters (2L-VSIs) to gen-

erate a multilevel waveform was first introduced in [107]. This

topology has been recently further explored in [108]. Basically

two of the phases of each VSI are connected to the other

two through inductors, leaving one unconnected phase per

converter, which together constitute the three output phases

of the overall multilevel topology, as shown in Fig. 10. Since

it is based on three-phase converters rather than single-phase

H-bridges at the output compared to the CHB, it requires less

cells and therefore features a simpler transformer with less

secondary windings. It also has fewer power semiconductors

and capacitors, although it introduces inductors and has lower

number of output levels [108]. This concept has also been

further extended interconnecting six 2L-VSIs, which yields
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Fig. 10. Interconnected three-phase 2L-VSIs [108].
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Fig. 11. Power circuit of 7-level current source converter [111].

to a six-phase multilevel converter topology called Hexagram

inverter [108]–[110]. It can also be used for three-phase drives

with open end stator windings, by connecting two of the

converter phases to each winding of the motor.

J. Multilevel current source topologies

The current source multilevel converter concept has also

been reported [111]. They are conceived following a duality

principle between voltage source and current source convert-

ers, which is based mainly on translating the stepped series

connection of capacitors voltages to stepped shunt connection

of inductor currents. In this way several multilevel current

source converter topologies analogous to their voltage source

counterparts have been discussed in [112]. Figure 11 shows a

simplified power circuit of a 7-level current source converter.

It uses an 18-pulse rectifier system to feed three back-to-back

current source converters. Each one produces a 3-level line

current, including a zero current level, thus by controlling the

switching angles of each current source converter appropri-

ately, a 7-level stepped current waveform can be generated at

the node of interconnection.

Instead of avoiding series connection of devices to reach

higher voltage operation while improving voltage waveform

quality with a voltage source multilevel converters, the mul-

tilevel current source avoids parallel connection of devices

and reaches higher output currents while improving current

waveform quality. Hence this topology is well suited for high

current demanding applications.

K. Other topologies

As stressed throughout this paper, multilevel converter tech-

nology has evolved into a such wide and rich variety of

different topologies, that it is impossible to analyze and discuss

each one of them. In this subsection other topologies will

be briefly addressed and referenced focusing mainly on those

reported during the last years.

As can be observed in Table I, the CHB has only one

regenerative commercial version. The main reason is that
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the diode front end is replaced by a thee-phase 2L-VSI,

adding 6 low voltage IGBTs with freewheeling diodes per cell,

increasing the device count and fault probability. This problem

has been addressed in [113], where alternatives for the active

front end are explored based on single phase H-bridge and

half-bridge topologies, the later having only two low voltage

IGBTs and two freewheeling diodes.

Another disadvantage of the CHB is the bulky and com-

plex input phase-shifting transformer. An alternative using a

medium frequency isolated dc-dc converter stage has been

proposed [114]. The dc-dc stage is composed of two H-bridges

connected through a high or medium frequency transformer,

reducing the size and weight of the converter while providing

galvanic isolation. However, this solution introduces a lot

more power electronic devices, which also need to be con-

trolled through modulation, increasing implementation com-

plexity and reducing converter efficiency (more conduction

and switching losses). Nevertheless, this solution can provide

bidirectional power-flow and controllable input power factor

and has been considered as a possible candidate to eliminate

the bulky input transformer in train traction drives [115], [116],

or to act as a power decoupling stage in CHB power converters

used for flexible power management systems that interconnect

different grids and ac systems [117].

The flying capacitor topology also originated some variants

to overcome its limitations. In order to reach higher voltages,

and increase the number of voltage levels the Stacked Multicell

Converter (SMC) was introduced in the early 2000 [118].

Quite literally the SMC are two classic FC stacked one over

the other. This reduces the voltage stress on the devices and

capacitors, enabling higher voltage operation while reducing

the device switching frequency while even improving the

converter output voltage waveform due to the new voltage

levels. Despite these improvements the SMC has not yet found

industrial presence, mainly because of the high number of

capacitors needed compared to other topologies. Nevertheless,

recent contributions show there is still interest in this topology

[119], [120].

In relation to variations to the classic 3L-NPC, several of

them were discussed in previous subsections (H-NPC, 3L-

ANPC, 5L-ANPC, NPC-CHB, and cascaded NPC through

open end windings), with some of them already commercial

products. In addition, the classic NPC structure has been

extended to four [121], five [122] and even more levels [123].

Since the 4-level version actually has no neutral or zero

voltage level node, and together with the 5-level version they

have more than just one clamping point compared to the

3L-NPC, it has more sense to talk here of diode clamped

converters (DCC) instead of neutral point clamped converters.

These topologies increase the voltage and power rating of

the converter along with the number of levels, while enabling

a reduction of the device switching frequency, like all other

multilevel topologies with more levels. However, they have not

found industrial acceptance because the series connection of

diodes are necessary to block the increased voltage produced

by the series connection of the capacitors above and below the

node where the output phase has been clamped. This increases

the conduction losses of the converter. In addition, for DCC

above 3-levels with diode front ends, the voltage balancing of

the dc-link capacitors cannot be achieved for all modulation

indices while keeping the traditional multilevel stepped wave-

form [123]. This issue may not be a problem in back-to-back

configurations were the capacitor voltages are controlled by

the active front end, but for applications where an active input

rectifier is not required (not regenerative applications like fans,

blowers, pumps, and compressors) other solutions have been

proposed by introducing additional hardware. For example, a

two bidirectional buck-boost dc-dc converter stage has been

proposed to assist the voltage balancing of the capacitors for

the 5-level DCC [124]. However, this extra dc-dc stage adds

complexity to the topology, including additional switching

devices, inductors, sensors and control scheme. Although, the

dc-dc stage does not drive all the converter power, it has an

unfavorable effect on the converter efficiency due to the addi-

tional conduction and switching losses, which for the power

levels of the application field of this converters is considered

a weakness. Therefore, the back-to-back solution seems more

attractive, even for non-regenerative applications (despite the

higher manufacturing cost), since it has the intrinsic ability

to provide input power factor control, compared to the diode

front end solution that besides the extra dc-dc stage will need

passive or active filters to meet grid codes at these power

levels, which all together is as much hardware and cost as

the back-to-back solution. It is worth mentioning that these

variants do not solve the problem of the series connected

clamping diodes.

IV. RECENT ADVANCES IN MODULATION

Many new modulation techniques have been developed to

cater to the growing number of multilevel inverter topologies.

They are aimed at generating a stepped switched waveform

that best approximates an arbitrary reference signal with an

adjustable amplitude, frequency and phase fundamental com-

ponent, usually a sinusoid in steady state. Since the modulation

scheme is intended to be used in high power converters

the main figures of merit pursued are high power quality

and minimum switching frequency. These two requirement

compete with each other, and therefore, it is considered one

of the mayor challenges in multilevel converter technology.

Despite this, some basic extension of classic modulations

methods used for 2L-VSI are the ones that have been used

in commercial converters.

A. Classic multilevel modulation methods

The level shifted PWM (LS-PWM) and phase shifted PWM

(PS-PWM) techniques have been the natural extensions of

carrier based sinusoidal PWM for the NPC and for multicell

converters (CHB and FC) respectively [9]. The LS-PWM, also

known as phase disposition PWM and other carrier disposition

variants [125], [126] is a simple way to relate each carrier

with the gating signals of NPCs and therefore is one of

two modulations schemes used in industry, and is commonly

referred simply as sinusoidal PWM (SPWM) as shown in

Table I. The PS-PWM associates a pair of carries to each

cell of the CHB and FC, and a phase shift among the carries
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of the different cells introduces asynchronism that generates

the stepped waveform. In this case the advantage lies in that

power is evenly distributed among the cells across the entire

modulation index, which enables the correct operation of the

multipulse rectifier configuration of the CHB and a natural

balancing of the flying capacitors in the FC [9]. Therefore,

PS-PWM is also the only real commercial modulation scheme

used in CHB and FC, which can be corroborated in Table

I. Although it has been reported that PD-PWM has better

output voltage harmonic profile than PS-PWM [126], these are

very small differences in the high frequency harmonic content,

which are filtered by the load. Therefore, from a practical point

of view, the operational advantages of PS-PWM for CHB and

FC are far more relevant than the superior harmonic content

of PD-PWM, explaining the trend followed by industry.

Another commercially available modulation method that

also comes from the two-level version is multilevel selective

harmonic elimination (SHE) [9], [127], [128]. This method is

the second one available for 3L-NPCs (see Table I). The main

feature is that, unlike with carrier based PWM methods, the

switching angles are computed off-line, and are designed in

such a way that arbitrary harmonics (usually of low order)

are eliminated. This method has the advantage of having

very few commutations per cycle and is therefore the one

that achieves better efficiency and enables air-cooling. On

the negative side, the SHE angles are computed based on

Fourier series and the assumption of steady state sinusoidal

voltages, hence for variable speed operation these angles will

not fully eliminate the harmonics, which through feedback can

be greatly amplified by the closed loop controller, degrading

overall performance, and therefore is limited in practice to low

dynamic performance demanding drive applications (pumps,

fans, etc.).

B. New multilevel modulation methods

In contrast with the high amount of recently introduced

multilevel topologies, no new multilevel modulation schemes

have made their way to industrial applications, despite the

great amount of recent contributions and advances on this

topic. The main reason could be that manufacturers favor

the proven technology and simplicity of carrier based PWM

schemes over new methods that have advantages but usually

at expense of more complex implementation. Nonetheless,

multilevel converters have many additional degrees of freedom

compared to two-level converters: more voltage levels, zero

common mode voltage vectors, switching state or voltage level

redundancy and space vector redundancy, that are not always

fully exploit by carrier based PWM schemes, which together

with the appearance of new converter topologies are the main

drivers for the development of new modulation strategies.

One of the modulation methods that has the potential

to use more effectively these new degrees of freedom is

space vector modulation (SVM). SVM has also been extended

and even generalized for n-level multilevel converters using

two-dimensional and three-dimensional algorithms [42], [78],

[129]–[140]. A common characteristic to all SVM based

schemes is that the modulation algorithm is divided into three

stages: in the first, a set of switching states or vectors need

to be selected for modulation, usually those are the closest

three vectors to the reference [129]; the second stage computes

the duty cycles (or On and Off-times) of each vector to

achieve the desired reference over a time average; and the

final third stage is the sequence in which the vectors are

generated, usually center distributed or symmetric sequences

are favored due to synchronous digital sampling of the current.

The different contributions that report variations on the three

basic stages of SVM pursue different goals which in many

cases are one or more of the following: switching frequency

reduction, lower computational cost, common mode voltage

elimination or reduction, lower THD, SVM for multi-phase

systems, unbalanced system operation, capacitor voltage bal-

ance, feedforward of dc-link ripple, etc. Despite all these

reported improvements, SVM based multilevel algorithms

are not the dominant modulation scheme found in industrial

applications to this date. A probable reason is that carrier

based PWM requires only the reference and carrier signal

and a simple comparator to deliver the gating signals, while

even very low complexity and low computational cost SVM

methods require an algorithm with at least the three stages

mentioned before.

Recently it has been demonstrated that the same voltage

waveform generated by the most common SVM algorithms

can be obtained in a much simpler way using a single-phase

modulator [141]. The advantages are that it can be easily

extended to converters with any number of phases and any

number of levels, hereby reducing the design, implementation

and computation complexity usually associated to SVM algo-

rithms.

Cascaded converters feeding both sides of an open end

winding stator can generate (depending the voltage ratio

between them) non-conventional voltage space vectors dis-

tributions that follow a different pattern than the traditional

concentric hexagonal layout in the α − β complex plain. In

fact, they generate 12-sided and 18-sided polygonal space

vector distributions [105], [106]. As the number of sides of

the polygon increase, the space vector distribution for a same

magnitude becomes closer to a circle. As such, the instanta-

neous error between the reference vector and the switching

state space vectors decreases. This further reduces dv/dts
and improves the harmonic content in the output voltage

without need to increase the device switching frequency. SVM

schemes for these polygonal distributions are presented in

[105], [106].

As stressed throughout the paper, one of the most important

parameters that is strongly related to the modulation stage is

the average device switching frequency. This is why much of

the recent works published on this subject have as central focus

the switching frequency reduction. A comparison of switching

losses produced by different modulation methods applied to

CHB and NPC converters are presented in [142] and [143]

respectively.

As an alternative to SHE, other low switching frequency

modulation schemes have been proposed, like selective har-

monic mitigation (SHM) schemes [144], [145] and synchro-

nized optimum PWM techniques [146]–[148]. These two
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techniques require important off-line computations like SHE,

and the computations increase over-proportional with higher

number of levels. However, once the formulation of the

equations and the numerical solving has finished, the results

only need to be stored in look-up tables in the digital interface

control board. These methods have the same drawback of SHE,

that variable speed operation in closed loop operation will

require a low bandwidth control loop, with the consequent low

dynamic performance. SHM differs from SHE in the fact that

the harmonic are not fully eliminated, instead some content is

allowed up to the grid code limits, which enables to control

more harmonics with the same amount of angles (commuta-

tions). In this way, SHM achieves a reduced THD which is

in compliance with the grid code, while SHE fully eliminates

low order harmonics, which usually moves harmonic energy

to the higher frequencies increasing their amplitude even over

grid code limits.

SHE has been extensively analyzed for a wide variety of

converter topologies [44], [48], [127], [149]–[153]. Recently

real-time (on-line) SHE methods have been proposed based on

a total THD minimization rather individual harmonic analysis

[154], [155]. Although the on-line part is an attractive feature,

the fact that the overall THD is considered does not give

any warranty that grid codes are always met, irrespective

of the modulation index and operating condition. In fact

the THD could be minimized at expense of having all the

harmonic energy in the low order harmonics. In [156], a

predictive control based SHE method has been proposed which

is also performed online, but considers the amplitude of each

harmonic in real time thanks to a Sliding Discrete Fourier

Transform. A predictive model is used to select the switching

state that minimizes all the desired harmonics. The predictive

model together with the sliding discrete fourier transform

allow to use this modulation method on closed loop operation

with higher dynamic performance capability.

V. RECENT ADVANCES IN CONTROL AND OPERATIONAL

ISSUES

In contrast to modulation methods which required substan-

tial research and development, and still are, to adapt to the

special needs and switching states of the multilevel topologies,

the control of them has been a more straightforward extension.

In fact, multilevel converter powered variable speed motor

drives are controlled using the same methods used for two-

level voltage source converters, namely: v/f control (or scalar

control), Field Oriented Control (FOC, also know as Vector

Control) and Direct Torque Control (DTC) [4]. The main

reason is that both v/f control and FOC have a modulation

stage embedded in the control loop, hence the control scheme

does not change, only the modulation stage must be replaced.

In other words, the two-level PWM or SVM needs to be

replaced by an appropriate modulation scheme that best fits

the particular multilevel converter. As can be appreciated in

Table I both methods are used by several manufacturers in the

field.

In contrast, DTC relates each switching state or voltage

vector generated by the converter to a specific change in the

motor flux and torque, which cannot directly be extended

from the two-level to the multilevel case. The main reason

is that the number of vectors increases over-proportional to

the increase of voltage levels, making difficult to define a

voltage vector selection criteria according to the flux and

torque errors. Nevertheless, this has been addressed for 3L-

NPC converters by using multiple hysteresis bands controllers

and a finer sector division of the space vector complex plane

[157], and has been successfully used in industry, as can be

observed in Table I. The extension of direct torque control for

other topologies and converters with more levels has also been

reported in [158], [159].

More recently some characteristics of FOC and DTC have

been combined into another motor drive control method called

SVM-DTC [160], that combines linear controllers and the

SVM modulation stage of the FOC scheme with the load

angle control concept of DTC (control of the angle between

stator and rotor fluxes). This control method achieves fast

dynamic control of the torque like DTC but introduces a

modulation stage that fixes the switching frequency, which is

one of the mayor drawbacks of traditional DTC. This method

can be easily extended to multilevel converters, again by

just replacing the two-level modulation stage by a multilevel

modulation method [161]. In case of multilevel converters

with high number of levels, the modulation stage is even not

necessary, and the nearest level generation can be used [162].

Following the analogy between motor side and grid side

control schemes, multilevel converters connected to the grid

are controlled with Voltage Oriented Control (VOC) and Direct

Power Control (DPC) [163], which are the grid side coun-

terpart of FOC and DTC respectively. Further enhancements

that use a grid virtual flux concept to better synchronize the

control method to the grid have been introduced in [164] and

applied to multilevel converters in [49]. As with motor control,

a combination of both methods has been proposed originating

SVM-DPC and has been applied to a 3L-NPC [165]. Both

VOC and SVM-DPC need only a multilevel modulation stage

update, while DPC has been extended for multilevel converters

in [166].

Apart from the development of modulation methods and

the extension of control methods for multilevel converters,

some operation specific issues like capacitor voltage control,

common-mode voltage reduction/elimination and fault detec-

tion, diagnose and tolerant operation of multilevel converters

are equally important.

Several multilevel converter topologies suffer from voltage

unbalance among the dc-link capacitors at certain modulation

indexes and operating conditions [40], [41], [123], [167]–

[176]. Probably the most well known problem in this topic

is the capacitor unbalance of NPC or DCC topologies. Partic-

ularly the unbalance in 3L-NPC has been extensively studied

and several solutions have been reported [9]. Considering the

successful industrial presence of the 3L-NPC and the fact that

it is commercialized by at least nine manufacturers it can

be concluded that from a practical point of view this is a

solved problem. This is not the case for 4-level and up DCC

topologies. The reason is that for diode front end DCCs of

more than 4-levels the capacitors cannot be properly balanced
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with conventional modulation techniques producing a typical

multilevel converter stepped waveform. Instead some switch-

ing states are avoided to perform balance control, leading to

higher dv/dts. This is why it is still subject of attention and

research. As an alternative, additional hardware, usually a dc-

dc stage is added aid in the control of the capacitor voltages

[124]. The unbalance problem is not an issue in back-to-back

configurations, since the active front end is responsible of the

dc-link voltage control

The challenge of dc-link voltage balance is not exclusive

to the NPC family. In fact, although flying capacitors have an

autobalance property when used with PS-PWM, the dynamic

response of the capacitor voltages is very slow. Therefore some

works propose additional control mechanisms also based on

switching state redundancies, to improve the dynamic perfor-

mance of the voltage balance. In [172], [177] a model and an

analytical study on the balancing problem and dynamics of FC

is presented. Recently a voltage balancing passive circuit has

been proposed to assist the voltage balancing in a FC [178],

[179]. In [180], the voltage balancing control of the capacitors

of a modular multilevel converter is studied.

The CHB is the only one that has no unbalance problems,

since each dc-link is fed by an isolated dc-source. However, for

STATCOM, active filters and other applications in which the

capacitors are floating (not connected to a dc source), a voltage

control algorithm is necessary to keep the voltages controlled

at the desired level. This issue is not exclusive for the CHB,

in fact the same challenge applied to any other topology used

in applications where the capacitors are floating.

The common-mode voltage generated due to inverter

switching is detrimental to the motor shaft and bearings.

Several new strategies to eliminate the common-mode voltage

have been proposed recently [74], [94]–[97], [122], [251].

The use of predictive control in the field of multilevel con-

verters has been introduced very recently as a very attractive

and promising alternative [252]. In effect, the use of predictive

control avoids the need of modulators and linear controllers

to generate, for example, controlled currents to the load. This

method uses a simple cost or quality function that has to be

minimized. This function can also include additional terms to

balance the capacitor voltages in a NPC inverter and to reduce

the number of commutations [253].

Since some of the multilevel converter topologies have

modular structure, there is a more straight forward fault toler-

ant capability of these topologies under abnormal conditions.

The faulty circuit can be bypassed and the converter can be

reprogrammed to generate reduced voltage [254], [255]. In

[256]–[259] fault analysis and fault operation for an NPC and

ANPC are presented.

VI. RECENT ADVANCES IN MULTILEVEL CONVERTER

APPLICATIONS

Before the introduction of multilevel converters, current

source topologies like the PWM current source inverter

(PWM-CSI) and the load commutated inverter (LCI), and

direct conversion topologies like the cycloconverter dominated

the medium-voltage high-power application field. Currently

the load LCI and cycloconverter still dominate for very high

power applications, like ship propulsion, hydro-pumped stor-

age, large fans and low speed high torque applications like

grinding mills [260]. The PWM-CSI has also a very impor-

tant presence in megawatt motor drives applications (pumps,

fans, compressors, etc.) due to transformer-less operation,

low switching dv/dts, simple converter structure, low switch

count, and reliable over-current/short-circuit protection [260].

The main drawback of the current source topologies lies

in the limited dynamic performance due to the use of large

dc-chokes as dc-link. This is where multilevel voltage source

converters step in as an interesting alternative, since they can

achieve higher dynamic performance, but without the dv/dt
problems and voltage limit of the classic 2-level voltage source

inverter. However, this comes at expense of more complex

circuit structures and lower reliability. Nevertheless, multilevel

voltage source converters, have been successfully applied and

are an important alternative that competes with PWM-CSI in

classic applications: compressors, pumps, fans, rolling mills

and conveyors to name a few [2], [3], [5]–[9]. It is worth

noticing that these processes are the most common medium

voltage applications in industry today.

In this section, newer and more dynamic performance

demanding applications now commercially available and other

promising applications under research and development are

briefly discussed and referenced for further reading. Table

II groups the most recent references per application for a

particular topology family, and due to the high amount not

all of them can be discussed in detail. Table II also serves

to show how active a particular topology is for a particular

application by a simple reference count per topic.

A. Applications in power systems

An actual problem of the electrical grid is the power

distribution control and management. In this area, Flexible ac

Transmission Systems (FACTS) have been introduced as the

solution in order to enhance the controllability and the power

transfer capability of the network. Among the many different

technologies that are considered as FACTS are active filters

(AF), static compensators (STATCOM), dynamic voltage re-

storers (DVR), unified power flow controllers (UPFC) and

unified power quality conditioner (UPQC). All these systems

can in one way or another provide instantaneous and variable

reactive power compensation in response to grid voltage

transients (voltage sag, swell, harmonics, etc.), enhancing the

grid voltage stability [225], [228], [245], [248], [249]. These

devices (AF, STATCOMs, DVRs, and UPFCs) are currently

gaining importance due to more demanding grid codes [261],

that even require low voltage ride through capability during

voltage sags. Several multilevel converter applications for

these systems have been proposed, which are listed in Table

II. Figure 12a, b and c show a CHB based STATCOM, a

NPC based active filter and a 7-level FC H-bridge active filter

proposed for a marine propulsion power system respectively.

The CHB and NPC topologies seem to be the most suited for

STATCOM applications. In this case the CHB and NPC have

both floating capacitors and therefore the first does not suffer
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TABLE II
HIGH PERFORMANCE MULTILEVEL CONVERTER APPLICATIONS REFERENCE SUMMARY BASED ON TOPOLOGY.

Application
Multilevel topology

NPC/ANPC-based Cascaded-based FC-based

Photovoltaic [121], [181]–[185] [181], [186]–[193] [181]

Wind power [165], [194]–[198] [199] –

Marine propulsion [81], [93], [200], [201] [81], [201] [201]

Train traction [43], [202]–[206] [61], [115], [116], [202], [205]–[208] [209], [210]

Automotive applications [211] [212]–[214] [215]–[218]

Regenerative Conveyors [219], [220] – –

Class D amplifiers – [221]–[223] –

Hydro-pumped storage [224] – –

FACTS & Dist. generation [225] [117], [225]–[227] [225]

STATCOM [228]–[230] [55], [62], [192], [228], [231]–[234] –

Active filters [235]–[239] [240]–[242] [243], [244]

UPFC & UPQC & DVR [245]–[247] [245], [248], [249] [250]

HVDC [175] [55], [56], [180] –

from the complex transformer needed for motor applications.

A comparison of both topologies for a STATCOM with energy

storage is presented in [228]. The study shows the CHB

presents better efficiency and dynamic performance as well as

a much simpler control method. Nevertheless for the topolo-

gies analyzed in [228] the NPC features a higher operating

range. Currently at least one mayor manufacturer offers 3L-

NPC based commercial STATCOM systems [11], from 6 to

32MVAR, capable to connect from 10kV up to a 132kV

grid with the aid of a transformer, featuring IGCT devices

and water cooled (plus water/air heat exchanger) system. A

MMC based system called SVCplus is also commercialized

for STATCOM applications by [12].

Distributed generation has also experienced an important

development in the last decade. The integration of several

grids to interconnect and distribute power generated at a

more local level by diverse renewable energy sources and

even interconnect storage or grid compensation systems, will

demand a smarter grid with new converter topologies that

operate at higher voltages and power, with increased efficiency

an power quality to ensure proper power management. This

complex mixture of grid requirements and system flexibility

imposes challenges difficult to achieve with classic topologies,

therefore multilevel converters are also being proposed in this

application field. Particularly in [117], [226], [262], [263] a

Universal Flexible Power Management system (UNIFLEX-

PM) is presented, capable of interconnecting different grids,

each one with their loads, possible renewable energy sources,

different power flows and particular characteristics (power rat-

ing, number of phases, etc). In Fig. 13 a three-port UNIFLEX-

PM system is shown, capable of interconnecting three different

points of common coupling, symbolized as three-phase grids.

The power converter is based on three-phase CHB multilevel

converters in back-to-back configuration with an intermediate

DC-DC converter stage with medium frequency isolation

transformer to decouple the grids and provide galvanic iso-

lation between them.
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Fig. 12. a) 13-level CHB based 6.6kV 1MVA transformer-less STATCOM
[232], b) 3L-NPC based active filter [239], and c) 7-level Flying Capacitor
H-bridge active filter with tapped reactor connection for Marine power system
[244].

B. Train traction, ship propulsion and automotive applica-

tions.

Another interesting field of application for multilevel con-

verters is train traction power conversion systems. Traction
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Fig. 13. Three-port UNIFLEX-PM system based on CHB multilevel
converters, for power management of integrated power systems in distributed
generation [117].

drives are in the medium voltage high power range, and require

very high performance over a wide range of frequencies

up to high speed. Usually to achieve high speed, higher

switching frequencies are necessary to be able to control the

fundamental frequency. Multilevel converters can produce an

apparent higher frequency switched output waveform, without

actually increasing the device average switching frequency.

Moreover, the additional levels improve intrinsically the volt-

age THD, thereby enabling a further reduction of the switching

frequency. In addition, the large inertia of a train makes this

application specially interesting for regenerative braking and

4 quadrant operation. Therefore the 3L-NPC in back-to-back

configuration has already been used for train drive systems,

in particular it has been used for the Transrapid maglev train

[203], [204]. A simplified system diagram is illustrated in Fig.

14a. The back-to-back NPC converters power the segments of

the long stator linear synchronous motor creating a traveling

magnetic field that interacts with the support magnets of the

rotor (train) producing the horizontal thrust.

The traction transformer used to step down the catenary

voltage to adapt for the needs of the motor drives is usually

bulky and adds weight to the train. Therefore there have been

several proposals to use multilevel converter topologies that

can reach high enough voltage at the catenary (grid) side and

use a dc-dc medium frequency isolation stage in each dc-link

to distribute the voltage to the different motor drives. This

has been proposed in several configurations for the CHB and

NPC converters [43], [115], [116], [202], [210]. Particularly in

[207] a single-phase transformerless CHB front end is used to

connect directly to a 15kV/16.7Hz catenary. Each h-bridge is

used to power one of the motor drives of the traction system,

as seen in Fig. 14b. Another example is a CHB topology

with medium-frequency isolation dc-dc stage for the ac-dc
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Fig. 14. a) Transrapid Maglev train long linear synchronous motor with
back-to-back 3L-NPC drive system [203], [204], and b) CHB transformer-
less front-end for power interface of a locomotive traction drive [207].

grid interface of the traction drive [115], to get rid of the

bulky transformer. In [43] an H-bridge NPC is proposed for

the front end of a traction drive system. In [206] a study of

medium frequency transformer topologies is carried out, also

to get rid of line frequency bulky transformer.

As mentioned before ship propulsion is dominated by

the LCI and cycloconverter topologies due to high power

capability, efficiency reliability, lower cost and lower size.

Although they have poor dynamic performance, their greatest

weakness for marine propulsion applications is the poor input

power quality that can affect the stability and management

of the onboard ship power system. As these systems become

more complex there is need to include passive or active

filters or other FACTS, between the propulsion converter and

the ship switchboard to compensate and support the power

system. This adds cost, size and affects the other merits

of the cycloconverter and LCI mentioned before. Multilevel

converters, instead have these features already built in, and

therefore, are becoming more competitive and are attracting

increased attention for this application, with successful sys-

tems already operating in the field. In [201] an assessment

between cycloconverters and other topologies, including the

NPC multilevel converter, for variable speed electric marine

propulsion systems in the 30MW range is performed, and

concludes that cycloconverter however more efficient, and

smaller could be replaced by NPC due to its improved power
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quality.

Figure 15 shows a simplified diagram of the power gen-

eration, distribution and load systems of a tanker with a

twin screw, redundant electrical propulsion system. Two com-

mercial NPC back-to-back converters drive a 6.15 MW syn-

chronous motor drive each. In addition, the tanker uses a

multimotor system in which several motors are fed by the

same converter, for example, to drive both the pumps for

cargo loading/unloading and the propulsion motors. Since

cargo pumps and propulsion motors normally are not used

simultaneously, the active front end NPC is shared among both

drives, reducing the overall cost of the system.

Another important development of multilevel converters for

ship propulsion has been motivated more from the motor

side, namely by multiphase machines. During the last decade

multiphase machines have experienced a growing interest

due to several attractive advantages like high reliability, fault

tolerance improved torque performance and higher power

density, which makes them specially suitable for marine/naval

propulsion systems. Hence, the combination of multiphase and

multilevel technologies add up a series of advantages useful

for this application [93], [135], [138], [264]. In [93] the 3L-

NPC for a five-phase motor drive is analyzed. The increased

number of different voltage space vectors that a multi-phase

2L-VSI already can generate is boosted from 31 to 211 by

just adding the extra level of the 3L-NPC, resulting in a much

richer power actuator, which consequently can greatly improve

the motor torque control performance.

Electric vehicles and hybrid electric vehicle traction con-

verter/drive systems have been experiencing a great devel-

opment over the years. However, since they are not in the

high power range, multilevel converters have not played a

key role in this area. Nevertheless, at an academic level the

superior power quality, increased efficiency and the fact that

multilevel converters greatly benefit of independent dc-sources

like batteries, have motivated some interesting concepts and

contributions in this field [211]. The power quality in particular

is very welcome because of EMI/EMC issues, which impose

strong requirements in the automotive industry. As an example,

in [215] a modular 5 kW multilevel dc-dc converter based on

a modified flying capacitor cell has been proposed for hybrid

electric and fuel cell automotive applications. In [218] a dc-dc

flying cap for batery/inverter interface without electromagnetic

devices is presented, which is suitable for high temperature

operating conditions as is the case in some battery systems.

Multilevel converters have also been proposed for the auto-

motive traction [212], [214]. In [214] 2L-VSI hybrid with an

H-bridge stage at the output as the NPC-CHB converter shown

in Fig. 8, but considering the 2L-VSI instead of the NPC, has

been proposed for electric and hybrid electric vehicles. The

topology increases the voltage and acts as a boost converter,

but without need of inductors, increasing the power density

of the converter stage, with the corresponding benefits in

automotive applications.

A great part of the state of the art large mining haul trucks

are diesel-electric hybrids that currently reach the 3MW range

and could benefit of multilevel topologies. In [211] the NPC

and ANPC are proposed for large electric and hybrid-electric

vehicles using emitter turn-off thyristor of 4th generation

semiconductors. This is a possible area for future development

of multilevel converter technology.

C. Energy generation, conversion and transmission

Wind turbines have been for a while in the megawatt

range, and the Doubly Fed Induction Generator operated at

variable speed with partially rated converter (approx. 30% of

the total power) has been the most widely adopted by industry.

This enables a variable speed range of ± 30% above and

below synchronous speed [265], which is sufficient to cover

most of the useful wind speed conditions and improve the

energy conversion efficiency compared to fixed speed sys-

tems. However, recent grid codes demand large wind energy

conversion systems to control reactive power and even even

impose bands of voltage sags and their duration in which the

systems must remain operative (low voltage ride trough) [261].

The capability to accomplish these requirements by partially

rated power converter based turbines is then limited to the

30% rating of the converter. With the continuous increase in

size and power rating of wind turbines, that currently reach

5MW in practice, and even some industrial prototypes already

above 6MW, the use of a reduced capacity converter stage can

challenge the ability of the system to fully comply with the

new grid codes. In addition, variable speed operation at a wider

range has shown advantages in terms of reduced structural

stress, reduced audible noise and increased power generation

and efficiency in larger turbines [266].

Currently one of the trends in development is to use

synchronous generators with fully rated power converters. To

reach the power levels of state of the art turbines, several

converters in parallel are needed to handle the full power,

since the current rating is generally high considering the output

voltage of the conversion systems is usually around 690 V.

Nevertheless, operation in medium voltage appears now very

attractive considering ir would lead to lower currents, hence

cable width and cost reduction, which also has a positive
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PMSG

Fig. 16. Back-to-back NPC fully rated power converter for permanent magnet
synchronous generator based variable speed wind turbine.

impact on the size and cost of line filters. It also reduces

the voltage step-up requirement for connection at the PCC.

Because of these reasons, and considering current turbines

are in the megawatt range, multilevel converters emerge as

a promising alternative as power converter interface for wind

energy systems [165], [194]–[199].

In particular the back-to-back 3L-NPC seems to be a natural

choice, since it allows high performance generator side control

to achieve maximum power point tracking and grid side

control to be able to regulate active and reactive power while

decoupling grid and generator with the dc-link. This is why

the 3L-NPC in back-to-back is the most reported multilevel

topology for this application [194], [195], [198]. Figure 16

shows a simplified diagram of a 3L-NPC back-to-back config-

uration for a permanent magnet synchronous generator wind

turbine. If multipole generators are considered, the gearbox

can be avoided by achieving electromechanically the speed

conversion between the low speed rotor shaft (around 15 rpm)

to the grid frequency (usually 50 or 60 Hz). Currently at least

two manufacturers provide 3L-NPC back-to-back converters

for wind power conversion [11], [15]. The hybrid 5L-ANPC

analyzed in this paper has also been proposed in back-to-back

configuration in [196], [197].

Another interesting configuration is the use of a 3L-NPC

at the grid side, and a three-phase diode full bridge rectifier

with a boost converter dc-dc stage at the generator side [165].

The boost converter performs the MPPT of the generator side

while the NPC regulates active and reactive power. The boost

naturally elevates the voltage, suitable for MV operation of

the NPC. The main advantage over the back-to-back NPC is a

simple, low cost and reliable front end. Nevertheless it comes

at expense of current harmonics ar the generator side and lower

dynamic performance.

The CHB on the other side requires multiple isolated dc-

sources and therefore its application is not straight forward.

Nonetheless, some interesting concepts have been proposed

based on rectifiers fed from independent generator stator

windings of a permanent magnet synchronous generator, each

one rectified and used to provide the dc-source for each H-

bridge of the CHB converter [199]. This naturally elevates the

voltage of the system enabling transformerless operation. The

increase in the number of levels of the converter allows lower

switching frequency operation while improving the grid side

power control performance and grid code compliance without

filters. This system is specially useful for off-shore wind

turbines, where usually a step-up transformer is included at

top of the tower, producing mechanical stress on the structure.

The use of multilevel converters as power interface for

Photovoltaic grid connected systems seems at a first glance

not very appropriate due to the low power level of current

photovoltaic systems. However, grid connected photovoltaic

power plants are consistently increasing in power rating mainly

due to the reduction in cost of photovoltaic modules (among

other factors), and now hundreds of large photovoltaic-based

powerplants over 10MW [267] are operating and even more

under development. In addition photovoltaic grid connected

systems is one of the fastest developing renewable energy

sources in the last years [268]. For large photovoltaic power

plants centralized and multi-string configurations are used with

a central dc-ac converter that interfaces the power to the grid.

Now they reached the megawatt range, classic topologies as

the 2-level voltage source converter will not be able to deliver

the necessary power quality, maximum allowed switching

frequency, higher voltage operation and reduction of filter size

that multilevel converters can provide.

Multilevel converters can be used to interconnect the pho-

tovoltaic strings in a more intelligent way to reach higher

voltages closer or even of same value of the point of common

coupling. As grid code requirements for photovoltaic systems

will become more demanding, multilevel topologies will also

become even more attractive. In [121] a three-phase four-

level NPC-based converter interface and its control method is

proposed. In [191] a 5-level converter formed by a 3-level H-

bridge with a bidirectional switch arrangement that can clamp

two additional levels to the output has been proposed as dc-

ac converter stage in a multistring photovoltaic configuration.

In [187]–[189] CHB-based grid interfaces are proposed with

their respective control scheme.

Figure 17a and b show a CHB-based and an NPC-based

multilevel-multistring photovoltaic topology respectively. The

CHB seems to be very appealing since the series connection

of the H-bridge, thus the strings, naturally elevates the voltage

eliminating the need of a boost stage or step-up transformer.

It also increases the apparent switching frequency of the total

converter waveform, enabling a reduction in the average device

switching frequency. The higher amount of voltage levels

produces an intrinsic reduction of all the harmonics, which

reduces the need of grid side filters, along with the corre-

spondent efficiency improvement. Currently one manufacturer

offers 3-level converters as centralized dc-ac stage [15].

Although the trend clearly shows an exponential growth

of grid tied photovoltaic systems compared to the evolution

of the stand-alone technology due to improved efficiency (no

losses in energy storage and additional converter stages), there

are still some places where stand alone (island operation)

of photovoltaic systems are the only, or most viable, source

of energy. Even in this field multilevel converters have been

proposed as possible solution [181], [183], [186].

Another recent application of multilevel converters is hydro-

pumped energy storage. This is a large scale energy storage

system in which water is pumped from a lake, river or
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Fig. 17. Multilevel converter based photovoltaic grid connected systems: a)
CHB-based, b) NPC-based.

even ocean to a higher located reservoir, then when needed

the same water is used for hydro power generation. Hydro-

pumped storage is specially useful for nuclear power plants

since the reactor operation level cannot be changed abruptly,

and during low power demand the excess energy can be

used to pump water to the reservoir. The same idea can

be applied for wind power plants, when the wind energy

surpasses the consumption demand. Alternatively, during a

high power demand period (peak hours) the water from the

reservoir is used to generate the additional required energy. A

simplified overview of a hydro-pumped energy storage system

is illustrated in Fig. 18. The system uses a reversible Francis

hydro pump/turbine, that can be used either for water pumping

or for generation. These systems are usually operated at fixed

speed with synchronous motor/generator due to their high

power rating. However, it has been shown that even a small

% of variable speed operation above and below synchronous

speed can improve efficiency at different load and operating

conditions. Therefore, a doubly fed induction generator, with

a partially rated converter interconnecting the rotor to the grid,

can provide a percentage of variable speed for a much higher

power rated pump/turbine [224]. Currently one manufacturer

produces the 3L-ANPC, which has been used for a 200MVA

hydro-pumped energy storage system [11]. Approximately a

10% of efficiency improvement is achieved with this solution.

In addition the active front end converter can improve power

system stability, by reducing power system fluctuation and

introducing reactive power control.

High voltage direct current (HVDC) transmission is an

efficient and cost effective energy transportation system for
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Fig. 18. Back-to-back ANPC doubly-fed induction generator/motor for
hydro-pumped energy storage application [11], [224].
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long distances (>600 km). The ac-dc-ac conversion is tradi-

tionally performed by line commutated converters in back-

to-back configurations connecting two different ac systems.

They are also useful for shorter distances to connect offshore

wind and offshore oil/gas platforms with the land through

under water cables. Since the transmission voltage and total

power can reach up to 800kV and 7GW [12], many thyristors

need to be connected in series. Recently, for the same reasons

and advantages presented in previous applications, multilevel

converters have also been proposed as a feasible solution

for this application [55], [175], [180], [269]. In [55], [180]

the MMC in a back-to-back configuration is proposed. This

topology has recently entered the market and is produced by

one manufacturer [12], [56] for back-to-back systems up to

1000MW. Fig. 19 shows a HVDC-plus transmission system

interconnecting two ac grids through a back-to-back MMC

topology. In [55] a 200 modules per phase MCC is analyzed

for a 400MW system. The NPC has also been proposed for

HVDC transmission [175] with a five-level NPC in back-to-

back configuration.

D. Other applications

Although class-D digital audio power amplifiers are not in

the high power and medium voltage range, the improved power

quality (mainly reduced THD) and the possibility to reach

higher apparent switching frequencies, without increasing the

average device switching frequency have motivated research

lines to apply multilevel technology in this field [221]–[223].

Here the cascaded topologies, in particular the CHB fed with

unequal dc sources seem more attractive, since they can easily

reach high number of levels (less THD) improving audio
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quality while facilitating high frequency filtering. Figure 20

shows a nine-level class-D digital audio amplifier proposed in

[222].

As mentioned before large conveyor systems are one of the

standard applications of multilevel converters, not necessarily

demanding high performance and high dynamic control. How-

ever, large downhill conveyors systems operate essentially in

regenerative mode, and due to the amount of power involved,

resistive braking is not only very inefficient but also requires

large power resistors and cooling system. For this application

the back-to-back multilevel solution has great advantages,

despite the higher initial converter cost. The 4-quadrant opera-

tion enables bidirectional power flow increasing the efficiency

of the overall system and also enables input power factor

control. In [219], [220] a regenerative downhill conveyor

system is analyzed. The complete conveyor is composed of

three sections and spans for more than 12km long and lowers

minerals a total height of 1.3km. Each conveyor section is

composed of two 3L-NPCs in back-to-back configuration that

are used to power a 2.5MW induction motor each, which drive

the conveyor belt trough two gear boxes. The 12 pulse rectifier-

transformer system plus the use of SHE effectively eliminate

up to the 13th harmonic. The system configuration and input

current waveforms are depicted in Fig. 21.

VII. FUTURE TRENDS AND CHALLENGES

The evolution of multilevel converters over the last three

decades has resulted in several commercial and proven topolo-

gies and modulation methods. From this well established

technology, summarized in this paper, some straightforward

and other more arguable trends can be extracted. In addition,

despite the industrial presence and recognizable maturity, there

are still several challenges for the further development of this

technology. Some of these trends and challenges are discussed

in the following paragraphs.

Most of the manufacturers offer multilevel converter prod-

ucts that are operated with average device switching frequen-

cies from 500 to 700Hz (for IGBTs and IGCTS) [8]. The main

reason is to improve efficiency, to extend the device limits,

and to have a practically feasible cooling system. Operating

at lower switching frequencies usually introduces lower order

harmonics, so matching efficiency with high performance

is still one of the mayor challenges in multilevel converter

development. This tradeoff can be relaxed if higher number of

levels are used, due to an intrinsic improvement in the mul-

tilevel waveforms. This is why many of the newer topologies

discussed in this paper are able to generate more voltage levels

(5L-HNPC, modular multilevel converter, cascaded matric

converter, etc.). This is a trend expected to continue in the next

years. It is worth noticing that great part of the contributions

made related to multilevel converter technology are obtained

with unrealistic device average switching frequencies (of even

several kHz), mainly because they are tested in low power pro-

totypes where higher frequencies are admissible. Nevertheless,

an effort should be made to present results with more realistic

values.

Switching losses are very important, in part because they

depend on the modulation scheme, hence they can be modified

through the modulation scheme selection and parameter design

for a given topology. On the other side, conduction losses are

substantially higher, but once the topology is chosen not much

can be done to change them. In this respect, conduction losses

are extremely important at the stage in which the converter

is conceived, designed or selected. This happens because in

multilevel topologies there is presence of series connected

devices compared to more simple converter structures as the

load commutated inverter or current source inverter. Hence,

attractive multilevel converter topologies will be those that are

capable of sharing among the semiconductors the total voltage

(to reach higher voltage operation), but minimize the number

of components connected in series for a given switching

state. Diodes and bidirectional switches, in particular, can

potentially reduce the converter efficiency since the first needs

high reverse recovery currents during turn-off that introduce

high switching losses in other semiconductors of the power

circuit, and the second because always a power transistor and

a diode are conducing per switch instead just one of them.

A comparison of switching and conduction losses in classic

multilevel converter topologies is presented in [36], [37]. The

switching losses in CHB and NPC converters depending on the

modulation methods are given in [142] and [143] respectively.

However, an assessment comparing the classic and newer

multilevel converter topologies in relation to witching and

conduction losses is something still pending and is a challenge

for further research that can provide valuable insight on the

newer topologies.
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In addition to conduction and switching losses, the har-

monics generated by the converter also affect negatively the

efficiency, and therefore also need to be taken into consid-

eration. The harmonic losses at motor and grid side depend

both on the topology and the modulation scheme. It is very

clear by now that in this aspect any multilevel topology

outperforms the classic 2L-VSI, however there is still room

for further improvements. In relation to the topology, more

output voltage levels will always have a positive impact on the

harmonics reduction. The effects of the modulation scheme

can be measured by means of the THD, since this measure

gives an estimate of the amount of energy present in other

frequencies that the fundamental component. In other words,

the conception of new multilevel converter topologies cannot

just be focused on maximizing the number of levels, since

there is the added challenge to include all the aforementioned

converter losses into the design considerations.

Reliability is also a key ingredient in the future development

of multilevel converters. As discussed earlier in this paper,

some multilevel converter topologies have sufficient degrees

of freedom to operate under internal fault condition, with few

added hardware. Nonetheless, the possibility to actually use

this strength relies on the ability (accuracy and speed) to detect

and diagnose a fault, so the fault tolerant reconfiguration of

the converter can be performed before damage generated by

the fault takes place. Since capacitor faults and semiconductor

short-circuit or open-circuit faults occur so fast, and due to

the amount of power involved in these applications, it is still

not practically feasible with the present state of technology

to have a completely functional fault detection-diagnosis-

operation system that is fully reliable. This is definitely a

challenge for further research and development in this field.

Another interesting and difficult challenge related to relia-

bility, is to analyze and compare all commercially available

and promising topologies in this respect. The fact that new

topologies are being developed at a faster rate, and that many

of them not necessarily are aimed at same power rates and

applications, makes a fair comparison even more difficult.

Furthermore, beside the straightforward parameters used for

reliability analysis such as switch and passive component

count, there are other aspects that also affect reliability and

need to be considered, for example: power and usage distribu-

tion of the semiconductors, voltage stress, thermal distribution,

circuit structure during open or short circuit fault, to name a

few. This is a mayor challenge, but equally important, and

needs to be done specially for those new unproven topologies

entering the market.

Multilevel converters were developed to enable the use of

voltage source converters in high power applications. Nonethe-

less, as the price of semiconductors go down and the costs

of energy and grid codes become more restrictive, the use

of multilevel topologies as active front end rectifiers becomes

more and more attractive even in low voltage low power utility

applications [270]. All the advantages mentioned throughout

this paper can reduce long term operational costs, despite the

higher initial investment, justifying their use at lower power

levels.

The development of power converter technology (like any

other power converter) has always been, and seems will always

be, closely related to the development power semiconductors.

Currently there are two dominating technologies used for

multilevel converters (see Table I): the IGCT and the IGBT

(and their variations). They define two clear different trends

in current multilevel development: the first in which more

simple circuit structures are used (NPC, ANPC, H-NPC, etc.)

which require higher rated components like the IGCT to reach

medium voltage level; and the second with modular structures,

more complex in nature (CHB, FC and MMC), which use

lower rated components like the IGBT and reach higher volt-

ages through converter cell series connection. Both approaches

have been very successful and are expected to coexist in

the upcoming years aimed at different application fields. On

the other hand, the development of mature Silicon Carbide

(SiC) devices will benefit the multilevel converters penetration

reducing drastically the switching losses [271], [272]. Nowa-

days, SiC diodes are present in commercial products for low

current applications [273]. These SiC diodes could substitute

the conventional silicon diodes of the multilevel converter

topologies when their nominal current ratings increase. In the

future, high voltage SiC power semiconductors could allow

extending the applicability of multilevel converters to higher

voltage applications, especially for those related to electrical

utilities.

Multilevel converters have slowly started to penetrate some

applications still dominated by thyristor based load com-

mutated inverters and cycloconverters (grinding mills, ship

propulsion, hydro-pumped storage, very large fans, etc.). It is

expected that this trend will continue in the next decade. Since

multilevel converters have better performance and power qual-

ity than these two topologies, it is the availability, reliability,

efficiency, size and costs the key challenges for the devel-

opment of multilevel converter technology to make it more

competitive against these topologies for these applications.

Another aspect that also will motivate further developments

in multilevel technology is size and weight reduction. While

most current industrial applications involve large machinery

used in processes where space and weight restrictions are not

the most important (pumps, fans, compressors, etc.), there are

quite a few in which these variables are critical, mainly in

transportation (train traction and marine propulsion). Also in

wind power conversion, specially in off-shore turbines, the

converter needs to be integrated in the top of the tower, and

weight and size reduction can lead to important structural

stress relief. Hence, the need to increase the power density

will produce developments in several components of the

power conversion system, from the topology design up to the

transformer, dc-link, filters and heat dissipation stages.

Although most non-regenerative commercial multilevel

topologies presented in this paper feature multiwinding trans-

formers with multipulse diode rectifiers front ends to adapt

the grid voltages to the application levels, provide galvanic

isolation and improve grid side current quality, the trans-

formerless operation is still a desirable feature and at the same

time a challenge for further research in the upcoming years.

The elimination of the transformer implies a significant cost,

volume and weight reduction, and it also would reduce system
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complexity and losses. It seems that transformerless commer-

cial products will be easier to see in regenerative applications,

where the active front end rectifier can provide even better

input current quality, and galvanic isolation can be replaced

by a proper control of the common mode voltages, and the iron

and copper transformer is replaced by the silicon and capacitor

devices of the active front end, which can be considered as a

non-magnetic or all-power-electronics transformer.

During the last two decades industrial applications of

multilevel converters were mainly aimed to medium-voltage

high-power motor drives (pumps, fans, compressors, etc.),

many of which do not require high performance variable

frequency operation. This has changed in the last few years,

in fact, as explained in previous section, there are now several

commercial products for wind power converters, STATCOMs,

HVDC transmission, centralized photovoltaic converters, ship

propulsion drives, high speed train traction and hydro-pumped

storage, among others. This shows a clear trend in the diver-

sification of multilevel powered applications. It is expected

that this trend will continue and more applications will be

enabled by this technology, due to the more demanding

grid codes, the continue increase in power demand of the

applications, the further development of power semiconductors

and the benefits of multilevel technology. In this respect, the

application of multilevel converters to FACTS and HVDC

systems is very promising. Similarly, for distributed generation

system involving multiple energy sources and networks of

different voltage levels, multilevel voltage source converters

can be effectively used as a power management system. These

and many other applications will be the central focus in

multilevel converter development for researchers in academia

and industry worldwide.

VIII. CONCLUSION

This paper has reviewed the present state of the art in

Multilevel Converter technology by discussing the most recent

contributions on topologies, modulation and applications. At

this point it can be concluded that multilevel converters have

reached a certain level of maturity given their industrial

presence and successful practical application. Nevertheless,

the high amount of recent publications on the subject and

the fact that the number of commercially available topologies

has doubled in the past few years, reveals that there is

still plenty of room for further development. It is clear that

the development of power electronic devices, the changes

and evolution of the industrial processes and the new more

demanding standards and regulations, will drive and shape the

future of multilevel converter technology.
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