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ABSTRACT

SELECTION OF SUITABLE PWM SWITCHING AND CONTROL METHODS
FOR MODULAR MULTILEVEL CONVERTER DRIVES

¢i fBaneéecx
M.S., Department dElectrical and Electronidsngineering
Supervisor Assoc. Prof. Dr. Ahmet M. Hava

DecembeR014,2390 Pages

The thesis focuses on thietermination ofsuitable carrier based PWM switching
and control method for modular multilevebnverter drives. Characterization of
variouslevetshifted andphaseshifted carrier based PWM methods are provided in
terms of switching pulse patterns and resulteritagewavefams both for N+1 and
2N+1 leveloutputphase voltages. Modular multilevadnverteiPWM basedontrol
approachesire evaluatedPerformances of differertontrol methods are given for
output harmonicslistortion submodule capacitomitageripple, circulating current
ac component efficiencyand other criteria under equslvitching count principle
for the dc/ac conversion step of a 10MW HVDC transmissigsiem Moreover, a
9.1MW inductionmotor drive application is studied from standstill ftdl speed
range, giving attention to low frequency region operafidre study is coducted by
means oimathematicahnalysisof the convertertopologicaland controller design
and detailed computer simulations.

Keywords: Modular multilevel convertercarrier based®WM, control, harmonics,
submodule capacitor voltage, circulating cutyeafficiency, grid-interface motor
drive, simulation
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CHAPTER 1

INTRODUCTION

1.1. Background and Motivation

Energy is the most valuable and indispensabgetasf countriesfrom the very
beginning of the human historyn the 20" century, electricity has become the
dominant form of energy due to iemse of conversion to other forni®day, the
modern civilization baseitis operation on an increasing enepmand substituting
human activities with complex and sophisticated machines mainly run by electric
power Indeed,the world energy consumption is expected to increase by more than
54% every ten year$l]. Electricity will be more dominant than ever while
supplying this energy demand since the countrigt bypass especially fossil fuels

in the supply chain of energy. Therefoiteis obvious that the need of elecitycwill
increase tremendously dajterday. In order to meet the increasing demaaidctric
power generation, transmission, distribution and conversion become more and more

important.

The recent attention in environmahprotection and preservatidmas leaccountries

to shift to sustainable and renewable energy ssur€lectric power eneration fom

solar and wind energy wide spreadoday. These resourcesll diffuse and occupy

an increasingly important role in energy production in coming years. Therefore, the
need ofhigh quality electric power conversionsystems to be used this areais

greater than ever.



From the beginning ofhe 21% century, many countries have chosen to deregulate
ther electricity market The situation resulted in a mix of energy souredsle
pursuing higher efficiency, particularly with the introductionpoivate investments

in the energy market.

In the light of above mentioneslvents in orderto accomplish all requiremenb®th
from users andegal regulationsand to reduce the environmental impgmbwer
conversion and control iseeckd to be reliablesafe efficient and available.

Voltage Source Converter (VSC) technoldggs been becomingpmmon inmany

of modern demanding electric power systesig;h ashigh-voltage direct current
(HVDC) transmission system@specially in offshore wind power transsion)
mediumvoltage motor drives, STATCOM applications, electric traction/propulsion
systems or grid amected energy storage systenieday, the majority ofthe
applications of these electric power systems are driven by conventionalotwo
threelevel VSC's. However these conventional VSC's are not able to respond
properly to emerging requirements such as high power, high efficiency, reliability of
the systemand environmental compatibility. The solution to these problems has
been evoled through lte use of combinahlestandardizeddistributed and simpler
converter structures with lower voltage stejpsleed, standardizeand distributed
systems have becomethe recommendedsolution to achiee modern projects
requirementsn all engineering area3.heseconfiguratiors providea more reliable
operation, facilitatedault diagnosis, maintenancand reconfigurations of control
system. Especially in fail safe situatiortistributed configuration allows control
system to isolate the problem, drive fiocess in safe state easily, and in many

cases allowsontinuing almoshormal operatio in faulty conditions.

Multilevel converters have been progressed as significant compet@othe
conventional VSCs in order to overcome the abovementioned liomtatiAt
present, modular multilevel converter (MMC, MML®I2LC, M2C) (Figurel1.1) is

at the heart of research and development studipswer electronics area, bofbr



academic and industriglcope Its uniquechopper cell basetbpological structure
was firstly proposed by Lesnicar and Marquardt in 2[®)3The initial target was
very high-voltageapplications, especially network interties in power generation and
transmissionSince then, the topology hadgaeat attractiordue to its promising
features Compared to conventional VSC technoloMC offers advantagesuch
as higher voltage and power levempdular and redundantonstruction, longer

maintenance inteals, improved reliabilityand higher effiency.

SM_1 SM_1 SM_1
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| I I
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3 3 3
b
C
- 3 3 3
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Figurel.1 Modular multilevel converter

Synthesis of output voltage waveform in conventional-taothreelevel VSCs is
done by reflecting half of thdc-link voltage to the output, which results ligh
harmonic content andcequirementfor output harmonic filters which increase both
the cost and footprint of the system. On the other hand, thiae MMC topology is

based on the sum of small voltage steps reducing harmonic content, and removing



the need of harmonic filter at the output. Output voltage synthesis concepts of two,
three and multilevel converters are illustrateéigure1.2.

Figure 1.2 Output vdtage synthesis concepts of two, three and multilevel converters

[4]

1.1.1. Typical Application Areas of MMC

HVDC transmission is an important and efficient alternativethi@ephaseac
transmission of electric power over long distances. Athges for choosing HVDC
transmission instead ofireephaseac transmission can be numerous and should be
considered in individual situation apart. However, the mostly acknowledged
advantages could be summarized as folldesser transmission losses, thapacity

to transfer more power over the same right of way, the ability to interconnect
systems that are not synchronized or using different frequersi@stcircuit
currents limitation, long distance water crossing capabiliyne of the most
important advantages of HVDC transmission on ac transmission isaliigy of
controlling active power transmissi@tcurately while ac lines power flow cannot

be controlled in the same direct way. Moreower[3] it is shown that the cost of
HVDC transmission is less than ac transmission above a distance of 800km
overhead lineor 50km underground or submarine cables. Thiduis to the fact that

the higher cost of HVDC converters is overcome by the cost of reduced number of



transmission line @anductors.Figure 1.3 shows the cost estimations for ac and
HVDC transmissionby distancevia overhead line and submarine or underground
cable

Cost

Break Even
Distance

DC converter
station

800 - 1000 km g 50km
Overhead line § Submarine or underground cable

4 =

Distance

Figure 1.3 Cost estimations for acmd HVDC transmission by distan{g)

Today, HVDC technologyhasevolved from current source converters to voltage
source converters, and even more to modular multilevel converters. Its smaller
footprint due to smaller filter size or @w no filter at the output, made the topology
especially suitable for offshore wind farm HVDC transmission systems to the
mainland. There are various commercial products wigmdb names "HVDC Plus"
(Siemens)4], "HVDC MaxSine" H-bridge based, Alstomp] and "HVDC Light"

(ABB) [6]. In Table1.1, several HVDC projects based on MMC concagshown.

An offshore wind power station HVDC platform is shown Rigure 1.4 and a

submodule anthe MMC structure of MaxSine (Alstom) are shownHRigure1.5.



Tablel1.1 Several HVDC projects based on MMC conciffil], [71]

Project Installed | Manufacturer | Dc-link Power | Location
year voltage (kV) | (MW)
Trans Bay Cable | 2010 Siemens N200 400 USA
Caprivi Link 2010 ABB 350 300 Namibia
Zambia
Valhall 2011 ABB 150 78 Norway
BorWin2 2013 Siemens 300 800 Germany
HelWinl 2013 Siemens 259 576 Germany
Dolwin1 2013 ABB N320 800 Germany
East West 2013 ABB N200 500 UK-
Interconnector Ireland
SylWinl 2014 Siemens N320 864 Germany
SouthWest Link | 2014 Alstom N/A 1440 | Sweden
Mackinac 2014 ABB N7 1 200 USA
Skagerrak 4 2014 ABB 500 700 Norway
Denmark
Borwinl 2015 ABB N150 400 Germany
Helwin2 2015 Siemens N320 690 Germany
DolWin2 2015 ABB N320 900 Germany
INELFE 2015 Siemens N320 2x1000| France
Spain
Aland 2015 ABB N8O 100 Finland
Troll A 3-4 2015 ABB N6 2x50 | Norway
Nordbalt 2015 ABB N 300 700 Sweden
Lithuania
Tres Amigas 2016 Alstom 345 750 USA
Superstation VSC
BorWin3 2019 Siemens N320 900 Germany




Figurel.5 Submodule (up) and MMC (down) structure of MaxSine (Alstpih)



Mediumvoltage motor drives areanother application area of MMCMany
researchers anslanufacturers are working ohet issueThe mediumvoltagedrives

cover power ratings from 250K to more than 10MW at themediumvoltage(MV)

level of 2.3 to 13.8kV. In this way, the majority of the installed MV drives are in the
1 to 4 MW range with vo#tge ratings from 3.3kV to 6.6k}8]. One of the major
markets for the MV drive is retrofit applications intended to improve the efficiency
and achieve energy saving. It is reported that 97% of the currently installed MV
motors operatetaa fixed speed;only 3% of them being driven by variable speed
drives [9]. For pump/blower like motors, fixed speed operation results in a
substantial amount of energy loss because of mechanical methods used for control of
fluid. It is reported in[10] that an MMC based motor drive for a convedfest
synchronous machine for pumped hydro storage plant with a power rating of
100MVA has been installed in Switzerland in 2013 by A@Bure1.6). Currently,
commercialization of MMC based motor drives is notwade spreachs in HVDC
case. However, there is a big opportunity for MMC to penetrate into the variable
frequency motor drive applications, since the need of efficiency improvement in this

field, as explained above.

Figure1l.6 MMC based motor drive for a convertied synchronous machirmsy
ABB andOberhasli Hydroelectric Power CompanySwitzerland11]



As mentioned, BATCOM applications are one of the fields for MMC to penetrate
in. In order to improve dynamic stability and power quality of power systems which
have been deregulated and liberalized especially from the beginnittee @fi>
century, STATCOM applicationsre widely usedThe MMC topology provides
improved dynamic stability of transmission systems, increased power quality,
flexibility to adaptto different power ratings, compact design with low footprint as
well as redundancy and minimized engineering cdstsSTATCOM systems.
Different manufacturers have MMC based STATCOM systems, some of which are
SVC Plus(full-bridge basedSiemen§[72] and SVC Light(full-bridge basedABB)

[73]. In Table 1.2, several STATCOM projects based on MMC topolagyd in
Figurel.7 an example of projects ashown

Tablel1.2 Several STATCOM projects based on MMC cond@gi, [75]

Project Installed | Manufactu | System | Power Location
year rer voltage | (MVAr)
(ac)kV)
Kikiwa 2009 Siemens | 220 2 x ( N5 New
Zealand
The Thanet offshore | 2009 Siemens 11 N/A UK
wind farm
Mocuba 2010 Siemens 33 N/A Mozambi
que
Cerro Navia 2011 ABB 220 +65/ Chile
-140
The Greater Gabbard 2011 Siemens 13.9 N/A UK
offshore wind farm




A7

3

Figurel.7 Kikiwa STATCOM project based on MMC by Siem¢n2]

1.2. Scope of the Thesis

As explained in sectiofh.1, MMC was firstly proposed in 2003 andidgtstill in the
development progressThus, it is a topical subject in academand industrial
researctstudies at present. From thevadt of the topology, many studies have been
carried out for the modulation, control, modeling, design and protection of the

converter.

The framework of the thesis selection of suitable carrier based PWM meitlamd
control technique for MMQopologyusel for used for grieinterface ancelectrical
motor drives The procedure also involves devising the optioiaduit parameters

Then, the designis verified by means of detailed computer simulations and

10



computer based mathematical tool outpwtgh different PWM and control
techniquesSeveral power ratings are considered to provide a thorough performance
evaluation of the designed system.

The main objectives of this thesis are:

I.  Evaluation anddiscussion of MMC among other VSCs and

multilevel converter topgogies

ii.  Studying the basic operation principle of MMC topology

ii.  Evaluation and comparison of differentarrier based PWM
techniques oMMC

iv.  Analysis and comparison of different control strategies of MMC

v. Design simulation and performance analysi$ a grid connected
MMC system

vi.  Design simulation and performance analysi®f an MMC based

motor drive

Carrier based PWM techniques for MMC are widely studig]-[15]. There are
several studies that considarrier basedPWM methods for MIC switching. One

of the earliest studie§l5], introduces LS PWM methods and compares their
performancesCarrier basedPWM methods comparisons for specifig amplitude
modulation index) and nfcarrier to fundameal frequency ratio) values are given

in [16] and [17]. Another work[13], also rates sinusoidal PWM methods, for
specific m and m values in terms of harmonics performances. Variations in the
output voltage levels are studied [ih8]. However, still there is a need for a
systematic analysis and comparison of different carrier based PWM methods.
Switching pulse patterns, and output harmonics of methods should be analyzed wi
equal switching count per legn high power systems, which are the main
application area for MMC, minimum switching losses are aimed. The energy cost
lost for the switching or cooling system cost for the converter sums up to big

amounts, because of tHagh power rating of the converter. Therefore, it is

11



important to evaluate the methods with equal switching count principle, keeping the
switching losses low and similar to each othEne first main contribution of this
thesis is to provide the fundamehtharacteristics of different carrier based PWM
methods,levetshifted andphaseshifted carriers, used for MMC switchinulse
pattern, switching manner and output harmonic content of PD, POD, APOD and
phaseshift methods are investigated under eqoéhltcount of switching in a phase

leg principle throughout broad mand m ranges Also, principles of switching

methods for N+1 and 2N-+ihaseto-neutraloutput voltagdevels are explained.

Control of MMC with different control approaches are studiefllD]-[24]. Output

power control, circulating current control and submodule capacitor voltage
balancing techniques are explained. However, there is no general agreement about
the suitability of the characteristiesxd comparison of different control strategies.
Systematizing the analysis and evaluation of control and modulation strategies for
MMCs are still need to be studiethe second main contribution of the thesis is to
provide the performance comparisons dfedent MMC control techniques with

N+1 and 2N+1 phase voltage levels, in terms of output harmonic content,
submodule capacitor voltage ripple and circulating curreroagponentor a grid

connectedystem under different loading conditions

Motor drive with MMC is intensively studied at present. Being relatively a
developingareacompared to HVDGand STATCOM motor drives, especially the

low frequencyregion where MMC is problematic, are the topical subject for MMC
studies[10], [25]-[31]. In this thesis a motor drive application with MMC is
consideredLow frequency operation of theonverteris covered with a multi MW
electrical machineFrom the starup, low frequency operation of the oféne as

well as steady state high frequency operation with a fan/blower like load is presented
and characteristics of the convertsuch as submodule capacitor voltages,

circulating current and arm currentsder these circumstances are given.

Thisthesisconsists of nine chapters.

12



Chapter2 gives theclassificationof multilevel converters. Diodelamped, capacitor
clamped and submodule baqgedscaded Hbridge and MMC) multilevel converters

are consideredSubmodule structes, specificallyfull-bridge and chopper cell, are
detailed. Characteristics, topological featusd switching of these converters are
covered. Advantages and disadvantages of different topologies are listed.
Additionally, the power semiconductors usednultilevel converters are explained.
Thyristor, IGBT and GCTs are considered and their characteristics are provided.

Chapter3 gives the mathematical model and circuit analysis of MMC. Topological
structure of the converteis provided in detailUpper/lowerarm and phase leg
guantities, arrent and voltage loopgnergy and power equation$ the converter
are analyzedState variables for the control of the converter are detected.

Chapter4 providesa comprehensivexplanation of switching methods for MMC.

Low frequency and high frequency switching methods are classified. Application
and characteristics of these methods are provided and carrier based PWM methods
analyzed deeplyevelshift and phaseshift methods are delad. Switching pulse
patterns, resultant outputvoltage waveforms and theinarmonic conteist are
analyzed, throughout broadh, and m values. Moreover, he branching in the
application of carrier based PWM methods to the ealev which results in N+1 or

2N+1 phasédo-neutral voltage levelst éhe output is shown.

Chapter5 discusses theomponentrating determination of MMC. Number of
submodules per arm, submodule capacitor amoh inductor valus are the
fundamental design issues of MMC. Right choice of these values is critically
important in the waveform quality, efficiency and initial cost of the converter. The

determination processes are covered mathematically.

In chapter6, control of MMC with carrier based PWM methodsconsidered. The
fundamental controtargets of the converteutput power control, submodule

capacitor voltage balancing controbnd circulating current ac component

13



suppression contrpare intoduced. The mostly acknowledged cohapproaches in
the literaturedirect modulation an@haseshifted carrier based contr@re detailed.
Application of thecontrol methods and determinatiorf oontrol parameters are

given.

Chapter7 merges the content studied in the previous chapters andthesasas
background andnput to the analyses conductéérein In this chapter, arid
connected MMC is designed arsimulated.For the dc/ac conversion step af
10MW HVDC system, NIC component ratings are determined and the converter is
run by different control and carrier based PWM methéats different loading
conditions.Comparisons of different control and modulation methods are done in
terms of output harmonics performance, reodule capacitor voltage ripple
circulating current acomponent and efficiency with equal switching count per
phasedeg principle By this way, the suitable control and modulation methodHer

mentioned criteria areiscovered

In chapter8, motor drive application of MMC is explained. The problems of the
topology in motor drive applications are clarified. The solution methods &e the
problemsfound in the literature are provided arahe of themis verified via a

9.1MW induction machineimulaion from the sart up to the full speed range.

Finally, thethesisconcludes with a summary of information and experience gained

throughout the study. Developments and future work are also addressed.
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CHAPTER 2

MULTILEVEL CONVERTER TOPOLOGIES

2.1. Introduction

The concept of multilevel converters goes back to the mid 1970s. Baker and
Bannister gave the very first examples of the multiléepblogy[34]. The topology
was achieved by coecting singlephaseinverters in seriesSeparate dc sources

were usedd build up multilevel voltagat the output

In conventional twdevel voltage source&onverters, the converter simply connects
the positiveor negativedc-link voltage to the outpuand in thredevel converters,

an additional neutral voltage is seen at the output. Therdfergignal created on the

ac sideof two- or threelevel converterss a series of pulses containing the required
fundamentalfrequency and higher harmonic si¢gmawhich can be removed by
appropriate filters. Multilevel converters, on the other hand, synthesize smaller
voltage steps in a sinusoidal manner at the ac output terminals which are obtained
either from capacitors or separate dc sources. As the numbesitafe levels
increase at the ac side, generated voltage waveform is much like a sinusoid.
Therefore, output voltage harmonic distortion of the multilevel converters is much
less than twe or threelevel converters which is the principal advantage of
multilevel converters over twoor threelevel converters Other advantages of

multilevel corverters can be listed as below:
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- Multilevel converters, especiallfjubmodulebased ones, are easily expandable to
broad power and voltage levels, by simply incnegsihe series connected

submodule number.

- Due to stepped output waveformpltage change speed, namely dv/dt rate, is
reducedalsoreducing electromagnetic compatibilppyoblems

- Multilevel converters can be switched at lower frequencies (even darental
frequency) Thus,switching losseper switching devicelecreas@and semiconductor

thermal managemean be handled easier

- Input current distortion and output commotde voltage of multilevel converters

are bwercomparedwo-level converters

- Multilevel converters are relatively independent from the fast changing state of the
art of semiconductor devices. They can be made up using standard and prove

semiconductor devices.

- In conventionaltwo-level converters, a number of semiconductor®wsd be
serially connected and operated simultaneously. A delay of opeeationgone of
them results in a failure. However, in multilevel converters, the voltage ratings of
semiconductors are limited by the voltagevel step size, enabling single

semionductor usage. Therefore, failure ratésaltilevel converters are lower

On the other hand, the two basic disadvantages of multilevel converters are listed as

below:

- Multilevel converters consist of a greater number of semiconduatacircuit

elenents increasing their initial cost.

- Switching and control of multilevel converters are more difficult thao-level

converters because of their complex topological structures.
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2.2. Classification of Conventional Multilevel Converter Topologies

2.2.1. Diode-Clamped (Neutral-point-clamped) Multilevel Converter

Diode-clamped multilevel converter was proposed by Nabae, Takahashi, and Akagi
in 1981[35]. Several papers had been published in the 1990s covering fer or
six-level diodeclampedmultilevel converters for statAR compensation, variable
speed motor drives, and higbltage system interconnections. A phéeg of five

level diodeclamped converteand its output voltage waveform abown inFigure

2.1. Each of the phasesharesa commondclink, which is subdivided into five
levels -V4d2, -Vad4, 0, Va4 andV4d2, by four capacitors. All the capacitors are
charged to W/4 and the voltage stress across the switching devices is limited to
V4d4 throughthe clamping diodesHowever, the clamping diodes need to block
different voltage levelsD1 and D3' being W4, D1' and D3 being 344, D2 and

D2' being /2. Table 2.1 shows the required switch states for the desired output
voltage of thefive-level converter "1" corresponding to the switch is "ON" ahdl'

to "OFF".

The diodeclamped multilevel converter has 2INvoltage levels lingo-line if used
asthreephaseconverter where N being the number of penaseto-neutralvoltage
levels. Therefore, asinglephasefive-level converter as irFigure 2.1 has nine

voltage levels lingo-line when used agreephase

The diodeclamped multilevel converter was initially built up in order to expand the
powe ratings of converters to megawatt ranges other than parallelirgpras
connectingthe power semiconductors. Todalge converter is utilized imanyfew
kilowatts to megawatt applicationsncluding general purpose adjustable speed
drives. However, té converter has the drawback of increasing complexity of control

and capacitor voltage balancing problems as thebeumf voltage levels increase.
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Figure2.1 Single phasdive-level dodeclamped convertat left and output voltage
waveform at right

Table2.1 Switch states for the desired output voltage of the five level converter

Output Voltage | S1 |S2 |S3 |S4 [S1(S2(S3(S4i
Vd2 1 1 1 1 0 0 0 0
Vad4 0 1 1 1 1 0 0 0
0 0 0 1 1 1 1 0 0
- V42 0 0 0 1 1 1 1 0
- Vyd4 0 0 0 0 1 1 1 1

2.2.2. Flying Capacitor (Capacitor-Clamped) Multilevel Converter

Flying capacitor multilevel converter was proposed by Meynard and Foch in 1992
[36]. The topology is similar to diodelamped converter except for clamping
diodes, whereas in flying capacitor topologyapacitors are used for clamping
purpose A phase leg of five level flying capacitor converter and its output voltage
waveform areshown inFigure 2.2. Each of the phases shares a commictink,
which is subdivided into five levelsVq42, -V4d4, 0, Vud4 and \uJ/2, by four
capacitorsThe required number afc-link capacitors for N level convertés N-1

and auxiliary capacitors is () x (N-2) / 2. Table 2.2 shows the required switch
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states for the desd output voltage of the fivievel converter again "1"
corresponding to the switch is "ON" at@' to "OFF".

The topology haghe advantage of phase redundancy for inner voltage levels; in
other words, a desired output voltage may be obtained by two or more switching
combinations. This featurean be exploited appropriately for capacitor voltage
balancing issue. However, as tmember of voltage levels increase, again control of
the converter and capacitor voltage balandegome highlycomplicated. Also the
number of required capacitors increases dramatically, resultingriease oftost,

and alsopackaging and dimension prheins of the converterThe topology is

mainly employed for utilitypower electronics applicatiof@3]-[94].

+Vao/2

ca =

LM

+Vad/d

ca=

C4 =—

Va4

C4 =

-Vue/2

Figure2.2 Singlephaseive levelflying capacitor converter at left and output voltage
waveform at right

Table2.2 Switch states for the desired output voltage of theléwvel converter

Output Voltage] S1|S2|S3|S4[S1|S2|S3|S4
Vyd2 1 ]1]1 |1 |0 0 0 |0
Vqd4 1 ]1]1 )0 |1 0 0 |0
0 1]1 )]0 |0 |1 1 0 |0
- Vyd2 1 ]0 |0 |0 |1 1 1 0
- Vyd4 0O |0 |O |0 |1 1 1 1
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2.3. Submodule Based Multilevel Converters (Modular Multilevel Cascade
Converters)

Apart from conventionamultilevel converter topologiesxplained in theprevious
chapter, the most attractive topology for the researchers have besunbthedule
basedmultilevel converterswhich are also called asodular multilevelcascade

converters

Submodulebased multilevel converters have thredegrees of freedom inheir
circuit topology: one is connection sfibmoduls to each otheibeing either star or
delta connectionThe seconds thecircuit topologyof the submoduls, being hak
bridge €hopper cell) ofull-bridge {H-bridge) Moreover, fom the point ofisageof
delta connected or star connected clusters (serially conneatadodule) as a
single cluster or dual clusterthe third degreef freedom is obtained in terms of
convertertopobgy. As a result, theoreticalB’=8 different convertetopologies are
present forsubmodulebased multilevel converters. However, not all of them are
practically implementableTable 2.3 shows all the possible variations lytick
corresponding to an implementable topology or by a cross corresgotaian

irrelevant topology37].

Table2.3 Submodulébased multilevel converter topology variations

Star Delta
Single | Double | Single | Double
Chopper X V X X
Full-bridge V V \% X

The four practically implementabgibmodulébased multilevel convertéopologies

are listed as belowand illustrated irFigure2.3 andFigure2.4 [38]:

i.  Single-Star BridgeCells (SSBC)

ii.  SingleDelta BridgeCells (SDBC)
i.  DoubleStar Choppecells (DSCC)
iv.  DoubleStar BridgeCells (DSBC)
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Figure2.4 Possible circuit configurations of DSCC and DS Power circuit
using couplearminductors (b) Power circuit using naoupledarminductors
(c) Chopper cell (DSCC) (d) Bridge cell (DSBC)
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Irrelevanceof the other four topologiesould be explained as follow#is Figure2.3

(b), SDBC topology, is investigated, it is realized that "dowlalita” structure is
irrelevant since in delta connection, there is no common neutral point as in star
connection. Therefore,doubledelta structure is actually equivalent to two aepe
parallel connected singldelta structure. In case of singdear or singledelta
structures, in order to generate ac voltage at the output, bridge cell usagess

With chopper cells, its not possible to generate ac voltage at the output. As a result,
"single-star chopper cells" or "singldelta choppercells" could not be used
practically. Consequently, four of submodule based multilevel topologies among
eight theoretical combinationsegpractically not implementable.

In the literature, laove mentioned foupracticaltopologiesaretermed as "modular
multilevel cascade converter" in genefa8]. More specifically, these topologies
can beclassified as either beinfcascaded Fbridges” or "modular multilevel
converter! Some researchers give the name "modular multilevel converter” to both
chopper cell and bridgeell based doublstar configured multilevel converters,
while some othersefer only the chopper cell bad DSCC structure. In this thesis
hereafter bridge-cell based topologiesnamely SSBC, SDBC and DSBC, will be
referredas cascaded -Hridges; while chopper cell based structure, DS®Il,be
referredas modular multilevel convertéMMC). The common featres of all these

four topologies are the serial connectiorsobmoduls, either being chopper cell or
bridge cell, and the serially connected indugrm inductor)to these submodules.
For the doublestar case e arminductor may be a single couplediuctor for both

of thephasearms or two separate inductors for each of the arms. In the former case,
the size and weight of the inducterless than the total of two ewupled inductors.
Topological characteristics of cascadedtitiges and modular ntilevel converters

are explained in the next sections.
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2.3.1. Cascaded HBridges

Cascaded Hbridgestopologycan be implemented with three differesttuctures as
explained in previous chaptelISSBC, SDBC and DSBC. SSBC and SDBC
topologiesdo not have a commodc-link as in the case of 8BC. Thus, in case
there existsaa singledc-link (energy source) in the system, it is not possibles®e
SSBC and SDBC structures fapplications in which active power transfer should
be done frondc-link to the output, or in inerse direction such as motor disvén
thesecases, separate isolated dc sources connected parallel to the bridge capacitors
are required to use the SSBC and SDi@ologies However, providing separate
isolated dc sources for each submodule requiresytaal bulky transformers which
also increase the cost of the converi28BC structure, on the other hand, can be
connected to a singlic-link from the neutral points of the star connection. It can be
used in motor drive and HVDC applications practically.

The 1ull-bridge circuif seen inFigure 2.5, can generate three differeputput
voltages +V., 0 and-V., where \{ is the submodule capacitor voltage. Switch states
corresponding to these output voltageslisted inTable2.4. The ac outputs of each

of the differentfull-bridge invertes are connected in series such that the synthesized
voltage waveform is the sum ddll-bridges' outputsSerial addition of one full

bridge results in an increase ofadwn thenumber ofoutput voltage levels.

/ S1 / S3
+ +

Ve == — v,
[ s4 [ s2

Figure2.5 The wll-bridge circuittopology
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Table2.4 Full-bridgecircuit switching states

S| S| S| S|V
11 0 0 | V¢
0] O 1 1 |-V
1] 0 1 0 0
0] 1 0 1 0

SSBC and SDBC topologies are mainly considered for STATCOM and battery
energy storage systems. DSBC topology can be used as motor drive for
fans/blowers. Also, since it is able to tolerate a broad range of variatione do-

link voltage due to its buck and boost functions, it is applicable to wind/solar power
systems wherdc-link voltage varies with wind and weather conditi¢38].

The @scaded Hbridge topology is attractive in terms of doulglioutput voltage

level for the same number of submodules per phase, compared to the counterpart
with chopper cells. Also, in case separate dc sources are used in submodules, there is
no need for submodule capacitor voltage balanaiegulting in easier afontrol of

the converterHowever, separate dc soureguirement of the topology itsal the

major drawbachkn terms of size, weightaind costsince each separate dc sources are

obtained generally by a transformer and active front end combination.

2.3.2. Modular Multilevel Converter

Modular multilevel convertefMMC) topology wadirstly proposed by Lesnicar and
Marquardt in 20032]. Since then many researchers hawestigatedhis topology
and it has become the most attractive topolagyng the multilevel converters
especially for high power applicationgoltage sourceonverter higkvoltage direct
current (VSCHVDC) transmission systemsmediumvoltage motor drives,
STATCOM applications, and renewable energy interconnection systeths grid
are the typical application areas WMC. An example "submodule”, "arm" and
typical converter arrangement of MMC are illustratedrigure 2.6, while the terms

are detailed in the next paragraph.
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Converter Typical Converter Arrangement for 400 MW —
Arm Segment each of the six Converter Arms has 216 Power Modules

Submodule

s

Figure2.6 Submodule, arm and typical converter arrangement illustrations of MMC
by Siemen$39]

Among submoduldased multilevel converters, S0 C topology is acknowledged as
MMC in this thesis as explainedn section2.3. Circuit topology of athreephase
MMC is shown inFigure 2.7. All the phases share the commdg-link. The
converter is comprised of three "phase legs"”, while gdelse leg is comprideof
"upper phase arm" and "lower phase arm". Each phase arm contains N (nominally)
identical| cascade connectesubmodule and & arm inductor, Lym. The arm
inductor filters the high frequency component in arm curranits the fault current
and contrés the circulating current as will be explained amapter 4. The
submodulesproduce the required ac phase voltage. side terminals of the
converter branch out between the two inductors of upper and lower &has.
submoduletopology, beinghalf-bridge circuitas shown irFigure 2.8, is composed
of only two switches in cascade andsabmodulecapacitor paralleled to the
switches. This simple and efficierdtructure allows the halfbridge circuit to

dominate the others aked commorsubmodulestructure.

At any time, amly one of the switches of haliridge circuit should b©N. If S1 is
ON and S2 i9OFF, thenthe hatbr i dge circuit is fAiswitche
current pat h OFF arl IS3 sONj then e halbrglge circuit is
Aswitched of fThe tavminal vditagefaaf-brelgedircuit is equal to
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the voltage across ttmibmodulecapacitor,V,, if switched on/insertedyr zerq if
switched off/bypassedf both of the swiches areON, then thesubmodulecapacitor

is shortcircuited.If both of the switches are OFEerminal voltage of theubmodule

is urdetermined and according the direction of the current, different voltages may
occur at the terminalsDepending on thestates ofhalf-bridge circuit and the
direction ofsubmodulecurrent,submodulecapacitor is either charged or discharged.
All above mentionedwitching combinations, terminal voltage of thalf-bridge

and capacitor charge/discharge conditions are ridtestl inFigure2.9 andTable2.5.

idc
‘ I
A SM_1_a JI SM_1 b L SM_1_c L
| I I
| I I
| I I
SM_N_a f SM_N_b ﬂ SM_N_c ﬂ
Larm } Larm 3 Larm 3 il c
, I —>
lpbaY lia > VA
Vdc . > Va
In_a ¥
Larm 3 I—arm 3 I—arm 3
SM_N+1_J= SM_N+1_ = SM_N+1_ |-
a B b ] c ]
I I I
I I I
I I I
| o o
SM_2N_a _| SM_2N_b _| SM_2N_c _|

Figure2.7 Circuit topology of modular multilevel converter
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S1

S2

}Xm

Cc

e

Figure2.8 Half-bridge(chopper) circuit

S1 OFF-S2ON

Submodule OFF state

S1 ON - S2 OFF
Submodule ON state

@ ® 'j
+ K +
S—— — R — =
Direct current flow )
K>0
@ @ }X
+ K +
— — =
Inverse current flow
K<0

Figure2.9 States ohalf-bridge(chopper) circuit and current paths

Table2.5 Half-bridgecircuit switching states

State number in S| S| Vo Current Current Capacitor
Figure2.9 direction path charge
1 1/]0|0 i>0 S, -
2 1/]0|0 i,<0 D, -
3 0| 1] V. i>0 D, Charge
4 0| 1] V. i,<0 S Dischage
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In an MMC, the energy of théc-link is not stored in a single large capacitor, as in
the case of conventional VSCs, but it is distributed abe submodule capacitors.
There are6N capacitors in the converter aethergy values of these capacitors
should be kept asgeialas possiblein order to prevent generation of extra currents
inside the converter which result from the voltage imbalance. Submodule capacitor
voltage balancing methods are presentechapter4. For nav, it is assumed that all

the capacitors are equally charged. In steady state open loop operation of the
converter, among 2N submodules inphaseleg, N of them are inserted to the
current path. Therefore, thmaturalaverage voltage of submodule capasitd/, is
expressed as in Equati@h 1)

®
O & (2.1)
Change of number of inserted submodules in the leg causes an imbalance between
the phase leg and the dc source, creating internal circulating currents to
charge/discharge the submodules capacitors. However, it is important tthaibte
this conditionis valid for the open loop operation of the converter and it is a natural
balance point. As will be explained thapter4, with some specific closed loop
control methods, the number of submodules insenedphase leg may be increased

or decreased from Nhtentionally and temporarily.

Compared to other multilevel converter topologies, MMC is advantageous as a result

of the features listed below:

i. Ease oflexibility for scaling to different power and valje levels
ii. Independencdrom the state of the art of fast developing power devices
owing to highly modular and identicalibmodulestructure
iii.  Low harmonic distortionjecreased filter size and cost
iv.  Higher efficiency
v. High redundancy due to modular structyee faulty submodule can be

bypassed and the converter is able to continue its operation normally;
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moreover, if a spare module is present, it could be replaced with the faulty
one)
vi.  Independence from a centralized circuit element, such-éiskdcapacitoror
separate dc sources aghe case of cascadedbidges
vii. ~ High "apparent” switching frequeypcof the converter, althoughow
switching frequency of the submodules
vii.  Low voltage rating requirements of semiconductors, limited to the
submodule capacitor votja (Vad/N)
iX.  Limitation of ac side current in case ofda-link shortcircuit due toarm

inductors

On the other hand, disadvantages of MMC's compared to other multilevel converter
topologies are listed as below:

I.  The number of devices required is usually kiglcompared to other
topologies

ii. Control of submodule capacitor voltage balance brings important
computational and measurement requirements, depending on the method
used

ii.  For high current applications, voltage drop acrass inductors may be

significant andnay cause reactive power losses

2.3.3. Other SubmoduleTopologies

In the literature some otheisubmodulebased multilevel converters are propased
Apart from half-bridge and full-bridge circuits, alternative circuits forming

submoduls are listed belovand illustrated inFigure2.10:

i.  The clamp double circuit
ii.  Thethreelevelconverter circuits, either capacitolamped or diodelamped

iii. The five level cross connected circuit

29



Do
11

(d)

Figure2.10 (a) The clamp double circuit Jrhe five level cross connected circuit
(c, d capacitorclamped and diodelampedthreelevel converterg69]

2.4. Semiconductor Devices for Multilevel Converters

One of the most important advantages of MM®&¥®r other VSCs and multilevel
converterss the independence of the topology from fast changing state of the art of
power semiconductor devices as explained earlidre submodules can be
constructed by using standard awell-proven semiconductors. Nonetless, the
power rating of a single submodule is dependent on the semiconductors ba#d as

bridge Therefore, it is convenient gpecifythe semiconductors used in MMC.

In the semiconductor market, devices for medium and high power applications cover
only a much reduced part of total portias shown inFigure 2.11. Several high
power semiconductors in the market ashown on Figure 2.12 with their

manufacturers, current and voltage rasing
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Figure2.11 Semiconductor market according to power ratif3js
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Figure2.12 Power semiconductoisy July 2011/40]

Further poperties of the revealed semiconductor types according to power level are

summarized ifmable2.6.
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Table2.6 Power semiconductors/erview[76]

Short

(SCR=thyristor)

Special Switching | Conduction
EEED ey Features S?{: Losses Losses
Low-voltage
Insulated Gate Cost
Bipolar effective, Yes Low High
Transistor (LM | module size
Voltage IGBT)
driven turn High-voltage
= on/off
S Insulated Gate .
7 technology, Bipolar Module size, Yes Low High
= low control Transistor HV- mainstream
= energy
(= high ' IGBT)
switching Press Pack Pre(z;p?eckec Yes Low Hiah
frequency | IGBT (PPI) g 9
source)
Injection High ratings
Enhanced IGBT| (single No Medium Medium
(IEGT) source)
Gate turn off | Need of large .
Current thyristor (GTO) snubber No High Low
driven turnt | Integrated gate Hiah ratinas
on/-off commutated m%instre§m1 No Medium Low
technology, | thyristor (IGCT)
5 high Symmetrical
14| ratings, low gate Reverse
2 conducting|  commuated blocking for No Medium Low
= losses thyristor csl
(SGCT)
Only turn Silicon
on yver controlled Need of No Low Low
on, very rectifier commutation
high ratings

2.4.1. Thyristor

high voltage levels, they are very fast during tarm

and

Thyristors for use in converters were already in commercial applicatioos the

early 1960s. The performance of the thyristors has since made enormous progress as
seen inTable2.7. Currently, hese devices that can sustain voltages in the range of
10kV are matched fovery high powerapplications[3]. On the marketdevices
which can conduct current levels up3kA can be foundThyristors can reach very
t hey
overvoltage problems in series connectiNeverthegss, the thyristor is not a fully

controllable switch.The lower and medium powerange is covered by twwff
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componentsAt higher power ratings, the thyristor issed in a sgcial version: the
IGCT, which is detailed in sectioh.4.3 In the highest powerange, thyristor still

remains unbeaten for performanceliability, and low equipment costs.

Table2.7 Development of the main thyristor characterisatues[41]

Year | Si (iriches)| Current (A) | Voltage (V)
1965 0.5 40 1350
1970 2 400 3600
1980 3 1400 4200
1990 4 2600 5200
2000 5 3000 8000

2.4.2. IGBT (HVIGBT)

The Insulate Gate Bipolar TransistdGBT) was introduced in 1981 combining a
MOS gate with a biplar transistor forhigh-voltage sustaining and simple gate
driving. IGBTs are widely used for multilevel converte@n the market there are
IGBTs which can sustain a voltage up to 6.5kV and switgbeak current up to
1.5kA, as seen ifrigure2.12. Indeed, some of the manufacturers (e.g., Mitsubishi,
Hitachi) name this group of IGBTs with high voltage and current ratingligls-
voltage IGBT, HVIGBT. Different manufacturers produce standardized voltage
level IGBTs.This voltage lgels can besortedas 17kV, 2.5kV, 3.3kV, 4.5kV and
6.5kV. As the voltage ratingof devices increases, currentating decreases.
Substantially,different manufacturers offethe same voltage and curreratings
Differentiation occurs in switching timeswitching losses and on state voltage
drops. The main advantages of IGBTs, especially for small and medium power
ratings, are the controllability of the switching behawaeto the MOS gate as well
as the shortircuit current blockingcapability of thecomponents. This makes it
possible to operate the IGBTs without a snubber, enabling a simplepktvighter

and more efficientconverter structureThe high-voltage IGBTs are based on

multichip substrates and packaged as modudlés. bidirectionality in current is
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guaranteed by the reverse diode which is included in the strutalre?2.8 shows
fundamental characteristics for some of the HVIGBTSs of different manufacturers.

Table2.8 Fundamental characteristics for the HVIGBTSs of different
manufacturer§77] -[92]

Volt. Manufactu | Part Number lc (A) | lcrm Switching Switching | Vce
Rating | rer (nom. | (A) ti me loss (J) sat
curr) | (peak | ( @25 A0 ( @25 A (V)
rpt) ton toff Eon Eoff (@,2
5AC(C
6.5kV | Infineon FZ750R65KE3 750 1500 | 1.03|7.7 |42 |36 |3.0
ABB 5SNA 0750G650300 | 750 1500 [ 1.32 | 556 (4.7 |42 |29
Mitsubishi | CM750HG130R 750 1500 (1.4 |7.66|385|3.6 |3.9
Hitachi MBN750HG5E2 750 1500 {49 |6.7 |55 |42 |36
4.5kV Infineon FZ1200R45KL3_B5 | 1200 | 2400 | 1.05 | 6.95 |46 |42 |25
ABB 5SNA 1200G450350 | 1200 | 2400 | 0.95 | 2.88 | 3.08 | 4.96 | 2.6
Mitsubishi | CM1200HG90R 1200 | 2400 [ 1.28 |3.95|4.6 |3.2 |35
Hitachi MBN1200H45E2H 1200 | 2400 | 2.3 3.6 3.2 |32 |37
3.3k Infineon FZ1500R33HE3 1500 | 3000 |1.15|3.30 |19 |16 |255
ABB 5SNA 1500E330305 | 1500 | 3000 | 0.89 | 1.99 | 1.6 2.1 2.5
Mitsubishi | CM10ME4G66R 1500 | 3000 | 1.28 | 3 15 |15 |245
Hitachi MBN1500E33E3 1500 | 3000 | 3.7 |39 |35 |265]|245
1.7kV Infineon FZ3600R17HE4 3600 | 7200 [ 0.94 |1.78|0.65|1.1 | 1.95
ABB 5SNA 3600E170300 | 3600 | 7200 | 0.77 1143 |1 0.8 |1.33| 2.5
Mitsubishi | CM2400HG34H 2400 | 4800 | 2.9 3.5 0.81]0.87| 2.6
Hitachi MBN3600E17F 3600 | 7200 | 2.8 385|095|26 |23

2.4.3. IGCT

The Integrated Gat€ommutated ThyristofIGCT) is a further development of the
gate turproff (GTO)thyristor. It was jointly developed by Mitsubishi and AHB2].

Like the GTO thyristor, the IGCT is a fully controllable power switch, meaning that
it can be turned both on and off bg itontrol terminal, the gate. It exclusively
used for very higlpowerkturrenttransmissiorapplicatons These devices can turn
off up to 6 kA under 4.5 kVIn Table 2.9 a comparison for the characteristics of
IGBTs and IGCTs $ given.IGCTs offer smaller on state voltage drops, but their

switching times and switching losses are higher.
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Table2.9 Characteristicoverview between IGCJand IGBT nodules[40]

paralel connection

IGCT IGBT

Application Mediumvoltage Low andmediumvoltage

Scalability Parallel and series (with Paralleland series
snubber)

Losses Low Medium

Cost Low Low

Type of failure | Shortcircuit Open (plasma)

Chip design Monolithic Single chips, interna

Gate control

No active gate control

Active di/dt and dv/dt

control

External clamp

Needed

Possible

On state voltage

Lower than IGBT

Higher than IGCT

For high power, high current transmission systems the IGCT is an important

alternative ompared to IGBT modules. The better efficiency up to 4%high

current ratings and also the higher possible converter power are significant

advantage®f IGCTs [40]. Figure 2.13 shows semiconductor loss coanson for
MMCs with IGBT and IGCTs for r&ifier and inverter operation.

35




Py, normalized )
inverter

rectifier

100% o

80%

60%

40%

20%

0%

8 8§ 838838 8 8 8 8 3 83 88 8 8 8
[ ] o ~ wn [} o ~ w0 o™ o~ n ~ o o ~ o
c}] o~ — — — - — — — — o~
P in MW
% . .
rectifier  inverter 2 }Clamp
100 |
s2 1E°ﬁ
81 J
75 s2
LE,
50
conduction

losses
25

IGCT IGBT IGCT IGBT

Figure2.13 Normalized semiconductor lossedla topand semiconductor losses of
a MMC submodule splitted in its components Fsr850MW, Q350MVar,

In the future,the IGCT could be the best candidate for HVYDC systems based on
VSCs.Already, many applications including MMC based motor drives are powered
by IGCTs[10].
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CHAPTER 3

CIRCUIT ANALYSIS OF MODULAR MULTILEVEL CONVERTER

3.1. Mathematical Model of Modular Multilevel Converter

Circuit structure of MMC ishown inFigure3.1. In this model, compared figure
2.7, an additimal arm resistor can be noticttmodelsthe power loss in each arm.

7
Rarm % Rarm

SM_1_a SM_1_b

Rarm

SM

SM_1_c

+

Ve =/

S2 Vo

o
i

v

Icirc

| /

Vdclz CD = Larm Larrn_l} Larm_l}
SM_N+1_ SM_N+1_| SM_N+1_

“ht B g

I I I

| Vn_a I I

I I I

|| || ||
SM_2N_a SM_2N_b SM_2N_c

Rarm % Rarm % Rarm %

Figure3.1 Circuit structure of MMC
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There are Nsubmoduls per arm of the MMC. LelNo, be the number of inserted
submodules to the current path. Th&t,e 0 be the insertion index that sets the
number ofsubmoduls inserted to the current path.0 is expressed as in Equation
(3.1). ¢ 6 w1 means all thesubmoduls of the arm are bypassed ahd p

means all theubmoduls are inserted to the current path.

.
¢ C R 0
£E0 (3.1)

If the capacitance of eadubmodulds C, the capacitance of series cection of N

submodule per armd  , is expressed as in Equati(312):
o)
¢ — 3.2
8 = (3.2)

Then, the applicable capacitance of the insestdmmoduls per arm becomes as in
Equation(3.3).

s J— (3.3)

Assuming that all the capacitors are equally charged> 70, and sum of all
capacitor voltages of an arm beiBg , the voltage inserted tanarm is expressed

as in Equatior§3.4), for eachphase
by €7 OBL ¢ (3.4)

The current flowing through each arm charges the inserted capacitors of the arm,

having effective capacitancd 6 , according to Equatio(8.5):

Q BU
P (3.5
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Equation(3.5) can be rewritten as in Equatio(.6) and (3.7) where,&¢ and¢

stand for the upper and lower arm insertion indices:

6 'QBO
T 0o (3.6)
0 ‘Q Bl
q 8 30 (3.7)
€ Qo

The upperQ and lowerQ, arm currentsare expressed as the sum of half of output

(ac side)urrent,’Q and circulating currentQ) , as in Equatios(3.8) and(3.9):

(3.8)

(3.9)

Note that'Q, "Q and ‘Qare branch currents, where®s is a loop current that is
impossible to measurerdctly. ‘Q circulates between each phase leg anddthe
link (and/or to another phase ledynder balanced load conditiont)e dc-link
current 'Q , is shared equally betweehree phaselegs. The drculating current is
composed of thisdc-link current and an ac component emanating from the
capacitos voltage ripplein the phase legnd voltage difference betweeélifferent
phase legsBased on Equation.8) and (3.9), the circulating currenand output
current areexpressedn terms of upper and lower arm curre@sin Equatiors
(3.10)and(3.11)

Q5 — (3.10)

0 Q0 (3.11)
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The mathematical models of upper and lower arms are expressedgaations
(3.12)and(3.13)

W 'aQ
— 0 — N 3.12
c 0 0 5y Y Q0 ( )
W 'aQ
= 0 b = v 3.13
c 00 5y Y Q 0 ( )

wherev andv represent the upper and lower arm voltages of pdsegpressed in

Equation(3.4) and0 represents the outpubltage. Based on Equatio(3.12) and
(3.13) output voltage is expressed as in Equat®h4)

0 Q Pt (3.14)

Using Equation(3.10) differential equation ofQ canbe found as in Equation
(3.15)

aQ
Q0o

N |O
‘o] L)
o'
‘o] L®)
o'

(3.15)

SubstitutingQQ 'Q cand JQ 'Q drom Equationg3.12) and(3.13), Equation(3.15)
can e reordered as in Equati¢d.16}

‘aQ W Y ) 0
Qo ¢O 0 cO cO

(3.16)
B

~ Q - BU .‘
cd 0 cO cO

Equationq3.6) and(3.7) can be reordereas in Equation§3.17)and(3.18)by using
‘Qand"Q from Equationg3.7) and(3.8).
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Q BU £ £

“ 3.17
06 5 (3.17)
‘QBL 3 £
— - Q = 0 (3.18)
Qo 0 co

Equatians (3.15) and (3.16) reveal that in case 62 is equal to zero; theutput
current distorts the voltage balance of upper and lower arm voltagake steady
state waveform oRis acand chages its value between a positive top and negative
bottom value time derivative & upper and lower arm voltages oscillate around a
mean valueA continuous model of a phase leg is obtained as in Equgiaf) by
using Equation$3.16) (3.17)and(3.18)

o Y s s r'l o w r'l (3.19)
,Q IQ 11 l‘) CU CU Y] IQ 1 IC‘U N
) € '} 3 € Y]
BU 1€ ] Bu e N
- Tt T ‘ m ’
uo v ko

Modulation signal for a ideal sinusoidal output voltage igiven as in Equation

(3.20) In this equation, is the output frequency amd is modulation index.

ao GAiOo (3.20)

Theoutputvoltage is tlen given by Equatio(B.21)

0 O w—é( o (3.21)
G
The output current is aamed as given in Equatidf.22) Her e, a i s
and it can be chosenrbitrarily to model different kind of loads.
Qo ATO o - (3.22)
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The modulatorconverts the modulation signal into insertion indices as in Equations
(3.23)and(3.24)

i g P a o (3.23)
C

i g P a o (3.24)
C

It is obvious from Equation&.23)and(3.24)that the sum of upper and lower arm
insertion indices is one, which means at any time sumh@fumber oinserted
submodulesn upper and lower arms is N. Idealljye sum ofvoltages ofinserted
submodules capacitors equal tow . However, the submodule capacitor voltages
are not constant at the reference value and oscillate around that. As aaesult
difference curret (named as circulating currerif) , above)flowing between the
phase leg andic-link is forced by the difference between the sum of inserted
submodule capacitor voltages ashdlink voltage.The drculating awrrentcontains a
high second harnmc component which increases thsses in converter phase legs,
ratings of the elements in the current path. Also, if left uncontroedulating
currentmay lead an unbalanced situation and disturbances in the systdrthese

may cause instabilitgf the system.

3.2. Energy Dynamics and General Circuit Analysis of MMC

From Equatior(3.16) voltage loop equation for the circulating curreah de found
as in Equatior§3.25)

gQ . . 6o LD (3.25)
C

From Equation$3.14)and(3.25) the following conclusions are derived:
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1 The output voltage) depends orthe autput current and the difference

between the upper and lower avoitagesb andv .

1 The arm voltage difference works like an inner alternatmitpge and’Y

and0 like an impedance for alternating current

1 "Q depeads only on thelclink voltage and the sum ofrarvoltages Thus,

adding the same quantity to both of the arm voltad@ss not affect the ac

side voltage, while ishaps the circulating current.

Starting from Equation (3.12), in order to control the circulating current, it is

convenient to define a circulating voltage componevith substituting the upper

armcurrentE as in Equatior(3.8).

QQ = Q
v o 2 4
C

Equation(3.26)can ke rewritten as in Equatid3.27) below:.

. w Y - 0 QqQQ v 0 5 'aQ
v C v G ¢ Qo Qo

(3.26)

(3.27)

(3.28)

(3.29)

For the lower arm, the same approach cacdbged out as in Equatid.30)
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b “’T Q 0 (3.30)

is definedas in Equatior§3.31})

wherev

(9]0
\ YT 0 3.31
0 Y Q 0 o (3.31)

Assuming the voltage of submodule capacitors are equalperuga lower arms,
the total energytored in the upper and lower arms are giverEfyations(3.32)

and(3.33)
0 Bv 0
Bw 0 — — — BO — BOU (3.32)
¢ L qu S
. . 0 BUL o . 0 (3.33)
Bw v — — — BU — BvU
¢ v qu S

Derivatives of the stored energy in the upper and lower aapacitos are the arm

powers as in Equatior{8.34)and(3.35)below.

QB Qo
P o oo =2 g9 (3.34)
Qo ¢ G
QBG 0
W o = 0 (3.35)

Qo
Total energy in the phase legdathe energy difference between the upper and lower
arms are calculated as belawEquationg3.36)and(3.37)
(3.36)

Bo Bo  B®
(3.37)
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Derivative of Equation§3.36) and(3.37)with respect to time yields

QBw
' ( K (OX 3.38
a0 ®w o Q QQ ( )
Q Y [ (3.39)
90 c V] Q ¢QQ

The Equatios (3.38)and(3.39)reveal the fact thahe circulating current is the key
component in controlling the totahergy stored in theapacitos in the phase legs.

In (3.38) the product bw "Q coves the power delivered to the outpartd the
losses created by the circulating current itself “Q product represents the losses
in the arm resistance and the magnetic energy variation of arm inducfaitee.
product is the output power. Therefore, dc componei® ofcan be used to control
the total energy ithe phase leg, which in turn the voltages of submodule capacitors.
From Equation(3.39) it is inferred thathe dc component 6 has no impact on
the difference of arsenergysince’Q does not contain dc component. However, an
ac component ofQ having the same fundamental frequency as the output
voltageQ, can be used to ctol the capacitor energy difference of upper and lower

arms.
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CHAPTER 4

MODULAR MULTILEVEL CONVERTER SWITCHING METHODS

4.1. Introduction

Switching of modular multilevel converterscan mainly be divided into fov
categorieslow frequency switching anbigh frequency switchingn low frequency
switching, a precalculated pulse pattern is used to drive the converter. Harmonic
elimination methods can be used to improve the performance of the converter. These
methals have low switching count and therefore high efficiency. However, their
weakness is thdynamic responsdn high frequency switchinga reference output
voltage waveformd modulation signakinusoid based) is compared magnitude

with a high frequeng carrier waveform and switching logisignal is generated.
Generallythese methodsield low output voltage and current waveform harmonic
distortion enabling the converter taequire smaller andbwer costpassivefilters

and to have fast dynamic respado the sourcelbad changes.Although high
frequency switching methods tend to have higher switching count (which means
higher switching loss) thaow frequency switchingwith suitable design, losses can

be decreased and the major disadvantage of higduéncy switching can be
overcome Additionally the third category of switching method, namely mixed
switching, can be added takethe advantages of the two methodkove. As the
name refers, this method has characteristics of bwmth frequency and hig
frequency switching. The switching methods foeodular multilevel convertersare

illustrated inFigure4.1.
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Switching MethodI;

Low Frequency High Frequency Mixed Switchin
Switching Switching g
|
[ |
[Selective Harmonc Space Vector
Elimination(SHE) Control Scalar PWM Space Vector PW|
Levelshift (Sub- Phaseshift (Carrie
harmonic) disposition)
Phase Dispositio Phase Oppositiol Phaseshifted
Disposition (POD Carriers
ternative Phasg
Opposition
Disposition Sawtooth
(APOD)

Figure4.1 Switching methods fomodularmultilevel converters

4.2. High Frequency (Carrier based) Switching

High frequencyswitching methods are widely considered forodular multilevel
converterdue to satisfactory performance and ease of implementatiomigh
frequency switchingthe carrierfrequency isconstant and in eacswitching period,
reference and output voltage mean values are made equal. For this aim, scalar
method or space vector method can be used. Scalar method uses a reference
(modulation)waveformhaving the desired output voltage magnitude and frequency,
and a high frequencycarrier waveform. Magnitudes of reference and carrier are
compared and at the crossover points, switching oc@imes.gace vector method,

on the other hand, creates a vector diagram in space for each switching condition of
the converteand the output reference is represented by a vector. In order to get the

desired output voltagethe converter is driven by the relevant switching pulse

48



pattern generated according to the reference vector and the switching condition
vectors. Although bothmethods may produce similar switching pulse pattern,

implementation of scalar method is much easier.

4.2.1. Scalar PWM [68]

42.1.1. Level-shift (LS) (Sub-Harmonic) Methods

These methods require N identical triangular carrisg displacedcontiguously

in the wholedc-link voltage; V4. In order to provide a balanced exploitation of
circuit elements that create different voltage levpésakto-peakamplitudes of the
carriersare setequal to each othe¥,4/N, which is a necessary but not a suéfitt
condition.They havdrequency of § Carriers do not crosBepending orihe phase

shift of carrierswith respect toeach otherJevelshift methods branch intthree
different submethods: phase disposition (PD), phase opposition disposition (POD)

and alternative phase opposition disposition (APOD)

4.2.1.1.1. Phase Disposition (PD) Method

In phase disposition method, all the carriers are in phase.rFBiVEC having 4
submoduls per phase arm (M¥, carriers of PD methodre displaced in the ¥
band as illustited inFigure 4.2. In the Figure 4.2 to Figure 4.6, 1 p.u.in vertical

axiscorresponds t¥ gc.
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Figure4.2 Phase disposition ® method

4.2.1.1.2. Phase Opposition Disposition (POD) Method

In phase opposition disposition method, carriers above the zero axis and below the
zero axis ar e 18OMNC bauiig4 sudmodule pes ghase for a
(N=4), carriers of POD methoaredisplacedn the Vy. band as illustrated iRigure

4.3.

p.u

N AVAVAVAVAVAN
W IVAVAVAVAVAVAN
S AVAVAVAVAVS

VAN o

-0.251
05 -~
-0.75

Figure4.3 Phase opposition disposition (POD) method
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4.2.1.1.3. Alternative Phase Opposition DispositionAPOD) Method

In alternative phase oppa t i on di sposition method,

of phase. FormMMC having4 submoduls per phase arm (M¥, carriers of APOD

methodaredisplaced in the ¥ band as illustrated iRigure4.4.

<

t

-0.5 __/ /
IV VA VA VA VA VAN

Figure4.4 Alternative phase opposition disposition (APOD) method

4.2.1.2. Phaseshift (PS) (Carrier Disposition) Method

This methodagain requireN identical triangular carriers being dispted with a
phaseshifto f  3N@éwleen each ber in the wholalc-link voltage; Vi Carriers
have peakto-peakamplitude of \4. and frequency of.f Carriers crosgach other
For an MMC having 4 submoduls per phasarm (N=4), carriers ofphaseshift

method are displaced in theg\band as illustratd inFigure4.5.
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Figure4.5 Phaseshifted carriers method

In the literature, there exists anoth@raseshift method in which the carriers are
very much like in those ifrigure4.5; however they aresawtoothwaveforms rather

than triangularThis method icalled 'sawtoothrotatior?, but it is out of the scope
of the thesisFor conveniencegarriers ofsawtoothrotation methodor an MMC

having4 submodiles per phase arm (M¥are illustrated irfFigure4.6.

pu.
1 4

0.75

0.5

ya

} -

025" , vl
/"
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0.75£
-1

t

NN

Figure4.6 Sawtoothrotation method

In this thesis hereafterthe term phaseshift” (PS) refers to thamethod with

triangular carriers, i.eFigure4.5.
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4.2.2. Space Vector PWM

Space vector PWMs another high frequency switching method fmodular
multilevel converters. Although scalar PWM methods can be used both for single
and threephasesystems, spaceeetor PWM method can be used tiireephase
systems. In space vector modulation, three reference modulation signals are
transformed into a reference vector and this vector is positioned in a space vector
diagram. InFigure 4.7 sanple space vectodiagrams are illustrated fdwo- and
five-level convertes. In these hexagon formed diagrams, each corner of the triangles
correspond to a switching state of the converter. According to the magnitude and
angle of the reference vector, whiare directly dependent on the three reference
modulation signals, the nearest three triangle corners (in other words switching
states of the converter) are identified. The modulation period of each of these
switching states are calculated and the cdeves switched according to these
switching states withthe calculated switching periods. The reference vector is
synthesized by the three adjacent vectorgiasn in Equatior(4.1), where T is the

total switching period, T Tj:1 and T, are the calculated switching periods of

adjacent vectors and= T; + Tj+1 + Tjs2.

Yo Y & Y @ (4.1)

B LB
R

Figure4.7 Space vector diagrams for tvevel converter at left and fivievel
converter at right
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Space vector diagram is universald it can be used with any type of multilevel
converters. The method generally creates low current ripple, has good utilization of
dclink voltage and easy hardware implementation by a digital signal processor.
However, as the number of voltage levelsr@ases, redundancy of switching states
increase and so does the complexity of choosing states.

4.3. Low Frequency Switching

4.3.1. Selective Harmonic Elimination

Selective harmonic elimination (SHE) method is based on the harmonic elimination
theory [43], [44]. The switching angles are pecalculated so as to set the desired
amplitude of fundamentadomponentand cancel the predominant low frequency
harmonics in the output voltagé5]. In Figure 4.8, ouput voltage waveform for a
five-level converter whose switching angles are determined by selective harmonic

elimination method is shown.

Vmax

Vmax/2

Figure4.8 Output voltage waveform for a fevlevel converterswitching angles
determined byelectiveharmonicelimination method

54



4.3.2. Space Vector Control

Space vector contrg6VC) is another low frequencyodulation method. Converse

to space vectopulsewidth modulation method, space vector contdmes not
generate the wanted mean output voltage in every switching period. The main idea
in space vector control is to generateatputvoltage with smallest error (distance)

to the reference vector. As the number of voltage levels increase, density of
switching states in the space vector diagr&igyre4.7) increases, and the errors of
each individual switching state to the reference vector are decreased. Therefore, it is
unnecessary to use three switching states adjacehe teeference vector. A single
switching state with greatest proximity to the reference vector is used to switch the
converter accordingli46].

4.4. Switching Pulse Patterns and Generated Output Voltage Characteristics
of Scalar PWM Methods

Scalar PWMmethods arelominantlyused forMMC switchingdue to satisfactory
performance and ease of implementatibhese methods hawarious forms and
implementation procesas described in previous sectiofifierefore characteristics

of generated sitiching pulse patternand resultant output voltagese diferent for
various methods. In ordeto makea proper MMC design, it is important to
understand these characteristics defined by the switching pulse patterns of different
scalar PWM methods and toh the suitable method with the given requirements.
Thus, it is required to analyze thavighing pulse patterns generated these
methodsand the generated output voltagksthis study, the analysis of d#vel

shift methods andphaseshift method ae conducted. Analysiss based on the
fundamental pulse pattern generations which only result from the comparison of
triangularcarrier and sinusoidal reference signBly doing sq it is intended to have

a fundamental data and guiding principles aboatsitalar PWM methods with their

purest form, before going into more complex control mechanigrivBviC.
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4.4.1. Discussion on Carrier Setsand Number of Output Voltage Levels

The numbers of output voltage levels for conventional two/three level converters are
fixed as the names of the topologies refeor MMC, on the other sideit is not
correct to call a converter with N submodules per arnmiNad 'level convertér It is
possible to obtailN+1 or 2N+1 output phaseto-neutral voltage levelsfrom an
MMC with the sane number of submodules per arindeed, he situation is
dependenbn the "carrier sets" used for switching of upper phase armloavet
phase arm.

The two fundamental scalar PWM methptés/elshift and phaseshift, require N
carriers adetails are gign in sectiom.2.1 For both of the methods, N carriers
corresponding to one arm of MMC form "a set of carriers”. Switching of upper and
lower arms of MMC can be done either by usihg same set of carriersr bytwo
different sets of carriers provided that there is predefinedphase difference
between them. Thewitching manner, usingnly a set of carriers or twdifferent

sets of carriers for upper and lower arms, results in N+1 or Zita%eto-neutral
voltage levels athe output of the converteMMC performancevariatiors in the
results ofN+1 or 2N+1 level phase voltages will be explainedcimapter7. Here,
principlesof switching for N+1 and 2N+1 level gfhaseto-neutralvoltages willbe
given.lt is essential to note that, in all the explanations in this section, the sinusoidal
reference signals for upper and lower armsagihase leg are assumed to be

radians out of phase whidh justified inchapter6.
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44.1.1. N+1 Level Phase Voltages

44.1.1.1. Level-shift Methods

4411.1.1. PD

PD method should be implemented witho different carrier setdor upper and

lower armsm order to construct ehphase voltage in N+1 levetirst set of carriers

is arranged in the same way as expresseskctiond.2.1.1.1 The other carrier set

has again N identical carriers with amplitude @M and displaced contiguously in

the Vyc band, ranging from 0 to ¢ however, this set has a phase differencé of
radiansrelativeto the first set. Submodules in upper and lower arms are switched
with the first and second carrier sets. In this case, output phase voltage is N+1 level.
Figure4.9 illustrates the case with PD method on a pHag with N=4. In this case,
converter equivalent switching frequenc® , is equal to thefrequency of the

levelshifted carriers, as expressed in Equati®R).

Q0 (4.2)

Vpn A N+1=5 level
Vi A 2N+1=9 level

Figure4.9 Carrier sets for N+1 level phase voltagd”@f method
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44.1.1.1.2. POD

POD method should be implemented wétlsingle carrier setfor both upper and
lower arms m order to construdhe phase voltage in N+1 levélhe single set is
arranged irthe same way as expressed in secti@il.1.2 Submodules in upper and
lower arms are switched with this carrier set. In this case, output phase voltage is
N+1 level. Figure 4.10 illustrates the caswith POD method on a phase leg with
N=4. In this case, converter equivalent switching frequeiy,, is equal to the

frequency of thdevelshifted carriers, as expressed in Equati.3).

Q Q (4.3)

Vpn A N+1=5 level
Vii A 2N+1=9 level

Vedc DCC
» /\/\/\/\
Vddz W ‘[
Vdc/4 -
\/\/\/\/ oo
0

Figure4.10 Carrier sefor N+1 level phase voltage of® method

44.1.1.1.3. APOD

In order to construct the phase voltage in N+1 le¥d?OD method should be
implemented witha singlecarrier setfor both upper and lower armghe single set
is arranged in the same way as expressed in setizoh 1.3 Submodules in upper

and lower arms are switched with this carrier set. In this case, output phase voltage
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iIs N+1 level.Figure4.11 illustrates the case withPOD method on a phase leg with
N=4. In this case, converter equivalent switching frequeifey,, is equal to the

frequency of thdevelshifted carriers, as expressed in Equatibd).

w0 (4.4)

Vdc

3Vdc/a
Vpn A N+1=5 level
Vis A 2N+1=9 level

Vdc/2

vdc/4

Figure4.11 Carrier sefor N+1 level phase voltage &fPOD method

44.1.1.2. Phaseshift Method
For phaseshift method, carrier sets are arranged according to N being odd or even.

In case N is dd, two different carrier sets are used for upper and lower arms. First
set of carriers is arranged in the same way as expressed in se&ib2 The
second set has again the same waveform,witit “/N radians phase diffenee
relative tothe first set. Submodules in upper and lower arms are switched with these
first and second carrier sets. In this case, output phase voltage is N+Figuet.

4.12illustrates the case witbhaseshift method ora phase leg with N=3.
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In case N is even, a single carrier set is used for both upper and lower arms. The
only carrier set is the same as explainedaation4.2.1.2 Submodules in upper and
lower arms are switched with thisrcar set. In this case, output phase voltage is

N+1 level. Figure 4.13 illustrates the case witphaseshift method on a phase leg
with N=4.

For thesecase, converter equivalent switching frequendy, , is equal to nurber

of carriers times the frequency taseshifted carriers, asm Equation(4.5).

SRR (4.5)

Vdc,
3vdc/a
Vde/2

Vdc/4

Vpn A N+1=4 level

Vi A 2N+1=7 level
13

Vg
3Vde/4
Vdc/2

vdc/a

[

Figure4.12 Carrier sets for N+1 level phase voltagebéseshift mettod with odd
number of submodules
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Vdc

3vdc/4

Vpon A N+1=5 level
Vi A 2N+1=9 level

Vde/2

Vde/4

Figure4.13 Carrier set for N+1 level phase voltagepbBseshift method with even
number of submodules

4.4.1.2. 2N+1 Level Phase Voltages

441.2.1. Level-shift Methods

44.1.2.11. PD

In order to constret the phase voltage in 2N+1 levé?D methodshould be
implemented witha singlecarrier setfor both upper and lower arms. The single set

is arranged in the same way as expressed in setizohl.1 Submodules in upper
andlower arms are switched with this carrier set. In this case, output phase voltage
is 2N+1 level.Figure 4.14 illustrates the case with PD method on a phase gy w
N=4.In this case, converter equivalent switching frequeiiey,, is equal to théwo

times the frequency of tHevelshifted carriersas expressed in Equati¢h6).

Q ¢zQ (4.6)
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Vpn A 2N+1=9 level
Vi A 4N+1=17 level

Figure4.14 Carrier sefor 2N+1 level phaseoltage ofPD method

44.1.2.1.2. POD

In order to construct the phase voltage in 2N+1 level, POD method should be
implemented withtwo different carrier set$or upper and lower arms. First set of
carriers is arranged in the same way as expressed in sé@idnl.2 The second
carrier set has again N identical carriers with amplitude @fNvand displaced
contiguously in the ¥; band, ranging from 0 to )¢ however, this set also has a
phase difference of radiansrelativeto the first set. Submodules in upper and lower
arms are switched with the first and second carrier sets. In this case, output phase
voltage is2N+1 level. Figure4.15 illustrates the case with POD method onhage

leg with N=4. In this case, converter equivalent switching frequety, is equal

to thetwo times the frequency of thevelshifted carriers, as expressed in Equation
(4.7).

R ¢z 4.7)
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" /\/\/\/\
Ivde/a
- W
oo
vdc/a

AVAVA VAV

Vph = 2N+1=9 level
Viy = 4N+1=17 level

Figure4.15 Carrier setfor 2N+1 level phase voltage &0OD method

4.4.1.2.1.3. APOD

In order to construct the phase voltage in 2N+1 level, APOD method should be
implemented withtwo different carrier set$or upper and lower arms. rBt set of
carriers is arranged in the same way as expressed in séidnl.3 The second
carrier set has again N identical carriers with amplitude @fNvand displaced
contiguously in the ¥; band, ranging from 0 to ¢ however, this set also has a
phase difference of radiansrelativeto the first set. Submodules in upper and lower
arms are switched with the first and second carrier sets. In this case, output phase
voltage is 2N+1 leveFigure4.16 illustrates the case with APOD method on a phase
leg with N=4. In this case, converter equivalent switching frequégty, is equal

to thetwo times the frequency of thevelshifted carries, as expressed in Equation
(4.8).

Q ¢zQ (4.8)
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vic |
3vde/4
Vdc/2
vdc/4
Von A 2N+1=9 level
vdc | Vi A 4N+1=17 level
vdc/a |

Vdce/2

Vdo/4

Figure4.16 Carrier sefor 2N+1 level phase voltage 8fPOD method

4.4.1.2.2. Phaseshift Method

For phaseshift method, carrier sets are arranged according to N being odd or even.

In case N is odd, a single carrier set is used for both upper and lower arms. The only
carrier set is arranged in the same way as expressed in sé&ibr2 Submodules

in upper and lower arms are switched with this cas@r In this case, output phase
voltage is 2N+1 levelFigure4.17 illustrates the case withhaseshift method on a

phase leg with N=3.

In case N is even, two different carrier sets are used for upper and lower arm. First
set ofcarriers is arranged in the same way as expresseeéciion4.2.1.2 The
second set has again the same waveformwlitht /N radians phase difference with

the first set. Submodules in upper and lower arms are switched wgé finst and
second carrier sets. In this case, output phase voltage is 2N+1Hayek 4.18

illustrates the case witphaseshift method on a phase leg with N=4.
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For thesecase, converter equivalent switching frequendy, , is equal to twice the

number of carriers times the frequency pifaseshifted carriers, agxpressed in

Equation(4.9).

3vde/a

vde/2

vdc/a

(4.9)

Von A 2N+1=7 level
Viu A 4N+1=13 level

Figure4.17 Carrier setfor 2N+1 level phase voltage phaseshift method withodd

Ve

3vde/a

vdc/2

Vdc/4

o

3Vdc/4

Vde/2

Vdc/4

number of submodules

Vpnh A 2N+1=9 level
Vi A 4N+1=17 level

Figure4.18 Carrier setfor 2N+1 level phase voltage phaseshift method with

even number of submodules

65



4.4.2. Analysis of Switchng Pulse Patterns

Output voltage waveform of a convartekes on a shapgarting from the switching

pulse patterns generated by PWM signals. In order to get a fundamental insight on
the outputvoltage characteristiosf MMC, switching pulse patterns amespective
outputvoltage waveformshall be analyzed~or this aim, gidies on all thescalar

PWM methods were conducted using MMC with N=4 as showron Figure4.19.

Firstly, switching pulse patterns werebtaired resulting from the carrier and
reference signal comparison. Then, the resultant output voltage waveforms are
analyzed,and their harmonic spectra are calculatedrformance®f the methods

were investigated using different amplitude modulationy) (rand frequency
modulation (9 indices.For MMC, calculations of giand m for different methods

are shown o able4.1.

éRarm
SM SM SM
s
(::\‘fYL/ SM SM
SM SM SM
pc(”
SM SM SM
I—arm
r —V.—»
L Vp—
Vo
I—arm
SM SM SM
pc(”
SM SM SM
SM SM SM
SM SM SM
Rarm

Figure4.19 MMC with four submoduleper arm
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Table4.1 my; and m calculation for scalaPWM methodg13]

Levelshift methods| Phaseshift method
’ —6 6
a 3 c P 29 -
a 2
0
n : number of outpuphaseto-neutralvoltage levels

Am  :amplitude of modulation signal

Ac : amplitude of carrier signal
fm : frequency of modulation signal
fe : frequency otarrier signal

Exploring the carrier and reference waveforms of diffessalarPWM methods, it

is inferred that for the samearand m values, the PS method has much more total
count of carrier and reference crossings (thus switching) than LS methmtd$. T
count of switching in a phase leg for all the LS and PS PWM methods are computed
for different systems with different number of carriers. It is observed that,
irrespective of how many carriers are used, the PS method has a total count of
switching whch is approximatelywumber of carrierdimes that of LS method#s

an example, one carriéred) and referencégreen)signal waveforms for PS and PD
methods and the resultant switchipglse signal (blue) for a four carrier system
(N=4) are illustratedn Figure4.20, for m;=1 and =3 (f.=50Hz).
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Logic Signa

-0.500

-1.250
(b) 0 5.00m 10.00m 15.00m 20.00m

time (s)

Figure4.20 Carrier, reference and switchipglsesignals for(a) PSand (b) PD
methodgor m=1 and =3

As can be seem Figure 4.20, for a four carrier system, for the sammg and m
values,PD method resulted in a single switching pulse, while PS method resulted in
four (number of carrierdimesnumber of switching pulses for PD metheditchng
pulses for a period of reference signal. Indeed, rather than PD method, all LS
methods have the same characteristics.Figure 4.21 to Figure 4.24, similar
switching pulse signalfor PS and LS metlus for differentm, and m valuesare
illustrated again for foucarrier systemin one period of reference signal
(1/50Hz=20ms).Again an MMCwith N=4, as shown inFigure 4.19, is used for
PWM pulse pattern generatiomia Matlab[32]. For simplicity and readability, two

of the generated pulse patterns (corresponding to red and blue subl@dduls in
Figure4.19) out of four for the whole phase arm, are shoWwme red pulse patteig

scaled by two in order to distinguish among each other.
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Figure4.21 Switching pulse patterns of PS for (ma=0.1, mf=3), (ma=0.1, mf=9),
(ma=0.9, mf=3) and (ma=0.9, mf=9) from the top to the bottom
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Figure 4.22 Switching pulse patterns of PD for (ma=0.1, mf=3), (ma=0.1, mf=9),
(ma=0.9, mf=3) and (ma=0.9, mf=9) from the top to the bottom
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Figure4.23 Switchingpulse patterns of POD for (ma=0.1, mf=3), (ma=0.1, mf=9),
(ma=0.9, mf=3) and (ma=0.9, mf=9) from the top to the bottom
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Figure4.24 Switching pulse patterns of APOD for (ma=0.1, mf=3), (ma=0.1, mf=9),
(ma=09, mf=3) and (ma=0.9, mf=9) from the top to the bottom

It is a weltknown fact for a power converter, higher switching count imgligeer
output voltage waveform quality, but at the tto$ increasing switching losshus
reduced converter efficiencyn particular, for MMC whose target applications are
at multi MW power rating, energy efficiency isyamportant characteristidn this
power rangethe cost of energy lost in the switching and the thermal management
costs of the converter sum up to notetltgramounts.Therefore, a faiswitching
pulse pattern andutput waveformcharacteristicscomparison ofscalar PWM
methods for \MMC s houl d b eequad #otaleadunt coh seniiconductor
switching per leg in a period of output voltage p r i mdhie pghteof above
mentioned informationn order to obtain equal switching count, LS methods should
be implemented with an hvalue which isnumber of carriers times that of PS

method

Switching pulses generated By and LSmethods in one period of referersignal
(1/50Hz=20ms) while keeping the above mentioned "equal switching count

principle" are showmiFigure4.25to Figure4.28.
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Figure4.27 Switching plsepatterns of POD
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Figure4.28 Switching plsepatterns of APOD

In the light of Figure4.25, the pulse patterns generated byR&method revedhat

- Number of switching and switching manner resulting from different carriers in a

system are hidlt similar to each other. This method generates much more

homogeneouand balancedwitching functions than that ¢iie LS methods.

- Number of switching for each carrier and also total number of switching for all the
carriers of a phase adependenjust on the m

- All the carriers generate switching functions.

- Switching occurs in both of the half periods, since the carriers cover full dc band

and so the carrier andferencesignak cross in both half periods

In the light of Figure4.26, Figure4.27 andFigure 4.28, the pulse patterns generated
by the LS methods reveal that:

- Switching functions resulting from PD, POD and APOD are similar in terms of
number of switching ahswitching instants.

- Number of switching and switching manner resulting from different carriers in a
system are not equal to each other. These methods generate highbgéeeous
switching functionswhich could lead to unbalanced usage of semicondsichigh
stress in terms of thermal conditions, unequal charge/dischargaibmhodule

capacitors and thera®® highcirculating currerg [47].
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- Number of switching for each carrierdependenboth on mand m.

- Total number of swiching for all the carriers of a phase is dependention m

- Depending on the sign of the carriers (being negative or positive), switching occurs
in one of the half periods (for our case, in the first half cycle). In the other half
period, switching functin is constant, since the reference and carrier signals do not
cross in that half period.

- Depending on m(for low m, values) starting from the uppermost and lowermost
carriers and going through to the zero crossing, some carrier pairs may not generate
switching functions, having constant valdé].

4.4.3. Analysis of Generated Output Voltage Characteristics

4.4.3.1. N+1 Level Output Phase Voltage

Using theN+1 level output phase voltage generating method explained in section
4.4.1.1and theswitching pulse patterndlustrated at the bottom dfigure 4.25 to
Figure 4.28 (those with m=0.9 and my=9 for PS, m=0.9 and my=36 for LS
methods) normalized (1 unit of voltagér each level) output line voltages of a 5
level (9level lineto-line) MMC system are generateat fPS, PD, POD and APOD
methodslt is importantto remindthat, these voltage waveforms are the outcome of
only the scalar PWM pulse pattergenerated byarriers and reference signahd

they areindependent from any external control metlasdetailed irthapter6. Each
switching pulse irFigure4.25 to Figure 4.28 correspond to voltage level of unity.

Output line voltage waveforms are showrFigure4.29to Figure4.32.
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Figure4.32 Normalized line voltage oAPOD for N+1 level \jn

The output line voltageseen inFigure 4.29 to Figure 4.32, are all weltbalanced

and quarter wave symmetrical; buetl exist differences in terms of transitions in
voltage steps and volia harmonics. Investigatingigure 4.29, for PS method,
transitions from a voltage level to another may occur as four units (e.g. from level 8
to level 4) aswell as two units (e.g. from level 6 to level 4). Actually, this
phenomenon is the same for POD and APOD methods, also. On the other hand, for
PD methodas seen irfFigure4.30, the transitions always occur as two units. These
arguments are validated also by voltage waveforms of methods with different m
values. Therefore, it is inferred that PD method gives a modulation function like
unipolar switched PWM; whereas PS, POD and APOD methods give functions like
bipolar switched PWM.This difference revealed its effects on the line voltage

harmonics.

Current harmonics are the source of various power quality problems such as heating
in the equipment, torque pulsations in motor drives, and heating and waveform
distortion problems in gricconnected inverters. Current harmonics are directly
dependent on voltage harmonics divided by dldputimpedance. Therefore, for
inductive loaded systems, which are the case for moshotor drive and utility
interface applications, low order harmonar® much more problematic, since high
order ones are filtered greatly by thetputinductance. In the light of this fact, line

voltage harmonicef waveforns in Figure 4.29 to Figure 4.32 are weightedbased
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on their orders and yh terms are calculated. Weighted output line voltage harmonic

spectrums can be seenFigure4.33, to Figure4.36.
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Figure4.33 Weighted line voltage harmonics of R N+1 level \f,
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Figure4.34 Weighted line voltage harmonics of R&r N+1 level \p,
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Figure4.35 Weighted line vahge harmonics of PODr N+1 level Vjh
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Figure4.36 Weighted line voltage harmonics APODfor N+1 level Vyh

InvestigatingFigure4.33 to Figure4.36, it is inferred that dominant harmonics of LS
methods are centered about their carrier frequency, while that of PS method is
centered aboutumber of carriers times its own carrier frequenasich is indeed

the converter apparent switching frequency as éxgdain sectiot.2.1.2 Thus, the
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dominant voltage harmonics locationsdifferent methods are approximately equal

as well as the converter apparent switching frequelhag important to note that
although PS method has tlrequency multiplication feature in terms of converter
switching frequency; this is not a distinct advantage since the total count of
switching in a phase leg is the same for both PS and LS metdedsttheless, PD
method, as a result of its unipolar cheterized switching function, has much
smaller harmonics magnitude compared to other methods. This advantage makes the
PD method favorable, in terms of output harmomictortion performanceamong

the other LS and PS methodsigure 4.37 and Figure 4.38 show weighted line
voltage harmonic spectrum of PD method also fgr® and ng=0.6. For rg=0.2,

again the harmonics centered about carrier frequency are the dominant ones; while
for m=0.6, harmonics alut two times the carrier frequency as well as carrier

frequency, are dominant.
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Figure4.37 Weighted line voltage harmonics BD for N+1 level \pn
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Figure4.38 Weighted line voltage harmonics BD for N+1 level \j,

The analysis of weightedahmonic spectrums of line voltagdésr scalar PWM

methods can be digitized and broadened to different amplitude modulation and
frequency modulation indices byalculating fiweighted total harmonic distortion
(WTHD)Y val ues of | i n e Different froang @dassicala VMO o r ms
calculation, output line voltage WTHD calculation involves the effect of orders of
harmonicsTherefore it is much like current harmonics of thewaster.It is defined

in percent ag Equation(4.10}

o (4.10)

B o)
®YO0O ————=—zpmnm
w

where "Qis the harmonic order andy, ; i the amplitude of théQ line-to-line
harmonic voltage. WTHD values are irrespective from the parameters of the
topology used, giving ainiversalresult. WTHD values of the fourscalar PWM
methods are calculated for varying amd varying mvaluesseparatelyFigure4.39
shows WTHD values for fixed mand varying m Figure 4.40, on theother hand,
shows WTHD values for fixed yrand varying m Again, btal count of switching
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throughoutvarying m, or m ranges inFigure4.39 and Figure4.40 are the same for
different PWM methods. It isnportant to note that, fdfigure4.39 andFigure4.40,
m; values on the charre valid for PS method, whereas that &fS methods are

number of carries(namely four) times shownaalues
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Figure4.39 WTHD values for changing yand fixed ni=3 and m=9 at the top and
at the bottomfor N+1 level \pn
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Figure4.40 WTHD values for changing yand fixedm,=0.6 and rg=0.9 at the top
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Analyzing Figure 4.39, performances of POD, APOD ar®lS methods are similar
especially at low modulation indices. PD method, on the other hand, has a
significant speriority on WTHD performance at low modulation indicAs higher
modulation indices, from g0.5 and up, methods have more diverse WTHD
performances, but PD method has generally the best performanceltadgmiciear

that as mvalue (which also impliesotal count of switching) increases, WTHD
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value decreases for the samgvalue, since the dominant voltage harmonics go to

higher frequency range. Nonetheless, operating at highealoes, performances of

different methods become close to each othien eerified byFigure 4.40, which

shows that the met hodsd pevrvdluesspeaificales di ffer
up to five. Therefore,tiis important for an MM being operated with the right

scalarPWM method when keepgnm value, and so switching loss, is lower. PD

method again has, except for a few operation points, better characteristics
throughout the rrange. Consequently, both of the WTHD graphs highlight PD that

it would be the right method for the converteith N+1 level \,,, considering

output voltage harmonics, with equal switching count provigi@h

4.4.3.2. 2N+1 Level Output Phase Voltage

Using the2N+1 level output phase voltage generating method explained in section
4.4.1.2and theswitching pulse patternflustrated at the bottom dfigure 4.25 to
Figure 4.28 (those with m,=0.9 and m=9 for PS, m;=0.9 and m;=36 for LS
methods),normalized (1 unit of voltage fagach leel) output line voltages of &9
level 17-level lineto-line) MMC system are generatent PS, PD, POD and APOD

methodsOutput line voltage waveforms are showrigure4.41to Figure4.44.
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Figure4.44 Normalized line voltage oAPOD for 2N+1 level \jp,
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The output line voltageseen inFigure 4.41 to Figure 4.44, are allwell-balanced
and quarter wave symmetrical. The voltage transitionise figuresare all similar to
each other and occurred amgle or double unitsThere is no difference in the
transitions as irthe case of N+1 level phase voltage. All ttfe and PSmethods
give a modulation function likeipolar switched PWMor 2N+1 level output phase
voltage Thesimilarity between output voltage wavefornevealed its effects on the
line voltage harmonicd/Neighted line voltage harmonics of LS and PS methods are
given in figures fronFigure4.45to Figure4.48.
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Figure4.46 Weighted line voltage harmonics of R&r 2N+1 level \j,
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Investigating Figure 4.45 to Figure 4.48, the similarity of different scalar PWM
methods in terms of output voltage waveform can be argued. The locations of
dominant harmonics are the same for LS and PS metAsdsxpected from section
4.4.1 they are at the sidebandstafce of the carrier frequencyor LS methods and

at the sidebands dfvice of the number of carriers times the carrier frequencyPS
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method.Therefore, the locations of dominant harmonics are again similar for LS and
PS methods. Moreover, for this case, the amplitudes of weighted hesmere
similar to each other. The weighted line voltage harmonics for all the methods are
about 0.05 percent of the fundamental harmonic. No method has a distinct advantage
over others as in the case of N+1 level.V

The analysis of weightedahmonic spetrums of line voltagedor scalar PWM
methods are again digitized and broadened to different amplitude modulation and
frequency modulation indices bygalculating WTHD values of line voltage
waveforms WTHD values of the fourscalar PWM methods are calcutd for
varying my and varying mvaluesseparatelyFigure 4.49 shows WTHD values for

fixed m and varying m and Figure 4.50 shows WTHD values for fixed yrand
varying m. Again for these figuresny values on the chart analid for PS method,
whereas that oES methods are number of carsgnamely four) times shownm

values The graphs shown on the figures are all valid for the whole LS and PS

methods.
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WTHD Comparison of V|

Figure4.49 WTHD values for changing yand fixed m=3 and =9 at the top and
at the bottomvalid for all the LS and PS methofds 2N+1 level \{,
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Figure4.50 WTHD values for changing and fixedm,=0.6 and m=0.9 at the top
and at the bottonvalid for all the LS and PS methofibs 2N+1 level \bn
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Analyzing Figure 4.49 and Figure 4.50, the similarity of weighted harmonics in
Figure 4.45 to Figure 4.48 are reflected to the WTHD values. All the scalar PWM
methods have the same output line voltage WTHD values for changiregnan

changing mranges. No method has an advantage for 2N+1 leyel V

4.5. Conclusion

In this chapter MMC switching methods, specificadigrrier basedWM methods,

are analyzed in detail. Implementation cdrrier basedPWM methodson the
converterresulting in N+1 and 2N+1 level output voltage waveforms are explained.
Their fundametal switching patterns, without any external control loop, are
obtained Resultant output voltage waveforms and their harmonic spectrum are
analyzed with equal switching count per phase principle for each PWM méihed.
characteristics and performancescafrier based®WM methods are comparethe

following results are obtained:

- PS method provides balanced and homogeneous pulse patterns for different
carriers in the set, whereas LS methods yield unbalanced and heterogeneous
patterns. Therefore, LS metl® require additional precautions before being
used for the switching of the converter, in order to prevent unbalanced
exploitation of submodules

- The locations of output voltage harmonics are similar to each other for LS
and PS methodsoth for N+1 an®N+1 level \jh, as long as equal switching
countprinciple is followed.lt is important to note that, in order to maintain

this principle, carrier frequency of LS methods shallNoémes that of PS

method Thelocationsare summarized ifiable4.2.

Table4.2 Locations of output line voltage harmonics for scalar PWM methods

N+1 level Vpn | 2N+1 level \fy
LS (all PD, POD and APOD) fe 2xf
PS N x fc 2N x f;
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- In case N+1 leveV, is generated, PD of LS methods has lower output
voltage harmonicen magnitudethan theother methods due to its unipolar
switched PWM function. Therefore it is favorable to use PD method for N+1
level Vpn.

- In case 2N+1 level M, is generatedall the LSand PS methods give similar
performances to each other in termstioé magnitudeof output voltage
harmonics. Not any method has advantage. Therefore it is not
consequential to use any method for 2N+1 levgl V

- For 2N+1 level \fn case, since the gput voltage level is doublegklative

to N+1 level \{, case the locations of dominant harmonics are doubled also,
getting smaller when wehted by their harmonic ordeM/THD comparison

of N+1 and 2N+1 level M, generating methods are done Rigure 4.51.
Since PD method gives the best performance for N+1 level cashese
figuresthe comparison is based on PD methacdcording toFigure4.51, it

is favorable to use 2N+1 level,generating method foMMC switching,
when only the output harmonics are of interest, with the purest form of
carrier based®WM methods.The other effects of N+1 or 2N+1 levelV

generating methods are detailed in chapter

WTHD Comparison of V|

25 \
g0\
5\
E \
0s \ \
— — —
0 T T T )

—N+1level Vph —2N+1level Vph
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WTHD Comparison of V|

31,5 \\
2, .\
;O,S \ ¥/\

—N+1level Vph —2N+1level Vph

Figure4.51 WTHD values for changing mand fixed ng=0.9 at the top and changing
maand fixed n=9 at the bottomfor N+1 and 2N+1 level W,
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CHAPTER 5

MODULAR MULT ILEVEL CONVERTER COMPONENT RATING
DETERMINATION

5.1. Introduction

Convertercircuit designand component rating determinatiohMMC is amulti task
operation. In an MMCthe ultimate circuit properties to be determined are the
number of submodules per arm, @men inductor and submodule capacitor vale
well as the semiconductor ratingsor sure, determination of all the values is
highly dependent omach otherthe MMC system to be implemented, load and
waveform quality requirements and course cost.n this sectionthe mathematical
relations and limitations onumber of submodules, arm inductor and submodule

capacitorvalues will be provided foa prope™MMC design.

5.2.  Discussion on Number of Submodules per Arm

The rumber of submodules per arm, is anong fundamental parameters of the
MMC topologyto be determined. As expressedchmpter2, the ease of scalability

to different voltage and power levels is one of the advantages of MMC topology to
conventional twéthreelevel and other multilevel converter topologies. Indeed, this
phenomenon is realizeabs a result othe submodule based structure of MMC. Ms
increased,higher output voltage and power ratingande achieved. Therefore,
determination ofN is directly related \th the dc-link voltage, output power and
voltage characteristicasMoreover, since theincreasein N results in theoutput

waveform qualityimprovement another constraintan be proposed ke desired
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outputharmonic content and THD valuehile keepingthe arminductors the same.
Actually, increase in Nallows decreasing tharm inductor and output harmonic
filter size In practice,however,as long aghe commercialsubmoduleshavefixed
submodule capacitor value (or haaternatives with different cagitor values to be
selected), there exists some constraints orFikét of all, the submodule voltage
ratings should beespectedGiven adc-link voltage Equation(5.1) sets aimit on

theminimum value of N as below:

(5.1)

where,w ;  stands for the maximum allowable voltageindividual submodule
which is depedent on the submodule capacitor as well as semiconductor.rating
Moreover, given the output powerEquation (5.2) sets another constraint on
maximum value oN, based on energy storage requirement of converter and given a

value for allowed submodule voltage rippb®]:

"y G 20Eq o7 (5.2)
oza 7] Z@

where, Y& is submodule capacitor voltage ripple, S is apparent power of the
converter and is fundamental frequencindeed, the equation emanates from the
dimensioning of the submodule capacitor value assumingtam@ngirculating
current and negdible voltage unbalance between the submodules of the same arm.
The proper number of N can be determined in the light of Equattohgsand(5.2),

and with theoutput voltage hamonic content requirementl the two equations do

not meet up in a common interval, submodule capacitor should be changed

accordingly.
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5.3.  Arm Inductor Value

Arm (buffer) inductor is one of the distinguishing components of MMC among other
multilevel converers. Connectedh series with the submodules;minductorsfilter

the output current as wellsthe circulating current betweehe dc-link and phase

leg. Therefore, arm current ripple, output current quality and semiconductor ratings
are directly affecté by the arm inductor. As explained inchapter2, the voltage
difference betweethe dc-link and phase leg causes a circulating current. Equation

(3.25)is rewritten in Equatiol(5.3) for convenience.

BV ©3)
Qo q

The magnitude of the circulating currest shapedoy the arm inductor and arm
resistanceln [51] it is found that the icculating current is composed of even
harmonics of output current and especially the second harmonic is donimjga]

circulating current second harmonic is found as in Equ#Eiat).

0 (5.4)

Then,arminductor valuecan be found as in Equati@b.5):

0 Y , (5.5)
v o~ w
w1l 0 o0

where,"Yis apparent power of the converter. By this equation,ngivenaximum circulating

currentsecond harmonidpple, it is possible to select taeminductor value.

Moreover, in[47], anotherapproach is tracked in terms of resonance frequency of the

converter The arm capacitance aram indudance forms a resonance frequency of the
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converter, giving a boost to the circulating current. Equafmi) gives the values of

resonance frequencies:

(5.6)

where, n=3KL. If the converter is operated at the resonant frequency, ther"the n
harmonic is only limited by the arm resistance, whicimtentionallykept small for
efficiency purposes. Therefore, it is suitable to operate the converter above the
highest resonant frequenayhich is obtained by n=2 and,ai. Then, the following
constraintin Equation(5.7) is obtained for the multiplication adfrm inductor and

submodule capacitor:

o (5.7)
s

0 0o

In order to satisfy the Equatiof®.7), the fundamental frequenf the converter
should be above the highest resonant frequency, which resbits walues of)
and/or0 values. Therefore,neither the fundamental frequency nor the harmonics

coincide with the resonant frequency.

In sygemsfor which the output of the converter is connected to a voltage source,
such as HVDC systems, in case adhrtcircuit, the arm inductor limits thefault
current. Therefore, apart from circulating current second harmonic elimination
process, the second factor to take into accountafar inductor selection is the
maximum rate of change of fault current.shortcircuit in dc side represents the
worst caseAssuming the transient is short enough to keep the capacitor voltages
unchanged and ignoring the arm resistance, Equéi@hgives the current through

a phase leg of the converter:
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a0 aQ (5.8)

Since the fault current would tsgnificantly large than the nominal arm currents,
upper and lower arm fault currents can be assumed equal. Then Eddajocan
be rewritten as in Equatidb.9):

¢ QQy o (5.9)
Qo
)
q Qo

Equation (5.9) gives another constraint on the value avfn inductor, provided
allowable fault current slope isvailable.

5.4. Submodule Capacitor Value

Selection of gbmodule capacitor value requires considering on the acceptable
capacitor voltage ripple and the sizing, thus cost. As shown in EquéBidi’§ and
(3.18) submodule capacitors are charged/discharged by arm currents which are
composed of half of the output current and circulating curréhiis, submodule
capacitors voltage ripple is shaped according to magnitude and direction of these
currents. Voltage ripple omot be totally eliminated, but its magnitude can be
lowered as the capacitance of submodule capacitors is increaskdas the
circulating current is controlled he outputcurrent itselfcreates a voltage ripple in

the capacitors abutput current frequacy and indeed it isnescapable The
circulating current, on the other harid,composed o& dc and ac component in
which the second harmonic is dominafihe ac component of circulating current
causes extra voltage ripple on the submodule capacitors fapen the output

current.Therefore, control of this ac compongaspecially the second harmonk,
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favorable in terms of suppressing submodule capacitor voltage ripple. The required
capacitor valudor a fixed voltage ripplean be decreased with peypcontrol of

circulating current ac component.

Submodule capacitors selection is basedn@mximumtotal energy stored in the
converterand converter rated powdtnergypower ratio, which is given in Equation
(5.10) should be keptn a range of 10J/kVA to 50J/kVA, depending on the
application and convertg¢s3].

. O (5.10)

where, O is the maximum energy stored in capacitors ‘ahds rated converter
power.Lower energypowe ratio means reduction of capacitor size and cost, but in
return for higher capacitor voltage rip@ed vice versa. Maximum stored energy in

submodule capacitordf threephaseconverteris given by Equatioi5.11)

o 00 2 960’3 o w_ o0 W (5.11)
C 0 0

Then, using Equation5.10) and (5.11) submodule capacitor value can be

determined as in Equatiqb.12)

, OwozY (5.12)
0 —

ow
Apart from stored energy approach as given above, anotbeéefinedvoltage ripple
magnitude based approach is proposedi]. Assuming the circulating current
contains no ac component, the submodule capaeitdue is calculated as in

Equation(5.13) with apredefinedoeakto-peak capacitor voltage ripple magnitude.
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0 4 2AT0 ~ (5.13)
02028 zwmzYnz] zAT-OP C

In the literature, approxiately 10%peakvoltage ripple of submodule capacitors is
taken as acceptab]&4], [95]-[96]. Higher capacitor values increage volume of

the system and the cost of the converter. Mogedugh capacitor values cause

slow down the response of the system to dynamic changéslink. Therefore,
submodule capacitors are chosen as small as possible, keeping the voltage ripple in

acceptable range.

In section7.2, the simulated converter circuit parameters are determined in the light

of information given in this chapter.
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CHAPTER 6

MODULAR MULTILEVEL CONVERTER SWITCHING AND CONTROL

6.1. Introduction

Switching and catrol methods and issuesf modular multilevel converterare
basicallysimilar to other conventional twievel VSCs up to a point~or sure, as the
topology differs from conventionalSCs there exist some et control loops and
variations First of all, the output active and reactive poweontrol of theMMC,

which can be called as basic VSC control, is fundamentally the same as conventional
converters As the submodule based structure of MMC distributes the energy stored
in the converter to all the sulmtlule capacitors, instead of a single dc side capacitor
as in conventional twdevel convertes, an extra control requirement is emerged for
MMC topology. That is equating the energy in all theébmodules as much as
possiblewhich also meansquating thecapacitorvoltages of all subrnaules. If this
voltage balancés not achieved, thstability of theconvertercamot be guaranteed

In such cases, high internal currents may build up between the submodules and
phases, and the output waveforms may distdditionally, the presence of
circulating currents in the converteresults in another control mechanism,
suppression/contraif the circulating currentac component as explained dhapter

2. This current component does ndtdgart in the power transfer to tbatputand

should besuppressedor high converter efficiency and low circuit component

ratings
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It is important to note that, switching and modulation of MM much more
integrated to each other than conventional ¥S&s explainedin chapter3, there
exists a wide range of switching methods for MMC. As the switching methods
branch, integration of control with these different switching methods has to be
shaped accordingly. In this work,etlcarrier based®WM switching methods are
used in the control loops of the MM@part fromoutputpower contralwhich can

be considerechs commonamong all VSCs, for capacitor voltage balancing and
circulating current suppressiaoak, in the literaturehere exist two fundamental
control approaches, one is proposefRinby Lesnicar and Marquardind the other

is proposed ij22] by Hagiwara and AkagBoth of the approaches will be detailed

in next sectionsbut firstly, the common control loomutputpower control, will be
explained.

6.2. Output Power Control

Output power control of MMC is similar to conventional twar threelevel
converterssynchronous framegq currentcontrol where the VSC output voltage is
adustedto a calculated value in order to track the actual active and reactive power
reference$55]. In this method, after the transformation of output currents from abc
stationary reference frame to dqtating reference framesuch tha the d axis is
aligned on the grid voltage vectog,current is controlled to track active power and

iq current is controlled to trackeactive power.Thus, to have the output current
vector in phase with the output voltage vedia. for unity power éctor) iy should

be zero. The active and reactigewers produced by the converter a@ieen by

Equatiors (6.1) and(6.2), which are based on instantaneous power tHaorj:

(6.1)

c
N1Q
<
c
@)

c
NlQq
=
c
(@)

(6.2)
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Assuming that the d axis is completely aligned with the converter output voltage
such thaty 1, the Equationg6.1) and (6.2) reduces @ Equations(6.3) and
(6.4)

0 0 (6.3)

a. .
Loogu. @ (6.4)

The referenceyiand i output currents can be calculateg Equationg6.3) and(6.4)
for a fixed output voltage and powetigure 6.1 shows the block diagram of active
and reactive power contrtmr MMC.

d * d

| M |
i g P | — Vi
i'—a abc/ dq e da/abe | | s
b transform transform I_b
¢ —> Vv

Figure6.1 Block diagram of active and reactive power control for MMC

In Figure 6.1, 'Q , "Q and’Q stand for the output phase a, b and c curredts,
stands foroutput displacement angle in rad/s for abc/dq transformatabt/dg

transformation is detailed in Appendix AQ and ‘Q are transformed outp
currents in dq reference framﬁ and"f; are the reference currents in dq framfe.

can beobtained by phase locked loop (PLL) configurationrfgrid connected
systems or byield oriented control for motor drives. In order to trabk reference

values of'f; and"f; currents,Pl controllers are utilized owing to their superiority

in reference tracking with zero steashate error.The design of the Pl controller
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relies on the poleero placement methodologyhe aim of this methodis to
consider the total closed loop, from the error calculatiotil the current output of

the converter, as a first order system. The controller is parameterized according to
the controlled systenand the bandwidth of the closed loojm this way, the
calculation ofthe PI gains is simplified. lirigure 6.2 the overview of theoutput

currentcontroller and the physical system is illustrated

physical
system

+ error Vi* iI
- —
|

controller

Figure6.2 Overview of theoutputcurrentPI controller and physical system

Based on Equatio(8.28) equivalent circuit of MMC in terms ajutputcurrents is
illustrated inFigure 6.3, and (3.28) is reordered as in Equatidi6.5) taking the

outputresistance and inductance into account.

Output
Terminal™.
i - V|_C -
° @ g l\/\/\,_rvm‘_/vv\,_rvm_@_.
| \h-p)_c I m | lam R L, Ve

i
O._ @ I_E I\/\/\,m._/\/\/\,_mv\_@_’N

i rm I Larm R L, Vp

i
O AW eAMN—TN—()-8

| \n-p)_a | rmi Larm R I Vj

Figure6.3 Equivalent circuit of MMC in term of outputcurrents
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Y 0 agQ v 0
v : 0 (6.5)

Y 0 AQ . 0
Q 0 — Y Q — 0 —== Q 0 Q 6.6
‘ q ‘ S Qo C ‘ (6.6)
Y U Q U
Q U — Y 1Q — 0 === 1 — 0 1Q (6.7)
‘ q S Qo C
Y U Q U
Q V) — Y Q — 0 —— 1 — 0 Q (6.8)
. c . QO c .

As seen in Equation®.7) and(6.8) there is an interaction amotige quantities of d

axis and g axis curresithrough coupling terms as — 0 Q and] —

0 "Q . SolvingEquation(6.6) for —— and applyng Laplace transformation gis:

(6.9)

TheLaplace transformation of Pl controller, G(s)definedas inEquation(6.10)

(6.10)

. v
ol v =
O

Then, the block diagram frigure6.2 is rearranged as Figure6.4.
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physical system

Vo
controller
+ error s U I
T x Ky + Kils x II U(sL+R+jwL) >
[ _

Figure6.4 Overview of theoutputcurrentPI controllerand physical systemith
outputvoltage

The ®upling terns and output voltage are temporarily ignored to ¢heedesign of
the current controller. Then, the physical system seen by theotteints reduced to
Equation(6.11).

Y .o 0 ,‘, (6.11)

The closed loop transfer functionleigure6.2 is given in Equatior(6.12})

O ST o0 fz (6.12)

As expressed previously, the closed loop system is to be a first order system whose

transfer function can be written as in Equati6ri3)

0i —— (6.13)

where, ® is the bandwidth of the controtleSetting Equation(6.12) and (6.13)

eqgual to each otheesults in Equatio6.14)
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6 i "Oi ()

Oi

Then,6 i "Oi is equal to” i andd i can be defined as in Egtion(6.15)
o1 O i i_ — Y l_

G G i
5 oY o (6.15)
s Oy , 0
i C v @]

As given in Equation(6.15) controller gains are expressed in terms of circuit
parameters and bandwidth of the controller. Bandwidth of the controller is chosen as
one tenth of thequalswitchingfrequency of the converter in rad/s. It is important to
remindthe different values of switching frequency of the converamn chapterd

for different scalar PWM method8andwidth of the converteK, and K are
expressed in Equans(6.16) (6.17)and(6.18) respectively.

o
5t 6.16
O - (6.16)
R R o S R (6.17)
0 & — 0 ¢ — — D
R pT ¢
v QY
6B — v e Ty (6.18)
R pT G

In this way, the PI controller sees the converter as a firgrasgstem. As the

ignored terms, @upling term and output voltagaere includedFigure6.5 shows the

whole block diagram of the converter
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G(s)

physical system

Vo Vo
controller
+ error V B i
|

jwL

Figure6.5 Feed forward ofoutputdq currentcoupling term and output voltagd the
converter

According to Equation(6.6), output of the MMC can be written as in Equation
(6.19)

e v o ~— v 2 5i gl (6.19)

o — Y — 00 (6.21)
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Therefore, as long as the circuit parame®rs, Y, 0 , 0 and output voltage
displacement angld are determined precisely, the PI controller can treat the MMC

as a first order system.

6.3. Direct Modulation

As explained in sectior6.l, apart from basic VSC control, there exist specific
variables in MMC topology being controlledubmodule capacitor voltages and
circulating currentFor these MMC specific control ainmitiere are two fmdamental
approachesicknowledged in the literatur®ne is being proposed lyesnicar and
Marquardt[2] and it is referred hereafter as direct modulafit®]. In this method,
for all the submodules in a phase lem,single reference signal is used for
modulation. It treats all the submodules in the phase leg for modulation
simultaneouslyAs for the carrier signal, bothS and PS carriersmay be used.
Nonetheless, for this control approach, it is shown thanebod of LS gives the
best result in terms of output harmonic distortj@B], [49]. Two separate control
algorithms are implemented fosubmodule capacitor voltage balancing and
circulating current control. Thelock diagram of the controllers is shown Bigure
6.6.

phase or level
shifted carriers

lab,c Ve all
A gating signals
* * i
Vi Vp/n Capacitor for SM
— PWM > Voltage > MMC
Balancing

common for both
direct modulation ~ ~
and PSCB control Circulating \ differing for /

approaches N SM ca /

Current ~— -

voltage

Control balancing
A

Ip/n

Figure6.6 Block diagram of direct modulation method
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6.3.1. Submodule Capacitor Voltage Balancing

As explaned inchapter2, submodule capacitors are charged and discharged during
steady state operation of the convertedeed,this process of charge/discharge

the output current frequencis inevitable. Only its ripple magnitudemay be
decreasedyy increasing thecapacitor value. Moreover, if the circulating current
contains ac component, then the capacitor voltagealswecharging/discharging at
these circulating current frequencies. The charge/dischangeunt of different
cgpacitors in an arm should tept equal to each other as much as possible. If this
balance is not maintained, the output voltagd current distostinternal currents of

the converter boost and damage ¢heuit equipmens as well as the voltage ratings

of submodule capacitorsan beexceeded resulting apacitorfailures

The charge/dischargstates of submodule capacitors are givenHFigure 2.9 and

Table 2.5. The states basically depend oeither tle submodule is inserted or
bypassed and if inserted, the direction of the submodule current. Briefly, if the
submodule is bypassed, capacitor voltage does not change. If it is inserted to the
current path and the current is positive, then the submodudeitapis charged and

else if the current is negative, then the submodule capacitor is dischBhngeeffore,

in order to maintain the voltage balance of submodulesestates should be used

accordingly for each submodule during the operation of theectar.

6.3.1.1. Sort and Select(S&S) Method

Most commonly, @dect modulation approachsas a "sort and select” methad
orderto maintain voltage balanaaf submodule capacitofg]. This method, first of

all, requires the measurement of capa voltages of all the submodules and
polarity dataof the arm current. Implementation of the method is explained in steps

below:
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1. The "required" number of submodules,,No be inserted to the current path
of the arm(upper and lowershould be determed. Ny is found outby the
modulation waveformghat isthereference and carrier signals. As explained
in chapter3, there are N carriers for N submodules in an arm. Reference and
carrier signals are comparad amplitude if the reference is greater than a
carrier, one submodule for this carrier should be insettethe current path,
corresponding to increase of,/\oy one; if nof one submoduleshould be
bypassed, not changing the value @f.NBy this way, all the N caiers are
compared with the reference and,,Ns determined.The procedure is
illustrated inFigure6.7.

- reference voltage carriers N=4
de|\ A
\ ~ y
| \
! X
| /N
g |
Uyz/2 | A :
\ i VAR
A A N
: /: \| i
) 1/ | |
N 2 ' % i
ol/ \/A N NI\
Non=12{ 31413141312} t

Figure6.7 Determination of Iy,[58]

2. All the capacitor voltages in an arm are measured and sorted from the highest
to the lowest.

3. If Non does not change from previous step timg, Malue, inserted and
bypassed submodules do not change in an arm. BM§,a&hanges, inserted
number of submoduleshould be changed. The submodules to be inserted
and bypassed are determined according to the following algorithm:

a. If the arm current is positivéas inFigure2.7), Non, submodules with
lowest capacitor voltage are inserted (sa@ charge them), and the

rest (N- Nop) is bypassed (so as not to overcharge them).
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b. Else if the arm current is negative ,o,Nsubmodules with highest
capacitor voltage are inserted (so as to discharge them), and the rest
(N - Non) is bypassed (so as nod bver discharge them)rhe

procedure is illustrated iRigure6.8.

Reference Carriers
' Compare '
qj\loni 0 Non MNonl O
. \d .
larm < O larm > 0
Crj\|on:Non'Non_old
Insert Non S M0 |s i Cﬂ\|on—0 Insert Non S M6

with highest
capacitor voltage

with lowest
capacitor voltage

Keep current
conditions of
SMb6 s

Figure6.8 Determination of inserted submoduteghe current patfor sort and
select method

By this way, all thesubmodule capacitors meanltages converge to the average

value of Vy/N, with some ac ripple.

6.3.1.2. Sort and Select Method withReducedSwitching Count (S&S-RS)
Method

A modified versiorof sort and select method for capacitottage balancing is sort
and select method with reduced switching cda8i. It is basically the same as sort
and select method; however, implementatidrthe method differs at the stage of

determination of inserted or bypassed submtesl Step number 3 of sort and select
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method is rearranged as below so as the method is tailored as sort and select method

with reduced switching count:

1. Step 1 is the same as sort and select method.

2. Step 2 is the same as sort and select method.

3. As Non changes,aNon = Non - Non_oid IS determined; where, N o4 is the

value of N, at the previous step time. The submodules to be inserted and

bypassed are determined according to the following algorithm:

a.

b.

If aNon is zero, inserted and bypassed submodules do not elang
thearm.

If &Non is positive,additionalsubmoduleso the existing oneshould

be inserted to the current path. Selection of thedditional
submodules iexecutedagain considering the arm current polarity
and capacitor voltage levels of submodules in sort and select
method. Howeverthe selectionis madeamongonly the currently
bypassedsubmodules, while sort and select methodkes the
selection among thehole submoduledothinserted and bypassed.

If aNon, is negative, some submodules sldobé bypassed from the
current path. Selection of thesg&cesssubmodules igxecutedagain
considering the arm current polarity and capacitor voltage levels of
submodules as in sort and select method. However, the selection
madeamongonly the currenty inserted submodulet® the current
path while sort and select methadakes the selection amortige
whole submodules in the arrnoth inserted and bypassédgure 6.9

illustrates the procedure.
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Reference

Carriers

Compare ‘J
O0Non=Non-Non_old
l qj\l on :O Y ' N

oNon>0 oNon<O

y

Y |arm>o N |arm>0
Keep current
conditions of
4 Y SMs 4 Y
Switch on [gNon| Switch on [gNon| Switch off |oiNon| )
SMs with the lowest SMs with the SMs with the Switch off |etNon|
. . SMs with the lowest
voltages among highest voltages highest voltages
voltages among
(Non-Non_oia) off-state among (Non-Non_old) among Non_oig ON- N on-state SMs
SMs off-state SMs state SMs on_old

Figure 6.9 Determination of inserted or bypassed submodules for sort and select
method with reduced number of switching

By this way, total switching count of submodules can be reduced significantly in
return forsome increase in the subdule capacitor voltage ripple due to restricted

dynamic control of capacitor voltage balancing.

6.3.1.3. Voltage Balancing with Carrier Rotation

For submodule capacitor voltage balancing, there exists another method to be used
with direct modulation control approach, without the need for submodule capacitor
voltage measurememind arm current polarity dafa6]. This method is especially
evolved forLS PWM. It is based on assigning each carrier signal to a submodule
andswitching the submodule with the common reference signal and assigned carrier
signal. Howeverjf each carrier signal ipermanentlyassigned to one submodule,

then insert/bypass durations of these submodules will diverge from each other
because of the emasons as explained in sectigh4.2 In this condition,
charge/discharge rates of capacitors will also diverge from each other, resulting in an

unbalance between capacitor voltages. In order to equesteinbert/bypass timesf
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different submodulesach carrier signal should be assigned for each submodule on
the arm for a period of timeand theassignment of carriers should bbange
periodicaly. By this way insert/bypass durations of submodules are equated to each
other so as thecharge/discharge amount$¥herefore, a balancef submodule
capacitorsvoltage could beachieved The rotation period of carriers is equal to
fundamental period of output voltage. At each fundamental period, carrier is
assigned to the next subthde, until the N' submodule. Then, the carrier is
assigned to the very first submodule and the processinues It is important to

note that, as N increases, the balancing capability of the method degrades, due to the
increase in rotation periodh Figure6.10, rotated carriers for N=4 is illustrated. In

the figure, each submodule is colored differently, and switching of these is done by
the same colored carrier parts. As seen, each carrier part with different isolors
placedin different modulation regions, providing the insert/bypass time durabibns

the submodule® be equal.

Vdc

WAVAVAVAVAVAVAVA

Figure6.10 Carrier rotation method for submodule capacitor voltage balancing
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6.3.2. Circulating Current Control

Circulating currentis one of the characteristics of the MM&s defined in Equation
(3.10) it consists of a dc component responsible for power transfer tutpatand

an accomponent Ac component of circulating currenauses extra conduction loss
and requires the circuit elements to ra¢ed higher Therefore, it is convenient to
mitigate this ac componenhless it is intentionally generated for specific purposes
such as in case of low frequency operation of the coerewhich is detailed in
chapter8. The ac component of circulating current emané&i@s variationsin the
total submodule capacitor voltagestween the uppeand lower arms of a phase leg
and between different phase legdthough the voltage variations between upper and
lower arms could be minimized by suitable voltage balancing mecharasms
explained above; voltage imbalance between different legs is ineviaiole in a
threephasesystem thereshould be a phase differece between different phases
Therefore, submodule capacitorsitages of different phase legs fluctuatet of
phase causing circulating current$ndeed, in[57] it is shown thatthe sum of
capacitor voltages in an arm contains & componentconsisting ofa dominant
fundamental frequency component and a second harmonic compaparit from
the nominal dc voltage, &/ For the other arm, fundamental componerit iadians
out of phase because of the modulation scheme and the secomhicais in phase
with the formerarm voltage sumAs a resultthe sum of all capacitor voltagestime
phase legontains a dominant second harmonic and the fundamsomgonents
eliminated.Thus a second harmonic voltage ripple is added to the phase leg voltage
sum, resulting in second harmorggculating current This circulating current is
proportional with output current and inversely proportional with submodule
capacitor walue [55]. Equation(3.16) related with circulating current isarranged
here as in Equatiof6.22)

'aQ
. N . : L 6.22
Wb 55 ¢ Y Q o 0 U (6.22)
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Equation(6.18) models the circulating current flowing between a phase leg and the
dclink. Moreover, a similar voltage loop equation could betten for the
circulating current flowing between different phase legs as in Equitiaay

[910]
Q0o

10 Y @ 0 0 b 0 (6.23)

where, 0; U ;, standsfor phase a leg voltage andy 0; stands for phase b

leg voltage Figure6.11 illustrates the circulating current equivalent circuit of MMC.

icirc_a icirc_b icirc_c
o b s (Vo Vo) 6(°0) (Vo Vi) c
Vil ) 2Ram—  2Ram 2Rorm
2Lam 3 2lam 2L arm

Figure6.11 Circulating current equivalent circuit of MMC

According to Equatios(6.22) and (6.23)6.19) circulating current is limited by the
leg impedance, mainly therm inductor. However, an active control strategguld

be implementedvithout affecting the output voltage, by increasing both the upper
and lower arm voltages, so that right sides of the Equaf®2®) and (6.23) are
zero.The control algorithm basically tries to keep the voltage balance betieeen
link and phase legs or betwedifferent phase legs by inserting or bypassing extra

submodules both from upper and lower arm so as not to distort the output voltage.
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Syoposng, at a given time, the sum of capacitor voltages in phasesaibber

average value than the ones in phases b and c. The difference between the phases
can be reduced by inserting more than N submodules in phase legs of b and ¢, where
the submodulesoltages are lower. Therefore, at specific instant, phase leg a may
have N2 submodules inserted to the current path and phases b and ¢ may have N+1
submodules, resulting in a balance between phase leg voltalgisstechnique

allows for regulation of themplitude of the total inserted submodules capacitor
voltage, reducingthe temporary imbalances between the phases and consequently

eliminating the circulating current ac components.

The dominant ac component is second harmdhigsit is appropriateto suppress
this component from circulating current. In order to implenteatabovementioned
technique, vector control approach couldelploited as in the case of output power
control [58]. Circulating current second harmorsomponentis transformed from
abc stationary reference frame to rotating dqg reference filamsemportant to note
that, the dominant ac component, second harmonic ighanform of negative
sequence and during abc/dq transformation this condition shouldkiea into
account. Then PI controllers are used to track the reference second harmonic
components (which aressentily set tozero).PIl parameters could be determined
with the same algorithm explained ire&ion6.2 and using thesirculating current
equivalent circuit inFigure 6.11. Bandwidth of the controller ishe same as in
Equation(6.16) K, and K parameters are given for the sake of convenience in
Equationg6.24)and(6.25) below:

¢z 20 (6.24)

O & cd
6 U

¢zQ 22 (6.25)

O & QY
6 U

The outputs of Pl controllers are the reference circulating current suppression
voltages in dg frame. They are summed up with the cross coupling compensation

terms and the final reference voltages are back transformed to the abc reference
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frame. Block diagram of the controller is given Figure 6.12. Back transforrad
voltage components are used in the modulation blask explained in the next
section.

+
|circ_d*: 0 n '. '- '(‘X)
- + Vcirc_d*
-2d; -2d,
. icirc d i
lei — - > Virc_a
inrc_Z abc/ dq dg/abe |\«
eire | transform transform circ_b
lcirc_c > Veirc ¢
- . *
+ = + v VC|rc_q
) .
lire_*=0 ——— = —(—

Figure6.12 Circulating current second harmonic controller block diagram

6.3.3. Refererce SignalGeneration and Modulation

The reference signal which should be the input of the modulation block is generated
by summing up the resulting signals of output power control aBigare 6.1,
circulating current control as ifrigure 6.12 and half of thedc-link voltage.
Reference signals of upper and lowemaof a phaseare given in Equation&.26)
and(6.27)

ot vt (6.26)

L (6.27)

As given in Equationg6.26)and(6.27), output control signal is summed for lower
arm aml subtracted for upper arnCirculating current control component is

subtracted for both upper and lower artdsless carrier rotation technique is used
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for submodule capacitor voltage balancing, reference signal is then compared with
the carriers in ordeto determine B This value is fed to submodule capacitor
voltage balancing algorithm as explained in sect®fsl.1and6.3.1.2 The outputs

of this algorithm are the gate signals going togémiconductors of the submodules.
Block diagram for generation of reference signals #rm remaining process for
obtaininggate signal®f submodules are illustrated fgure6.13.

carriers | ]
R T
|
Vo Non Capacitor | gating signals
-vi* —’@—p> PWM —|—> Voltage —f— for upper arm
| Balancing | SM6 s

For S&S and S&S-RS methods |

carriers
~“Veirc™ i : l— |
|
| .
Vi * Non Capacitor | gating signals
v* _’@—> PWM > Voltage —f— for lower arm
T | Balancing | SM6s
|

For S&S and S&S-RS methods |

Figure6.13 Block diagram for generation of reference signals and the remaining
process for obtaining gate signals of submodules

6.4. Phaseshifted Carrier Based Control

The second control approach for MMC submodule capacitorgeltalance and
circulating currentis proposed by Hagiwara and Akagi[@2]. It is phaseshifted
carrier based control armeferred hereafter as PSCB controlff@ient from direct
modulation,separataeference signalaregeneratedor each submodule in a phase

leg. Switching is treated individually for each submodule, rather than the whole
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phase arm as in the case of direct modulation. In this method, only PS carriers are
proposed for PWM blockThe block diagramof this control appoachis shown in
Figure6.14.

Vc_j
; phase
) Balancing shifted
labc Control carriers

common for both
direct modulation
and PSC based

control approaches Averaging
Control

I U
\Fc Ip/n

Figure6.14 Block diagram ophaseshifted carrier based control

Vb*i i il

* * gating signals

Vi Vi for SM
V¥

Submodule capacitor voltage balancing airculating curent control arentegrated

in phaseshifted carrier based control apacch. For these aims, "averaging control”
and "balancing control* methods are implemented. The averaging control ensures
that the voltage of each submodule capacitor in a leg is ctodbetreference
capacior voltage Actual averagecapacitor voltage of a leg is calculateby
summing up all the capacitor voltages and dividtnigy the number of submodules

in the leg, 2NError between the reference voltage value andahaeteragevoltage

value is found.Then the erroris fed into a Pl controller, in order to generate a
reference for the circulating current controll@the actual tculating current is
calculated as in Equatiof3.10) and again the error betwedhe reference andhe

actual circulating currents is calculated. Thigrenterror is fed into mother Pl
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controller, giving the average controller outpuas reference averaging voltage
component It is important to note that, averaging controller isasap for each
phase leg of the MMCThe block diagram of average controller is showkigure
6.15 below.

current minor loop

Ki+ Ks/s

_@ o Ka+Kuls >
+

I irc™®
Circ

I circ

Figure6.15 Averaging control of PSCB control

The current minor loop is similar to the circulating current control in direct
modulation control approach. Equivalent circuit model seen by the current minor
loop is again as ifrigure6.11. Therefore, iKand K parameters forhie PI controller

of the current minor loop can lalculatedas inEquationg6.21)and(6.22)

The outer control loop ifrigure6.15 is the voltage control loop and should have a
slower bandwidth than the current minor loop. Considering the current minor loop as
an ideal controller, the open loop transfer functionhefouter voltage control loop

is givenin Equation(6.28) below[50]:

o i 0

o
= = (6.28)

(0

The bandwidth of the voltage control loop is roughly estimated by equating K

zero as in Buation(6.29})
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8o  — (6.29)

b 8w 8 (6.30)

The close loop transfer function of voltage control loop @¢old formed as in
Equation(6.31)

o i — : (6.31)

(6.32)

where,3-is the damping ratio and is generally chosen to be one, in order not to have

overshoot.

The second controller is individual "balancing control". It is responsible for setting

eachsubmodule capacitor voltage to its reference value. The balancing controller is

separate for each submodule in MMC. The error between the actual submodule

capacitor vtiage and the reference voltage is found and this is fed into a

proportional (P) controller. The output is negated if the arm current is negative. The

block diagram of balancing controller is showrFigure6.16 below.
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Figure6.16 Balancing control of PSCB control

As explained in the very first paragraph of the section, separate reference signals are
generated for each submodule of the converter, sineebdtancing controller is
separate foeach submodule. Equatio(&.33) and (6.34) give the reference signals

for upper and lower arm submodutefsa phaseyespectively.

L 0w e n (6.33)
Vi Vi V] g i QP U

. v ® v (6.34)
V) v 0 g i Q co

where,b s the output of the averaging controlfer u-phasg0 is the output of
the balancing controller for submodyjland Daé is the output of the output power
control block for uphase.Figure 6.17 shows the reference signal generation for

upper and lower arm submodulepaeately.

+ + + N VK
Va_u* i u
+ - +
*
Vb j vi /N VN (17 N)
+ + + L *
Va ¥ LKl
+ + +
. o
Vb j vi /N VN (= NT 2N)

Figure6.17 Reference signal generation for upper and lower arm submodules
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The reference voltage signaky, is normalized by corresponding submodule
capacitorvoltage, 0 , and this normalized reference signal @mpared with

phaseshifted carrier signal having a maximal value of unity and a minimal value of

zero. By this waygatingsignak for each submodule agenerated separately.

6.5. Other Control Ap proaches: Closedoop Control and Openloop Control

In the literature, two more control approaches are proposed for MMC: diosed
control[20] and operloop control[59]. Closedloop control is principally basean

direct modulation approach. Different from direct modulation, the total stored
energy in the leg and thenergybalance between each arm is controlled by two
voltage contribution terms 0% and0 , which are subtracted from the output
voltage referencelotal leg energy and arenergyare céculatedby measuring the
voltage of each submodule capacitor. Modulation of submodules is again sort and
select basedReferencemodulationsignals of closedoop control method are shown

in Equationg6.35)and(6.36)

ot 0% (6.35)

LB . (6.36)

Openloop control is a modification of closddop control. While in closetbop
control all submodule capacitor voltagase measured for arm and leg energy
calailations, in operoop contro) leg and armenergyare estimated from output
current and dc-link voltage measurements. The reason behind that is the
complication of measurement, communication and huge data to be processed for
MMC's with high number of submodules per amy. using these estimated values,

an energy balancing contributiony , is generated to be subtracted from the

output voltage reference),. Reference signals of opdmop control method are
shown in Equationés.37)and(6.38)
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VRN (6.37)

L (6.38)
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CHAPTER 7

SIMULATION STUDY AND CONTROL METHODS PERFORMANCE
COMPARISON

7.1. Introduction

Carrier basd PWM methods clacterization, MMC components rating
determination and control methods of the converter are analyzqurevious
chapters As seen switching and control of MMC may be ramified and get
complicated because of the combination of differeantrier basedWM methods,
cass of N+1 or 2N+1 output voltage levelsand different control approaches.
Thereforean important design issue arises, which control method among plenty of
combinations should be implemented on the MW@, sure, theorrectanswer may
depend onhe specific conditions of the system to be worked on. Nonethatetbss i
chapter a set of simulations are carried tytAnsoft Simplore 7.0[33] computer
simulation programto investigate the characteristics and performancesffefrent
control methodsln this way advantages and disadvantagéslifferent methods are
discovered and in terms of specific criteria, such as output harmdisicstion
submodule cagcitor voltage ripple magnitudeirculating current ac component

magntude or efficiencythe best method is proposed

In all the simulationsequal total count of semiconductor switching perpegciple

is respecteas its importance being explained in chagte€onsequently, switching
losses of the converter for different simulations e close to each other, with
similar switched amounts of curref@onduction losses, on the other hand, depend

on the arm currents. As explained in Equati@hs8) and(3.9), arm currents are the

125



sum of half of the output current aedculating current which is comprised in ac
and dc components. For the same amount of output power; output current and
circulating current dc component ar@pproximately the same for different
simulation sets. Thereforeac component of circulating current the major
component which differentiateatie conduction losses of different simulation sets
Loss and efficiency calculatioms the simulationsire detailed in Appendix B.

7.2. Simulated System

Dc/ac conversion step of an HVDC system is considered for the simulated system.
Circuit structure of the simulated system in Simplorer is showfigare 7.1. The

first and the second submodufesm the topof the upper arm of phase a are circled

in blue and red, whose switching pulse patterns, as in chéptee given in the
following simulation resultsections.Dc-link is assumed to be 14.4kdhdac side
line-to-line (grid) voltage of the system is assumed to be 8.6Qk%t 50Hz Ratel

power of the converter is 10MVavith 667 Ams outputcurrent Base impedance of

the system is calculated in Equatighl) below:

. w U e@pT
() ~ T, X® (7.1)

Ac side gridinductance is assumed to be 0.05pu, corresponding to 1.2mH and grid
resistance is assumed to @@03 pu, corresponding &bn . Also, arm resistance

of the converter is assumed to be B0r(0.007pu) The rest of the converter
parameters are determingdthe next sections the light ofinformation given in

chapters.
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7.2.1. Number of Submodules per Arm

Number of submodules per armV, is fixed as four keeping into account the
available semiconductors in the marketplementatioreffort for the simulatiorand
reasonable harmonic contewith this number. As expressed in Equatiof2.1),
naturalbalancevoltage of submodule capacitosgth N=4 is givenin Equation(7.2)
below:

& %— pirngwmn (7.2)

Ideal arm current magnitudevhich s calculated as in Equatidi.3), is half of the
output current and circulating current dc componedtich is ideally one third of the

dc source current.

. . Q Y Q pmpm, (NI
Qr Q5 = ; — 0 0
¢ 0O0ZWw ¢ OZPTTTMM G (7.3)

Cod P o o&0

Then, ideal peak arm curtteis calculated in EquatiofY.4).

(O CoPY ooR XTI O (7.4)

As seen inFigure 2.12, three manufacturers have 1.5kA/6500V IGBT modules.

These modles can be used as the switching devifaébe submodules.

7.2.2. Submodule Capacitor Value

Submodule capacitoralue is fixed as 3mF for the simulated system, which gives

approximatelyl0% peakto-peakvoltage ripple for the submodules as will be seen

128



in the simulation results section. The enepgyver ratio in this cases icalculated as
in Equation(7.5).

o0 ow 20 OCZPTTTEWZPT T @G0
027y TZPRPT

(7.5)

7.2.3. Arm Inductor Value

Equation(5.5) gives thearm inductor value for passively damping the circulating
current second harmon@mponent However, tlis method leads to big values of
arminductors, which is not desirable in terms of cost and size afdheerter For
example, in our case, with 10% circulating ac current second harmonic content with
respect to dc component, the required inductor valueaiculated s in Equation

(7.6). Ideal dc component of circulating current is 23R 48 calculated in Equation
(7.3).

. 0 0 , (7.6)
U — = .~ W
w1l 0 o0
! PP TTTT
PZPpTTHW ZUTMZ20ZP T ozr@zcoﬁbwp
p@zpm

This amount orminductor is approximately 0.775pu for our case, which out of the
range of applicableirhits 0.150.20pu.Therefore, as proposed in chap@gractive
circulating currentsecond harmonic suppression methadsimplemented in the
simulations which resulted in much lemsn inductor valuesThe limit for the am

inductor value is calculated in the light®Bfuation(5.7) as in Equatior7.7) below:

L0 Do L0 vz T (7.7)
¢TI CT 6 (¥ ¢"ZumzoZpm
Cgppm
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Then, arm inductor value is fixed as 4.7mH, which corresponds to 0.2pu

approximately.

The whole circuit parameters are listedl'sble7.1 below.

Table7.1 MMC simulation circuit parameters

Symbol Meaning Value Comments

Ve Dc-link voltage 14.4kV

V, Ac sideline-to-line voltage 8.66kVims

fi Fundamental frequency 50Hz

N Number of submodules per ari 4

L Grid side inductance 1.2mH 0.05pu
R Grid side resistance 25 mq| 0.003pu
Larm Arm inductance 4. 7mH 0.2pu
Rarm Arm resistance 50 mq| 0.007pu
C Sub module capacitance 3mF 46.6 J/kVA

7.2.4. Simulation Setsand Limitations

The two fundamental control approachedirect modulationand phaseshifted
carrier based controlas eplained in section 6.3 and 6.4 are consideredn the
simulations. Carrier sets with N+1 and 2Nphaseto-neutraloutput voltages are
analyzed separately. In direct modulation case, for the suldmodpacitor voltage
balancing mechanism, all the methods mentioned in seét®are considered,e.
sort and select ntleod sort and select ntleod with reduced count of switchirend
carrier rotation methodConsequentlyall the simulation combinations are listed in
Table7.2.

In sectiond.4it is shown thafor N+1 level output voltageRD method of LS PWM
methods has the lowest output harmonics content among akrchased PWM
methodsFor 2N+1 level output voltage, on the other hand, all the LS and PS PWM
methods have the same harmonics distortion performarfoerefore, for direct
modulation control approach, PD method is used as carriersphiameshifted

carrier based control approach, PS PWM method is used, as the name of the control
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approach referdAs for referenceutputsignal, sinusoidal PWM method is used for

all the simulation sets.

Table7.2 Simulation set

N+1phaseto-neutral voltage levels | 2N+1phaseto-neutral voltage levels
Direct modulation Direct modulation
Sort and Phase Sort and Phase
select shifted select shifted
Sort . . ) Sort . . .
with Carrier | carrier with Carrier| carrier
Control | and . and .
reduced | rotatio | based reduced | rotatio | based
method | select select
(S&S) count of | n(CR)| control (S&S) count of | n (CR)| control
switching (PS® switching (PSCB
(S&SRS) (S&SRS)
Phase Phase
Scalar Leve_lshlft_, phase shift Levelshift, phase dispositior shift
PWM disposition (PS, (LSPD Figure4.2) (PS,
method (LSPD,Figure4.2) Figure 19 ' Figure
4.5) 4.5)

Frequency of the carriers are set H80WMz for PD PWM, corresponding to
individual switching frequency of the submodules agN£1800/4=450Hz,
approximately Accordingly, carrier frequencyf PS method should bef; pp/N=
1800/4=45(Hz, in order to equatthe total count of switching per legs explained

in section4.4.1 Howe\er, ths principle of "equal count of switching per leg" is
valid for ideal waveformsof carrier basedWM methods as ichapter4; in other
words without any control methodbeing implementedin case therare control
loops in the system, it is seen thdwe total count of switchingper leg may
differentiate from the target value. For exami@&S and S&SRS methods lead to
different total count of switching per legs expectedrhis condition of unbalanced
switching count may lead tanfair comparisos of different methods. Therefore,
total count of switching per leg for all the methods are converged to 460biby
tuning tre carrier frequency of the related simulation set, if requiviteover,it is
shown in[65] that, for the PS method, the carrier frequencies which are integer
multiples of fundamental frequency should be avoided as they can cause the

submodule capacitor voltages to divergence the PS method carrier frequencies
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areadjustedto nonrintegermultiples of fundamental frequency, dstails are given

in simulation results.

In the next sections, gand K values of output power control @uirculating current
second harmonic suppression control loops @iken and simulation results of
different output power conditions are illustrateddwitching pulse patternspltage

and current waveformwith their harmonis spectrumsand numericatlaa. In the
harmonics spectrum graphics, only the harmonics that are greater than one per cent

of the fundamental component are shown.

7.3. Simulation Results

7.3.1. Rated Power (10/1VA) with Unity Load Angle (cos(()=1)

7.3.1.1. Case 1: N+1 Output Voltage Levels
i. Direct Modulation, Sort and Select Method

In this simulation casecarrier frequency is tuned as 1350Hz in order to converge the

total count of switching per leg to 450K52%6.

Table7.3 Ky and K values ofS&S method

Output Power Control Circulating curren™ Harmonic Supp.
K,=6 | Ki=84.8 K,=15.9 | Ki=170
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In Figure 7.2, output active and reactive power referenaee tracked successively.
Output phase and line voltages have harmonics at the sidebandanaf 2f, as
expected fronFigure 4.34. Output currents close to pure fundamental frequency

ac; but there are small harmonics at the sidebands which are the seventeenth

and twentythird harmonics. Switching pulse patterns of submodules are
differentiatel from the original PD methoshown inFigure4.26. In order to keep

the submodule capacitor voltage balance, the two submodules are switched in both
of the half periods of the fundamental frequency and similar pulses with unequal
durations are seen for both of the submodulesisTtheswitching patterrrather
resembled to that of PS method a$igure4.25. Upper and lower arm currents are
balanced in magnitude andadians out of phase as expect®dbmodule capacitor
voltages are balanced around 3.6kV nominal vallibey have a dominant
fundamental frequency and significant second harmonic component, validated by
submodule capacitor current harmonic spectritmis composed of mainly the
fundamental and second harmonics. In the low frequency range, there are many
consecutive small harmonic componefitBreephasecirculating currents are close

to dc, the second harmonic is suppressed successively. The remainggpament

is formed mainly by thesixth harmonic. Numerical results of the simulation are
listed inTable7.7.

ii.  Direct Modulation, Sort and Select with Reduced Count ofit8hing

Method
Table7.4 K, and K values ofS&S-RS method
Output Power Control Circulating curren™ Harmonic Supp.
K=4 | Ki=56.54 K,=10.63 | Ki=565
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In Figure 7.3, output active and reactive power referenaee tracked successively.
Output phase and line voltages have harmonics at the sidebandanaf 2f, as
expected fronFigure 4.34. Output airrent is close to pure fundamental frequency
ac. It has no harmonic which is greater than one per cent of the fundamental.
Switching pulse patterns of submodules are differentiated from the original PD
method as shown iRigure4.26. In order to keep the submodule capacitor voltage
balance, the two submodules are switched in both of the half periods of the
fundamental frequency and similar pulses with unequal durations are seen for both
of the submodules. Thutje switching pulsgatternrather resembled to that of PS
method as irFigure4.25. Upper and lower arm currents are balanced in magnitude
and” radians out of phase as expect8dbmodule capacitor voltages are balanced
around 3.6kV nominal valuelThey have a dominant fundamental frequency and
significant second harmonic component, validated by submodule capacitor current
harmonic spectrumlt is composed of mainly the fundamental and second
harmonics. In low frequency range, there are many consecutive small harmonic
componentsThreephasecirculating currents are close to dc, the second harmonic is
suppressed successively. The remaining ac ocoemt is formed mainly by the third

harmonic. Numerical results of the simulation are listetahle7.7.
iii. Direct Modulation,Carrier Rotation Method

In this simulation casecarrier frequency is tuned as 1950Hz in order to c@evire

total count of switching per leg to 450K626.

Table7.5 K, and K values ofCR method

Output Power Control Circulating curren™ Harmonic Supp.
K=4 | Ki=56.54 K,=10.63 | Ki=565
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In Figure 7.4, output active and reactive power referenaee tracked successively.
Output phase and line voltages have harmonics at the sakelodrt and 2f, as
expected fromFigure 4.34. Output current is close to fundamental frequency ac;
however, there exists an unexpected small second harmonic component. Actually,
this is because of the unbalance between the uapeérlower arm currents in
amplitude.Switching pulse patterns of submodules stk similar to that of original

PD method as shown iRigure 4.26. The switching pulses are present only in one
half period of fundamental frequen@nd they are highlheterogeneoud herefore

the submodule capacitor voltages are greatly differed and the voltage balance is
obtainedjust at the end of carrier rotation period, 80ms tois case.Submodule
capacitor current is composed of mainly tbedamental and second harmonics. In
low frequency range, there are many consecutive small harmonic components.
Threephasecirculating currents argreatly distorted due to the capacitor voltage
unbalance. It has a fundamental frequency component as weihea second

harmonic.Numerical results of the simulation are listedrable7.7.
iv. Phaseshifted Carrier Based @trol

In this simulation case, carrier frequency is tuned as 470Hz in order not to have an
integer multiple of fundaental frequency65] and to converge the total count of

switching per leg to 450Hb%.

Table7.6 Ky and K values ofPSCBmethod

Output Power Control Circulating curren™ Harmonic Supp
K=8 | Ki=113 Ky=5.3 | Ki=56.5
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In Figure 7.5, output active and reactive power referenaee tracked successively;
nonetheless the ripple in outppower is more than direct modulation case,
especially for reactive power outp@utput phase and line voltages have harmonics

at the sidebands of converter switching frequency (I xarid twice the converter
switching frequency (N x 2J, as expected frorRigure4.33. Output current has the
highest harmonic distortion among all compared control methods with N+1 level
output voltage; it has some odd harmonics at the sidebands of the converter
switching frequencySwitching pulse patterns of submodules are similar to that of
original PS method as shown kigure 4.25. Upper and lower arm currents are
balanced in amplitude andradians out of phase as expect8dbmodule capacitor
voltages are bateced around 3.6kV nominal value and they are in close proximity
They have a dominant fundamental frequency and significant second harmonic
component, validated by submodule capacttarrent harmonic spectrunit is
composed of mainly the fundamental component and second harmonic. Also, there
are significant harmonis close to the carrier frequency. In low frequency range,
there are many consecutive small harmonic components; hovibese, are much

less in count and greater in amplitude than that of direct modulation methods, S&S
and S&SRS. Threephasecirculating currents are close to dwt there still exists a
dominantsecond harmonias well as some other even harmonics sucheafourth,

sixth, eighth and tenth, in the frequency spectridumerical results of the

simulation are listed ifable7.7.

Table 7.7 reveals important performance results about the simulated control
methods. The average switching frequency of an arm is close to the range of
45086% Hz, for all the methods. Actually, for S&S method, it is slightly out of the
range, but decreasing the walue resulted in a worse case, going more out of the
range in the lowr band, so the former condition is kept. Although it gives the best
output voltage harmonics performance, CR method on its own is not suitable for
MMC control since it has the largest submodule capacitor voltage rippighly

three times compared to etis) and circulating current ac compongsix times

compared t65&S-RS). Also the unbalance of arm currents for CR method resulted
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in a second harmonic component in output current and fundamental harmonic in the
circulating current, which are both abnotnidoreover, since the method does not
sense the capacitor voltages, in case of a fault or an unbalanced condition in
capacitor voltages, the method is not able to respond the occasion rapidly. Therefore
the circuit is very likely to go an unsteady sitoati The all other methods are able

to keep the circuit in steady state. They provided a balanced exploitation for the
submodules of an arm. They have similar switching counts, which eases thermal
control of semiconductors. The performance of S&S methods superior to others

in terms of output current harmonic distortigd/4 times that of the next better
method, S&S) circulating current ac component magnitude and efficieimdeed,
efficiency values of the metlds are close to each other ahdlarges difference is

in the range of three in ten thousamWdthough thevaluesare close to each other
except CR method, PSCB methdés the lowest submodule capacitor voltage
ripple. However, its output harmonic distortion for voltagenore than one and a

half timesand currenis twice higher than direct modulation methods. Hence, S&S

RS method seems to be the suitable method, for N+1 level output voltagercase

grid connected MMC drive

Table7.7 Simulatian results numerical data for N+1 level outpottage

Direct Modulation Phaseshifted
carrier based

S&S | S&SRS CR control
Phase voltage (YTHD (%) 5.03 5.01 4.80 8.25
Line-to-line voltage THD (%) 5.02 5.01 4.78 8.23
Current (j) THD (%) 2.76 2.00 2.34 4.04
Peakto-peak sibmodule capacitor voltag
(Vo) ripple (% of VigN) 9.56 9.39 26.35 9.06
Circulating current (jrcqad (A) 234.21| 234.50 | 233.95 234.22
Circulating current (jrc.ad (Ams (% of do) 3.73 2.31 13.01 2.73
Arm current (§) (Ams) 407.73| 408.17 425 409.07
Average SM1 480 428 434 448
switching SM2 476 438 432 439
frequency of SM3 472 445 433 448
phasea upper arm SM4 490 450 433 449
submodules (Hz) Average of arm 480 440 433 446
Efficiency (%) 98.88 98.91 98.88 98.89
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7.3.1.2. Case 2: 2N-1 Output Voltage Levels
i. Direct Modulation,Sort and Select Method

In this simulation casecarrier frequency is tuned as 1350Hz in order to converge the
total count of switching per leg to 450K&2%.

Table7.8 Ky and K values ofS&S method

Output Power Control Circulating curren2™ Harmonic Supp.
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Figure7.6 Simulation results fo6&S methodwith 2N+1 level Vpy, full load
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In Figure 7.6, output active and reactive power referenaee tracked successively.
Output phase and line voltages have harmonics at the sidebandsas @kpected

from Figure 4.46. Output current is closer to pure fundanarirequency ac than

that of N+1 case, since the output voltage level, so does the converter switching
frequency, is doubled. There is no current harmonic greater than one per cent of
fundamental component. Upper and lower arm currents are balanced nitugdag

and” radians out of phase as expect8dbmodule capacitor voltages are balanced
around 3.6kV nominal valuelThey have a dominant fundamental frequency and
significant second harmonic component, validated by submodule capacitor current
harmonic spectrumlit is composed of mainly the fundamental and second
harmonics. Furthermore, there are significant harmonics at the sidebands of carrier
frequency. In low frequency range there are many consecutive small harmonic
componentsThreephasecirculating currentdrave much more acomponentthan

N+1 caseAlthoughthe second harnmic is suppressed successivalifferent from

N+1 case,a significant carrier frequency componenergedwhich distorts the

waveform distinctly. Numerical results of the simulation aredlshTable7.12.

ii.  Direct Modulation, Sort and efect with Reduced Count ofwitching

Method
Table7.9 K, and K values ofS&S-RS method
Output Power Control Circulating curren™ Harmonic Supp.
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Figure7.7 Simulation results fo6&S-RS methodwith 2N+1 level 4y, full load
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Figure 77 (continued) Simulation results for S&8S method with 2N+1 level

full load
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Figure 77 (continued) Simulation results for S&SS method with 2N+1 level ),
full load

In Figure 7.7, output active and reactive power referenaee tracked successively.
Output phase and line voltages have harmonics aroynd2éxpected frorRigure

4.46. Output current is closer to funaental frequency ac than that of N+1 case,
since the output voltage level, so does the converter switching frequency, is doubled.
There is no current harmonic greater than one per cent of fundamental component.
Upper and lower arm currents are balanceohagnitude and radians out of phase

as expectedSubmodule capacitor voltages are balanced around 3.6kV nominal
value. They have a dominant fundamental frequency and significant second
harmonic component, validated by submodule capacitor current harmonic spectrum.
It is composed of mainly the fundamental and second harmonics. Also, there are
significant harmonics at the sidebands of carrier frequency and in low frequency

range there are many consecutive small harmonic compon&hteephase

156



circulating currents have mh moreac componenthan N+1 case. Although the
second harmonic is suppressed successively, different from N+1 case, a significant
carrier frequency component emerged which distorts the waveform distinctly.
Numerical results of the simulation are listed'able7.12.

iil. Direct Modulation,Carrier Rotation Method

In this simulation casearrier frequency is tuned as 1950Hz in order to converge the
total count of switching per leg to 450N&2%.

Table7.10K, and K values ofCR method
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Figure7.8 Simulation results for CR methadth 2N+1 level Vpp, full load
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Figure 78 (continued) Simulation results for CR method with 2N+1 levg| Yl
load

158



Curent (A)

Phase a upper and lower arm curren

time (s)

>
o
(@]
g8
ke
>
Phase a upper arm submodule capacitaltages
time (s)
Submodule capacitor current harmonic spectru
<
<
Q
5
O
frequency(Hz)
Threephasecirculating currents
<
=
o
5
O

time (s)

Figure 7.8 (continued) Simulation results for CR method with 2N+1 leyefl
load
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