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P Veera Bhadra Kumari

Abstract - Multilevel inverter technology has become important
over the years in the area of high power medium voltage energy
control. This paper presents information about several multilevel
inverter topologies, such as the Neutral-Point Clamped I nverter
and the Cascaded Multicell Inverter. This paper also presents the
most relevant control and modulation methods developed for this
family of converterss multilevel sinusoidal pulsewidth
modulation, multilevel selective harmonic elimination and space
vector modulation. Finally, developing areas such as electric
vehicle propulsion converters and electric power grid system and
other opportunities for future developments are addressed.

Index Terms - Multilevel inverter, topologies, modulation,
comparison.

I. INTRODUCTION

In recent years, conventional two-level invertessen in
Figure 1.1, are mostly used to generate an ACgeltcom an
DC voltage. The two-level inverter can only create

different output voltages for the loae&= or —<= (when the

inverter is fed with ). To build up an AC 6utput voltage
these two voltages are usually switched with PWie s
Figure 1.2. Though this method is effective it tesa
harmonic distortions in the output voltage, EMI drigh—-

(compared to multilevel inverters) [2]. This mayt mdways
be a problem but for some applications there mag heed
for low distortion in the output voltage.

The concept of Multilevel Inverters (MLI) do nogplend
on just two levels of voltage to create an AC sighwstead
several voltage levels are added to each otherdate a

smoother stepped waveform, see Figure 1.3, Witbﬂé\?ﬁnd

lower harmonic distortions. With more voltage leval the
inverter the waveform it creates becomes smoothérywith
many levels the design becomes more complicateld nadre

the Figure 1.3. These capacitor buil(_j up the DC-leash
capacitor is charged with the volta'g_'é. Together with

another phase-leg an output line-to-line voltagéh veiven
more levels can be obtained. To create the zermag®lthe
two switches closest to the midpoint are switchediod the
clamping diodes hold the voltage to zero with theaitral
point. Now, if more valve pairs, clamping diodesdan
capacitors are added the inverter can generate mvea
voltage levels, see Figure 1.3, the result is atileudl
inverter with clamping diode topology.

T T T T T T T T T
9 002 004 0006 0O0B O 801 0Oi4 0016 o0l 00

Figure 1.2: PWM voltage output, reference wave in
dashed blue
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components and a more complicated controller fa tHFigure 1.3: A three-level waveform, a five-level weeform

inverter is needed.
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Figure 1.1: One phase leg of a two-level invertema a
two-level waveform without PWM
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A three-level inverter design is similar to that an
conventional two-level inverter but there are twae many
valves in each phase-leg. In between the uppeloavet two
valves there are diodes, called clamping diode<fitjnected
to the neutral midpoint in between two capacitoratked n in
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and a seven-level multilevel waveform, switched at
fundamental frequency

Some of the most attractive features in general fo
multilevel inverters are that they can generatpuinoltages

. . . dv
with very low distortion and— , generate smaller
dt

common-mode voltage and operate with lower switghin
frequency [2] compared to the more conventional-leve!
inverters. With a lower switching frequency the tsWing

losses can be reduced and the Iog_\;écomes from that the
A

voltage steps are smaller, as can be seen in Fig8ras the
number of levels increase. There are also diffekends of
topologies of multilevel inverters that can generatstepped
voltage waveform and that are suitable for différen
applications. By designing multilevel circuits irffdrent
ways, topologies with different properties have rbee

developed, some of which will be discussed. Thetiléukl
inverter topologies that are investigated in thégogr are:
(NPCMLI),

Inverter
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Capacitor Clamped Multilevel Inverter (CCMLI), Casied
Multicell Inverter (CMCI), Generalized Multilevehierter
(GMLI), Reversing Voltage Multilevel Inverter (RVM),
Modular Multilevel Inverter (M2l) and Generalized
Multilevel Current Source Inverter (GMCSI).

+ Vas2 |
Ci=—
Ve n a
__I_ )
- gr Load
Dide 1 L;L}
G—— ==—=
SJ, 7
1k
2 Va2 )

Figure 1.4: One phase leg of a three-level inverter

. MULTILEVEL INVERTER TOPOLOGIES

A. Multilevel Diode Clamped/Neutral Point |nverter,
NPCMLI

According to patents the first multilevel inver{dtLl) was
designed in 1975 and it was a cascade invertecddasl
inverters will be presented in a later chapterhwdiodes
blocking the source. This inverter was later deatiugo the
Diode Clamped Multilevel Inverter, also called Nail{Point
Clamped Inverter (NPC) [2], see Figure 2.1.

In the NPCMLI topology the use of voltage clamping

diodes is essential. A common DC-bus is dividedalgven
number, depending on the number of voltage lewelthe
inverter, of bulk capacitors in series with a nalyoint in the
middle of the line, see the left part of Figure.Ztom this
DC-bus, with neutral point and capacitors, theeec@amping
diodes connected to an m-1 number of valve palsrevm is
the number of voltage levels in the inverter (vodtdevels it
can generate).

In Figure 2.1 one phase-leg of a five-level NP@iter is
displayed. By adding two identical circuits the ethr
phase-legs can together generate a three-phas# sigere
sharing of the DC-bus is possible. Take note taréquired
number of clamping diodes is quite high and forhkig

Figure 2.1: One phase-leg for a five-level NPC Invter

To achieve the different voltage levels in thepotita setup
of switching state combinations are used. In Table the
different states for the five-level NPC invertee ahown.
Note that there is the possibility to only turn(and off) every
switch once per cycle, meaning that the invertergenerate
a stepped sinusoidal waveform with a fundamentéthimg
frequency. From Table 2.1 it can be seen thattfervbltage
ZEz3]l the upper switches are turned on, connectinigt goto

the Z=potential, see Figure 2.2. For the output voltedje

switches S $5,S; and ; are turned on and the voltage is held
by the help of the surrounding clamping diodgsabd 0.

For voltage levels- == or — 2 clamping diodes Pand Dy,
or Dsand Dy; hold the voltage, respectively. For the voltages
+ -2 the current, when both voltage and current aréipes

(positive current goes out from the inverter), giteeugh the
four top or bottom switches. For the other statesitive
current, while voltage is positive, goes through B diodes
and negative current through toie diodes and also through
the switches in between the clamping diodes antbtte For
example, for staté positive current goes through diode D

and switches § S and Q. In Figure 2.2 the turned on
switches for every state are shown, switches ialjghto the
thick dashed lines are on. In the figure the curpaths are
also shown, thin dashed lines, for every state fandoth
positive and negative current. For example fofié%estate the

switches (positive current) or the diodes (negact_iwreent) are
conducting and for thé= state the current goes either

through DO and three switches (positive current) lrand
through one switch (negative current). If thera BC-source
charging the DC-bus there is also currents flowimgugh the
DC-bus to keep the DC-bus voltage constant. TaldleaBo
shows that some switches are on more frequentlydtizers,

number of voltage levels the NPC topology will b&nainy s ands., as long as a sinusoidal output wave that

impractical due to this fact [2]. The reason faog thverter to
have clamping diodes connected in series is sathdiodes
can be of the same voltage rating and be abletkbhe right
number of voltage levels. For example, in Figurg all

diodes are rated fer— (f in general) and the Ddiodes

need to block 5= and therefore there are three diodes i
series. However, for low voltage application thisreo need
to connect components in series to withstand tHeage,
since components with sufficient high voltage rgsiare easy
to find. With this configuration five levels of walge can be
generated between point a and the neutral poFH’EnL , 0,
—== and ——=

switched on.
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—= , depending on which switches that are

requires the use of all voltage levels is creawtien the
inverter is transferring active power this leadsitdalanced
capacitors voltages since the capacitors are ctiaegel
discharged unequally, partly due to different wodds and
that current is drawn from nodes between capacitdrs total
rI]DC—bus voltage will be the same but the capacitoitage
will deviate from each other. While transferringlrgpower
current is drawn from, for example, capacitor CH &2
during different amount of time, as can be sedhérieft part
of Figure 2.3. The time intervals in the figure negent the
discharge time and as can be seen C2 is dischangegl,
leading to unequal capacitor voltages. Also, durfog

example™= the state current discharges both C1 and C2 but
in the=2 state current is drawn from the point between C1
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and C2, discharging C2 but charging C1. This makes
voltages over the capacitors to deviate in a speeip. When
only transferring reactive power however the NPCMbks
not have this voltage unbalancing problem [3], sglet part
of Figure 2.3. This is because of that time intEnduring
which the capacitors charged and discharged ara dgting
reactive power transfer, as the figure suggestssdlee the
voltage balancing problem an additional balancinguit can
be added or more complex control methods can

implemented. Due to the complications of the capaci

voltage balance, the NPCMLI at higher number oftagg
levels is unusual.

Table 2.1: Switching states of one five-level phaseg. A
"1" means turned on and "0" means turned off.

OutputVoltage| S| S | S | S | & | 5 | & | &,
1 2 3 4

Ti 1]1]1]1]0]o0] 0o

L o 11|11 0] ol o

G 0lo| 1| 1] 1] 1] 1] o

T ololo|1l 1] 1] 1] o

T olo ool 1] 1| 1] 1

When it comes to component quantities, such as aumb
needed components and their ratings, some thingsthabe
considered that have been partially mentioned @ téxt

above. As mentioned the inner switches are on more

frequently than the outer switches since they aeduin
several of the switching states. Because of thiliffarent

amount of RMS current will flow through the switche

depending on their position, with higher curretiingneeded
for the inner switches [3]. The position of themfaing diodes
are also important to their ratings since they neefilock
different levels of reverse voltage depending omenghthey

ISSN: 2319-6378, Volume-3 Issue-12, October 2015

Figure 2.2: The thick dashed bar shows which switas
that are on for every state. When both current and
voltage is positive the current goes through these
switches, otherwise through the diodes in parallel
(depending on angle). Thin dashed line represent ment
path.

Figure 2.3: When voltage and current are in phasdp the
left, capacitors are discharged unequally, but whethe
voltage and the current are 90 degrees out of phade the
right, the charges is balanced.

Figure 2.4: A Capacitor Clamped Multilevel Inverter
with five voltage levels

B. Multilevel Capacitor Clamped/Flying Capacitor
Inverter, CCMLI

A similar topology to the NPCMLI topology is the

are connected. If equal ratings are assumed foryevesapacitor Clamped (CC), or Flying Capacitor, mettél

individual diode, for every extra level of voltatigt needs to
be blocked and extra diode is required. This in gxplains
why the NPC topology is unpractical with higher amts of

voltage levels since, because of the extra bloct#tindes, the
number of diodes grows quadratically with the lewel
following the equation (m-1) * (m-2) [3]. This i®tvever not
valid for low voltage inverters, but since this pafocuses on
high and medium voltage application this is sti#k tase. As
for the other components m-1 DC-capacitors, 2(nmA&)n

inverter topology, which can be seen in Figure hdtead of
using clamping diodes it uses capacitors to hatdvititages
to the desired values. As for the NPCMLI, m-1 numbg
capacitors on a shared DC-bus, where m is the fauwaber
of the inverter, and 2(m-1) switch-diode valve paire used.
However, for the CCMLI, instead of clamping diodesg or
more (depending on position and level of the iremrt
capacitors are used to create the output voltafjesy are
connected to the midpoints of two valve pairs om shhme

diodes and 2(m-1) switches are needed for the NPICMPosition on each side of the a midpoint betweewéhees [3],

topology. For three-phase inverter of the NPC type

see capacitors C1, C2 and C3 in Figure 2.4.

DC-bus can be shared and only the mentioned m-1As can be noticed in Figure 2.4 the same numbenaoh

DC-capacitors are needed but the requirementslifatteer
components are multiplied by three.

y
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switches, main diodes and DC-bus capacitors ashén t
NPCMLI are used for the CCMLI. The big differencethe
use of clamping capacitors instead of clamping epdnd
since capacitors do not block reverse voltagestimber of
switching combinations increases [3]. Several gviiig
states will be able to generate the same voltagd, lgiving
the topology redundant switching states. The sumawrtain
output voltage is generated by the DC-bus voltagé and

one or more of the clamping capacitors voltageseddd
together. Since every capacitor is rated for tHeage—= (in

this five-level case—==

in general), DC-capacit(-)r and
clamping capacitor alike, the output voltage, fos example
-~ | is generated by the DC-bus positive top vake)(and

Published By:
Blue Eyes Intelligence Engineerin
& Sciences Publication Pvt. Ltd.




A Survey of Multilevel Inverters

the reverse voltage of clamping capacitor C1. Theero
voltage states work in similar ways but with théphaf other
clamping capacitors.

Table 2.2 shows some switching states for a fwell
CCMLI and Figure 2.5 shows an alternative to tlgesyiving
zero voltage in the table. In the figure the dasliad
represent the path the current flows from the @épiint to
the load. It flows through two C4 capacitors, giyitE

potential, then through switch S1 and down the &acitors.
Since every capacitor is charged with the voltegethe
potential is now lowered wita =% . The current the flows up

through the diodes in paraII_eI with the switchzsand
£, and through capacitor C1 and then out to the tbezligh
switch S4 with the resulting potential 0 Volt.

Table 2.2: Switching states for a five level Capattir
Clamped Inverter. A "1" means turned on and "0" means

turned off.
OutputVoltage| S| S | S | S | &, | 5 | &, | &

_ 1 2 3 4
T 11|11/ 0] 0] oo
Ta 1]1]1]l0] 1|0 0] 0
0 10 1] 0| 1] 1] 0] 0
S 1{ojofo|1]1]| 1|0
7= olololo| 1] 1| 1] 1

As before with the NPCMLI only one switch needb®
opened and one to be closed to change one statetber.
This leads to that the inverter can be modulatedoat
(fundamental) switching frequency since a stepjradssidal
waveform can be created when every switch is tuomednd
off only once per output frequency cycle. Alsonantioned,
the states shown in Table 2.2 are not the onlgsttiat put
out these voltages, there are several switchingsstar all of

the voltage levels, except thé< states. Depending on what

state is chosen the capacitors can charge or digeleach
other, making it possible to balance the chargetha
capacitors with control methods[2]. Since the sameent
flows through all the active capacitors in a statesrgy can be
transferred from more charged to less charged dapsc
balancing the capacitors voltages between the dapathat
are conducting. If a method of using redundant ciwrily
states for voltage balancing is not applied theile e a
capacitor voltage balance problem when transferaictive
power. However, if such a method is used the switch
frequency may need to be raised for the balanainget
achieved properly [3]. The reason the capacitoitages to
get unbalanced while transferring active power sciages
are on during a longer time and the active capecigets
discharged or charged more than others, muchikkégure
2.3. The unequal workload cause voltage unbalantéy
using the redundant switching states the unbalacarsbe
controlled. For pure reactive power transfer theviLCdoes
not have any voltage balancing problem, which isoal

instead of diodes. These capacitors do, as thesidid, grow
in numbers quadratically with the voltage levelfailowing
the equation———"* [2], not counting the main
capacitors on the DC-bus. Again the need for sévera
components of the same sort and rating in serieeésled
because of the high voltage ratings, as for thapiag diodes
in the NPCMLI. When the CCMLI is used in a threeaph
setup it can, as the NPCMLI, share the DC-bus amg o
multiply all the other remaining components by tre

Figure 2.5: One example of a alternative switchingtate
for the voltage 0. The dashed line represent how ¢h
current flows through the capacitors and switches at to
the load.
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Figure 2.6: A five-level Cascaded Multicell Inverte

C. Cascaded Multicell Inverter, CMCI

A Cascaded Multicell Inverter (CMCI) differs in\sal
ways from NPCMLI and CCMLI in how to achieve the
multilevel voltage waveform. It uses cascaded luitige
inverters with separate DC-sources, in a modulaupseo
create the stepped waveform. In Figure 2.6 oneglesof a
five-level Cascaded Multicell Inverter is shown. cBa
full-bridge can be seen as a module and it is dhbse
modules that build up the CMCI topology. One fuiidge
module is in itself a three-level CMCI, and everpdule
added in cascade to that extends the invertentwihvoltage
levels. In Figure 2.6 there are two full-bridge b
creating the five different voltage levels availabl
Applications suitable for the CMCI are for examp¥aere
photovoltaic cells, battery cells or fuel cells ased [3]. Such
an example could be an Electric Vehicle there sdymower
cells exists.

The total output voltage is the sum of the outpditall the
full-bridge modules in theinverter and every futldge can
create the three voltagegy:, 0 and -\&yc. To change one
level of voltage in the phase output the CMCI tuome

explained with Figure 2.3. Capacitors are charged aswitches on (and one off) in one full-bridge modlfer a

discharged equally during one cycle while trangfigrr
reactive power, like with the NPCMLI.

The amount of components for the CCMLI topologyss
stated very similar to the NPCMLI, m-1 number opaeitors
on a shared DC-bus and 2(m-1) switch-diode valwes plaut
with the difference that CC topology uses clammiagacitors

19

full-bridge module to add the voltage\:the switches @&nd
S, are turned on, for -M,c the switches Sand $ are turned
on. When there is current _owing through the fuitige the 0
voltage is achieved by turning on the two switcbesthe
upper halves of the full-bridge {8&nd 3) or the two switches
on the lower part (Sand S). Together with several
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full-bridges a stepped waveform can be generatdte T
maximum output voltage 55— Veuc = SVeme = -2 (and
minimum voltage™= (-Veuc )= S(-Veme )= — 22 ), where m
is the number of levels and s the number of fuliidpe
modules[2]. It should be noted that the CMCI isatap of
putting out the total voltage source magnitudedthlpositive
and negative direction while many other topologias only
put out half the total DC-bus voltage source mamigt This
is why the total sum of the DC-side voltages inufég2.6 is
=22 and not \{, since it is still able to put o& to the output
(like the other topologies). All full-bridge invers that are
connected can contribute with the same voltages imay

making the topology very scalable. There is alse th

possibility to charge every modules with differgottages.
The sources in each full-bridge need to be isdlé#t¢he

inverter is going to be implemented in a active potransfer

application, for voltage balance reasons sinceethgrno

ISSN: 2319-6378, Volume-3 Issue-12, October 2015

Figure 2.7: A five-level Generalized Multilevel Inerter

D. Generalized P2-cell Multilevel Inverter, GMLI

This far all the presented MLI:s all have a probleith
voltage balancing when transferring active powehe T
Generalized Multilevel Inverter (GMLI), seen in Eig 2.7,

common DC-bus to recharge the sources energy dontetioes however not have the voltage balance prolitera & is

However, since the CMCI uses separate energy ssitrce
well suitable for renewable energy or energy/fuell c
applications there every separate voltage sourced coe
isolated [3]. A drawback for the energy/fuel cedplications
is however that the sources must be charged indallig or
through the inverter. Still, the charge balancé¢him voltage
sources needs to be controlled, for example irtreteehicle
batteries, so that there is no voltage unbalangehis can be
done with balancing modulation methods. Balancin
modulation methods will be investigated furthechapter 4.
When adapted to pure reactive power applicatioasoKCl

able to self balance its own capacitors withoutriked for
extra circuits [5]. The NPCMLI, CCMLI and CMCI, amg
others, can also be derived from this generalized M
topology [6]. The topology is based upon the ussiwiple
two-level voltage cells, called P2 cells, which aomnected
in a triangular shape. Each P2 cell has two swdiokle pairs
and one DC-capacitor that is charged with the vafués, =
“; (there m is the voltage level number). When oned#ids
Hot used to achieve a certain voltage level it draes switch

turned on to automatically balance the capacitdtages[5],
which one is decided depending on what switch imdéong

charge change over one cycle is zero [3] (right piFigure  generalized MLI, for three-phase two more of theiseuits
2.3). Since there is no common DC-bus to rechahge tare needed in parallel. It is possible to share Di@&bus

sources in the CMCI topology, balancing modulatiopepyeen phase-legs.

strategies include prioritizing higher charged meduin

modulation (see chapter 4) or activating two moslutet

needed for the output voltage level and let thetartz® each
other (transferring energy from higher charged nedo

lower charged module). Two modules for balancingppses
are only available when the output voltage levéis levels
lower than maximum (zero voltage level for the flegel

MLI) or more. When two modules are available irsthiay
one of the can be activated with positive voltage the other
with negative voltage. The resulting output voltagehese
two modules is then zero but energy is transfefrech the

positive module to the negative module when curgees out
from the inverter (and the other way around whenetu goes
into the inverter). In this way two modules canadmale each
other when they are not needed for generating thpub
voltage.

Compared to the NPCMLI and CCMLI the CMCI require
fewer components, every voltage level requires shme
amount of components. However, the number of sguace
higher, for the phase-leg to be able to createnaben of m

voltage level s £=2 sources are required [4]. The number of

sources s is also equal to the number of full lricgdules. In
turn, every full-bridge module has four diodes dodr
switches in turn giving the CMCIfA_'—E 2(m - 1) = 4s diodes
and switches. When making a three-phase inverter the
CMCI topology the number if needed components naets
multiplied by three for all components since théseno
common DC-bus to share.

20

The two simplest voltage states for the GMLI histtase a
five-level GMLI, are the voltages 2y = 2 and
-2V, = — '; . When all the upper switches (Su4, Su3, Su2,
Sul) are on, the output voltage is 2VP2; and wHetha
lower switches (Sn4, Sn3, Sn2, Snl) are on theagelis
—2¥,;. For all voltage states, excest= , there are several

combinations to choose from. The GMLI follow a ctaupf

specific rules to decide which switches that shdxddbn and
o_, including which switches that should be ortli@ purpose
of voltage balancing, in addition to that only @wetch in a
P2 cell is open at a time. The rules are as foll@ks

1. Each switch pole/P2 cell is independent
2. If one switch in a cell is on, the other is off
3. If a switch state is chosen, the other switdtage can be

Yetermined by the two first rules.

Figure 2.8: Generalized MLI in a switching state,
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switches in circles are turned on. In this case theutput
voltage is 0 since Sc9, Sc4, Scl and Sul are turnad
represented with dark circles. The switches with ghter
colored circles are on for balancing.

A switch pole is the two switches that exists iR2 cell.
These rules should be applied to the inverter aftet
switches for an output voltage state has been ohdsgure
2.8 shows an example of a switching state thereswitches
are on for achieving the output voltage level drarest of the
switches that are on are balancing the capacitdtages. To
understand the automatic balancing for the GMLIotogy
note that, for instance, the switch Sc7 is switatveéh Figure
2.8 for automatic balancing in the circuit and eurnding
switches are turned off. This makes the DC-bus adtpa
charge the cell capacitor close to Sc7 with the HDE-

low, as compared with if valves with different regs would
be used.

The basic method that the RVMLI uses in operaisoto
create a multilevel stepped voltage half-wave, grdgitive
values, with a simple inverter with a low number @€
sources. The full-bridge connected to the firsteier can
then reverse these positive half-wave voltages yeheif
cycle to generate a complete sinusoidal voltage tinveload.
In this way, the components are used effectively, ibthe
circuits is going to withstand the voltages, undae
assumptions that all devices of the same sort liasame
ratings, additional valves are needed compared
requirements proposed in [7]. The full-bridge cdsoabe
controlled with low frequency since it is only suged to

capacitor voltage;= , which is the voltage that all capacitors'€Verse the voltage every half cycle, so the svpirs in the

are charged with in this five-level case. Durindfedient
voltage states other sets of capacitors can bakexde other
so that all capacitors are equally charged. The bDE-
capacitor, that can be assumed to be balanceddshewsed
properly in the balancing as well, as in the exangtiove.

Even though the precise rules to control the itever

switches, holding the complexity back, it is cléam the

figures that with increasing number of voltage lsvthe

number of components required increase even mooe.
extend a m level GMLI inverter with one level, m &4ls are
needed. For two voltage levels, m+ (m+ 1) = 2m+21c@lIs

will be added, and so on. The number of P2 cells lma
expressed with the sum

mim + 1)
Z T2

and as we can see in the figures, for every celietlis one
capacitor, two diodes and two switches.

—m

S;J,

S_-J Vg S;-J

1)

Se( |/ SeJ &

Va/4

SnJ S:J

[

Figure 2.9: One phase-leg for a five-level Revergin
Voltage Multilevel Inverter.

E. Reversing Voltage Multilevel Inverter, RVMLI

full-bridge can be operated at the fundamentalutpltage
frequency [8]. The inner
modulation at fundamental or high frequency indejeen of
the full-bridge inverter modulation.

By operating the switches; 30 S a stepped positive
voltage waveform is created and by opening either t
switches $and g or § and S in the full-bridge a positive or

negative voltage waveform is generated. Table 208vs the
ifferent states for the multilevel positive haléve inverter
f the topology.

Table 2.3: Switching states for the five-level Revsing
Voltage Inverter. A "1" means turned on and a "0"
means turned off.

Output S | S| S| S| 5| 5] 5|5
Voltage
= 1 (0[O0 1] 0 1 14 O
= o [12]o0] 1| o] 1] 11 o
0 0 [ 1] 1] o] 1] of o 1
—= O | 1| 0| 1] 1] 0f O 1
= 1 ]o|lo0| 1] 1/ o] of 1

Two advantages with the RVMLI are simpler contraili
since the modulation is divided in two parts (pwsit
half-wave and reversing) and that it does not feaveltage
unbalance problem if separate sources are usguppesed

in [7]. It is however true for several topologiémt separate

sources can solve the voltage unbalance problesepirate
sources are not used, balancing will have to béeaed by
balancing the workload between the sources, sineeetis

also one more state to create ﬁ{évoltage (switches S1 and
S3 on instead of S2 and S4). If workload is moddat

Compared with the four earlier chapters, which enavproperly it can be chosen from which source enésdy be

presented popular and well documented multilevetansferred to or from during the == voltage states and in

topologies, the topology in this chapter, the Reiver
Voltage topology, has not yet, as it seems, gaamgdgreat
recognition. The Reversing Voltage (RV) MLI topojog
displayed in Figure 2.9, was proposed during 18@827] as
a new topology to challenge the existing popul@otogies,
such as the NPCMLI. A great proposed advantage tiner
more popular MLI topologies, the NPCMLI and CCMIid,
the need for fewer components, but since componeitits
equal ratings are used in this paper (in favorarhjgarison
with other topologies) the number of componentsoisvery
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that way the sources can be held balanced. A©éoCMCI
the RVMLI is capable of putting out the full rangé its
DC-side voltage, dividing the need for the DC-sid#age by
two for the same output voltage compared to othgolbgies,
such as the NPCMLI.
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Figure 2.10: A three phase setup with five-level RMLI
phase-legs and transformers on each phase
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all modules. To keep the sources in the submodhaksiced
the order in which they are connected can be clthrigdor
instance, one submodule has more charge storedsin i
capacitor it can be prioritized to be activatedtfior last,
depending on current direction, to balance the swluie
voltages. The M2l topology hence has a redundanp sef
switching states. Some switching state exampleadbieving
the voltage levels in this five-level M2l can besén Table
2.4. Note that during any moment, half the modides
connected and half the modules are bypassed. Ehis i
necessary since the sum of all connected modulea in
phase-leg must begy

Component requirements for the M2l topology is tiyos
dependent on the number of submodules, and herce th
number of voltage levels, since there is only tiductors in
the topology setup that is independent of the nuroblevels.

For a number of voltage levels m the topology seedEvery submodule is composes of a half-bridge and a

(m—11+2(m—-1) = 3{m—17 main switches and
diodes per phase and ars',e— isolated supplies [7] and/or DC

capacitors. The reason for the high number of carapts in
the full-bridge is that every phase leg in thé-fwldge must
be able to withstand the voltages from the mulélémverter
phase-leg. No clamping diodes or flying capacitare
needed. However, even though the number of compeaea
low, a transformer is required for isolation on lied side for
each phase if the low number of sources is goingetoalid
[8], see Figure 2.10. This could however also bgliag to
other topologies. The importance of the use ofsfiamers is
also dependent on the application.

F. Modular Multilevel I nverter, M2l

The Modular Multilevel Inverter (M2l), seen in Fig
2.11, is a newer topology first introduced in 2Q07)]. It uses
a modularized setup of submodules, essentiallyohdtes,
which are connected or bypassed to generate arcettput
voltage level. Every phase-leg is composed of timtsavhere
each arm has a number ofsubmodules. In turn, in every
submodule there is a DC-capacitor charged withvtitege

Lt

voltage of jn*V m2i =tV4e where the modules in both arms
are connected or bypassed to create a AC outptagen|So
for a number of voltage levels m the inverter nemds = n
number of submodules per arm, so 2(m-1) = 2n suliesd

per phase-leg. Compared to the somewhat similar ICMC

topology the modules in this M2| topology can oplyt out
two voltages, VM2I or 0. This explains the needtfeo arms
in every phase-leg. The M2I topology does not nefeatred
DC-capacitors in a DC-bus, but does however reqaire
DC-bus for circulating currents. These currents lvawever
also circulate through other phase-legs. The tvaudtors,
one in each arm in a phase-leg, are there to faki@ewoltage
difference when modules are switched in and out.

To activate a certain submodule in an phase-ley tar
make its voltage source contribute to the outpliiage the
switch S1 is switched on and S2 is switched offbypass a
submodule the switches S1 is turned off and S2ieetl on in
that certain submodule. The arm in which a submeduto
be connected is determined by if the wanted voltage
positive or negative and which submodule in the d@m
determined by the balancing modulation. The batapci
modulation is the program that chooses which madthat
are to be activated for each state to achieveg®lbalance in
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. Each arm can then generate the maximum

DC-capacitor, so for every submodule there is twitches,
two diodes and one capacitor. Additionally, for mve
phase-leg there is two inductors for the phasealegs. The
inductors, seen close to the midpoint in the phegein
Figure 2.11, are there to take up the voltage miffee
between states. Also, each switch in the M2| suhuigsdmust
be able to withstand at least the submodule capaaittage,
VM2I . Since the voltage spanning over both arméggisand
the number of submodules in the arms, as a funation
number of voltage levels, is m-1 the voltage thawiich must
be able to withstand described with the total DQage is

Ve
=1l

Figure 2.11: One phase-leg of a five-level Modular
Multilevel Inverter

Table 2.4: M2l switching states examples. A "1" meas
that a submodule is inserted (switch S1 on) and &0"
means that it is bypassed (switch S2 on).

Vies | M, | M | M, | M, | M, | M, | M- | M,

Ha 0 0 0 0 1 1 1 1
=

S 1 ol o o 0 1 1 1

0 1 1 0| o] o 0 1 1

EEEN 1 1| 0 0| o 0 1

_f& 1 1 1 0| o ol o
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Figure 2.12: A three-phase five-level Generalized@rent
Source Inverter

G. Generalized Multilevel Current Source Inverter, GMCSI

The topologies presented so far have all beentiengewith
voltage sources, so called Voltage Source Invelfés).
Even though Multilevel VSI:s are the most poputgrdlogies
[3] there do exist multilevel Current Source Ineest (CSI).
The concept of a multilevel CSl is to use one oraraurrent
sources instead of voltage sources and with thedfgdower
electronics inject levels of current to a loadthis paper the
Generalized Multilevel Currents Source Inverter (GM)
from [9] will be presented, displayed in Figure2.1

The GMCSI is a three-phase topology that consisa o

number of "current source six-valve modules", seevilves
within dashed lines in Figure 2.12. In additionrthare also
m-3 positions with inductors to smooth the DC-siderent
and to divide its source into different currentrrgs [9]. Only
one current source is needed. As with many of therdvLI
topologies, one of the advantages with the GMCSblagy is
that it can eliminate the use of transformers ima&digh
power applications. Also the modularized configiom is
advantageous and the topology is not as compomranyhas
some other topologies [9].

Table 2.5: Examples for some GMCSI switching states

i £y Switches on

0 | -l Sb12,Sb22,Sc11,Sc21

T a ! Sall,Sb12,Sb22,Sc21
Sall,Sa21,Sb12,Sb22

T T

- - Sall,Sa21,Sc12,Sc22

One problem with the GMCSI, comparable with thetagé
unbalance problem in some of the VSI:s, is thattloan be a
current unbalance in the smoothing inductors. Phablem
can however be solved with the use of redundartthkimig
states [9]. The number of switching states for a@@Vican

also be calculated by the number of modulea n={ —

* as
mentloned above) with the equation
=37 (2.1)

— =2l
1
. =2

where N is the number of switching states. For the fiwgele
GMCSI, v, = 3¢
five levels for three phases. Some of these sisitglsown in
Table 2.5. The reason for the inductor current laniz is the
voltage across the inductors. Depending on if thikage is
positive or negative the current through the indrsctwill
ramp up or down from its supposed value. By changtates
in a proper way the inductor currents can be heidao
balanced level.

The inductors also have different amounts of curflewing
through them and the amount of current is dependietite
inductors position. For every valve module thgtassed the
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= 81,meaning 81 switching states on

current amplitude drop§since the amount of current that

goes through every closed switch (in every modide)
Also, only one switch in the upper half of a vaflmedule and
one switch in the lower half of a valve module barswitched
on at any moment [9]. This also means that theectimating
of a valve should be at Ieast_ — . Since different
amounts of current flow through the mductors dejdeg on
their position it is necessary to add inductonsarallel closer
to the source if components with the same cumagimg are
to be used. For an GMCSI with m number of current
levels the inverter is composedfe_f—' valve modules (within

the dashed line in Figure 2.12), which all congairswitches.
There are also m-3 positions where inductors shddd
placed. With inductors with equal current rating tiumber

of inductors is=— (=== _ 1}. For the seven-level GMCSI
this would mean two inductors in parallel closedhie source
(on each side, top and bottom) and one inducttireasecond
inductor position. For a nine-level GMCSI threeuntbrs in
parallel would be in the first position followed two and one

finductor.

. MODULATION STRATEGIES

When it comes to multilevel inverter modulatioerh are
basically two groups of methods: modulation with
fundamental switching frequency or high switchirgguency
PWM [2]. For both cases a stepped output wavefam i
achieved, but with the high switching frequency moels the
steppes are modulated with some sort of PWM. |noleet
of switching frequency choice there are, howevisg apace
vector methods to choose from.

A. PWM for two-level inverters

Ordinary PWM modulation for two-level inverters is
accomplished through comparison between a refensaue
and a triangular carrier wave. The reference waaee hihe
frequency and amplitude wanted for the output gatsignal
and the triangular carrier wave has the amplitudeatf the
DC input voltage, in an simple ordinary case, aisl
frequency is dependent on application but musidpee than
the reference wave frequency. In electric poweliegion
the carrier wave frequency is often in the rang&H#. The
reference wave frequency decides how often thechest in
the inverter changes state, every time the triangchrrier
wave crosses the reference wave the switches tuon aff. A
plot of the ordinary two-level PWM reference, carrivave
and output voltage can be seen in Figure 3.1.dfdarrier
wave crosses the reference so it becomes highar thea
reference the top switch turns off and bottom dwitans on
in the twolevel inverter (see Figure 1.1) so #fbecomes
the output. When the carrier wave crosses thee’etﬁeragaln,
now getting lower than the reference, the switctiesnge
state and the output becomes
-k When the reference is positive the output veltsignal

WI|| be 2 for the majority of the time resulting in a posit

output AC signal following the reference. An stigigrward
example is if the reference wave is constant ai zettage,
the carrier wave would then cross it upwards andnicards
with the same time between every crossing, malghgnd
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_ 2 peing the output for equal time, each cycle. Tdasls to

that the average output voltage over one carrieevperiod
becomes zero.

B. PWM for multilevel inverters

Multilevel PWM methods uses high switching freqoen
carrier waves in comparison to the reference waees
generate a sinusoidal output wave, much like imtleelevel
PWM case. To reduce harmonic distortions in thepaiut
signal phase-shifting techniques are used [2]. §hare
several methods that change disposition of or shifttiple
triangular carrier waves. The number of carrier @gused is
dependent to the number of switches to be contrafiehe
inverter.
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Figure 3.1: PWM reference (blue dashed) and trianglar
carrier (green solid) wave in upper plot and output

voltage (green solid) eave in lower plot

In addition to the two sinusoidal carrier wave miation
methods presented further down there are also tore mell
known alternative methods that will not be discdsgethis
paper: Alternative Position Opposition Dispositi@POD)
and Phase Opposition Disposition (POD) [10].

B.1 Phase Shifted Carrier PWM

The Phase Shifted Carrier PWM (PSCPWM), Figure 3.
is a multicarrier modulation strategy that hasatrier waves
phase shifted from each other. It is the standavdutation
strategy for the CMCI topology [10] but is not exsilvely for
that topology.

For a CMCI with n number of full-bridge modules i
each phase-leg there are also n number of triangalaier
waves. There is one triangular carrier wave fohdaltbridge

module, phase shifted witlles;i in between them, with

amplitudes the magnitude of the total DC voltagde T
magnitudes for the carrier waves are modulatedhéyttual
voltage level in the appropriate module. For the-lexel
CMCI with two modules there are two triangular carr
waves, one for each module, see Figure 3.2. Theulesd

ISSN: 2319-6378, Volume-3 Issue-12, October 2015

(and the second triangular with the lower voltatpg)pClose
to 2ms in the plots it can be seen that the firghgular wave
crosses one reference wave downwards, contrahiegight
leg switches of the modules, turning that modulegpuat
voltage from OkV to -0.5 kV. Closely after the sedaarrier
wave crosses the same reference wave (the oneahixols
the right leg switches in the modules) upwardsihgrhe
output voltage from -0.5 kV to 0 kV. Comparisonghnihe
other reference wave works in the same wave, ben th
controlling switches in the modules left legs. A tplots
suggests the two modules share the workload féeadls, no
module is strictly connected to one voltage lerehe output.
For the CMCI this strategy cancels all carrier aittkband
associated harmonics up to the 2nth carrier gratp [
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Figure 3.2: The carrier and reference waves for a
five-level CMCI with PSCPWM, two reference waves
and two triangular waves (one for each module)

B.2 Phase Distortion PWM

In Phase Distortion PWM (PDPWM), Figure 3.4, all
carrier waves are in phase. A great acknowledgifiegrthis
technique is that it is generally accepted as ththad that
creates the lowest harmonic distortion in lineite-Ivoltage

12].

£ When used for an NPCMLI with m number of voltage
levels, m-1 number of triangular carrier wavesus®d. These
carrier waves have the same frequency and aregatiaon
top of each other, with no phase shift, so thay together
span from maximum output voltage to minimum output
voltage [11]. The carrier waves amplitudes shoulel b
modulated with aspect of the current voltage magleitfor
each respective voltage level, each carrier wagensected

to a specific output voltage level. If the carneaves are not
modulated in this way the correct output voltagh mot be
achieved if the sources voltage levels change ftbeir
supposed value (get unbalanced). If the sourcetagml
amplitudes change without that the carrier waves ar
modulated with that change the correct output geltaill not

create the two voltages in Figure 3.3 with PscpPwN€ generated during the during the correct timesp&/hen

modulation. There are also two reference wavefdonshe
two legs in each inverter modules that are phaisiedh80°
from each other, as can be seen in Figure 3.2. if¢hence
waves are compared with both carrier waves, orerente
wave is for modulation of the left full-bridge mdduleg
switches (dashed reference wave) and the othererefe
wave to modulate the right full-bridge module legtshes
(solid reference wave). The first triangular wawvéigure 3.2
is compared with the upper output voltage plotiguFe 3.3
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one carrier wave is crossed by the reference ttubwave
steps one level up or down with a switch transacti©ne
carrier wave hence modulates the use of one vokéage.
Only one level is modulated at any time, as casdan in the
in Figure 3.4, since the reference only crossescaneer at
any level. The output voltage from the PDPWM motata
with a five-level NPCMLI is shown in Figure 3.5. &learrier
waves should be modulated with aspect of the ctvwatage
magnitude for each respective voltage level.
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Figure 3.3: The two module voltages, one in eachqt|
together with the achieved total output voltage (hle

dashed line in both plots)

Phase Distortion PWM is also the proposed contethod
for the RVMLI [8] but can be used with other topgies as
well. For the CMCI the PDPWM modulation is built op
m-1 carrier waves, two for each full-bridge modutee

T
oos oot

T
o616

T T T T T T T
0 0001 00M 0006 0008 001 0012 0Ol4

Figure 3.5: The output voltage for a five-level NP@®ILI
with PDPWM.

C. Space Vector Modulation and Space Vector Control

Space Vector Modulation (SVM) is a high frequency

modulation alternative to PWM, where one big défece is
that SVM must be used with a three-phase syster8VIM,

below zero and one above zero for every modulehEathe three reference phases are transformed intoeder@nce

module then modulates one voltage level. Whichlleve

full-bridge module modulates can be changed foarzEhg

purposes. For the five-level CMCI this could mehat tthe
module with highest charge within its source is mateéd by
the carrier waves two and three in Figure 3.4¢ifrting the
carrier waves from top to bottom. The other modwih

lower charge, would then be controlled by carriewes one
and four. Since waves two and three are closezerto the
first module, with higher charge, will be connectedhe load
first every half cycle, for both positive and negatoutput
voltages. This will lead to a higher workload fbistmodule.

If which module contains the most charge change, t

modules can change which carrier waves that maoel titem
with each other. More generally, the two triangulaves
closes to zero (one wave with positive voltage ane with

negative voltage) can control the module with thghést
charge if active power is to be transferred. Thetpe carrier
then modulated the full-bridge modules left leg parsitive
output voltages and the negative carrier the right for

negative output voltages. Other modules shouldonéralled

by two carrier waves further away from zero, or@freach
side of zero voltage at the same position (secangevabove
and second wave below zero, for example). Thearanaves
amplitudes should be modulated by the voltage levehe

full-bridge module it controls, much like with tarrier wave
modulation for PSCPWM, so that correct output \gdare
generated during the correct time spans.
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Figure 3.4:. The reference (cosine) and carrier wawge
(triangular) for a five-level Npcmli or cmci with Pdpwm.
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vector which is placed inside a Space Vector Diagrsee
Figure 3.6. Depending on the three phases ampittie
vector in the diagram will end up somewhere in of¢he
diagrams triangles. Every corner of the diagrameasgnts a
state for the three-phase inverter, where the siateber
represent the wanted level for each phase-leg.stdtes for
the three corners in the triangle that the vecdnside are
modulated, each state on for a specific time, abttte vector
is recreated by the inverter in the form of a meane of the
three used vectors in the diagram. The left paFRigfire 3.6
shows the Space Vector Diagram for a three-phasdevel
inverter. In this case the voltage reference vestorside the
upper right triangle of the diagram. This meanst tine
inverter will use the vectors 110, 100, and 11QQ# to create
output voltage like that the reference represeBgery
number in a state nnn (for example 110) is conuetiea
phase-leg and represent the level wanted, 1 foitiyms
voltage and O for negative voltage. The same apfte a
multilevel Space Vector Diagram but the stateslides more
level, a state could for instance be 302 which wokan that
one phase leg should put out voltage level 3, egevbltage
level 0, and one leg voltage level 2 for a cal@damount of
time. A five-level Space Vector Diagram is showrhe right
in Figure 3.6. The three vectors that would be Wsedcreate
the reference in the multilevel Space Vector Diagia the
figure (if lowest level is 0 and highest 4) are 2290 and 320.
Space Vector Modulation can be used with any newil
inverter since its vector diagram are universallzamirelative
easy hardware implementation by a Digital SignalcBssor
[2]. However, with higher number of voltage levelse
complexity of choosing switching states increadasesthe
redundancy of switching states increases as well.

Space Vector Control (SVC), a low (fundamental)

frequency space vector modulation method, does not,

contrary to SVM, generate the desired mean loathgel
value in every switching interval but for invertensth a
higher number voltage levels the errors will be lsnra
comparison to the reference vector [2]. SVC mayetfoee be
adequate for inverter with higher number of voltégeels.

D. Selective Harmonic Elimination
Selective Harmonic Elimination (SHE) is a low swing
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frequency strategy that uses calculated switchimgjes to
eliminate certain harmonics in the output voltagéth the
help of Fourier Series analysis the amplitude of add
harmonic in the output signal can be calculatediallg the
switching angles are chosen so that the fundaminsait to
the wanted output amplitude and the other harmdniesro,
see Figure 3.7. The switching angles must howegdower
than = degrees and fom number of switching anglea
harmonic components can be affected, wielenumber of
harmonics can be eliminated[2] (one angle to set t
fundamental). If angles were to be larger tham correct
output signal wouId not be achievable. For an iterarith m
levels a =——. Higher harmonics can be filtered out with
additional filters added between the inverter arel lbad if
needed. For a five-level inverter = 2, so there are two

switching angles available araell = 1 angles can be used for
harmonic component elimination.

A ,
JAVAVAVAV/VAVAVA
A \AAAAAAN/
\VAVAVAVAVAVAY/
\VAVAVAVAVAY/
\VAVAVAVAY

Figure 3.6: A two-level Space Vector Diagram, to th left,
and a five-level Space Vector Diagram, to the right

In Figure 3.7 the first anglel, is set to modulate the
fundamental signal amplitude the second angle,s set to
eliminate a chosen harmonic distortion. The FouBeries
equations for these signals are the following.

el - r

mEE = B2 epegl —I-L_""'EDSGE (3.1)
0= EDS';:"I «al) +cosln = a2) (3.2)
m; = _”. (3.3)

The vanablen is in these equations is the number (multipl
of the fundamental frequency) of the harmonic ikab be
eliminated. For every switch angle available orgmterni
added to each equations and there are also asegaations
as there are switching angles. So for a situatitthawnumber
of switching angles there aeenumber of equations with a
number of cosine terms. As for this five-level iree case
there are two firing angles, two equations and twsine
terms in every equation. For a seven-level invetter
equation setup would instead be as the followirayiables;
andnz are the numbers of the two harmonics to be elitatha

-+ ""‘ "=—cns'c.1|—I—cos'c7l—l—cns'c3| (3.4)
0 = cosln, = c.i,l + coslng = c.?,' + cos(ng = ad) (3.5)
0 = cosln, =el) +cosin. = a2l + cos(n, = £3) (3.6)

n

;
amrz

Figure 3.7: Switching with angles determined by Settive
Harmonic Elimination for a five-level inverter
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Table 3.1: Component Requirements for the Topologge
for a three-phase setup. The voltage/current levéd
represented by m. DC-buses are not shared betwednmet
phases.

NPCMLI
3(m-1)

CCMLI
3(m-1)

CMCI

GMLI

RVMLI

GMCSI
1

M21
6(m-
1)

Topology
DC-bus
cap./Isolated
sources
Main diodes

6(m-1) 6(m-1) | 6(m-1) 3(3(m-
1))
3(3(m-

1)

12(m-
Jb]
12(m-
1)

0

Main switches 6(m-1) 6(m-1) | 6(m-1) | =

Clamping 0
diodes
Clamping cap.

Smoothing ind.

3(m-1)
(m-2)
0
0

0
0

0
6

Transformers 0 0 0 0

*GMCSI with GTO switches

*GMCSI with IGBT switches and parallel diode (ngged in
plots and comparisons)

**Three transformers as in one transformer forrephase in
a three-phase setup

IV. APPLICATIONS

When the number of levels is greater than thre#) the
diode-clamped and cascaded multilevel invertersehav
equivalently separate dc sources for each levarder to
enable power conversion involving real power sushim
motor drives. On the other hand, the cascaded lpudti
inverter is best suited for harmonic/reactive congagion
and other utility applications.

A.Hybrid Electric Vehicle Application

Electric Vehicles (EV) and Hybrid Electric Vehisle
(HEV) are becoming more and more popular and they a
more than likely to be a part of a more sustainableiety.
Depending on EV/HEV configuration, the power traied
one or more converters/inverters to feed power for
propulsion. The electric system of a EV/HEV useteseand

arallel connected battery cells as power sourbe.vbltage

evel of these batteries needs to be controlledh wittra
circuitry so they are equally charged. High efficig, to
achieve long driving range, is important but coniasign
and light weight of the power electronics, and otihevices,
are also essential. There are also EMI regulatiaremple
example of a EV electric power train setup can éensin
Figure 4.1.

An MLI topology suitable for implementation in aEN'
should, with the aspects above in mind, be abbetver an
alternating voltage with low losses and take achgatof the
multiple battery cells setup used in EV:s/HEV:shwiteight
and efficiency prioritized. Real power transferingportant
for this case so the chosen topology should hayarololems
with or effective solutions for voltage unbalancéfsthe
inverter in itself could control the voltage levelghe sources
that would be an advantage. In line with efficiemand light
weight there is also need for low EMI, preferablithaut
filters, so low distortions is an important quality the MLI

topology.
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Figure 4.1 Hybrid Electric Vehicle/Electric Vehiclepower
train
With aspect to these design requirements for pticgtion
with several battery cells as power source, the Ctdblogy
has been chosen for the EV/HEV application simoiain
this work. Dividing the batteries into several &teld DC
sources, as shown in Figure 3.8, real power cdrabsferred
without voltage unbalance problems when correctutaitbn
is applied. This makes the CMCI suitable for thpplecation.
Charge balance in the batteries must however beaiea

An MLI topology suitable for Electric Power Grid
applications should be able to be used in compiemsat
applications and FACTS but also have rectifyingadality so
that it may be used for HVDC-transmission and simil
applications. It would also be preferred if the #ise high
power transformers could be minimized or eliminatedr
some applications there is however no need foistoamer
elimination, for example HVDC where transformerssex
anyway. For some of the applications there is actiower
transfer and chosen application need a solutidhgwoltage
unbalance problem for these cases. The MLI topostgyld
also have high efficiency and be able to produeeEMI and
other distortions to avoid large filters. Chosernikable
topology should also be able to transfer both actwd
reactive power, however not necessarily at the same and
must also have a common DC-bus to be suitable derep
grid system applications.

For the Power Grid case several of the preseofedgies
are suitable for one or more of the interestindiapfions, for

but since the CMCI topology can control the sourcesxample reactive power compensation [3]. The thiggest

workload with the modulation, there is no need dodra
balancing circuits. This leads to lower weight dmidher
efficiency. Another advantage with the topologyttiat low
amounts of components are needed (leading to laeight),
compared with other multilevel topologies. The togy
setup can also be combined with the battery calpsehere
the cells in series can be for build up one phagetaking
advantage of the topologys modular setup, and dells
parallel can build up several phases. With enougltage
levels the CMCI should also be able to produce aipud
voltage with low distortions. The ability to switcht
fundamental frequency also
extending the driving range for the vehicle (tsibowever, as
stated, not a special feature for the CMCI).

topologies, the NPCMLI, CCMLI and CMCI, can all bsed
in reactive power compensation without voltage Usuee
problem but only the NPCMLI and CCMLI have a common
DC-bus and are possible in back-to-back configorati The
GMLI can auto-balance the capacitor voltage buts ube
most components. The RVMLI uses the least amount of
components and was proposed to be used in HVDG7i
require isolated sources and transformers for lathn
operation.

With aspect to industrial popularity [13], desgmplicity,
suitability for back-to-back and reactive power gamsation

leads to high efficiencythe NPCMLI have been chosen for simulation forEtextric

Grid System case in this work. With the proposedtae
control method in [14] and [15] the capacitor vgha

Another topology that could have been used foséheunbalance can be controlled which makes the NPCHILI

simulations is the M2| topology. The M2I topologyutd also
make good use of its modular design and balanoieghods.

attractive choice. The NPCMLI can transfer botlctiva and
active power, as mentioned, have a common DC-bdighen

However, even though the M2l uses a low number dbpology itself have no need for transformers. ®ave
components the CMCI needs even fewer and the M@ albalancing methods are known for the NPCMLI andethidity

needs more sources than the CMCI. Because ohthiSKCI
was chosen over the M2|.

Variable speed wind
power unit

Power

Threa Grd

Phase
Multilevel
Inverter

Figure 4.2: Power Grid Application example

B. Electric Power Grid Systems

In line with more decentralized power generatiomd a
smarter power grids with more renewable power ssinew
requirements follows.
conversion is required for several applications hsus
HVDC-transmission  application  and
configurations for asynchronous grid connection, [&jr
example for connecting wind farms with the powead gsee

to function with low switching frequency leads tagln
efficiency. Also, the multilevel setup creates Idistortions,
lowering need for big filters.

V. FUTURE TRENDS

By looking at the number of papers published icers
years, it is easy to conclude that multilevel ineeresearch
and development activities are experiencing anosiypé rate
of growth. A trend of having more and more multdev
inverters is obvious. Although this paper has fedusn
multilevel inverter circuit topology, control, aagplications,
there is other research and development in rebatsas, such

DC/DC, AC/DC and AC/DCas high-voltage high-power semiconductor deviceasers,

high-speed DSPs, thermal management, and packaging.

back-to-back Based on the progress of semiconductor devices and

advanced circuit topologies, future trends canltmeoved in
the areas of advanced high voltage high power serdigctor

Figure 4.2. There is also need for reactive powelevices, optical fibres for sensors and contrafgrrhal

compensation and power outage/voltage dip compiensat
Low EMI
requirements. For power grid applications a commB@rbus
is necessary when power is to be transferred.
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management and distributed energy systems.

and high efficiency are also among the

VI. CONCLUSION

This paper has provided a brief summary of mulélev
inverter circuit topologies and their control stgies.
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Different applications using different inverter aiits were 16. Newton, C.; Sumner, M.;, "Novel technique for ntaining balanced

also discussed. Today, more and more commercialugt internal DC link voltages in diode clamped _ve-leweverters,"
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are based on the multilevel inverter structure, arade and pp.341-349, May 1999 doi: 10.1049/ip-epa:19990103
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consider where to go from here.
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