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Abstract- Multilevel inverters have become more popular over
the years in electric high power applications by providing fewer
disturbances and functioning at low switching frequencies when
compared with conventional two level inverters. In this paper
presents various multilevel inverter topologies are presented such
as NPCMLI, CCMLI, CMCI, MMI. All of these compared with
conventional two level inverters in simulation and investigated
advantages of using multilevel inverters.
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INTRODUCTION

Conventional two-level inverters, seen in Figuréal.l.1b,
are mostly used today to generate an AC voltage faoDC
voltage.

Load

Fig 1.1a: One phase leg of a two-level inverter
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Fig 1.1b: A two-level waveform without PWM

The two-level inverter can only create two diffdrerutput

voltages for the Ioad/,j—c or —V%C . To build up an AC output
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voltage these two voltages are usually switchetth WMWM,
see Figure 1.2.

T T T T T T T T T
i 0 00 0006 0008 [T} ooz 0Mé  0ME 0 i

Fig 1.2: PWM voltage output, reference wave in édshiue

Though this method is effective it creates harmalstortions
in the output voltage, EMI and higﬁf [2]. This may not

always be a problem but for some applications theag be a
need for low distortion in the output voltage. T¢mncept of
Multilevel Inverters (MLI) does not depend on jisb levels
of voltage to create an AC signal. Instead seveddtiage
levels are added to each other to create a smostbpped

. . d .
waveform, see Figure 1.3, with Iowglg’c and lower harmonic
distortions.

Fig 1.3: A 3-level, 5-level, 7-level waveform

With more voltage levels in the inverter the wavefoit
creates becomes smoother, but with many levelsdédsign
becomes more complicated, with more components and
more complicated controller for the inverter is dee.

To better understand multilevel inverters the more
conventional three-level inverter, shown in Figré, can be
investigated.

It is called a three-level inverter since every s@ieg can

vd vd .
create the three voltage%ﬁ, 0, —TC , as can be seen in the

first part of Figure 1.3. A three-level invertersifgn is similar
to that of a conventional two-level inverter butith are twice
as many valves in each phase-leg. In between tpherugnd
lower two valves there are diodes, called clampiingles [1],
connected to the neutral.
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Fig 1.4: One phase leg of a 3-level inverter

Nal2

Midpoint in between two capacitors, marked n in figrire.
This capacitor build up the DC-bus, each capacs@harged

with the voItageT

output line-to-line voltage with even more levelancbe
obtained. To create the zero voltage the two segatiosest
to the midpoint are switched on and the clampirgglés hold
the voltage to zero with the neutral point. Nowmibre valve
pairs, clamping diodes and capacitors are addedntrester
can generate even more voltage levels, see Figdethe
result is a multilevel inverter with clamping diodapology.

Some of the most attractive features in generahfoltilevel

inverters are that they can generate output vaidtagth very

low distortion ana‘;—:, generate smaller common-mode voltage

and operate with lower switching frequency [2] camgd to
the more conventional two-level inverters. With awér
switching frequency the switching losses can baiced and

d
the Iowerd—’t’ comes from that the voltage steps are smaller, as Va4

can be seen in Figure 1.3 as the number of levelease.
There are also different kinds of topologies of tierel

inverters that can generate a stepped voltage wawefnd
that are suitable for different applications. Bysidaing

multilevel circuits in different ways, topologiestiv different

properties have been developed, some of whichbeilooked
upon in this paper. The Multilevel inverter topdkegthat are
investigated in this work are: Neutral- Point Cladp
Multilevel Inverter (NPCMLI), Capacitor Clamped Milvel

Inverter (CCMLI), Cascaded Multi cell Inverter (CNMC
Modular Multilevel Inverter (MMI).

MULTILEVEL DIODE CLAMPED/NEUTRAL POINT INVERTER
(NPCMLI)

According to patents the first multilevel invertgviLI) was
designed in 1975 and it was a cascade invertercgdasl
inverters will be presented in a later chapter)hwdiodes
blocking the source. This inverter was later detiveto the

Diode Clamped Multilevel Inverter, also called Nal#Point
Clamped Inverter (NPC) [2], see Figure 2.1.

This topology is, as can be seen from the figuaseld on the
same principal as the before mentioned three-lenverter in
Figure 1.4. In the NPCMLI topology the use of vghka
clamping diodes is essential. A common DC-bus\v#ldd by
an even number, depending on the number of voleagsds in
the inverter, of bulk capacitors in series witheatnal point in
the middle of the line, see the left part of Fig@ré. From this
DC-bus, with neutral point and capacitors, theree @damping
diodes connected to an (m-1) number of valve paihgre m
is the number of voltage levels in the inverterltage levels it
can generate).

In Figure 2.1 one phase-leg of a five-level NPCeiter is
displayed. By adding two identical circuits theehrphase-
legs can together generate a three-phase signaé@taring
of the DC-bus is possible. The reason for the teven have
clamping diodes connected in series is so thaltiadles can be
of the same voltage rating and be able to block rthkt
number of voltage levels. For example, in Figufedl diodes

Together with another phase-leg an@'® rated fOI’— (m—ln general) and the D diodes need to

block 3de(: and therefore there are three diodes in series.

However, for low voltage application there is noedeto
connect components in series to withstand the geltaince
components with sufficient high voltage ratings agesy to
find. With this configuration five levels of voltagcan be

generated between point a and the neutral poi%{d—cn; Vic,

O—V%C and ——, depending on which switches that are

switched on.

; Va -: BJEE

[
e

Fig 2.1: One phase leg for 5-level NPC inverter
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A waveform from one phase-leg of the inverter ctao de
seen in Figure 2.1 in which the steps are cleaidible. For
NPCMLIs with a higher number of voltage levels gieppes
will be smaller and the waveform more similar teiausoidal
signal.

Output | o1 | g9l s3 s4 S1 Sp SB Sh
Voltage
vdc2 | 1] 1] 1| 1| o] o] o] o
vdcd | o] 1] 1| 1| 1| o] o] o
0 ol ol 1] 1| 1| 1| o| o
Ndeida | 0] o] o 1] 1| 1| 1] o0
Nde2 | 0] o] ol o] 1| 1| 1| 1

Table 2.1: switching states of one five level phage 1 means turned ON, O
means turned OFF

In Table 2.1 the different states for the five-leM@C inverter
are shown. Note that there is the possibility tdydarn on
(and off) every switch once per cycle, meaning that
inverter can generate a stepped sinusoidal wavefeoitm a
fundamental switching frequency From Table 2.tah be

seen that for the voltage— all the upper switches are turned
on, connecting point a to thezr— potential, see Figure 2.2.

For the output voltagw‘éj—cswitches $ S, Ssand S; are turned
on and the voltage is held by the help of the surding
clamping diodes b and Dj. For voltage Ievels—nﬂor

—V—dcclamping diodes Pand D), or D; and D3 hold the

voltage respectrvely For the voltages—-i the
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current, when both voltage and current are posifpasitive
current goes out from the inverter), goes throughfour top

or bottom switches. For the other states positiveent, while
voltage is positive, goes through the @lodes and negative
current through the R'diodes and also through the switches
in between the clamping diodes and the load. Famge, for

state%'lc positive current goes through diode &nd switches

S,, S and SQ. In Figure 2.2 the turned on switches for every

state are shown, switches in parallel to the tlakhed lines
are on. In the figure the current paths are alsmwvah thin

dashed lines, for every state and for both posdive negative
current. For example for th‘éd—cstate the switches (positive
current) or the diodes (negat|ve current) are cotidg and

for the V%Cstate the current goes either throughdbd three

3

switches (positive current) or D’or through one switch
(negative current). If there is a DC-source chaygime DC-
bus there is an also current flowing through the-tG to
keep the DC-bus voltage constant. Table 2.1 alsasthat
some switches are on more frequently than otheasnlyins,
and S, as long as a sinusoidal output wave that requires
use of all voltage levels is created. When the riteveis
transferring active power this leads to unbalancagacitors
voltages since the capacitors are charged and atiget
unequally, partly due to different workloads andttburrent is
drawn from nodes between capacitors. The total DE-b
voltage will be the same but the capacitors voltailedeviate
from each other. While transferring real power entris
drawn from, for example, capacitor @d G during different
amount of time, as can be seen in the left paRigfre 2.3.
The time intervals in the figure represent the liisge time
and as can be seen 8 discharged more, leading to unequal

capacitor voltages. Also, during for example t¥rdecstate

current discharges both; @nd G but in the@state current is

drawn from the point between C1 ang ﬁrschargrng ¢but
charging G. This makes the voltages over the capacitors to
deviate in a special way. When only transferringctee
power however the NPCMLI does not have this voltage
unbalancing problem [3], see right part of Figur@. 2

This is because of that time intervals during whitte
capacitors charged and discharged are equal dueactive
power transfer, as the figure suggests.

Fig 2.3a: When voltage and current in phase

RN 2L Y

Fig 2.3b: when voltage and current 90° out of phase

MULTILEVEL CAPACITOR CLAMPED/FLYING CAPACITOR
INVERTER (CCMLI)

A similar topology to the NPCMLI topology is the @acitor
Clamped (CC), or Flying Capacitor, multilevel intesr
topology, which can be seen in Figure 2.4.

Instead of using clamping diodes it uses capacitoi®ld the
voltages to the desired values. As for the NPCMinh1l
number of capacitors on a shared DC-bus, wheretheikevel
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number of the inverter, and 2(m-1) switch-diodeveapairs
are used. However, for the CCMLI, instead of clampi
diodes, one or more, capacitors are used to cthateutput
voltages. They are connected to the midpoints af talve
pairs on the same position on each side of the aitlp
between the valves [3], see capacitofs@G and G in Figure
2.4,

Fig 2.4: A five level Capacitor clamped M

As can be noticed in Figure 2.4 the same numbemaih

lowered withs‘%c the current the flows up through the diodes

in parallel with the switchess%nd $° and through capacitor
C,; and then out to the load through switch 8ith the
resulting potential 0 Volt. As before with the NPCMonly
one switch need to be opened and one to be closekiange
one state to another. This leads to that the iaverén be
modulated at low (fundamental) switching frequesaye a
stepped sinusoidal waveform can be created whemyeve
switch is turned on and off only once per outpeqgfrency
cycle. Also, as mentioned, the states shown in&a®® are
not the only states that put out these voltagesethare several

switching states for all of the voltage levels, eptcthe if?

states. Depending on what state is chosen the itaysacan
charge or discharge each other, making it possiblealance
the charge in the capacitors with control methdt]s $ince
the same current flows through all the active cdpecin a
state, energy can be transferred from more chatgeldss
charged capacitors, balancing the capacitors

Voltages between the capacitors that are conducling

switches, main diodes and DC-bus capacitors ashia t method of using redundant switching states for agst

NPCMLI are used for the CCMLI. The big differencethe
use of clamping capacitors instead of clamping epdand
since capacitors do not block reverse voltagestimber of
switching combinations increases [3]. Several dviitg states
will be able to generate the same voltage levelingi the
topology redundant switching states. The sum ofedamn

output voltage is generated by the DC bus voItaé’éifiand
one or more of the clamping capacitors voltageseddd
together. Since every capacitor is rated for thgeVTdc (in

this five-level case, ¥ m-1 in general), DC-capacitor and
clamping capacitor alike, the output voltage, fdnist

exampIeVZ—c, is generated by the DC-bus positive top valu

(VTdC) and the reverse voltage of clamping capacitor Tie

other voltage states work in similar ways but vitib help of
other clamping capacitors.

Output
Voltage
Vdc/2
Vdc/4
0
-Vdc/4
-Vdc/2

S1| S2| S3

N
S
W

L Ll =12

Rk RP|lolo]

===

= =li=ll=]{=12]

olr|r|r|F
o|o|r|r|r
o|lo|o|r|r
o|o|o|o|r

Table 2.2: Switching states for five level CCMI

Table 2.2 shows some switching states for a fivel€CMLI
and Figure 2.5 shows an alternative to the statmgizero
voltage in the table. In the figure the dashed tg@resent the
path the current flows from the neutral point te fbad. It
flows through two @ capacitors, givingv‘zi—c potential, then
through switch §and down the g£capacitors. Since every

capacitor is charged with the voltaéfé the potential is now

4

e

balancing is not applied there will be a capacioftage
balance problem when transferring active power. e, if
such a method is used the switching frequency neag o be
raised for the balancing to be achieved propeily [3

The reason the capacitors voltages to get unbadandele
transferring active power some states are on duihgnger
time and the active capacitors gets dischargethanged more
than others, much like in Figure 2.3. The unequatkivad
cause voltage unbalance but by using the redursdeitthing
states the unbalances can be controlled. For pemetive
power transfer the CCMLI does not have any voltage
balancing problem, which is also explained with ufeg2.3.
Capacitors are charged and discharged equally glwime
cycle while transferring reactive power, like witthe
NPCMLI.

+ Ved2 |
Gl

Va/4

Va2

Si}fg-

Fig 2.5: One example of a alternative switchingesfar the voltage 0.
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The amount of components for the CCMLI topologyas
stated very similar to the NPCMLI, m-1 number opaeitors
on a shared DC-bus and 2(m-1) switch-diode vahiesphut
with the deference that CC topology uses clampajgacitors
instead of diodes. These capacitors do, as theedlididi, grow
in numbers quadratic ally with the voltage levelfollowing
the equatiow [2], not counting the main capacitors
on the DC-bus. Again the need for several companehthe
same sort and rating in series is needed becautiee dfigh
voltage ratings, as for the clamping diodes in HCMLI.
When the CCMLI is used in a three-phase setuprnif aa the
NPCMLI, share the DC-bus and only multiply all théher
remaining components by three.

CASCADED MULTI CELL INVERTER (CMCI)

A Cascaded Multi cell Inverter (CMCI) differs invaal ways
from NPCMLI and CCMLI in how to achieve the multit
voltage waveform. It uses cascaded full-bridge iitere with
separate DC-sources, in a modular setup, to cteatstepped

waveform.
-4'-' =
]“ ”4\}
Vld=Vac C i |
J]-l JL }
l
- H Load
T
Vie/4 = Veue — | )
[ kFE T

L |
Fig 2.6: A five-level cascaded multi cell inverter

In Figure 2.6 one phase-leg of a five-level Casdddalti cell
Inverter is shown. Each full-bridge can be seera asodule
and it is only these modules that build up the CNtiplology.

One full-bridge module is in itself a three-leveMCI, and
every module added in cascade to that extendsntherter
with two voltage levels. In Figure 2.6 there are fiull-bridge
modules creating the five different voltage levalsilable.
Applications suitable for the CMCI are for exampldere
photovoltaic cells, battery cells or fuel cells ased [3]. Such
an example could be an Electric Vehicle there sdvgower
cells exists. The total output voltage is the surthe outputs
of all the full-bridge modules in the inverter aadery full-
bridge can create the three voltages,/ 0 and -\eyc. To
change one level of voltage in the phase outputGMCI
turns one switch on (and one o ) in one full-bridgedule.
For a full-bridge module to add the voltagew the switches
S,and S are turned on, for -M,c the switches Sand 3 are
turned on. When there is current flowing througle full-
bridge the 0 voltage is achieved by turning on the
switches on the upper halves of the full-bridge €8d ) or
the two switches on the lower part @d 3). Together with
several full-bridges a stepped waveform can be rg¢e. The
maximum output voltage ié”z;1VCMc =s Veme = V%C (and

minimum voltagemz;l(-VCMC) = s(-Veme) = —V%C ), where m

is the number of levels and s the number of fuliide
modules[2]. It should be noted that the CMCI isaap of
putting out the total voltage source magnitudeathltpositive
and negative direction while many other topologias only
put out half the total DC-bus voltage source magtat This is
why the total sum of the DC-side voltages in Figu@is Vdc

2 and not Vdc, since it is still able to put outcvd to the
output (like the other topologies). All full-bridgeverters that
are connected can contribute with the same voltega,way
making the topology very scalable. There is alse th
possibility to charge every module with differeitages. The
sources in each full-bridge need to be isolateddfinverter is
going to be implemented in a active power transfer
application, for voltage balance reasons sinceethisr no
common DC-bus to recharge the sources energy donten
However, since the CMCI uses separate energy solrés
well suitable for renewable energy or energy/fuel c
Applications there every separate voltage sourcgldche
isolated [3]. A drawback for the energy/fuel cqbiplications

is however that the sources must be charged indilligl or
through the inverter. Still, the charge balanceha voltage
sources needs to be controlled, for example intré&deeehicle
batteries, so that there is no voltage unbalangethis can be
done with balancing modulation methods. Balancing
modulation methods will be investigated furtherchmapter 4.
When adapted to pure reactive power applicatioasGNICI

is self balanced, just as the NPCMLI and CCMLIcsirthe
charge change over one cycle is zero [3] (right paFigure
2.3). Since there is no common DC-bus to recharge t
sources in the CMCI topology, balancing modulation
strategies

include prioritizing higher charged modules in miadion
(see chapter 4) or activating two modules not nédde the
output voltage level and let them balance each rothe
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(transferring energy from higher charged modulelawer

charged module). Two modules for balancing purpcaes
only available when the output voltage level is tlewels
lower than maximum (zero voltage level for the flegel

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

positive module to the negative module when curgess out
from the inverter (and the other way around whemezu goes
into the inverter).

In this way two modules can balance each other viheynare
not needed for generating the output voltage. Coetpto the

NPCMLI and CCMLI the CMCI requires fewer components

every voltage level requires the same amount ofpoorants.
However, the number of sources is higher, for thasp-leg to
be able to create a number of m voltage Ievel’fsz_}:sources
are required [4]. The number of sources s is atg@kto the
number of full bridge modules. In turn, every fhlidge
module has four diodes and four switches in tusingi the

CMCI 4mT_1 = 2(m-1) = 4s diodes and switches. When

making a three-phase inverter with the CMCI topglage
number if needed components needs to be multiphethree
for all components since there is no common DCtbshare.

M ODULAR MULTILEVEL INVERTER (MMI)

The Modular Multilevel Inverter (MMI), seen in Figr2.11,
is a newer topology first introduced in 2002 [8]uses a
modularized setup of sub modules, essentially batiges,
which are connected or bypassed to generate arcetgput
voltage level. Every phase-leg is composed of timesavhere
each arm has a number of n sub modules. In turvény sub

module there is a DC-capacitor charged with théagal v
Vdc

Ve

Fig 2.11: One phase leg of a five level MMI

To bypass a sub module the switches S1 is turrfeghdfS2 is
turned on in that certain sub module. The arm ificivia sub
module is to be connected is determined by if theynted
voltage is positive or negative and which sub medul the
arm is determined by the balancing modulation. B&lancing
modulation is the program that chooses which madtiat
are to be activated for each state to achieve golbalance in
all modules. To keep the sources in the sub modchdémced
the order in which they are connected can be chihrifefor
instance, one sub module has more charge storeils in
capacitor it can be prioritized to be activatedstfior last,

=-—,; each arm can then generate the maximum voltége @epending on current direction, to balance the siglule

*nxVyw =xVdc, where the modules in both arms arevoltages. The MMI topology hence has a redundatupsef

connected or bypassed to create a AC output volagdor a
number of voltage levels m the inverter needs mralneimber
of sub modules per arm, so 2(m-1) = 2n sub modpkrs
phase-leg. Compared to the somewhat similgs, @pology
the modules in this MMI topology can only put owtot
voltages, Wy or 0.

This explains the need for two arms in every pHage-The
MMI topology does not need shared DC-capacitora iDC-

bus, but does however require a DC-bus for cirmgdat

currents. These currents can however also circilataugh
other phase-legs. The two inductors, one in eaah iar a
phase-leg, are there to take up the voltage difterewvhen
modules are switched in and out. To activate aagersub

module in a phase-leg arm to make its voltage sourc 4

contribute to the output voltage the switchi$§ switched on
and S is switched off.

switching states. Some switching state exampleadbreving
the voltage levels in this five-level MMI can beegein Table
2.4.

Vlbal M| M| M| M|M|M|M|M
d |[1]2]3]4]|]5]|]6]7]S8

Vg°/00001111
Vi°/10000111

0 1,1 0| O] O] O] 1 1

Vde/ | 1 | 2 1| Of O O O 1

vde/ | 1 1 1 1 0| 0| O O
2

Table 2.4: Switching states of a MMI
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Note that during any moment, half the modules armnected
and half the modules are bypassed. This is negessere the
sum of all connected modules in a phase-leg musvde
Component requirements for the MMI topology is rhost

electric power application the carrier wave frequeis often
in the range of kHz. The reference wave frequenegidiks
how often the switches in the inverter changesestatvery
time the triangular carrier wave crosses the refaravave the

dependent on the number of sub modules, and hdmee tswitches turn on or off. A plot of the ordinary tdevel PWM

number of voltage levels, since there is only th@uctor in
the topology setup that is independent of the nurobevels.
Every sub module is composes of a half-bridge arfdCa
capacitor, so for every sub module there is twacwis, two
diodes and one capacitor. Additionally, for evelyage-leg
there are two inductors for the phase-leg arms.iftlectors,
seen close to the midpoint in the phase leg inrei@ull, are
there to take up the voltage difference betweetestalso,
each switch in the MMI sub modules must be able
withstand at least the sub module capacitor voltatéMI.

Since the voltage spanning over both arms is Vdit e
number of sub modules in the arms, as a functionuaiber of

voltage levels, is m-1 the voltage that a switchstrhe ble to

withstand described with the total DC voltag:elgf?.

Modulation When it comes to multilevel inverter modulation
there are basically two groups of methods:

Modulation with fundamental switching frequency ligh
switching frequency PWM [2]. For both cases a stepp
output waveform is achieved, but with the high shiiig
frequency methods the steppes are modulated witte sort
of PWM. Independent of switching frequency choibere
are, however, also space vector methods to chaose 8.1
PWM for two-level inverters Ordinary PWM modulatidor
two-level inverters is accomplished through comgani
between a reference wave and a triangular carasew

03 ! ! ! : ! ! ! ! !
L I ;
04 gl e
f ‘“\f s
1 '\-!&H .;J
s
0 0D 00M 006 OME 00 0D 004 0§ 003 002
| | | 1 | | | | |
I By T L T e e e T e S Ty
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R _ 7
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Fig 3.1: PWM reference and triangular carrier

The reference wave have the frequency and ampliusdeed
for the output voltage signal and the triangulamriea wave
has the amplitude of half the DC input voltageam simple
ordinary case, and its frequency is dependent galicapion
but must be higher than the reference wave frequelmnc

7

tdrecomes—

reference, carrier wave and output voltage can den dn
Figure 3.1. If the carrier wave crosses the refareso it
becomes higher than the reference the top switels wff and
bottom switch turns on in the two level inverteedsFigure

1.1) so thatvzﬂ becomes the output. When the carrier wave

crosses the reference again, now getting lower tten
reference, the switches change state and the output

VTdC . When the reference is positive the output

voltage signal will bg% for the majority of the time resulting

in a positive output AC signal following the refaoe. An
straightforward example is if the reference wavedsstant at
zero voltage, the carrier wave would then crospvards and
downwards with the same time between every crossing

making%‘c and—VTdC being the output for equal time, each

cycle. This leads to that the average output veltager one
carrier wave period becomes zero.

PWM FOR MULTILEVEL INVERTERS

Multilevel PWM methods uses high switching frequenc
carrier waves in comparison to the reference wavggnerate
a sinusoidal output wave, much like in the two-leR&VM
case. To reduce harmonic distortions in the outgghal
phase-shifting techniques are used [2]. There aneeral
methods that change disposition of or shift mudtiplangular
carrier waves. The number of carrier waves usetbjendent
to the number of switches to be controlled in theerter.

PHASE SHIFTED CARRIER PWM

The Phase Shifted Carrier PWM (PSCPWM), Figure i3.2,
multicarrier modulation strategy that has all carrivaves
phase shifted from each other. It is the standaodutation
strategy for the CMCI topology [10] but is not exsilvely for
that topology. For a CMCI with n number of full-Bge
modules in each phase-leg there are also n number o
triangular carrier waves. There is one triangukamrier wave

for each full bridge module, phase shifted with 180

n in between them, with amplitudes the magnitudgeftotal

DC voltage. The magnitudes for the carrier waves ar
modulated by the actual voltage level in the appabe
module. For the five-level CMCI with two modulestk are
two triangular carrier waves, one for each modsiss Figure
3.2.

The modules create the two voltages in Figure 3ith w
PSCPWM modulation. There are also two reference
waveforms for the two legs in each inverter modules are
phase shifted 180° from each other, as can be igeEigure
3.2.
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Fig. 3.2: Carrier and reference waves for Fived&MClI

Both reference waves are compared with both cawaares,
one reference wave is for modulation of the left-lwidge
module leg switches (dashed reference wave) andittiner
reference wave to modulate the right full-bridge

Module leg switches (solid reference wave).
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Fig 3.3: Two model voltages

The first triangular wave in Figure 3.2 is compawith the
upper output voltage plot in Figure 3.3 (and theosel
triangular with the lower voltage plot). Close tm2 in the

plots it can be seen that the first triangular wak@sses one

reference wave downwards, controlling the right degtches
of the modules, and turning that modules outputaga from

0 kV to -0.5 kV. Closely after the second carriexve crosses

the same reference wave (the one that controlsigie leg
switches in the modules) upwards turning the outmltage
from -0.5 kV to 0 kV. Comparisons with the otheference
wave works in the same wave, but then controllingches in
the modules left legs. As the plot suggests the mvaalules
share the workload for all levels, no module isicHy
connected to one voltage level in the output. Fer €EMCI
this strategy cancels all carrier and sideband céestsal
harmonics up to the 2nth carrier group [6].

PHASE DISTORTION PWM

In Phase Distortion PWM (PDPWM), Figure 3.4, altrex
waves are in phase. A great acknowledgment for
technique is that it is generally accepted as tle¢had that
creates the lowest harmonic distortion in lineitelvoltage

[71.

When used for an NPCMLI with m number of voltageels,
m-1 numbers of triangular carrier waves are used.

0002 0006 0008 00 om

Fig 3.4: The reference (cosine) and carrier watremgular) for a five-level
NPCMLI Or CMCI with PDPWM

0016 Q018 0@

o

These carrier waves have the same frequency aratrarged
on top of each other, with no phase shift, so they together
span from maximum output voltage to minimum output
voltage [6]. The carrier waves amplitudes should be
modulated with aspect of the current voltage magieitfor
each respective voltage level; each carrier waveisected
to a specific output voltage level. If the carneaves are not
modulated in this way the correct output voltagd not be
achieved if the sources voltage levels change ftbeir
supposed value (get unbalanced). If the sourcesagel
amplitudes change without that the carrier waves ar
modulated with that change the

Correct output voltage will not be generated dutimg during
the correct time spans. When one carrier waveassed by
the reference the output wave steps one level Wpan with

a switch transaction. One carrier wave hence moekilthe
use of one voltage state. Only one level is moddlatt any
time, as can be seen in the in Figure 3.4, sineer¢ference
only crosses one carrier at any level. The outplthge from
the PDPWM modulation with a five-level NPCMLI isahin

in Figure 3.5. The carrier waves should be moddlatéth
aspect of the current voltage magnitude for eacipative
voltage level.

0002 0008 L.IEIS J.ll L]G UJIS i L]
Flg 3 5: The output voltage for a five-level NPCMkith PDPWM

000

this

Phase Distortion PWM is also the proposed contethod for
the RVMLI [5] but can be used with other topologaswell.
For the CMCI the PDPWM modulation is built up of In-

8



E\/ Q

| nter national Jour nal of Advanced Resear ch Foundation

Website: www.ijarf.com, Volume 2, Issue 1, January 2015)

carrier waves, two for each full-bridge module, dmdow  m; X Vipay X Vg

Vmax
cosay + — C0sa;

zero and one above zero for every module. Each ladtan 4 2

modulates one voltage level. Which level one fultbe

module modulates can be changed for balancing pesd-or 0 = cos(n X a;) +cos(n X a,)
the five-level CMCI this could mean that the moduéh

highest charge within its source is modulated by ¢hrrier Vier

waves two and three in Figure 3.4, if counting taerier m; :ﬁ Voax

waves from top to bottom. The other module, witivé0  The variable n is in these equations is the nurtiettiple of
charge, would then be controlled by Carrier wavas and  the fundamental frequency)

four. Since waves two and three are closest to #&dirst  Of the harmonic that is to be eliminated. For evewitch
module, with higher charge, will be connected ® Itiad first  angle available one cosine term i added to eachtieqs and
every half cycle, for both positive and negativetptli  there are also as many equations as there arehswjtangles.
voltag_es. This will lead tq a higher workload fbist module. g for a situation with a number of switching asgleere are
If which module contains the most charge chang® tha number of equations with a number of cosine tedssfor
modules can change which carrier waves that maglth®m  thjs five-level inverter case there are two firiaggles, two
with each other. More generally, the two trianguleave’s  equations and two cosine terms in every equationafseven-
closes to zero (one wave with positive voltage and with  |aye| inverter the equation setup would instead asethe

negative voltage) can control the module with thghest  fgllowing. Variables p and n are the numbers of the two
charge if active power is to be transferred. Thsith@ carrier  parmonics to be eliminated.

then modulated the full-bridge modules left leg farsitive
output voltages and the negative carrier the rigigt for — m; xV, . X7 V0 Vinax Vinax
negative output voltages. Other modules shoulddmeralled 4 =3 s + T3 cosay +TCOS as
by two carrier waves further away from zero, ormafreach

side of zero voltage at the same position (secoanevabove

and second wave below zero, for example). Thearanraves
amplitudes should be modulated by the voltage lavethe —
full-bridge module it controls, much like with tlearrier wave

modulation for PSCPWM, so that correct output \gita are

generated during the correct time spans.

Vmax

o
B

SELECTIVE HARMONIC ELIMINATION (SHE)

Selective Harmonic Elimination is a low switchingduency
strategy that uses calculated switching angles litirate
certain harmonics in the output voltage? With thedphof
Fourier series analysis the amplitude of any odunbaic in
the output signal can be calculated. Usually thétcéimg
angles are chosen so that the fundamental is gbétoanted
output amplitude and the other harmonics to zem FKgure

3.7. The switching angles must however be lowen tﬁa

degrees and for a number of switching angles a ¢witn | psses are an important aspect of power electrosiicse

components can be affected, where a-1 number ofidrdcs  |ower losses gives higher efficiency. Since the-texel and
can be eliminated[2] (one angle to set the fundaafenlf  multilevel inverters can operate at different stiig

angles were to be larger thézrna correct output signal would frequencies and with different balancing contrdiesmes they
will not have the same amount of

power losses. To be able to investigate the switchisses in
an inverter a model for losses is needed. The Biniicpower
loss Psw during one second in a switch is defingdhe

formula

Fig 3.7: Switching with angles

0 = cos(ny; X a;) + cos(n; X a,) + cos(n; X az)
0 = cos(n, X a;) + cos(n, X a,) + cos(n, X az)

POWER LOSSES

. . . -1
not be achievable. For an inverter with m Ievelslnaz—:

Higher harmonics can be filtered out with additiofiiers
added between the inverter and the load if nedéeda five-
level inverter a = 2, so there are two switchingylas
available and a-1 = 1 angles can be used for hdecmon

component elimination. In Figure 3.7 the first angll, is set 1

to modulate the fundamental signal amplitude theosé Py, = ZE Valpt

angle,o2, is set to eliminate a chosen harmonic distorfidre

Fourier series equations for these signals aréotlmving. there Vd is the voltage over the switch when off,i$ the

current through the switch after turned on or beforned off
and t is either the turn on time ton or the switéhtime toff
9
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[9]. The sum of all the switching loss event enesgduring
one second for one switch results in that switswiching
power loss. The switching loss energies can bedediinto
the turn on and turn off loss energies as

1
Esw,on = EVdIOton

1
Esworf = EVdIOtoff
During one second {kon and Ey.ox are lost a number of,f

and negative properties could be helpful. The athges and
disadvantages are listed for every topology below.

NEUTRAL-POINT-CLAMPED MULTILEVEL INVERTER
(NPCMLI)

+ High efficiency since fundamental switching fregay can
be used for all devices

+ Controllable reactive power flow

+ Simple control method for back-to-back power s$fan

times, where d, is the switching frequency of the switch, so system

the sum of the switching energy losses equals witcling
power losses. Also the number of switches in audifcas to
be included.

Py, = Z(Esw,on + Esw,off) = z Esw,tot

Psw,tot = Nsw Z(Esw,on + Esw,off = Nsw Z Esw,tot
Where Nsw is the number of switches in the inverfeor
these equations it is assumed that the same vdiesgever all
switches and also that the same current flows tivahem.
Both voltage and current used for with these equatiare
values measured every sampling instance duringlations.
Since voltages and currents does not change betsesapling
instances during simulations the current I0andagatVd can

be assumed to be constant for every term in the sum

calculations. Diodes, like clamping diodes or thosearallel

with switches, also have turn off losses that needde

included. Also, when the current is negative (pesiturrent
down through switch) the current goes through tloglel in

parallel to the switch and the switch has no los$es diode
turn off energy loss is similar to that of the swit There are
also conduction losses in the semiconductor devidesse are
not dependent on the inverter switching frequenalydn the
voltage over and current through the device. Thestate
resistance in the devices is also important fordootion loss

calculations. For a timeghy that a semiconductor is on and

conduction the conduction energy losses can beulesbo
with

Econd = lcona (VtIO + ronlg)
Where Ron is the on-state resistance anth¥ voltage over
the device during on-state (threshold voltage).oAlere the
voltages and currents are measured at every saripbtance
during a simulation and hence the currents andcgek can be
assumed to be constant for each term in the sucula&ibn.
To get the total conduction power losses for allicks during
one second the conduction energies for all switdtaesto be
summed up.

Pcond,tot = Ny, Econa

Strengths and weaknesses of the topologies

Because of the topologies different designs thesp dlave
separate properties that distinguish their suitgbilfor

different applications and situations. Their desamd basic
principle has been presented earlier in this wautkfor further
evaluation a short and simple view on the topolegiesitive

10

- High number of clamping diodes with high numbdr o
voltage levels

- Difficulties with active power flow [3]

- Capacitor Voltage Balance problem that need cerpl
modulation

CAPACITOR CLAMPED MULTILEVEL INVERTER (CCMLI)

+ Capacitors can function as power storage durinigge [3]

+ Voltage balancing with redundant switching states

+ Can control both active and reactive power transf

- Requires many capacitors

- Complicated control, leading to high switchingduency
and losses, when transferring real power

CASCADED MULTI CELL INVERTER (CMCI)

+ Requires a low number of components per level

+ Modularized structure without clamping components
+ Possibility to implement soft-switching

+ Simple voltage balancing modulation

- Needs separate isolated DC sources for real poamsfer
- No common DC-bus

M ODULAR MULTILEVEL INVERTER (MMI)

+ Modular design

+ Low number of components
+ Simple voltage balancing

- Many DC-capacitors

SIMULATION RESULTSAND LOSSCALCULATIONS
SIMULATION SCOPE

The two selected MLI topologies, the NPCMLI and CMC
are compared with each other and with a conventitwa-
level PWM inverter to investigate the differencestvieen
multilevel technology and ordinary two-level teclogy. For
the comparison quality issues such as harmonic ooss
and THD are used together will calculated switchimd
conduction losses. The capacitor voltage balanobl@ms
have been investigated for both MLI topologies.

Simulations for the NPCMLI have concerned one pure
reactive power case to examine its capability foARY
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compensation and one case with mixed active anctivea
power transfer to investigate the topologies silitabfor
applications such as HVDC transmission. The CM@btogy
will be tested with the same sets of simulationsgpeactive
and mixed active and reactive power transfer, withcern on
equal discharge of the voltage sources. For peifgrnhe
simulations PSCAD v.4.2.1 is used and the simufatesults
are presented with the tools in Mat Lab.

SIMULATIONS MODEL SAND COMPONENT VALUES

The three simulations models used are the two-leverter,
the five-level Cascaded Multi cell Inverter (CMGind the
five-level Neutral-Point Clamped Inverter (NPC). €Be
models can be seen in Figures 6.1, 6.2 and 6.3valnes for
the two load cases, reactive power transfer andadnpower
transfer, can be seen in Table 6.1.

R | L| va icﬁél Pa | OQa
ohm | (H | (RMS KW | (KVAR
(RMS
) ) | ) (kV) ) kA) ) )
ng‘gtc;"e 0.05| 0.1| 065| 0.020 sz 13
M\'/’ff(’)g‘;“ 22'0 01| 065| 0016 6.6 8.2

Table 6.1: simulation values for two different case

The small amount of resistance in the reactive legesents
some active losses and it removes the DC-companethte
output current.

This DC-component will appear in the beginning bkt
simulations due to that the simulations are peréatwithout
a current controller. The values for the capaciames for the
two-level inverter 2000ufF, for the CMCI 10000uF dodthe
NPC 4000uF.

Va/2 =—

Va/2 =

Fig 6.1: Two level simulation model

The inductance in the NPC balancing circuit is OkFDWith a
resistance of 0.1 Ohm.

T ‘;:\ \: ::l . J:‘} J|<‘ &
L] L] = :
keI
. : Ul,oad ?»
P = =

Fig 6.2: Five-level simulation model
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These values were taken from the report [7] in Whibe
balancing circuit was found since that also useal shme
value for the DC-capacitors.

i
1
|

HiE

1
eaf

ﬂl\k i Hﬁ\l% I —ka
fwo~urn! fowa~wand fasn an wnd

Fig 6.3: Five-level NPC simulation model

The switching frequency for the balancing circsit500 Hz.
The current PI controller bandwidth was chosenite 2 100
rad/s and the voltage PI controller bandwidth wagsen to
_v=2 20rad/s.

VOLTAGE BALANCE FOR THE SELECTEDMLIS
VOLTAGE BALANCE FOR THE CASCADE MULTI CELL
INVERTER (CMCI)

The Cascaded Multi cell Inverter (CMCI) with its euof
several voltage sources is suitable in Electriciveh (EV)
since battery cells is the power source. The battells may
not always be equal and depending on the outputiddrthe
cells may be discharged unequally. It is therefongortant to
investigate the voltage source unbalance problenth:
CMCI. In Figure 6.4 the results of the five-levelMCI
connected to an active/mixed power load and a peaetive
power load can be seen. Each capacitor where ahame
500V during the beginning of the simulation witle ttharging
voltage source, see Charger in Figure 6.2.

The charging voltage source where disconnected #fie
circuit reached steady-state operation. It sho@lchbted that
there are battery models connected to each mocylacior,
recharging them over time so that they do not minod stored
energy. The battery models are rated to 500V withsistance
of 10 Ohm (see battery in Figure 6.2). The reaswrtife big
battery resistance is that the sources should eatbharged
to fast, so that the discharging and unbalanceackeristics
can be seen clearly. The modulation in the simutativas

PSCPWM at 1050Hz switching frequency and the output

voltage frequency was 50Hz. An odd multiple of theput
voltage frequency is used for switching to elimeatutput
current offset, mainly for the pure reactive sintiolas.
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source has the most charge the modulation comgagemost
__'_;_ prioritized inverter modules to the carriers cladeszero and

. AT 4 T & 18 those will hence be on during the longest timeargtthe less
as * charged voltage sources catch. This also meanghiat is no

tEEE ¥ injection of current for balancing the sources,chhinakes the
ZL ' method slow, especially for pure reactive powendfers. The
pass results from active and reactive power transfershmseen in
il e Figure 6.5 for the five-level CMCI. Plot a) in Figu6.5 shows
) ) riml ) the capacitors voltage after some time of operaf@nthe
Fig 6.4 &) Reactive power transfer capacitor vaitag pure reactive power transfer case. At this poiet wbltages

are balanced but the duty priorities do not chaige to the
fact that the capacitors charge, while transferanly reactive
power, does not change over one fundamental cytléhe
beginning of the simulation the capacitors wherargld with
different voltages, meaning that the higher chargeatiule
had the heaviest workload until a balanced staterevh
reached. The beginning of the simulation is nohsaelot a)
in Figure 6.5, see plot a) in Figure 6.6 wheredfyeacitors are
first unbalanced. The b) plot in Figure 6.5 is &mtive power
transfer (active/mixed) where source capacitorsrevimatially
differently charged and it can be seen that thg @ubrities
change.

0 i [
034 0945 095 0859 056 0965 0.97 0975
Timsa [3]

Fig 6.4 b) Active power transfer capacitor voltages

344 1HT 345 1435 346 3463 347 34T
Tima [1]

Fig 6.4 c) Reactive power transfer load voltage eundent

v v v n 386 3E57 3.87 3677 3.88 3887 3EF 3.B8T
1 B R - Time 5]

Fig 6.5 a) Reactive power transfer capacitor veltag
2431

Al
-
Y

083 0543 085 0855 054 0845 087 0873
Tims [z]
Fig 6.4 d) Active power transfer load voltage andent V7Y YTy e s s ey B
Fig 6.4 a), b), c), d) is all unbalanced simulation T Ut
Fig 6.5 b) Active power transfer capacitor voltages

As can be seen in Figure 6.4 the voltages of tleecapacitors 1

Cl and C2 in the CMCI are balanced at steady normal e

operation. This is because that the PSCPWM diseiatige T

sources equally, but it needs high switching fremyeto do a2

so. However, when the capacitors are charged wiffbrent d e

magnitudes of voltage the voltages does not renbalfor any z oz

of the cases. In this work the voltage unbalanceife CMCI i :6

has been solved by adding the principle of voltagerce ]

prioritization, discussed earlier in Chapter 4. Thedulation Al
method uses m-1 = 4 carrier waves, two for positigkage 39 3385 387 39 388 3580 35 39
levels and two for negative voltage levels, like tARDPWM '
modulation in Subsection 3.2.2. Depending on whatage Fig 6.5 c) Reactive power transfer load voltage eudent

12



i)

| nter national Jour nal of Advanced Resear ch Foundation

Website: www.ijarf.com, Volume 2, Issue 1, January 2015)

for the five-level NPC Inverter has been performBdring
these simulations the DC-link capacitors wheret fitsarged
to 500V with charging voltage sources to balance th
capacitors voltages, see chargers in Figure 6.3erMhe
circuit reached steady-state the chargers whemnliected.
Both cases were simulated using the PDPWM modulatio
method at 1050Hz switching frequency, see Subse&id.2,
and the fundamental output frequency was 50Hz. rEhson
for using an odd multiple of the output voltageginency for
switching was the same as for the CMCI simulatidhe
carrier waves where modulated with aspect of theeot

Fig 6.5 d) Active power transfer load voltage andent voltage magnitude for each respective voltage level
Fig 6.5 a), b), c), d) is all balanced simulation

&4 0645 063 0637 055 0.665 067 0675
Tima [5]

It can be seen that the priorities change sincthénplot at
about 0.64s and 0.66s the two capacitors have ehang
workload with each other. The balancing prioritzimethod
effectiveness for both cases is clearly visibleFigure 6.6,
where above plot shows the balancing response Her t
capacitors for the reactive power transfer casetatow plot
shows the voltage balancing response for activedthpower
transfer case. In plot a) it can be seen that f@59 the
capacitor Cl1 is prioritized and is discharged manan
capacitor C2, then the two capacitors are balatweadout the
same voltage. Also in plot b) capacitor C1 is piimed with
heavier duty but only until about 0.1s. In betwdehs and
0.12s it can be seen in plot b) that it is now c#pa C2 that
has the heaviest duty since it is now dischargedentioan
capacitor C1. Between 0.12s and 0.14s the priatitin
changes back again. For the reactive case someheof t
balancing is because of that the battery is chgrgime
capacitors.

T T T T T T T T T v T T
.03 0.06 0.07 L1 .08 0.1 011 3] o3 nl4 304 3045 I0F 3055 306 1065 307 3077

Tima [] T 1]
Fig 6.6 Capacitor balancing voltage responces &acRve and Active powers Fig 6.7 c) Reactive power transfer load voltage @ndent
VOL TAGE BALANCE FOR THE NEUTRAL POINT CLAMPED In Figure 6.7 it can be seen how the voltages theDC-link
INVERTER (NPCI) capacitors change for the two cases, active ardivegpower

transfer, for the five-level NPCMLI. The voltagetime plot a)

As stated earlier NPCMLI has problem with balancihe is for the reactive_ power transfer case. As carséen the
capacitor voltage when transferring active powet ibuoes ~Voltages are not fixed, they vary periodically ardu500V.
not have this problem while only transferring reaepower. Depending on what the current direction is whendherging
To show this, simulations with an active and a tigadoad  Voltage sources are disconnected it will diffea i€apacitor is

13
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charged or discharged first. In this case currerdtilowest
almost maximum

Fig 6.7 d) Active power transfér load voltage andent
Fig 6.7 a), b), ), d) is all Unbalanced simulation

negative magnitude when the charging voltage ssusre

disconnected. This leads to that C2 is initiallaiced, as can
be seen in plot a). The range in which the voltagegate

depends on

How large the capacitors are. Figure 6.7, plotshpws the
capacitor voltages for when the five-level NPCMtarisfers
active power. As can be seen the voltages osallatethis

case as well but the voltages unbalance is inargasith

time. The reason for this lies in the charging né @apacitor
and discharging of the other capacitor in the +Mdeoltage

level, as discussed in section 2.1. In Figure 607 @ and d)
the output voltages and current for the two caseshe seen.
For the pure reactive case the capacitor voltagdmlance
were also increasing over time since there weremalls
resistance in the load. To correct these voltagmalamces in
the DC-capacitors additional balancing control isecaed,
either in the form of additional balancing modwati or

additional balancing circuits. A balancing circfatind in [7],

discussed in the chapter 4, was used in this

Work to simulate the balancing for the five-levelP®

Inverter. By transferring energy between the capagiairs in

the NPC five-level inverter the voltages could kedhfrom

deviating from each other.

(5]

— Gl Vekag

304 5045 305

0I5 3.00 3.00F 303 3033

Time [3]
Fig 6.8 a) Reactive power transfer capacitor velsag

0.515

— — —ClVeings
—+—C2 Velngs H H
051 €3 Valtaga | =+ oo erebenseermseeih o
—8— C4 Velngs

0.505 ;ﬁ‘;

Vieltage V]

7 )

Fig 6.8 b) Active power transfer capacitor voltages
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=10 [kA]

Vokage (kY] Cument

SOI5 502 5025 503 033 S04 5043 509
Tima []

Fig 6.8 c) Reactive power transfer load voltage eundent

In Figure 6.8 the DC-bus capacitors voltages foepeactive
power transfer, plot a), and active power trangitat b), can
be seen. In plot a) the capacitor voltages do sawsynd 500V
but get more balanced over time, as can be seEigiume 6.9
above plot, and hence vary with lower magnitude.

145 147 148 149
Time 3]
Fig 6.8 d) Active power transfer load voltage andent
Fig 6.8 a), b), c), d) is all balanced simulation

The voltage varies since the capacitors are didirged and
discharged by the reactive power transferred.

e : : 1 L L

—Cl\'nl.ngn
—— 2 Valage
3 laage
C4 Valage

’ "W&w

Fig 6.9 Capacitor balancing voltage reéponses éarcRve and Active powers

below plot show the results from the active powerusation
and compared to the unbalanced case the capacitiages
does no longer get unbalanced over time but act tedbnced
by the balancing circuit, even though there are esom
oscillations. The oscillations come from that thecut
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transfers both active and reactive power, so thgreome
charging involved in the process. Also, anothesoeafor the
oscillations, or rather why the balancing circidhoot control  [1]
these variations as well, is that the voltage adletr is to slow 2
for these oscillations. As stated, the voltage mcaler
bandwidth is 20Hz and the oscillations have a feeqy of
50Hz, making the controller unable to remove these
oscillations. The balancing circuit is also implertable on (3]
NPC inverters switched with fundamental switchirepfiency

with similar results. The voltage balancing resgofisr the [4]
active power transfer simulation can be seen imr€i@.9 b).

The output voltages and currents for the reactive active

power simulations can be seen in Figure 6.8 c)ddnd [5]
CONCLUSION
This paper presented several topologies for mutlle (e

inverters (MLI), some of them well known with apptions

on the market. Every topology has been describedetail. (7]
Several modulation techniques have also been pezken
which are to be used with the presented topolodiepology
comparisons, such as number if components and rduings, [8]
have been presented and shows that multilevel tenger
compete with two-level inverters in the

Area of voltage ratings for their components (dmdavitches
and such), even though the number of componentiedefer [9]
multilevel inverters, as shown, can be very higbr & five-
level MLI case the voltage rating requirements idyoone
fourth of that of the two level inverter, but fotimes more
switches are needed (for components with differatimgs).

The simulation results concerning both the disalisssdtage
balancing problem and comparison with a two-lewslerter

for the Cascade Multi cell inverter (CMCI) and tNeutral-
Point Clamped (NPC) inverter. For the balancingofgm it is
shown with simulation results that the voltage Isyvavith
different strategies, can be balanced for bothGMCI and

the NPC inverter. For the NPC inverter an additiona
balancing circuit was used that with both active asactive
power load could balance the voltages in the DC-bus
capacitors, with a variation of about +1% in bo#ses. For
the CMCI a modulation strategy that prioritized mle$
depending on stored charge, showed that the voleagés in

this inverter could be

Discharged equally. Especially for the active povead
where a voltage difference of 20V, while transfegr6.6 kW,
where balanced in 0.1 seconds. Since balancingticiodu
where presented for both simulated topologies is fiaper,
the possibility has been shown to use multileveerter with
potential methods of treating the problem of vaditag
unbalance.

The multilevel topologies have also been testedsdweral
simulations and compared with the two-level inverte
presented in this paper.
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