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The modular multilevel active rectifier was designed and evaluated, wheeshglf bridge

and the full bridge DEDC converters ags submodule$or the high voltage direct current
transmissionwere compared. It was found that, by taking advantage of the unipolar
modulation scheme in the full bridge converter, the switching $ossthe two converters

are equal when they are both operated in the linear modulation régidhermore,
operating the full bridge converter in the overmodulation region does not give it a
pronouncedadvantage over the half bridge convertBne condugbn losses in the full
bridge converter are two times higher than those in the half bridge converter, due to double
the number of semiconductor devicklwever, using the half bridge converter in the high
voltage direct current modular multilevel convemequires an expensii2C-side breaker,

while use of the full bridge converter eliminates the need for such a breaker due to the



intrinsic DG-side faultcurrentblocking capability. Thelearchoice between the twequires

industry cost data.

A design methodology for theubmodule capacitaaveragevoltage loop controllers for
phaseshifted carrier modulated modular multilevel converters was carried out from first
principles The methodology enables design of such controllers to be carrigdastep by

step and straightforward manner without resorting to simulation or guesswork.

A simple but effective submodule capacitor sizing method was proposed. The resulting
submodule capacitor size was shown to be smaller than those resulting frorsiztige
methods proposed ihe literaturewhile achieving the submodule capacitor voltage ripple

specifications

A robust DCbus voltage controller design for modular multilevel rectifiers prasented
whereby a design method for multilevel voltagerse converters with DC link capacitors
was adopted for modular multilevel rectifie&ince the modular multilevel converters for
HVDC application are designed without the Gk capacitor to mitigate the effects of a
possible DGside fault currenthesubmodule capacitors in the modular multilevel converter
acted as an equivalent DC link capacitor to accomplish the design
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CHAPTER 1 INTRODUCTION

1.1 PROBLEM STATEMENT

1.1.1 Context of the problem

For transmitting electrical power over long distances, high voltage direct current
(HVDC) lineshave been shown to be more efficightinthehigh voltage alternating current
(HVAC) lines for distances of abov800-800 km for overhead lines and for distances of
above 50 km for underground cab[é$. The modern HVDC transmission Imarebased

on voltage source convert€ksSCs)since they allow power flow reversal without reversing
the terminal voltage polarity, unlike the current source conve@8¥'s)[2]. However, the
VSC-HVDC systems are vulnerable to Bx@tle fault currents for two major reasons. First,
the linesusuallydo not have any current filters which would othervasienuate the fault
current[3]. Secondthe antiparallel diodes in the semiconductor switches in the VSCs give

a free pathway to the D€lde fault currenf4].

The proposed solutions to the Btle fault current are either to have DC circuit breakers

on the lines, similar to those used in the AC lines but designed to specifically cater for the
DC line requirementfb], or to develop VSCs capable of blocking the-Bi@e fault current

[6]. Due to the nature of the DC transmission, the DC circuit breakers tend to be expensive
and bulky which limits the economic viability of the HVDC lines and tendaiomeet the

space and weight requirements of areas such as offshore winfifdrms

The VSCsfor HVDC applicationscan be roughly put into two categories: those that are
based on the half bridge (HB) converter and those that are based on the full bridge (FB)
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converter. The HBased converters are claimed to be more efficigrince more
economically viable)since theyhave fewer semiconductor devices, but they lack the
intrinsic capability to block the DGide fault currentOn the other hand, the Rigased VSCs
have the inherent ability to block the B¥tle fault current but are claimed to be less efficient
due to thai higher count of semiconductor devicegwever, their intrinsic capabilities to
block the DGside fault current promise elimination of the bulky DC breakers from the
HVDC lines[8], [9].

In most studie the evaluation of thenodular multilevel converterMMC) for various
applicationss done using an inverter. Although the MMC rectifier and inverter share a lot
in terms of current control, the DC bus voltage control and evaluation in the rectifier has
been siddined for the most partMMC evaluation in rectifier mode helps to identify issues

that are peculiar to thdMC rectifier.

1.1.2 Research gap

The comparison between the HB and the FB converters as SMs of the MMC for use in
HVDC networks is unclearThe comparison mustonsidernot only the difference in
efficiency but also all the advantages and disadvantagese#ithconverter brings aa
system levelAlso, an approach to efficiency comparison needs to be carried out beyond the
comparison based on theumber of semiconductor switches per submoduomhdy,
consideringactors such as the switching frequency.

The controller desigmethodology for SM capacitor voltage balancingphaseshifted

carrier modulated MMCis not elaborate, whereby design ofgraeters of such controllers
depends on simulation or the parameters are quoted to remain the same as suggested by the
original literature that proposed the control structure. For optimal control, the SM capacitor
voltage balancing loopaustbe mathematically modelled so that controllers can be designed

to compensatthe modelsaccordingly

Department of Electrical, Electronic and Computer Engineering 2
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CHAPTER 1 INTRODUCTION

SM capacitors play a significant role in the cost and physical size of the MMC. The SM
capacitors must be optimally designed to keep the cost and sire do

MMC performance evaluation is usually carried out using an inverter. Although the MMC
rectifier shares the current control with the MMC inverter, the DC bus voltage control is
unique to the rectifier. Evaluation of the MMC in rectifier mode unmaskgareh

opportunities that are unique to the rectifier mode.

1.2 RESEARCH OBJECTIVE AND QUESTIONS

The first objective of thigesearchs to establish the lieer candidatebetween the HB and

the FBfor the HVDC transmissianThe comparisomdone in the literature do not fully
consider all the features of the FB SM. Where the features of the FB SM are considered, they
are not put int@ontext to verify if they help the FB SM outperform the HB.$art from
DC-side fault blocking capabilitythe extra features of the FB SM are its ability to be
operated at half the switching frequency as that of the HB SM but produce an output
waveform of the same effective switching frequency and its ability to be operated in the
overmodulation regionThe aeas of comparison are efficiency, Bf@le fault current
blocking capability, andhe impliedcost Since temporary faults lead only to temporary
power outages, converters with fault riteough capabilities should be able to mitigate
them. On the other ha, blocking a permanent D§ide fault may need more than just
controtbased fault ridehrough capabilities.

The second objective is to develop an elaborate controller design methodology for SM
capacitor voltage balancinghe main power controller desigand modulation for the MMC

are straightforward. However, the controller design for the SM capacitor voltage balancing
in phaseshifted modulated MMCss not elaborate, as the controllers are often obtained

through intensive simulaticor produced withouin explanatiof how they were obtained

The third objective aims to achieve a SM capacitor design methodology that results in an

optimum capacitor size. SM capacitors contribute significantly to the cost and size of the

Department of Electrical, Electronic and Computer Engineering 3
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converter stationThe existingSM capacitor sizing methods in literature@wever,do not

resultinto similar capacitor valueand are usually an overdesign.

The fourth objective is to evaluate the performance of the MMC in a rectifier mode. The
MMC rectifier is usuallysidelined intheliterature. Evaluation of the MMC performance in

rectifier mode unveils the research areas that are unique to the MMC rectifier.

The research questions to be answered are:

1 Which is the more suitable DOC converter, between the HB aneé tRB, for use as
a SM in HVDC systems MMCs, based on B¥tle fault handling capability,
efficiency, and cost?

I Can an elaboratand step by stepontroller design methodology for MMC SM
capacitor voltage balancing be established?

1 To reduce size and costtbie MMC stations, can an optimum SM capacitor size be
achieved?

91 Are there research areas unique to the MMC rectifier that are overlookbkd in

literature?

1.3 APPROACH

The HB-SM andthe FB-SM will be compared through analysis and simulatidbpected
resultswill be shownthrough analysis, which will be confirmed by computer simulatains

an MMC rectifierusing PSIM software.

A mathematical model for SM capacitor voltage balancing control Iegessifically the
avera@ voltage balancingpop, will be deried from firstprinciples,andtheresulting Bode
plots for a specified system extract€dntrollers will be designed based on these Bode plots
and their effectiveness verified through simulation of an MMC rectifier using PSIM

software.

Department of Electrical, Electronic and Computer Engineering 4
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A SM capacitor dagn method will be derived through analysis and the resulting SM
capacitor size compared to tB& capacitorsizes out of existing sizing methodsr the

same operating conditionEhe effectiveness of the resulting capacitor size will be verified
through simulation of an MMC rectifier using PSIM software, whereby the resulting SM

capacitorripple voltage must be withia specified value.

By analyzing thesimulation results, espedly the characteristics of the resulting DC bus
voltage of the MMC rectifier, research areas that are specific to the MMC rectifier will be
identified.

1.4 RESEARCH GOALS

This research aims at a conclusive comparison of thesSMBand FBSM for use in the
HVDC MMCs; an elaborate controller design methodology for the SM capacitor voltage
control loopdor phaseshifted carrier MMCsan optimum SM capacitor sizing method; and

to unveil research areas that are specific to the MMC rectifier.

1.5 RESEARCH CONTRIBUTION

1 Detailed @aluationthe HB and the FB convertefer use in MMCs in HVDC
systemsased on efficiency, DSide fault current blocking capability, and cost

1 An elaborate controller design methodology for SM capacitor voltage balancing.
A simpleand straightbrward SM capacitor sizing method that results to minimized
SM capacitors.

1 Identification of research areas specific to the MMC rectifier andbast MMC
rectifier DC bus voltage control methodhe research issues identified will be
explored in future wik.

Department of Electrical, Electronic and Computer Engineering 5
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1.6 RESEARCH OUTPUTS

1 A.J. Mbogela and M.N. GitauiControl and performance evaluation of the active
MMC rectifier with half bridge and full bridge submodules for HYDC applicaijon
IET Power Electronican preparationJuy 2021.

1 A.J. Mbogela and M.NGitau, iAn optimal submodule capacitor sizing method for
modular multilevel converters for HYDC applicat®phEEE Transactions oRower
Electronics under reviewJuly 2021

1.7 OVERVIEW OF STUDY

In Chaptel2 a literature study was performed. It was found tha comparison between the

half bridge and the full bridge DOC converters as candidates for the HVDIMC is not
clear.There are areas where the half bridge converter has clear advantages over the full
bridge converter, and vice versa, as well as sovadapping areas, such as switching losses
and component ratings, which need a thorough comparison. It was also found that the
controller design for the submodule capacitor voltage balancing lobp$faseshifted

carrier modulatedMCs is not well elabaaited intheliterature, and that the design of such

controllers depends on simulation and guesk combined with fingéuning.

In Chapter 3he modeling of the MMC was carried oiithe model describing the basic
operation of the converter was first corsied, then the current control, the DC bus voltage
control, and the SM capacitaverageroltage controlleg average voltage contrat)odels
were presented. THeg average voltageontrol model is part of the contribution of this

dissertation

In Chapter 4he analysis of the modular multilevel converter with half bridge or full bridge
submodules was carried out. The @eviatings and the loss anaysverecarried out. As
expected, it was found that the conduction losses in thEIME are twice as much as those

in the HBMMC. The switching losses, however, were found to be equal. The ohmic losses

Department of Electrical, Electronic and Computer Engineering 6
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in the arm inductors weralso found to be equal. In the overmodulation region thBINVEC
processed even higher conduction and ohmic losses while the switching losses could not be
predicted.

In Chapter 3he design of the modular multilevel converter is carried out. The SMitapac
and the arm inductor were sized. A new capacitor sizing method that results into a smaller

capacitor size than other methodshaliterature was proposed.

In Chapter 6the control of the MMC was designed. Simulation was used to verify the
adapted [@ bus control model and the SM capaciavmeragevoltage control model
developed in Chapter 3. The robustness of the models and controllers were tested by

applying step changes of around 13%.

In Chapter7 the simulation results were presentidvas fourd that the HBMMC and the
FB-MMC had minimal differences in the simulated quantities. Although th&IFEC was
operated at half the switching frequency as that of theVllBC, the DC bus voltage ripple

was at the same frequency as that of theNHBC. The SMcapacitor voltage ripple, out of

the proposed SM capacitor design method, was found to meet the SM capacitor voltage
ripple specifications, hence justifying the design method. The conduction losses inthe FB
MMC were found to be twicthose in the HBMMC, while the switching losses were found

to be equal. In the overmodulation region the MBIC processed even higher conduction
losses but lower switching losses. Overall, it processed 1.2 times higher losses in the
overmodulation region than in the linear médion region.lt was also foundhat the
switches(as well as the diodes) a SM for a given power flow direction,adnot carry the

same amount of current. Also, & switch caries more current in a given power flow
direction, the antiparalleldiode @riies more current in the other power flow direction
(rectifier versus inverter). On average, however, the amounts of current carried by the
devices agree with the analysis in Chapter 4, which is the reason the power losses also agree
with the analysislt was demonstratedhat although the FBAMC processes higher losses

than the HBMMC, it has the advantage of the ability to block the-8)@e fault current. It

was alsademonstratethat operating the FRMC in the overmodulation region does not

Department of Electrical, Electronic and Computer Engineering 7
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favour it against the HBAMC. It was further demonstratedhat the HB and the FB SMs
could be used together in an HVEMIMC, whereby the FB SMs are used only in the final
rectifier stage of the PET, the stage that interfadicedDC bus, while the rest of the stages
are constructed using the HBMC (the PET may be used to interconnect AC and DC
systems When that happens, there would be at least two rectification stages. The first
rectification stage is rectifying the AC voltage before it goes through an inverter then through
a high frequency transformer. Then it goes through rectification again ttacge¢he DC

bus All other stages can be built with HB SMs, but the last stage that interfaces the HVYDC
line must have protection against B3(@@e faulty. That way both theuperiorefficiency the

HB SMs and the fault blocking capability of théd FSMs are harnessedt was also
demonstratedhat the DC bus voltage ripple nedd be incorporated in sizing of the SM
capacitor, which mayequire the switching frequencyarmonicanalysis of the MMC

rectifierto find out how the DC bus voltage ripple is related to the SM capacitor size.

In Chaper 8 some concluding remarks were drawn.

Department of Electrical, Electronic and Computer Engineering 8
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CHAPTER 2 LITERATURE STUDY

2.1 CHAPTER OBJECTIVES

This chapter intends to provide background knowledge on the MMC, its modulation and
control, the application of the MMC in the HVDC systemdorm of a power electronic
transformer (PET )an overviewcomparison between the half bridge (HB) and the full bridge
(FB) converters as submodules for the HVM®IC, and an overview fothe HVDC
protection

2.2 THE MODULAR MULTILEVEL CONVERTER

Multilevel converters show good output wave qualiégss common mode noisand high
efficiency [10], [11]. With the modulararchitecturemultilevel converters excel at high
voltage anchigh power applications, whereby higher voltage and higher power units are
constructed from loer voltage and lowr power submodulegl2]. A converter of such
architecture is called a modular multilevel converter (MM@MCs operate at relatively

low switchingfrequencies antear relatively high copper efficiencyhey are also easy to
constructand are easilycalabledue totheir modularity[8], [13].

The MMC can be either single phase or multiphase, usually three phlasddMC is made
up of phase legs. In tureach phase leg is madpof two arms: theipperarm and théower
arm.Each arm is made up of several submodjil2g A submodule is a converter in its own
right andit can be a twdevel or a multilevel convertel4]. The basic submodules are the
half bridge and the full bridge converteilfustrated inFigure2.1. A single leg of aiMMC

is shown inFigure 2.2 (it can also be interpreted as a single phase MMCOmultiphase
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MMC is constructed ypconnecting an appropriate number of such legs in paoalltsie DC
side Lgrid Is the sum of the estimated grid equivalent inductance and the isolation transformer
leakage inductancesiter is connected to minimize the arm inductance value, which should

overall reduce the total inductance used in the converter dasipgn

T D, T D T, D,
V
VC +——CSM Vc+ ==CSM - SM
T, D, |vg, T, D, T, D,

Figure 2.1. The halfbridge (left) and the fulbridge (right) submodules

Department of Electrical, Electronic and Computer Engineering 10
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Vou b1 M,
| | SM,
l u
I ISMN-l %Vdc
Ly SMy
M_
Vac Larm _|II
eT chrm j SMN+1

I I SMy...

I::I SMay.
L1 SMy,

+L

filter

L .
Rgrid + Rfilter ol

Figure 2.2. A leg of anMMC.

2.3 THE MMC MODULATION AND CONTROL

Generally, the modulation aims to achieve one or more of these objectives, depending on the
application: to minimize the harmonic distortion of the output waveform; to minimize the

switching losses, the cooling systeamd the filter sizes; to maximize the input voltage

Department of Electrical, Electronic and Computer Engineering 11
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utilization; to attain voltage balance among the floating (SM) capacitors; and equal sharing

of power and power losses among JW3).

Generally, he modulation schemes atlagsifiedaccording tohow the swiching pulses are
obtained pulse width modulation (PWM).g. space vector modulation (SVM) and selective
harmonic elimination (SHEpseudemodulatione.g. square wave or staircase modulation
and closed loop control methods with implicit modulaay. hysteresis current control and
finite-states modepredictive control (FSMPC) [16]. The PWM schemes are further
categorized into fundamentakequency (50 Hz or 60 Hxwitching modulations such as
SHEand nearest level modulation (NLMQw frequency (< 2 kHz3witching schemes such
as the sampledveraged modulation (SAM) and SVYMnd high frequency> 2 kHz)
switching schemes such as legaifted carrier (LSC) modulation amthaseshifted carrier
(PSC) modulatiofl7].

For multilevel converterdSC andlifferent variations of. SC [18] are usedespecially at
high frequencies where they result into nat@fdlcgpacitor voltage balance. When they are
used at low frequencigs minimize switching losseshe main control loop must be used in

conjunction with a dedicate®8M capacitorvoltagebalancing controloop [19].

2.3.1 Modulation of the HB-MMC

Among the various modulation schemB§Cis the most suitable for MMC with fesv
levelsbecausat is eager to implement in anicrocontroller and the phase shift required
between the contiguous carriers must not be highly atefor a low number of SM&0],
[21]. PSC also results in an even loss distribution among the[&NI422]. For an MMC
with 0 SMs per armp carriers per arm are needed and are shifted from each ottefby
rad which is done to eliminate the high frequem@ymonic component in the arm current
[23].

In PSC the top arm and lower arm SM carriers are shifted from each ottiéftbyadif 0

is even and by 0 i is odd[24]. This allows for independent modulation of the upper and

Department of Electrical, Electronic and Computer Engineering 12
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the lower arm SMs and is referred to asqghie p scheme, as itresults¢® p AC-side
voltage levels. Furthermore, in this scheme the inserted emuoflSMs in the leg is not
constant{25]. Its counterpart is thé  p scheme, which is achieved by modulating the
upper and the lower arms in a complimentary manrmerthe upper and lower arm carriers
are shifted from each other Byrad [24]. Thec0 p scheme results into a lower total
harmonic distortion (THD) of the AGide voltage, owing to its higher number of levels
which also meansat the voltage steps are small&]. It however results into higher SM
capacitor voltage imbalancg®5], which consequently leads to higher arm voltage
imbalancesandin turn lead to higher circulating currents and SM capacitor voltage ripple.
Furthermore, the eliminated harmonics from the &i@e voltage appear on the DC d24).

TheO pscheme ensures that a constant number of SMs is insertedtheriesgs resulting

to more balanced SM capacitor voltages, hence lower SM capacitor voltage ripple and
circulating current§25]. It however leads to a relatively higher Afgle voltage THDas its
number of levels is almost half of that of th¢  p schemg24], [26]. With the0 p
scheme, the AGide voltage has an effective switching frequenay of "Q while with the

¢0 p scheme the effective switchirigequency isg0  "Q , which has an influence on
the size of the AGide filterd if afilter is installed at al]22], [26]. In a leg, the modulation
signals for the lower and for the upper arareshifted from each other by rad. This

applies to boththel pandthel pschemes

2.3.2 Modulation of the FB-MMC

There are mainly two ways the FBVl can be modulated. thlough they both depend on a
unipolar switching scheme, they have different performances.

The first method effectively utilizes only three switches during normal operation, while all
switches come into play during blocking stf2&]. During normal operation switches T

and Ts are gated so that a positive capacitor voltage is inserted. To bypass the capacitor
voltage, either switches;&ind Tz or T2 and T are turned on simultaneously ($&gure2.1).

To balance off voltage and current stress among switches, the bypassiadfenastely

utilize upper and bottom switches on a cylajecycle basis. Even then, switchesahd T

Department of Electrical, Electronic and Computer Engineering 13
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would be operated only half the time switchesiid T would be. In fact, if bypassing were

to utilize only the bottom swit@s switch Tz and its antiparallel diode would be idle all the
time during normal operation of the MMC converter. Thus, this scheme has a poor utilization
of semiconductor devices. Inddition, the semiconductor devices operatehe same
frequency as those in a HB do. The only advantage it brings over #&VHB that it can

block a DGside faultcurrent

The second scheme requires two different modulating signals for the leftjanarmd28],

as in Fig2.3. This scheme automatically balances the voltage and current stress among the
semiconductor devices and effectively doubles the switching frequency. This means that the
switches can be operated at half the switching frequertheHB-SM for the same effective

switching frequency. Thishouldsignificantly reduce the switching losses.
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Figure 2.3. A unipolar switchingschemédor independent modulation of the left athe
right arnms of the FBSM. The top signal modulatdset left arm while the bottom signal
modulates the right arm

2.3.3 Submodule capacitor balancing control

Apart from the main power control achieved through the current and the DC bus voltage
controllers, SM capacitor voltage balancing control is necessary dowdinking of the
MMC. If the modulation scheme or the conditions of operation do not guarantee self
balancing of the SM capacitor voltages an auxiliary control loop must be added to the main

control loop to balance the SM capacitor voltages.

The two common SM capacitor voltage balancing methods are the capacitor voltage sorting

[12], [29], which is especially used in converters with a high number of SMs, and the
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classical, decentralized closed loop control, which adjusts each SM modulation signal
accordingly{30- 32]. The classical closed loop control is used only with the PSC izuootul
scheme, and has better controllability if the switching frequency is high erj@dgh
Although the sorting method is suited for high number of SMs, the computational burden
assocated with the sorting process increases with an increasing number of SMs, calling for
more efficient sorting algorithmf83]. On the other hand, the decentralized closed loop
control method does not have an elaborate method in the literature of determining the
controller gains, as the associated transfer functions have not been derived. The pioneering
literature on the decentralized closed loop control method admits to theultiés of
establishing these constants and promises to address it in a separate puf3@atidmnch

to the date of publication of this dissertation, to the best knowledge of the author, such a
publicaion does not exist yeT.he constants have been quoted to remain the same in some
studies, regardless of the varying operating conditions, while other studies claim to have
obtained them through simulatiof22], [34].

The classical SM capacitor voltage balancing céna&ions to achieve the following
objectives as originally described and illustrated ®1] and[32]:

() Individual SM capacitor voltage balancingvhereby each SM capacitor
voltage follows the reference voltage givendoyZ0 .

(i) Arm voltage balancingvhereby the average voltages across the two arms in
the legareforcedto follow each other so that there is minimal discrepancy
between them.

(i) Leg average voltage balancing (averagingyhereby the average voltage
across the leg is forced to equal the DC bus voltage.

The control aims at reducing the circulatingreat, especially the second order harmonic,
which is the most significant among all the harmonics. The other harmonics are small and

can be ignored, depending on the application.

The circulating current can be thought to result from any one or more &bltbwing: an
imbalance between the average voltages across the two arms in a leg; an imbalance between
any two legs; an imbalance between a leg and the D{3bls

The various control loops that may be used in combination to acb@apeeitor voltage

balancing and to suppress the circulating current are described and illustrated below.
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2.3.3.1 Individual SM capacitor voltage balancingloop
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Figure 2.4. Individual SM capacitor voltage balancinr§gdapted fron{31], © 2011 IEEE

In Figure2.4, 0° is the reference voltage given tay 70, 0 is the sensed capacitor voltage
of the SM in questionQ is the controller(; is the arm current (upper arm current for upper
SMs and lower arm current for lower arm SMs), aid is the reference control voltage

generated by this loop that gomto the modulation of the particular SM capacitor voltage.

2.3.3.2 Arm voltage balancingloop
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Figure 2.5. Arm voltage balancingAdapted fron{31], © 2011 IEEE.

As explained previously, this controllezeeFigure2.5) forces the average of the lower SM
capacitor voltages to follow the average of the upper SM capacitor voltages, so that the

voltages across the two arms in a leg are balanced. Uhys, is the average of the upper

SM capacitor voltages whilel is the average of the lower SM capacitor voltages.

2.3.3.3 Leg average voltage balancing (averagingpop

Figure 2.6. Average voltage balancinddapted fron{31], © 2011 IEEE
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The outer voltage loop sets a reference for the inner loop to follow. In this confseker
Figure2.6) Ul is the average of all SM capacitor voltages in the'fegnd™Qare the upper
and lower arm currents, respectivelfhe outer loop shares the referencewith the
individual voltage balancing loop défigure2.4, since the required average of all the SM

capacitor voltages in the leg equals the requiddthge for a single SM capacitor.

2.3.4 Circulating Current Suppression Controller (CCSC)

Ideally, theleg average voltageontroller should regulate the circulating current such that
the power processing frequencies (DC and the fundamental frequency) are amplified while
the harmonics are suppressed. Neverthelessufgpression of the harmonics, a dedicated
separate controller can be implemented for better results. Such a controller is a Quasi
Proportional Resonant (QPR) controller, illustrated FHigure 2.7. It is preferred in
application over the proportional resmt (PR) controllefor better digital realization and

noise rejectionThe QPRcontroller allows targeting specific frequencies, vatbandwidth

1 around such a frequency. The narrow bandwidth allows only those frequencies of interest
to be controlld. Such frequencies, whose components are to be suppressed, are the
harmonics ,¢ ,t ,@ , &1, . The harmonics beyond the order are considered

insignificant. The reference to this controller is set [86).
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Figure 2.7. Circulating Current Suppression Controller (CCS&japted fron{36], ©
2012 IEEE

2.4 THE MMC IN HVDC SYSTEMS AND THE HVDC PROTECTION
OVERVIEW

Before addressing the challenge of HVDC protection and how the MMC architecture fits in,
it is important to address the concept of the PET and how it utilizes the MMC architecture.

2.4.1 The Power Electronic Transformer and its role in HYDC protection

The main reasothe alternating current (A@owertransmission and distribution system

has been widely adopted compared to the direct current (DC) counterpart is the voltage
transformation ease and convenience brought about by the line frequency transformer (LFT)
usedn the AC systemR37]. In the LFT, the output voltage directly follows the input voltage
and the input current directly follows the outputreat. With this behaviour, a fault that
occurs on either side of the transformer directly affects the othe[38H439]. Adoption

of the DC transmission system would require-BC, DGDC and BC-AC converters that

can handle high voltage levels in order to reduce copper losses in thdidtargre

transmission conductors. For many years, however, the semiconductor technology for such
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high voltages has been immature. With the maturing of theceadhictor technology, DC
transmission systemi&nown as the HVDC systenmase slowly replacing AC counterparts

for long-distance transmission. Even better, the so called multiterminal HYDC systems bring
about flexibility by interconnecting asynchronous agstems and DC systems of different
voltage levels. The distance above which the HVDC transmission systems are more
economical than their AC counterpagsaboves00-800 km for overhead lines and about 50

km for marine cablefl].

The major challenge in HYDC systems is the-Bi@e fault detection and isolatioBince a

DC voltage signal does not have a zerossing, circuit breakers would need to operate at
high voltages, which is uneconomidé]. Research is ongaynto design and manufacture
economical circuit breakers to use in HVDC systems. The other alternative is to use
transformerless MMEwith fault blocking capability Sié However, such converters do not
galvanically isolate the input and the output sides, which would make other systems
connected to the converter, such as the battery energy storage system (BESS), vulnerable
[40].

The LFT equivalent for the DC systems is essentially a galvanically isolateB@MC
converter, called the power electronic transformer (PET), also called thestéd
transformer (SST) or simply the smart transformer (ST). It is constituted of several stages,
including rectification, inversion, and galvanic isolatione Moltage transformation through
switching action and the galvanic isolatiprevent direct communrétion of the input and

the output side voltage and current sigrjdlg|. If there is a fault on the output side, the
transformer simply reduces the output voltage, with the effect that the input side voltage is
maintained and can service other 1if8g]. Instead of transforming voltage at the line
frequency, the PET does so in the medium frequency ramgeh reduces the physical
footprint and the magnetic material requireri{d?2], [43]. Using the wide bandgap (WBG)
semiconductor devices, General Electric (GE) has been reported to develop a PET prototype
that is only 30% in weight of the equally rated LFT, with the volume being 50% of the

equivalent drytype LFT[44]. The size reduction that was achieved is in line with what has
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been reported in the literatufd5]. The limiting factor for the switching frequency of the

PET are the switching losses.

The PET has its weaknesses and strengths against the LFT. When the PET was
conceptualized, ivould not even be prototyped relevant power and voltage levels mostly
because of the cost, especially that of the semiconductors required for its constiinion
limited topologies available/ith whichto design the PEalso did not allow scaling ugf o

power and voltage dkese topologies subjected semiconductors to relatively higher voltage
and current stress levelp}6], [47]; something modern topologies such as multilevel
converters can fairly mitigafd 0], [48]. But the same cannot be said of the cost of the PET
today since the cost of semicondustbas dropped significantly. By the generally accepted
Mooreds | aw, the price of semi conductors i
pushing the price of PET even further dowiso, once the PET is widely accepted, its cost

will be expected togfurther down due to the massgnufacturing effedd2]. Furthermore,
theconstructon cost othe PET is competitivbecause othe operation at relatively higher

frequencies, which in turn demands smaller volume of magnetic materials

Generally, due to the relatively more complex nature of the PET, it is viewed as far less
reliable than the LFT. But the architecture of the PET has a significant implication on the
reliability of the PET. If it is constructed based on the modular muttilewnverters, the

PET will have redundant switching states that would allow bypassing failed submodules.
The failed submodules can be reported by the PET for maintenance since measurements and
sensing are part of the normal operation of the PET. The nesasnts can also be used to
predict the probability of failure of the components. This information can be used to plan
interventions before the failure happeAd this significantly improves the reliability of the
PET[37].

In terms of efficiency, the PET, which for a long time has been based on the silicon (Si)
semiconductors, has beesportedo bear a lower efficiency than that of theTL|&5], [47].
However, with the introduction dVBG devices the PET stands to achieve efficiencies

comfortably above 98% as tW#éBG device technology continues to improjet], [49].
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Non-linearloads inject a significant amount of current harmonics into the transformer. This
has a significant effect on the efficiency of the LFT since the primary side cuaess the
secondary side current. If the LFT is replaced by the PET, the effect of tHaeanloads

on the efficiency of the transformer would be minimal since the input side current does not
reflect the output side current. In terms of power quality giotection, this means that the

primary side is isolated from the secondary $&fg, [51].

Since PETs adjust voltage through switchitiggir transformation ratio is continuously
variable within a given range, unlike in the LFTs whereby this ratio is fixed by the
transformer winding This meanghatthe PETs do not require any mechanicaldhpngers
unlike the LFTs. Thetap-changing functionality is instantaneously achieved through
switching[42], [46], [47].

Apart from voltage transformation, the PET helps to improve the general system power
quality. An example is the handling of rbnear loads as alluded to above. Furthermore,
since the PET is integrated with aowei ve r e
factor. Also, the PET handles unbalanced loads better than the LFT, in the same way it

handles distortions and ndinear loadg451].

Thus, the PET has an edge over the LFT in terms of weight and volume, with its efficiency
closely matching that of the LFT, especially if the newer more efficient and more capable
semiconductor devices known &aeWBG semiconductor devices are considgret], [49],

[52]. However, &hough a conclusive research on the cost comparison of the PET and LFT
has not been published yet, projections do favour the LFT thle@momparison is based on
isolated units, that jshe PET ad the LFT compared without considering the impact of each
at a system levgb2]. If the projections are based on a systewel comparison, it is well
understood that the PET would eliminate the need of many expepsnmoents/functions

such as reactive power support (e.g. flexible AC transmission system (FACTS) devices such
as the static synchronous compensator (STATCOM) and the statampéire reactive
compensator (SVC), to mention a fegd?]. The reason is th#te modern PET is based on

voltage soure converters (VSC), let alone the fact that it is actively controlled, as all other
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systems based on power electronissallyare. VSCs enable grid power reversal without
reversing the voltage polariff], which greatly enhances the controllability of the §fi8].
Equally important, the PET stands to eliminate the bulky and expensiv@deircuit
breaker (CB), if the PET is enabled with the-Bi@e blocking capability4], [54]. All this

would give the PET a pronounced advantage over the LFT.

If the PET uses the MMC architecture, it has the potential to incorporate distributed sources
such as solar and wind electricity generators. This is because its highgmvsédy makes

it able toaccommodate many inputs in a confined space. Its flexible control makes the PET
able to manage distributed sources, distributed storage units, abd@CAGterconnections.

Due to its bidirectional power supply, the PET enables energy exchange betwegd the g
and the storage unif89], [55], [56]. This is an advantage of the PET otrexLFT.

There is a substantial literature on the adoption of the PET in low and medium voltages,
especially in the smart gridrea The future renewablelextric energy delivery and
management (FREEDM) system, developed by a consortium of universities in the US, is
being developed to use the PET together with fault isolation devices (FIDs) in the
distribution system[57]. However FIDs are conceptual devices in research and
development. The FID prototypes that have been tested have been shown to be power
inefficient hence uneconomical. Also, they cannot be extended to high voltage use as their

voltage and current handling capaisé are limited58].

2.4.2 Overview of the HB and the FB converters as submodules for HYD®ET-
MMC

The DGside fault isolation and blocking in HVDC systems is an important research topic.
The MMC submodulesvith fault-blocking capability such as the FB and its family have for

a long time been deeméaksier than the conventionally used 381 [9]. However, new
literature on the subject suggest that the FB may not be that less power efficientecbmpa
to the HB, especially if one considers that FB devices are operated at half the switching

frequency in the HB counterpart for the same effective switching frequency (due to the
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unipolar switching scheme), and are subject to lower blocking voltagles donverter is
operated in the overmodulation regi@®], [60]. This reduces the switching losses in the
FB semiconductor devices as these losses are directly pooabtto the device switching
frequency and the blocking voltaff&l]. Also, SMs capable of inserting a negative voltage
like the FBSM have been reported to text the SM capacitor rippl®9], [62], driving

down the arm cimglating currents which drives the system losses further down. Also, the
DC-side fault blocking capability of the FB promises elimination of the expensive and bulky
DC-CB [4]. All these prenses call for a thorough comparison between theb&d SMs

and their FB-based counterparts. In the meantime, new research has been published
proposing a control method that enables-b#sed MMCs to ride through DB€ide faults
much like FBbased MMCs, elinmating the need to block the converter during a<$ie
temporaryfault [54]. However, the nature of the HBM does not allow it to block DSide
permanent fault current®everthelessit hasraised the competitiveness of the 3,

making the comparison more interesting and probably much moretanpthan before

2.4.3 The feasibility of the Power Electronic Transformer forfault isolation in an
HVDC system

Although the focus of this research is not exactly on protection, onerefgthieed important
features of thédVDC transmission lings the ability to protect the system against the DC
side faultcurrents Thus, a short overview of the methods proposadfibped for this
purpose would be helpful to paint a picture of the stétine-art HVDC protectiorand the

influence ofthe PET andhe choice oS5M on protection

The voltage source converter HYDC (V&{/DC) systems are, by design, vulnerable to
faults [3]. This is because, unlike the lisemmutated convertddVDC (LCC-HVDC)
counterpart, they do not have any DC inductors to limit a €aufent This meanghatsome
faultsin VSC-HVDC would not be necessarily perceived as faults in +3DC. Due to

low line inductance the current rises rapidly and the maximum it can rise to is only 2 p.u.,
due to converter limitatior8], [38], [57], [63]. Another important difference between LCC
and VSC is that in VSC the diodes antiparallel to the switches keep feeding tloe fiearit
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even after the switches are blocdyl The speed at which the fault current rises and the
maximum to which it can get imposes a demand for fast fault detection and location methods,
and fastacting circuit breakers. Another requirement is ttuthe reason that a DC current
does not have a zewvossing. This requires the circuit breaker to be able to dissipate all the
energy it absorbs during breakif@}]. Put another way, the circuit breaker must be able to
drive the current to zero before breaking. AC breakers meet none of these requirements.
They also shut down the entire system, even for single line to ground faults in which the
system could continue operating on one pole using the ground as the rety8j.path

Some of the VSCHVDC fault detection and location methods are briefly described below:

a) Current differentialprotection A selective protection method whererent is
measured at both ends of a line using rej@yF The relaygommunicate data to each other.
Theythen calculatéhe currentdifference betweethetwo endk. If the difference exceeds a
given thresholdfor a set amount of timea fault is registered. However, it needs a
communication linkand data processingvhich in turn brings aboutransmission and
processing delays, as well asliability concernssince its reliability depends on the

reliability of the telecommunication infrastruct6s].

b) Cable drectional protection/An alternativeto the current differentiaprotection
whereonly the direction of tb fault current is communicated to the other relye trip
commands are based on the comparison of the directions. Since only the sign of the current
is communicated, the method is more robust. It, however, suffers from the same drawbacks

as the currerdifferential [67].

C) Overcurrent and Undervoltage: Since faults are characterized by overcamcent
undervoltage, either of the two can be used to detect a fault. Only local measurements are
used, eliminating the need for a communication link. This method cannot distinguish
between faults internal and external to the converter, thus, it lacks seledtivityever,
techniques exist that can relate local measurements to the distance of tf@8faul@],

although the accuracy of the model affects their prec[§ipn
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d) Travellingwavebased techniques: These methods analyze the current and voltage
wavefronts propagating from the fault location to the-&nels, according to the travelling

wave theory on transmission lines. Since the waves travel at speeds close tdight o

these techniques are fast although several successive wavefronts must be measured in order
to draw a conclusion on the presence of a fault. Their shortcoming comes when the
transmission lines cover a long distance as the wave magnitudes sidlyifd=teriorate

[71].

e) Voltage and currerderivatives: Similar to the overcurrent/undervoltage method but
derivatives of current and voltage are used rather than the magnitudes. This renders them
faster. But they are affected by the line distance and the line/converter impedance. The latter
affeds the selectivity of this method. In particular, methods based on voltage/current

derivatives may fail to distinguish between internal and external fadlts73].

f) Wavelet transform: A signal processing technique based orstiale (not time or
frequency domain but simultaneously both) is agapio the travelling wave signd#y, [74].

It works by detecting abrupt changes such as the transients associated with a fault current,
and it can discriminate between fault signaimponents and nefault transients. However,

it must be combined with othéxult-detection methods for accurate results.

s)] Handshaking method: This method is used to ensure selectivityuititerminal

HVDC (MT-HVDC) systems. Each station converter constantly monitors current in all
branches emanating from it. When a fdaltel current is recorded, the converter opens a
breaker on the line with the highest current away from the conyétterhis means some

lines without a fault will be opened. Even though the healthy lines are reconnected after a
reclose process, the momentary isolation of healthy lines is a significant drawback of this
method. Furthermore, the method assumes that fastviitChss are available. The DC
switches cannot break the fault current, only can isolate the faulty lines after all the AC
breakers associated with the converter {Bh It is, however, worthy noting that DC
switches are more economical than DC break#&sk Furthermore, the method is slow and

does not satisfthe reliability requirements6].
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h) Converter arm currents: This method aims at protecting the converter. It measures
the arm currents of the $sitan modular multilevel converter (MMC) and blocks the converter
if the value exceeds a threshold value. However, it cannot locate thgsfault

)] Inductivefault current limiters: Inductors are connected at the station terminals to
increase the fault impedance, which slows down the rate of rising of the fault current hence
giving time for slow breakers to act. However, the inductors add to the cost, wethht a
power losse§s].

)] Artificial -Intelligencebased methods: These methods depend on algorithms that are
trained with massive fault data so that they caketappropriate action in the future.
However, they need enormous data for the fault scenarios used in training to be
comprehensive. They are also complex to develop and have to be adapted to different

converter architectures such as tleweel, threelevel, etc.[4], [76].

Some of the technologies and methods used to block faultsaat faulty lines are briefly

described below:

1) HVDC system protection with AC devices: Instead of breakers acting on the DC
side, they act on the AC side of the grid. AC protection devices are less expensive than DC
counterparts, they have a shotead time, their technology is more mature, and they are
more familiar. However, they take longer to interrum fault due to their mechanical
restrictions. They also tend to shut down the entire converter system, even for ground faults,
which could be asily isolated. They are also inconvenient in multiterminal HYDC systems
[31, [77], [78].

Protection can be achieved by usingaabination of AC circuit breakers and fast action
DC switches in a method known as fAhandshaki
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Fuses could be used to protect the multiterminal HVDC systems, but they cannot tell apart
between temporary and permanent faulll faults are considered permanent. They are
only used as the last resort when other protection schem§g fail

2) HVDC system protection with DC devices: DC protectamvices act faster than

their AC counterparts and can isolate the faulted sections without closing the entire system.

a) DC circuit breaker equipment: Doubdded DC transmission systems use
the ability of a thyristor to quickly cut off current to blottle DGside fault current. If the
same process is used in multiterminal HVYDC systems, however, it would require the entire
multiterminal HVDC system to disconnect. Use of-8ide breakers would not be effective
to protect the converters as these breakessnot fast enough. Thus, a higbitage DC
circuit breaker needs to be installed on the &, if the converters do not have the-DC
side fault current blocking capability. Such DC breakers would significantly reduce the
recovery time and shutting dowthe entire multiterminal HVDC system would not be
necessaryB]. Since DC current does not have a natural-zesssing, it should be forced to
zero before a circuit breaker caaot. Other issues that may arise before the current goes to
zero, such as the arc time and overvoltage, should also be considered. Nevertheless, there
are two main technologies for DC breakers: superposition oscillation current method and

current transfemethod.

The superposition oscillation current method utilizes the negative resistance characteristic
of the arc to create an artificial zero of the oscillating current. However, the negative
resistance characteristic becomes less obvious as the amplittite oscillating current

i ncreases, placing a |imit on the circuit

that the breaker will counter the fault.

Current transfer method counters the fault current by discharging a capacitor irtiardirec
such as to drive down the fault current. This method can break tised@@ault current with
a shorter break time compared to the superposition oscillation current method, but it is more

complex, which makes it less relialhi9].
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b) IGBT circuit breakers: These utilize the blocking capability of the sike
device. They can block only the B¥ide faults, not faults on the converter side. They are
used together with fast action DC switches, which are used to isolate the fadtattdin
the IGBT blocks the fault. This strategy is more effective than the AC devices but also more

expensivg3], with thecost close to half the total cost of the convertatian [7].

C) Converter embedded devices: These are installed inside the voltage source
converters to detect andlate DGside faults. They eliminate the use of additional devices,

which reduces the converter footprint. However, a converter redesign is rgg0ired

3) Converters with fault blocking capability: Some converters have the capability to
insert either a positive or negative voltage into the circuit. They are referesdipolar
converters. For exampléhe FB converter inserts a negative voltage when all its four
semiconductor switches are bloc&dl. The path of the curréms such that the converter
inserts a negative voltage. If a station MMC converter is based on a bipolar converter, it has
the capability to block a DC fault by inserting a negative voltage. This voltage acts against
the fault and eventually drives it zero. If two such converters at the ends of a faulted line
insert negative voltages and isolate the line through IGBT blocking, then the need for a DC
breaker is eliminated. Thigas beemsserted in the literatuf4]. It is claimed that the reason

the FBSM and its derivatives are dismissed for use in HVDC systems is the increased
semiconductor device count, increased power losseBnitial investmentcost, compared

to the widely acceptehalf bridge HBSM [6 - 9], [81- 85]. But it has been realized that this
justification is not necessarily objective. For example, theSMBneeds to operate at only

half the effective switching frequency due to the nature of the unipolar switching scheme

used[60]. This drives down switching losses.

Furthermore, msertion of a negative voltage allows overmodulation, which mibatthe
peak of the AGside voltage gets higher thdralf of the DGside voltage. One of the
advantages of this kinaf operation is the reduction or even elimination of circataenergy
between the upper and lower arms, as well as SM capacitor voltage ripple refa@}ion

[62]. Conversely, it can be viewed as a way to operate the converter at a lowmrsDC
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voltage either deliberately or as an optimal method in case of fluctuating energy systems
such as wind power generator syst¢8®. Deliberately operating the converter at low DC
busvoltages through overmodulation implies lower $&pacitorvoltages, which irturn

implies lower blocking voltages for semiconductor devices. The advantages are the smaller

sized SM capacitorand semiconductor devicaad reduced switching losséf)].

Althoughthese observations do not arrive geaeralized conclusion that Fiased MMCs
are competitiveagainst or better than the Hiiised MMCsthey call for an objective

comparisorbetween the two SMs as potential candidatethi®HVDC-MMC.

2.5 CHAPTER SUMMARY

In this chapter an overview dghe modular multilevel converter, the power electronic
transformeyrand high voltage DC transmission line protecti@s provided.
In Section2.2thetopology and the basic operation of thedular multilevel convertevas

explored.

In Section2.3the modulation and control of tmeodular multilevel convertexas exjpored

The modulatiorof the halfbridge and the fulbridge submodulesas reviewed. It was seen

that the control involved the main power as well as the submodule capacitor voltage
balancing. However, it was found that there is not yet an elaborate metbaldulate the
control gains/constants for the submodule capacitor voltage balancing control loops if the

classic contromethodis used, as opposed to the sorting method.

In section 24 the power electronidransformer and its feasibility to replace thee
frequency transformer in the transmission lines was explored. It was found that although the
power electronic transformer may not outperform the line frequency transformer when the
two are compared as standalone units, it may do so if the sistehadvantages it brings

are considered. Such advantages are the grid stability and reduction or elimination of some
of the grid components or functions that are used together with the line frequency

transformer e.g. static synchronous compensattie poweelectronic transformer also has
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a smaller size and weight compared to the line frequency transformer, which may be critical
requiremerd for some installations such as offshore wind farsonclusive comparison
between the power electronic transformed @he line frequency transformer wollé a

good researchroblem

It wasalsofound that the halbridge submodule has been deemed better than tHerifildje
submodule for use in the high voltage DC modular multilevel converter but some of the
converterlevel and systedevel advantages the feiridge submodule offers have been
overlooked.It has been concluded that if the comparison must be a fair one, all those
advantages must be considered. Such advantages are the ability oftthiddellsubmodule

to operate at half the switching frequency of the-batige for the same ef€tive switching
frequency which reduces switching losses, the ability of thebfidge to operate in the
overmodulation region which reduces the components size and reduces submodule capacitor
ripple, and the ability of the fulbridge to block a D&ide fault which eliminates the need

for theexpensive and bulky DC circuit breaker.
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CHAPTER 3 MODELING OF THE
MODULAR MULTILEVEL
CONVERTER

3.1 CHAPTER OBJECTIVES

In this chapter the modeliraf the MMC is carried out, starting with the basic operation of
the converter, then the models pertaining to different control objectives of the MMC. The
modeling lays the foundation for the analysis, design, and control of the MMC, to be carried

out insubsequenthapters.

3.2 BASIC OPERATION OF THE MMC

With reference tdrigure2.2, the KVL equations of the MMC can be written as follows:

P ‘ .. Qo o -
-0 O 0 FO0 U — Y Qo 0 o mh
Qo (3.1)
P, \ Qo . .
-0 0 0 FO0 — Y Q0 0 o0 Tmh
C Qo (3.2)

wherebyd  j is the modulated SM capacitor voltage corresponding t&xh8&M and it
appears on the AC side of the SiM., across the terminals with the voltage in Figure
2.1 andFigure2.2 KCL gives

Mo Mo Mos (3.3)
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The circulating currenis that which circulates among a leg and the liSand does not
appear on the AC sidd is defined as
. Qo Mo 34
Q 06 ——8 (34)

The third KVL equation is obtained as

U O U O Y Q o 0 2 o 8
RO S Q0 (35)
fB 0 isnamed ,B O fpisnamed),andB 0 isnamed |,
(3.1) becomes (3.6), (3.2) becomes (3.7), and (3.5) becomes (3.8).
. 0Qo o - 3.6
Pb o 0 b == v @6 b o mh (36)
C Qo
P, . . . QQo . ... . (3.7)
-0 0O UL U — Y Qo v o 718
C Qo
O 0 U Y Q o 0 o o 8 (3.8)
¢ ¢ Qo

Accordingly,

'Q
U‘ O‘ 'Y "Q O‘ 'Q 0‘ U“ T~ "Q 0‘ 'Q 0‘
(3 . 9)

Q
VI Y Q ¢ 0 =10 ¢
U 0 ( 0O QU o) 08
In abalancedhree phase MMC the DC bus current divides equally among the three legs.

The circulating current consssbf this DC component and the even harmonics of the

fundamentatomponen{87], i.e.,

0 o 2oo  00Ed o—h
o (3.120
¢ chrhpsB
In (3.10),— is the phase angle between the harmonic and the referencelsighigding
(3.3) and (3.4) to solve fdRand for'Q gives

Department of Electrical, Electronic and Computer Engineering 33
University of Pretoria



CHAPTER 3 MODELING OF THE MODULAR MULTILEVEL CONVERTER

96 0 o 2ao (3.1)
C
and
Q0 Qo %’Q o 3.12)
Substituting (3L0) in (3.11) and in (3.2) gives
0 2o Pae  00Ed] o—
o C (3.13)
and
oo oo Pao 'O0EH] 0 —h
o C (3.19)
respectivelyagainwith ¢ ¢t hpf8
Subtracting (3.6) from (3.7) gives (3)1
Q
DO U O Y Qo Mo 0 =, Q06 M0 L 0 T
Qo
bo Vo p, . . P, Q.
t ————— =Y Qo -v Qo v o m (3.15)
C C C Qo
P . Q,
P L o =Y Qo -uv =0Qo0 v o m
QO
whereby
. LO v o (3.16)

andis known as the internal EMF of the converter or the reflected DC bus voltage, and it is
essentially the inverted DC bus voltage. $hbe internal AC voltage of the converter can
be conceptualized asresult ofthe switching matrix ating onthe DC bus voltage. Ihe
switching function is represented by, then

O 0 [ owh O oo (3.17)
wherebyk represents the phase of the signal. Idgallg a pure sinusoid. In practice it is a
combination of a pure sinusoid and harmonics. In an MMC the harmoniegarerbated
by limited number of levels and significant size of voltage steps. The higher the number of

levels and the smaller the steps theser the switching function and the resulting internal
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EMF are to pure sinusoids. Fraperspective of an MMC inverteb s filtered by the

arm inductos to give a much smoother voltage at the AC terminals, as evident from

(3.15). The simulated andy  are shown irFigure3.1.

Theaverage ob is controlled to closely match the DC bus voltage avesagewith the
small differencebetweend and0 appearing across the arm imtlor, as expressed by
(3.9). Thus, if the AC variations i are ignoredp 0 @ . Ideally, he voltages

0 andw are related by88]

b o g' & OETO (3.18)
wherebyd is the modulation index defined as
<o (3.19)
[
Equation (3.9) can be rewritten as
W LO U O (3.20)
Solving (3.5) and (3.20) fob andv thensubstituting (3.18yives
0 o gp & OF Tom (321)
and
.. P AR TAS (322
U O E p a OElow 8

The functions p & OETo¥c and p & OE 0¥ are equivalent tothe SM
quantitiesvaveform duty ratio functions, for the lower and the upper3is, respectively.
Examples of such quantities are the SM output voltage and the SM capacitor Gimeeist.
implied from the analysis carried outtime literature, whereby these functioase used as
modulation functions to synthesize capacitor voltages from the arm cygeptas well as
synthesize the SM AGide voltage from its D@Gide voltagg90]. The averages of these

functions are 0.5, implying the average waveform duty of MMC quantities.is 0.5
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AC terminal voltage Internal EMF
800 ‘

600

400 !

200

0 | I

Voltage (V)

-200
-400

-600 ' ‘

-800
0.96 0.97 0.98 0.99 1
Time (s)

Figure 3.1 Simulated AC terminal voltage and the internal EMF.

3.3 CURRENT CONTROL MODEL

The voltaged is given by

Q § .
b6 Q0 Y Y o b o —w0oen 2
Qo
so that (3.5) becomes
Q0 0 o v vy v o
S , (3.24)
z —"0
CU L 0 o) 08

Figure3.2 illustrates (34), with the rectification stage also shown for the sake of converter

completeness.

3 L +L -ILfiIter

1 2 —arm grid
€ ER-\rm-i- |%‘;rid +Ri|ter
AN OO L,
. refl

Iac

Figure 3.2. Equivalent of the A&ide and arm inductances, with their parasitic resistances

Adapted fron{91], © 2015 IEEE
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The converter current control model to be used for the controller desigm iubtrated in
Figure3.3. The model does apply to other VSCs other than the NI2A[; [92], [93].

1 +L,, it

2 —arm grid filter

%&rm + I%grid +Rilter
> MW\
lac
eT Vreﬂ

Figure 3.3. Current control model of a voltage source converter.

To simplify the controller design, vector control can be opted for. In this control scheme the
circuit variables in the abc stationdrame are transformed to the dq synchroribame.

The dg frame is formed by two axes: the direct and the quadrature, which are 90° apart with
the quadrature axis leading. The active power can be processed on either of the axes, with
the reactive power being processed on the other axis. In theqeebseanalysis, for

simplicity, the subscrip ds dropped fromiQ andi ‘Q ‘i©dropped fronD

A threephase system can be transformed into an equivalerpitase system as follows
(3.295

with K being the scaling constant according to the type of transformation adopted, as
indicated in Table 193].

Cs mes s C. « a0
L O Qu o auuo L 0Q L 0Q

Table 3.1. Threephase to twgphaseansformation constants

Type of transformation Value ofu
Amplitude invariant p
RMS-value invariant pAVIC
Power invariant olc

For the amplitude invariant transformation,
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N P Py
; 1 o Oy 8 (3.29

Do £ Pay
U Vo WMoV
The signal® andu are still AC. They are further transformed into a synchronous reference
frame so that the resulting signals are DC.

axi s a-axis, thenmtre ddbignals are obtained as follows

v AT OB+ YV 4 (3.27
v OEF AT-OV
Voltages across inductwiransform to
O j O p 22 0 01 Q0h
VIS 0— 0
Qo (3.29
e gdRo
Vp O L 96 V1Qo0
whereby"Q and "Q are the dg components of t#&C currentandd 0 0

@0 is the equivalent inductanc@s seen in3.28, the inductor voltages bring about

the coupling of the direct and quadrature axes. A system controller for a closed loop must be
designed such that the two axes are decoupled if the two axes mugerfete with each

other.

KVL aroundFigure3.3gives

.QQ 2
Q6 0-—r WY 00 (3.29
Qo
Transformation of3.29 into the dq frame gives
. 29Q0
Q0 U———— UV1Q0 ™MQoY v o
Qo (3.30
. LQo
Q0 UVU———— 0V]Q0 ™MoY v O
Qo

Choosing the @xis as the power axi§ is zero whileQ is the amplitude of e. For a unity

power factor condition, the controller referencéis set to zero so that the system active

power is given by

R 3.3

v -0070 (331
G
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while the reactive power is zero. To decouple the two axesfotlmaving decoupling

equations are us4é3]:

0 O DL O Qo 1 (Qoh
0 O DO Qo 1 0Qoh (3.39
so that 8.30 becomes
.. .a9Q0 ...
U 0 U—=— Q0'Yh
Qo (3.33
. 990
UV 0 U—=— Qo'Y8
Qo
Thesystem transfer function is théd in (3.34.
v s 529 avr o o iove 9 o
U O U 00 w | (Y o | (3349
P
i 0°Y

Due to the switching action of the converter, there is a finite delay before the output voltage
Is synthesized at each switching instant. Whasfer function of the converter is due to this
delay and is given by3(35, whereby”Y is the switching period andy 7¢ is the
corresponding switching del§94].

0 i YL
C
The current controller is designed based on the prodd@ of and©O , defined as
‘0  in(3.396.
L
O i 0O i O i - y
YU, Y0, (3.36)
Y ! < v

3.4 DC BUSVOLTAGE CONTROL MODEL

In rectifier mode, with a physical capacitor of capacitadceconnected across the DC

terminals thetransfer function of thactive power processirgirrentcomponento the DC

bus voltagef a multilevel converteis given ag95]
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@ i cO
Oi Cw i O |

(3.37)

¢

wherebyw  is the desired DC bus voltagdowever, for an HYDEMMC a DClink

capacitor would exacerbate the 8@e fault current. For that reason, the DC terminals are
not connected to a filtecapacitor. Nevertheless, it has been shown that the equivalent
capacitanceontributed by the SM capacitors across the DC termafashree phasgiMC

is given by[96]

5 (pcl; o (3.39

The transfer function of (3.37 then rewritten &
(3.39)

@ i 00 3
i TW R 0 i
3.5 SUBMODULE CAPACITOR VOLTAGE BALANCING CONTROL
MODEL S

The parameters of the individual SM capacitor voltage balancing, the arm voltage balancing,
and thdeg average voltageontrollers have been quoted to remain the same in some studies
or to have been obtained through simulation in ro#tadies[22], [34], as alludedo in
Chapter 2

To attain optimal control, it is important that transfer functions for the control loops in
question be found, so thtne controllers can be designed in a straightforward, step by step
manner. This is because, although the MMC structure is the same, design at different power
and voltage leveland with different filter sizesmply that the system dynamics are not

necessarily the same

The suggested controller gains for the individual SM capacitor and the arm voltage balancing
controllers are simple proportional comdsd31], [32]. If it is assumed that indeed the nature

of their loops callfor proportional controllers, then tuning of these gains has only two
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possibilities: increase or decrease the gains. This is simple enough as one can simply change

the gain in one direction at a time and observe how the system performance changes.

The circulating current suppression controller is well suited for tuning as it is centred around
the harmonic frequency of interest, witmstants to adjust the gain and a constant to adjust

the bandwidth around the controlled frequency.

Theleg average voltageontroller, however, is suggested to have either a Pl controller for
the outer loop and a proportional controller for the inner loop or PI controllers for both the
loops. Proper design of thesentrollers requires transfer functions for the involved loops.

The subsequent modeling is part of the contribution ofdissertation

The loops for théeg average voltageontroller can be conceptualizediag-igure3.4. In

this figure, 'O is the outer [voltage] loop controllei® is the inner [current] loop
controller,”O is the PWM block transfer function, given iy i pfo  (w s

the peakpeak value of the carrier signal)  is the current sensor transfer function,
'O j is the voltage sensor transfer function, 8®d and O are the duty ratio to
circulating current and circulating current to SM capacitor voltage transfer functions,

respectively, given a® i ‘© i 7Oi andO i wiTO i.

-0

Figure 3.4. The proposed control losfhor theleg average voltageontroller.

The KVL equation(3.5)linking the DC bus, the arm voltagasd the circulating currectin

be rewritten as

b o b 50 cQ onRd Y h (3.40
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wherebyn is the time differential operat@'Q 0Sinceb is the modulated SM capacitor
voltage, it is given by

0 0 ULVLRO 1 O (3.4)
wherebyv f, is the’Q SM capacitor voltage afd is the duty ratio function for th@ SM,

so that the KVL equation is now given by
0 O 1 00RO ¢Q o0 nd Y 8 (3.42

Small signal analysis can be used to linearize thejteronv ; 0 of (3.42), as follows:

w U O O 7 0 w vLvjoO
¢ O g o0 no Y
(3.43
Ow 00RO | Ow | OULR O ¢O no Y
¢g O no Y 8
The DC terms argivenby
W Ow ¢O no Y
C (3.49

U@ O Y 0w 6"0 Y
wherebyO 1@, as discussed previously. If the parasitic resistance is ignored then

w U w, which agrees with the literatureh& AC terms argivenby
0 O QR0 17 0w ¢¥ oO0nNnd Y
(3.49

O VR0 ® 1 0 c6 O n Y R

whereby the second order t&rmo U j 0 is ignored as it is significantly smaller than any
of the corresponding first order terf@ 0 and] 0 w [97]. The Laplace transform of
(3.45) is
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W i Owi i WOi w i ¢O i (0 Y (3.49
whereby
Wi wi fl Up O (3.47
and
Oi wi fl 9 0 8 (3.49

The functionsw and & can take different forms depending on the modulation scheme
utilized. Since the unipolar modulation scheme usatienFBMMC is different from the
modulation scheme used in the WBVC, w and® are the functions associated with

the HBMMC while w and® are the functions associated with the-IARIC.

In the subsequent discussion is the frequency modulation index defined &

"QTQ WY ,"Q is the switching frequency arnis the fundamental frequencyy
pX Qs the fundamental period.

In the HBMMC, the carrier signals in an arm are shiftedgdyf0 k “Y 70 while the
corresponding upper and lower arm carrier sigasdsshifted by 70 k “Y 7¢c0 hand the
lower arm modulating signal is shifted from the upper arm modulating signal by
“ k"¢ & Y Ic , sothat
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—
(@]
J—
—
J—
g
—
—_
—_
—_
(g
J—

P. P. =
- Y - Y E
170 1 0O G 1 0 ¢ 5
. P. P . a
=Y —Y —Y
17 0 v p 5 1 o 0 C
a
Lo By By Sy
U GL G
‘ P. P., & . «
—Y =Y —7Y E
T 0¢ 3 G c (3.49)
a
1o 6 op my By Iy
U GL G
p" cly =
- Y — Y E
70 7 o G 1 0 G
0 0a
1 0 P Y 1 0 P =
U GL
o 0a . L Ua -
1 0 m 1 o Y E
GL GL
U va
17 0 5 p" Y 8
GL
Generally,
0 0 0a
1 08 1o =Py g e 2P BTy g
0 qu (3.50)
For. C,
. P . P ca
=Y Y
1 0o 10 1 0 c 1 O -
o c& | (3.51)
1 o —"Y 8
T
fl Q0 o "Oi A@Dbio
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t fl 1 O
o P.. . p ca .
Oi p AQDCYI Aab - Y i (3.52)
o ca .
AZD TC Yi  Oi® ih
whereby
a
©w i p Aob Py AQDp S8 v
S , T (3.53)
o a .
Aab v

which can be linearized using a Taylor series expansioa Padé approximationn
Addendum A equation (3.50) is expanded for other arbitrary valugstofdemonstrate the

scalability of the modéig method

In the case of the FBIMC, the two signals modulating the left and the right arms of the

FB-SM can be viewed as forming one composite modulating signal for the SM, see

simulation inFigure3.5. In that case the lower arm composite modulating signal is phase

shifted by k "¢ & Y F¢ from the upper arm composite modulating signal. Within

the arm the carrier signals are phakéted by 70 k "Y 7¢O while the corresponding

lower and the upper arm carrier signals are pisageed by* 7¢O k "Y Ft0 , so that
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(3.54)

Generally,

—" 0 ,
qL TU (3.55)

For. C,

T (3.56)

fl Qo6 o "Oi A@bio
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+ fl 1 0O
. (3.57)
A
Oi p Aob Py AQDp Y i
T P
o Ta ) .
A@b Y i Oi w 1ih
g
whereby
1A
© i p Aob Py AQD&——JYE
T , b (3.58)
o TQ .
Aob Yi 8
)
The plots of bothw | andw | approximated to the first order using the Padé

approximatiorA @p & pfp ®, at the same switching frequency, appedfigure
3.6. The first order terms ir8(53) and B.58) are collected in the manner & %9).
wi p A@bio A@bio A@bio

. . . 0 0 ,
T i6 o0 0 TADD i
t (3.59)

@ i is the Laplace transform corresponding to time delays due to phase differences in the
SM capacitor vdahges in the MMC leg. These phase differences are a result of the SM
capacitor voltage being an integral of the product of the duty ratio function and the arm
current. If the phase shift introduced by the arm current is igndréd, w i 8This is
justified since the major phase difference observed is that between the upper arm SM
capacitor voltages and the lower arm SM capacittiages, and it is equal tg equivalent

to half the fundamental period. Additional phase shifts between individual SM capacitor
voltages are due to time delays fractional of the switching period, insignificant compared to

half the fundamental period.
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CHAPTER 3
800
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>
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Figure 3.5. Simulated FBSM modulating signals at a fundamental freqcy of 50 Hz.

From (3.46) the transfer function from the duty ratio to the circulating current is obtained as

o P i
0 i —_ S
O i i0 Y (3.60)

and the transfer function from the circulating current to the SM capacitor vidtagg®ined

as
@ (0 Y (0 Y
Boi (3.61)

g'o o
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Figure3.6.w i andw i{ approximated to the first order using the Padé

approximation.

3.6 CHAPTER SUMMARY

In this chaptethe modular multilevel converter was modeled. Section 3.1 focused on the
basic operation of the converter. In section 3.2 the current control model was developed, in
section 3.3 the DC bus voltage control model was developed, and in section &g the
avaage voltageontrol model was developdbm first principles. Tk leg average voltage
control modelmakes the respective controller design straightforward and eliminates the
dependence on extensive simulation and guesswork to tune the contasligssoften done

in the literature. The development of the leg average voltage control model is part of the

contribution of thisdissertation
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CHAPTER 4 ANALYSIS OF THE MODULAR
MULTIL EVEL CONVERTER
WITH HALF -BRIDGE AND
FULL -BRIDGE SUBMODULES

4.1 CHAPTER OBJECTIVES

This chapteaims athe device rating and loss analysis of the MMC. The analysis performed

in thischapter is part of the contribution of thlssertation

4.2 INTRODUCTION

The FBMMC can operate in the overmodulation region, which should be considered when
comparing it to the HBMMC. For the switching losses comparison, the-$1
semiconductor switches can be operated at half the switching frequency of the
semiconductor switches the HB-MMC for the same effective switching frequentyhen
overmodulation is considerethe specific modulation indexa NG p8 p tig of
special interest as has beershownto minimize the arm circulating curreng;id SM
capacitor ripple voltages, a this modulation indethe converter transfers active power
while processing the minimum possible reactive power in the [&9hsYis the system rated

apparent power
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4.3 DEVICE RATINGS

The devices considered are the SM semiconductor switches and the SM capacitors.

For a FBMMC the peak of the AC voltage is dependent on both the amplitude modulation
index and the number of SMs per arin, If the average SM capacitor voltageuis then
[60]

6 b gw 8 4.1
The peak of the AC voltage is given §§.19). Making w in (3.19 the subject and

substituting itinto (4.1) gives

(4.2)

P w

If @ and0 are fixed, them is a function oft  and its minimum required value for given
a is

o & % 0 di (4.3
According to 4.3), the higher the modulation index the lower the voltage the SM capacitor
must supportThis means a loweroltage rated capacitor. Since thisalsothe voltage the

SM semiconductor switches must block, it also meangiewltage rated semiconductor
switches.For example, the SM capacitor designeddor VI is rated at 85.4% of that
designed fot p, cdculated as follows

— P

w g P VI

w P q ~

This also means that the semiconductor switches fait an ¢ system must block only

T v o BalB

85.4% of the voltage blocked by semiconductor switches for a system designed for a unity
modulation indexHowever, theiRMS current ratings will baboutl.15 timeshigher, due
to a lower DC bus voltage which makes the DC compioofgthe arm current increasghis

is a ratio of the arm RMS current values at the respective modulation indices, keeping in
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mind that the switch currents are proportional to these currents, and ignoring the harmonics

i.e.,
0 - o qQ 0 O Y Y
" o C o a6
YA YA Y Y (4.4)
ow — O o [TV » QN
eSod = 2o
Al ¢ Y a8
ow P a ew °©

For fixed w , the arm RMS current is a function of the modulation index Gard be

expressed as

oy —
QW
Q5 W

- 15:02]
Q 5 p PP

al— |

This increased arm current will also increase the SM capacitor current ratings, which may

lead to larger SM capacitor banks.

An added advantage of operating the MMC in the overmodulation region is¢hef a
smaller DC bus voltage (a case when an AC voltage is fixed, and the DC bus must be
designed such that the outpd€ voltage will be attained)This means thathere is no
boosting of the DC bus voltage to achieve the required output, provided thastteng
modulation index does not subject the SMs to higher than rated confiifjpasd does not

result into higher than desired harmonics.

4.4 POWER LOSSES COMPARISONS BETWEEN HB-MMC AND FB-MMC

The losses considered are the semiconductor sartdhits antiparallel diodeonduction

losses, the switching lossesd the ohmic losses in the arm inductor parasitic resistance.
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The antiparallel diode reverse recovery losses are insignificant compared to the switching

losses hence they aretrmonsideredn this analysi$98].
4.4.1 Semiconductor switchand antiparallel diode conduction losses

The semiconductor switch (assuming an IGBT) conduction losses, per device, are given by
0 & Ok W § Ok Wi Of i (4.5)
wherebyw ; is the voltage drop across the switch during conduct©r, is the
average switch currentQ ;  is the switch RMS currentp  is the collectoemitter
thresholdvoltage f t he | GBTds f or war d cih ésthaandtager i st i ¢

sl ope resistance of the |1 GBT6s forward char

To compare the FBAMC and he HB-MMC losses, the number of devices per SM must be
accounted fqri.e., four devices in the FBIMC and two devices in the HBIMC. This
implies that the conduction losses in the-MBIC are twicethe conductiorlossesin the
HB-MMC, as the arm currents in the two converters are identical and get distributed equally

among thalevices on average

In the overmodulation region the DC arm current is higher than in the linear modulation
region. Sincev ;; in (4.5) is assumed t@main constant regardleskthe switch current
changes, the switch current increases corresponding to the increaseamrmtloceirrent

resulting into higher conduction losses

The analysis for semiconductor switobnduction lossesimilarly appliesto its antiparallel
diode, whereby the conduction losses are instead due to-8tatervoltage drop , i.e,
0 0 i w O w 5 O ; i (4.6)
wherebyO | is the diode average currei®,  is the digle RMS currentow
is the threshold voltagef t he di odeds forward ichiatheacter.i

onst at e sl ope resistance of t he d.iThed e 6 s f

Department of Electrical, Electronic and Computer Engineering 53
University of Pretoria



CHAPTER 4 ANALYSIS OF THE MODULAR MULTILEVEL CONVERTER

conduction losses in the FBMC diode will be twice as much as in the HMBMC diode in

the linear modulation region and will be even higher in the overmodulatéd\¥B.
4.4.2 Semiconductor switching losses

The switching losses per device are giveridiy

0 E W § Ok "M ¢co o h 4.7)
wherebyo ando are respectively the rise and fall times of the voltage acroshecaarrent
through the switch (the voltage and current are assumed to have equal rise times and equal
fall times). At a given modulation index,ver the fundamentalperiod the switch current
peak is proportional to the arm DC currerg., O j | “Ofo, sincethe instantaneous
switch currentpeak varies aroundhe value| "Ofc due to tle presence of the AC
components in the curre(dee illustrated simulation iRigure4.1). The blocking voltage,
® i ,equals the SM capacitor avgeavoltagew, as discussed previouskgain, the
number of devices must be considered, as well as the switching frequency. -MMdE&B
devices are operated half the switching frequency as that in tHdMiB. Then

5 VU S
0 0 S
4.8
T P W § O E"Q Cco o . . (48)
- S C ph & ph
q g W § Ok "M@ ¢O0 O

which indicates that the switching losses are equati for p. It is however unknown if
they will be higher in the FBMMC if it is operated in the overmodulation regidrhis is
because while the switch peak current increases, the blocking voltage decreases, and the

changs in the two quantities are not necessarily proportional
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125
W /W Switch current
100 , % N\j peak average value —/Arm-current
Switch current DC value
75 average value \\'\J
50 ] i ot S NS
< v Jnl J”
E 0 IININEREREENNNaE -
=
o &5
-50
-75 . Antiparallel diode
e < Switch conducts conducts
0.975 0.98 0.985 0.99 0.995 1

Time (s)
Figure 4.1. lllustratedsimulation of current flowing through the switch and its antiparallel

diode(which is a modulated arm current)

4.4.3 Arm inductor 1°R losses

Due to the parasitic resistance in the arm inductor, there will be ohmic [bhsdessen

oneof thearm inductos for an arbitrary modulation indeare calculated as (4.9), with
‘Q  asderivedin (4.4)

0 a Q 5 « Y , — Y
w S .
a
(4.9
a 'y C | Y ..
QW a QW

Keeping in mind that the HBIMC can operate only in the linear modulation regi@n9)
indicates that theohmiclossesn the FBMMC and the HBMMC will be equal fora p.

In the overmodulation regiaine FBMMC will process higher ohmic losses.
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4.5 CHAPTER SUMMARY

In this chapter the HBAMC and the FBMMC were compared through analydishas been
seen that perating the FBMMC in the overmodulation region allows for a smaller DC bus
voltage and smalleBM capacitor and semiconductor switch voltage ratinghowever
increases the SM semiconductor switch current ratings by almost the same proportion their
voltage ratings are reducdtihas been thought in the literature that operating thIVEC

in the overmodulation region would help reduce the ratmfigls components. Téanalysis

in this chaptershows that it is not the cas€he conduction and the ohmic lossksth
increase with overmodulatiomhile the switching losses cannot be predicted to increase or
decreaseln the linear modulatioregion,the conduction losses in the fBVIC are twice

as much as those in the HBMC while the switching and the ohmic losses are enuiabth

the convertersThe detailed power loss analysis is anotireathis chaptercontributesto

the wider body of knowledge
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5.1 CHAPTER OBJECTI VES

This chapter intends to size the filter components of the converter, that is, the SM capacitor

and the arm inductor.

5.2 INTRODUCTION

The design involves SM capacitor and arm inductor sizing. For building a physical cgnverter
ratings of these components would be required, they are however unnecessary for the
purpose of simulatioto validatethe operation of the convertelhey may however be

needed in simulation of losses to paintalistic pictureof the losses

The converter process®é ¢ THE 6 At unity power factor with an AC bus @15V line-
line, a DC bus at 1500 V, and two submodules per @ha.device switching frequency is
1 kHz for the FB converter and 2 kHz for the NBVIC.

5.3 SUBMODULE CAPACITOR SIZING

The SM capacitors are sized to minimize the capacitor voltage rifjpdecapacitor voltage
ripple is usually kept at around (or below) 5% of the nominal capacitor vol{@gé

The nominal voltage of a SM capacitor is caltedafrom(4.3) as



CHAPTER 5 DESIGN OFTHE MODULAR MULTILEVEL CONVERTER

i7al

P .
P n&)w(ppoxnﬂm X6p

A p wp
wﬁpd C

the 5% of which ispproximately37.5 V.

In one of the approaches to SM capacitor design the variations in energy stored in the MMC
armsareconsidered. In this approadietsubmodule capacitor is also sized to accommodate
the AC grid voltagamagnitudevariations permissible by energy regulatarsed network
operatorg99]. These variations are permissibkually within p 11 IP100], [101]. The SM
capacitor is then calculatesing 6.1) [99].

. pg CY
° Y0
q
T .
P& ¢ ¢ po)ﬁ) W& T Ul ol
OTT PULUT nc—
whereby] is the fundamental angular frequency a¥d is the peakto-peak SM

capacitor ripple voltage.

The second method approaches the sizing in a similar manner to the first one but results in a

smaller capacitor size. The capaaite is given by102]

. % & AieO ~
(0] - ’yl‘) p T (52)
a1
C
¢ ¢ pm TOWP P o )
T&T Uk
) p c g

¢ ¢ TOWPPETUT X T&T X P
whereby the displacement power factor argles zero due to the unity power factor. If a
10% variation in theAC bus voltage is considered the capacitance becom23816n0F
(obtained by substituting 90% af in (5.2)).

Alternatively, the capacitor can be sized to minimize the fundamental frequency ripple

voltage, which is the predominant componéillowed by the second order harmonic
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component)n the ripple content of the SM voltage. Before the SM capacitor and the arm
inductor are sized the magnitude and phase of the second order component of the arm current
are unknown, hence the arm current with onlyl@iaand the fundamental components can

be used to determine the size of the capaditoe. to the DC component, the charge transfer
durations when the capacitor current is negative and when it is positive are not equal. The
shorter charge transfer duraticompensated by longer pulse durations as depicted in
Figure5.1. The capacitor current is assumed to be continuous fahtbrger charge transfer
duration[22]. The charge transferd can becalculated by obtaining the intervduring
which"Qin (3.13 is approximately continuousvhich is done byquating(3.13 to zerobut

with the ripple ignoredthis could also be done usif(Q):

. o~ oo 5.3
Eo Eo OETO -« ™ (5.3)
o G
1
p ™
\
/
\ |
( :
06— | | e
E)
B
=
Q
E
3 02r |
i
=)
2 siajiguls
5]
@)
-0.2f .
_06 | | |
0.005 0.01 0.015 0.02

Time (s)
Figure 5.1. Idealized and normalized SM capacitor current depicting unequal charge

transfer durations.
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Assuming a losslessonverte, the DGIlink power eqals the threephaseside power as
follows:

ow O
& 08 (5.4)

Substituting 8.19) into (5.4) gives 6.5):

T
o (5.5)
oa

which makes %.3) simplify to (5.6), whereby the phase angleis zero due to the unity
power factor.

o S OETs ™8 (56)
(0
Equation 6.6) solves to
1o ¢ oIk oeil
G q
“ OEl—m* OEI—
_ - (5.7)
R W . A W
« OET 22 e OET Rkl
ow ow

The solution to (%) for this design indicates that the time duration for which the capacitor
current is approximately continuous is about 33% of the fundamental period.

Equation (56) puts an upper limit of 2 p.u. to the modulation index, which means that the

condition®w @ must be sadfied for this design method to work.

The charge transferred is found by evaluating)(3:he capacitance is then calculated using
(5.9) and for a 5% peakgeak ripple it evaluates to 5.2182 nhf-[22] equation (D) is not

provided and one has to always solv&&ndperformthe integrald . O tto size

the SM capacitor. Reducing the work to equatiof))(Shortens the cumbersopecess

Department of Electrical, Electronic and Computer Engineering 60
University of Pretoria



CHAPTER 5 DESIGN OFTHE MODULAR MULTILEVEL CONVERTER

p C

0 ™Mt 0=-060 0 — ANOG ANO
o o4 ]
Y p PR N
00_6{_ ¢t OEIT : OEIT
' .. G N s (58)
- Al ¢ OEI— Al O OEI—
od | G C
Y B T ... . _.-.0Q
— “ c¢OEl— —AIl OEI— 8
d w a C
. QD o .
0 oY Qt 06 Qo 0 Yu (00N} Mt v
: L S« coei TRl eet® 59
E a o < < G C (59)

Let wbe a per unit value obtained as a ratio of the SM-peak ripple voltage to the SM
capacitor voltage. Based on (3.19) and (4.3),

Yo c0 YO .. W p a w (5.20
() . ; ; Yu m h
W w p a cL
so that () becomes
0°Y PR T .. - .0 _
C‘, “ ¢OEl— —AIl OEI— p' 8 (5.1)
a w ¢ a ¢ p a

Equations (8.0) and (5.1) apply well to both the HBAMC and the FBMMC operating in
the linearmodulation region. The expression

N T o o o2 p
“ ¢OEl— —AI OEI -
¢ a p a

in (5.11) depends on the modulation index only and its graph is plotted in Figure 5.2, which

a
C

indicates thathe SM capacitor size decreases with an increasing modulation index for an
MMC at a given power level. The curve in Figure 5.2 can also be used together vdjh (5.1
to size the SM capacitor.

p (5.12)
p a
While Figure 5.2 highlights how the SM capacitor size varies with the modulation index, its

. w o
0 g

5 ¢ coEl LAt 0gr”
Gu Y ¢ q q

curve may not be convenient for SM capacitor sizing at smaller moduiatices. For that
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I i | | | i \ r ; I
04 0506 07 080910111213 14 1516 1.7 1.8 1.9 2.0
m_(p.u.)

Figure 5.2.SM capacitor design paramet@ versus modulation index.
reasonw in (5.11) is substituted by an equivalent , based on (4.2), and rearranged to
formulate (5.8) with the corresponding design curve in Figure 5.3. The curve in Figure 5.3
should give similar results to the curve in Figure 5.2 for the same operating conditions. In
Figure 5.3 the maximum point (marked with a red dot) has the ¥@lue 0.86166(hereby
namedQ j ) and occurs ai 0.581( (hereby named f ).
@ @ (5.13)
0"Y

. . BN T .. .. .0
(o} a “ c¢cOEl— —AIl OEI—
C a C

N a7

For example, for the required liii@e voltage of 915 V& is 0.9961, which give®)
1@ YUsing (5.2) the SM capacitor works out as

n’{’fz } .
o C CmMTPT f@w o x i xd

@ p 1T TETU (C—I wp v

0 s 0
8 @
which is close t®.2182 mFcalculated before.
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Figure 5.3.SM capacitor design paramet@r versus modulation index.
If the SM capacitor were to be designed to also accommodate variations in tideAC
voltage, the resulting variations in power wibalso have to be consider&ar an inverter,
since it supplies active power and it is synchronized to the tfidw , which makes the
ratio "W in (5.13) stay constant irrespective of the variationsoin That makesQ the
only variable in (5.B), which means for an inverter the wecstse scenario to size the SM
capacitor for AGside voltage variations depends on whether the nominal modulation index
is to the left or the right ai , . If the nominal modulation index is to theft of & f, , the
SM capacitor should be sized for when surges since this mak&s increase hence
increased , which increases the SM capacitor size according t8Y3h the other hand,
if the nominal modulation index is to the rightdf , the SM capacitor should be sized
for whenw dips since this makes decrease hence increased. For example, if the

above design was for an inverter ang 1 & must be accommodated, the werate

Department of Electrical, Electronic and Computer Engineering 63
University of Pretoria



CHAPTER 5 DESIGN OFTHE MODULAR MULTILEVEL CONVERTER

scenario would be whei dips by 10% hencé would scale down to 90% of the nominal
value i.e.Tdo T80 w @ PrE) w ewhich givesQ 1§ v The SM capacitor would then

work out to

Qs " T U

- o) — v T Y& Tt o TE3
Q s, Ss ] ® X T XL¥

65 2 8

For a rectifier, the A&ide voltage variations would not affect the power delivered by the
converter since it maintains the BX@le voltage irrespective of the Adide voltage
variations. Thameans, according to (2)land Figure 5.2, the worstse scenario for sizing

a SM capacitor for a rectifier is when the Afcle voltage dips below its nominal value. If

the above design were for a rectifier, the SM capacitor would work out to

0 TP T §) .
- ¢ q p Tt T (81T Ti X8

65 3 8

5
4 <
@ pTT TETILU T g @wpu

For a bidirectional converter, the larger SM capacitor design between that of an inverter
mode and that of a rectifier mode would have to be chosen. In the abovihed3K

capacitor for a rectifier mode would suit the bidirectional operation design.

Another alternativehereby propose@lso using the fundamental arm current component to
approximate the ripple, is to express the capacitor ripple voltage in its iFoam@onents,
and realize that the fundamental component is domiffdwete  harmonic ripple voltage

in a SM capacitor is given 490]

v . Qo (5.14)
YOpr O s
h Q¢ &
and the total SM capacitor ripple voltage is given by
oo o P Qo
Yu o YOp O s— :
n Q6 g
P gy @O WO . (5.15)
= o]
Qo Qi q T
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The second most significant component after the fundamental component is the second order
component, with the rest of the harmonics being samtly low. Since even the second
order components only a fraction of the fundamental componethie ripple can be
approximated by the fundamental compora&oneas in 6.16). The SM capacitoworks
outas3.7872mF and it is adopted for this desigt.for example the second order SM
capacitor current component is 25% of its fundamental component (or equivalently, the
second order component of the arm current is equal to 25% of the fundamental component
of the arm arrent), the second order capacitor ripple voltage, accordirigl#),(would be
limited to ¢ TP T WIC T P TTT WP LOK PX ¢ TT T&® Y x6v which is
about only 0.6% of the SM capacitor voltagéth the use of closed loop controldoppress
the second ordezomponeniand other low frequency harmonics if necessarythe arm
current,the second order component becomes even a smaller percentage of the fundamental
component flowing in the arnilhis further justifies the use of only the fundamental
component curent to size the SM capacitor.

. . Q0 107 o01¢

Yy T T
U O = 910 Q]O
. " 00
P YU : ? a5
(5.16)
+ (OO oY Y
g Y Mg ¢ YO VT @ YU

If p R must be accommodated, then accordingbtdb] the SM capacitor to handle

theworstcase scenario s Y x @@ 1 frdo 18 1 Yl T&

A possible reason for the significant difference between the values out of the last two
methods is the assumption made inftivener method about the continuity of the capacitor

currentduring the shorter charge transfer duration.
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5.4 ARM INDUCTOR SIZING

To avoid resonance of the second order harmonic between the SM capacitors and the arm
inductor, the following condition must be sfied, which also ensures suppression of all
other harmonic§gl5]:

o0 c& O

O 6 —v (5.17)

CO ¢ TRWOP

Ho Ty pren oxuxen O UPOTES

However, the effective inductance ag-igure3.3of the converter model has an upper limit

in order to increase the operation range of the recti@ig}, [103]. With the parasitic

resistances ignoredhe DC link volage must be greater than the {lime peak of0 in

Figure3.3, i.e.

W c O 10 O (5.18)
whereby0 0 0 T™®0 . This also means that thiscreasecperation

range cannot be enjoyed by overmodulatmlerters operating above  ¢fVioc  p® v

The value of 'O can be found, using the amplituthvariant abeframe to dgframe

transformation, by equating the Agide power andthe DC-side power, assuming
insignificant system losses

0 0 (5.19)

— . . . C TIT T TT
t N0 Oy CQmET7 Oj —— pPCHOEY
Mo wpuv
0 WgOy p X8l wb

Thenod in (4.3 is calculated as follows
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- PULTT

w .

<o © o
10 p Tt p X8 wg

It is advised that the arm inductance should be selected to be at least three times the resonant

inductancd15]:

i7al

WP

X&) p ¢l o

0 c vuBHOoTLP PH O

The arm inductor parasitic resistance is se

With the SM capacitor and the arm inductor sized, the magnitude and phase of the second
order component of the circulating current can be calailagng (4.18)[90]. The
magnitudeis obtained a26.853 A and the phases obtained as90°. Compared to the
fundamental cur@ component flowing in the arm, the second oxlerentcomponent is

p Tt PO 0O pimbc@udm pxa8owgonp B

0AT<O 6 00EI

0 a0
P 5% 8 0 CT 6 0 (5.20)
omam-o o)
o OO0EBI
whereby
o6 6O ., Ga "0
T 6 0 TW O O

5.5 CHAPTER SUMMARY

In this chapter the circuit filters, namely the SM capacitor and the arm inductor, were sized.
A graphical method for easy sizing of the SM capacitor, basesl $kl capaitor sizing
method inliterature, was developed simple equation was also developed for the same
method, which shortens the sizing process which otherwise involves a solution to a

trigonometric equation and performing an integral of a trigonometric iequatery time

Department of Electrical, Electronic and Computer Engineering 67
University of Pretoria



CHAPTER 5 DESIGN OFTHE MODULAR MULTILEVEL CONVERTER

the sizing is doneA new method for SM capacitor sizing was proposed. This method is
simpleand straightforwardandit achieves smaller SM capacitor size than existing methods
in theliterature whilemeetingSM capacitor voltage ripple sppession specificationi this

design the proposed method was compardarézéxisting methods, whictlearlyoversize

the SM capacitor. The proposed SM capacitor design method is part of the contribution of

this dissertation
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6.1 CHAPTER OBJECTIVES

This chapter intends to design the various control loops of the MIME .control system
involves thecurrentcontroller, the SMcapacitor voltage balaimg controller, and thé®©C

busvoltage controllerThe overall control scheme is illustrated in Figure 6.1.

Id,ref & SM capacitor

voltage balancing

control reference
signals

Signal
multiplication f=-<
abd and shifting |

circulating current

control reference Cﬁffierm
signals signals
I | I I to switch matrix

v VDC,ref
G— b v v .
ahe abe | N pc - + DC bus Iq,ref

d voltage =

eq_ q d 4 > —_— A controller
1 ’
P 2 I‘alrm + Lgrid +Lfilter y
current senso 1 ‘~+ N voltage sensc
2 &rm I:ggrid I:gilter

Figure 6.1.Overall control scheme
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6.2 CURRENT CONTROLLER

The currentcontroller is designed tmodify the frequency responsé (3.36. The Bode
plots of ths transfer functiorappear inFigure 6.2. The design processssumes an ideal
current sensor of unity gain and zero delay. A practical sensor may require its transfer

function to be included in the control loop.

The crossover frequency is chosen tatmindl15Hz for a fast enough [inner] current loop
that allows for independent design of the [outer] vollage controller.The gain and phase
at 115Hz are-2.08dB and-110° as seen iifrigure6.2. For elimination of the steaestate
error a Pibased controller isequired which requires that thehasemargin (PM)of the
compensated systeshould be less thap gt p p tJIx T A PM of ¢ v i$ chosen,
which makes the phase of the controfpev Jp p T p Y 1t J v JThe required controller

must then have a gain 2f08dB and a phase of v JA traditional PI controller of the form

o 1 ‘ P (6.1)
Oi v —
P T
Department of Electrical, Electronic and Computer Engineering 70

University of Pretoria



CHAPTER 6 CONTROL OF THE MODULAR MULTILEVEL CONVERTER
602 TT1T]
40;\.\‘-:; L
B ' T~ R }
T~ System: G_current 1
o 20*’;”" """""""""" “‘\--.. 1| Frequency (Hz): 115 1 7
= 0 ~~__| Magnitude (dB): -2.08
()] [~ 1 R I "". ”””””””” R B EEEEE
ER LT
'€ -20 - . SN R
& N
= .40t ™N H.
| \\ |
-60—-2---- — T T e T — '\.\ .
-80——— - A
QOp e — 3 T T
.-.""'h- i
TN
53 System: G_current
2 i Frequency (Hz): 115 ;
% -1351- Phase (deg): -110 L
2 | CNUTT 1
o ‘ . _
180 L L L — ==
10 10 10 10 10
Frequency (Hz)
Figure 6.2. Bode plots of the current loop transfer function.
is usedSubstituting Q) gives
o 7 . P (6.2)
O U] 5
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gl
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p@pyYxpm ¢om
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Y

The controller is then

P 8
pap Y T
TheBode plots ofO appear irFigure6.3 and those of a compensated loop appekigure

Oi p& QUK

6.4. The closed loop is given by

o . , O {0i
ool 0 Tod
Ti p
. — . . 6.3
i U, TY'Y © i + Y i (63)
cO 0 ¢ Y o P P

and its Bode plots are shownhkigure6.5.
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Figure 6.3. Bode plots of the current controller
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Figure 6.4. Bode plots othecompensated current loop
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Figure 6.5. Bode plots otheclosed current loap

6.3 DC BUS VOLTAGE CONTROLLER

For an outer voltage loop to be designed independent of the inner current loop, the gain and
phase of the compensated inner loop at the crossoveefrey of the outer loop must be 0

dB andrt Jrespectively. For this design, a crossover frequent$ éfz is chosen. IRigure

6.5, the gain is (612 dB, and the phase isv Jat 15 Hz Thisrequires the voltage loop
transfer function to be multiplied by the closed current loop transfer function for the voltage
loop controller to bedequatelydesignedThis product is expressed i6.4) and its Bode

plots are shown ifigure6.6. The gain ad phase at the crossover frequency at& xdB

and v, JespectivelyA PI controlleris designedwith aPM of ¢ X, Whichis choserfor

a good balance between an overshoot and the settling tiastegresponse.
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Figure 6.6. Bode plots of the voltageop.
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Following the same design procedure as that for the current controll&Cthasvoltage

controller is obtained as

P p (65)
ol © P Ti Pg wo P oco®uvurTmi

and its Bode plots appear gure6.7. The Bode plots of the compensated voltage loop

appear irFigure6.8.
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Figure 6.7. Bode plots of the voltage controller.
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Figure 6.8. Bode plots of the compensated voltage loop.
Although the controller in (6.5) is designed based on a fixed DCrdfasence voltage,
according t0 3.39), it is robust enough to track step changes around the reference value. In
the simulation ofigure6.9 the reference DC bus voltage was changed from 1500 V2 17
V ( p v Btep).The rise time was about 13 ms (abo@times the fundamental period),
the overshoot was about 4.5%, and the settling timealvast40 ms (about2 times the

fundamental period).
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Figure 6.9. Setpoint stepchange tracking of the DC bus voltage controller.

6.4 LEG AVERAGE VOLTAGE CONTROLLER S

With the transfer function® i andO i found, the stejby-step controller design for
the loops inFigure3.4 can be carried ouBoth controllers are designed for a phase margin
of 45° at a crossover frequency of 20 K&imultaneously designedYhey are both PI
controllers in ordr to drive the steadstate erra to zero.For simulation purposes the

sersors are assumed ideal,® ; andO | are unity gainsThe amplitude of the carrier

signdw in"O issetto 750 V.

According toFigure 2.6, the errorfed to the inner loop controller ¢ligure3.4 is given by
(6.6) [22], [30 - 34], [104]. This is equivalent to multiplyin@® by p. Thus, the inner loop
controller is designed based v open loof0 | O i 0 i ,whose Bode
plots appear ifrigure6.7.

Q 5 0 N o0 B o (6.6)
Accordingly, the inner loop controller is given By.7) and the compensatéobp appears
in Figure6.11.
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Figure 6.10. Bode plots of the open leg average voltage contrari loop.

Department of Electrical, Electronic and Computer Engineering

University of Pretoria

80



CHAPTER 6 CONTROL OF THE MODULAR MULTILEVEL CONVERTER

~_ BRI REE R
\\ B
50 TS~ System: T_bal_curr R
—_ \ | Frequency (Hz): 20 |
o M NER{| Magnitude (dB): -0.00596 5
= 0r Rt N ——H -
()] S~ !
-g H"""\..
~ S0 T IR EERIEEEE N T T
I s
-100 TN
System: T_bal_curr| |
= Frequency (Hz): 20
o Phase (deg): -135 _
8 150 N e .
© \ i
7] i
o \ i
o N \\ i
~—
—'1 80 = i i i i L 1 i -T.i----__ T Tt
10° 10 107 10° 10*

Frequency (Hz)

Figure 6.11. Bode plots of the compensated open leg average voltage control inner loop.

o~ i P P (6.7)
ol vP T i mpcr@o&jmcnlpni

The open outer loop husgiven byO | O i0 i Tp O 4 i

and its Bode plots appearFigure6.12. The outer loop controller is then given I6y8) and

the compensated loop appear§igure6.13.

o~ . P P 6.8
O i v p T 8 T wE rfﬁ)poppniS 6.8

To test the setpoint tracking effectiveness of the controllersetpmint of the average of
the SM capacitor voltagewas initially set tahe nominal valuef abou 750 V and step
changed to82.5V ( p v Itep at 0.6 seesimulation inFigure6.14), with the MMC in
rectifier mod The rise time was aboufIns (about @ times the fudamental period), the

overshoot was abow4%, and the settling time wasbout30 ms (aboutl.5 times the
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fundamental period)The SM capacitor voltaggand their averagegre observed to track
the setpoint accordinglyrhe DC bus voltage and the AC curran¢é adequately decpled
from setpoint changes in ti$M capacitor voltagesndreject then asdisturbancgseehow
they regain their original values after the setpoinhgkan simulation in Figure 6.)5The

DC bus voltage settles after about 51.2 ms (about 2.6 times the fundamental period).
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Figure 6.12. Bode plots of the open leg average voltage coouter loop.
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Figure 6.13. Bode plots of the compensated open leg average voltage control outer loop.
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Figure 6.14. Setpoint tracking of the SM capacitor voltages.
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Figure 6.15. The DC bus voltage and the AC curregject the disturbance brought by a

step change in the SM capacitor voltage

6.5 CIRCULATING CURRENT SUPPRESSION CONTROLLER

The circulating current suppression controller was implemented to eliminate the,sbeond
fourth, and theeighth order harmonicsThese frequencies were chosen after observing the
major harmonics in the simulated circulating curr@hie cesign methodologwas adapted

from [105]. With reference td-igure2.7, 0 is set highenough for fast transient response,
at0.2. To not deteriorate the resonant frequency gaimust be set to the smallest value
possible. A value of 10 rad/s is cleos Since in practide does not affect the bandwidth,

U is used to raise the gain profile of the controller which effectively boosts the bandwidth.
This is helpful when there is a discrepancy between the frequency set in the controller and
the actualfrequency being controlled i.e., it increases the resonant frequency control
robustnessAll the 0 values were setto 25,i.8.,, U 0 ¢ &The Bode plots of

the controller are shown Figure6.16. The cutoff frequency for noise rejection is at around
500 Hz as highlighted irFigure 6.16.
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Figure 6.16. Bode plots of the circulating current suppression catrol

6.6 CHAPTER SUMMARY

In this chapter theurrent,the DC bus/oltage, andhe legaveragevoltagecontrollers were
designedbased on the models presented in Chaptédh®8 control models were verified
through simulation of the designed converter using the designed controllePSIM
software The robustness of tH8C busvoltage andf theleg average voltageontrollers

was demonstratagsing setpoint step changes of abd#leach.This way the leg average
voltage control model presented in Chapter 3, which is part of the contribution of this

dissetation, was verified. The adapted DC bus voltage control model was also verified.
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CHAPTER 7 SIMULATION RESULTS AND
DISCUSSION

7.1 CHAPTER OBJECTIVES

The objective of this chapter is to present the simulation results of the converter modeled
and designed in the preceding chapters. The results involve the comparison between the HB
MMC and the FBMMC, validation of the SM capacitor design method present&hapter

5, and the simulated losses in the t¥8/C and the FBMMC. The comparative study has
been donat two operating conditions: in the linear modulation regiban apparent power

of 200 kVA, unity power factor, DC bus voltage of 1500 V, and AC boisage of 915 V
line-to-line; and in the overmodulation regionaat apparent power of 200 kVAnity power

factor, DC bus voltage afbout1050 V, and AC bus voltage of 915 V lifte-line.

7.2 INTRODUCTION

The rectifier mode numericatesults comparing the HBMMC and the FBMMC, are
captured in Tabl&.1. The semiconductor switch and diode currents are recorded in Table
7.2 for the HBMMC versus the linearly modulated AMBMC. The overmodulated FB
MMC results, éongside those of the linearly modulated-MBAC are summarized in Table

7.3. The semiconductor switch and diode currents are recandeable 7.4 for the linearly
modulated MMC versus the overmodulated MM®@e results in Tables 7.2 and 7.4 are for
bidirectional converters, in order to make a fair comparison between tHdM8 and the
FB-MMC. This is becaustr a given power flow direction either the switches or the diodes

may carry more current and the currents flowing in the corresponding devicesHB-the
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MMC and in the FBMMC may not be equal, ds evident in Tables 7.2 and 7.@n the
other handif bidirectional power flow is considered, the currents are, on average, similarly
distributed in the corresponding devices of the two converters aldugnables the power
loss comparisons to be fairly carried olihe devicesri tables 7.2 and 7were defined in

Figure2.1.

7.3 HB-MMC VERSUS FB-MMC

The results are roughly categorized into-8i@e quantities, D&Gide quantities, and arm
guantities.The simulated results of the two converters are closely matched together and to

the analytical values.

In Table7.1, 'Q § is the fundamental component of the arm currént,; is the DC
component oftte circulating currentQ  is the second order component of the circulating
current;Q isthe RMS value of the arm current, 8 | is the peakpeak ripple

of the DC bus voltageCalculationsof the analytical valueare shown irAddendunB.
7.3.1 AC-side quantities

The AC current is of interedtigure7.1 shows the AC bus voltagend the AC current®r
both the HBMMC and the FBMMC. The currents are practically equavhereby the
analytical valuas 178.469 A whilethe simulated values af&8.96 A for the HBMMC
and 178384A for the FBMMC. Both the simulated A&idepower factorareabout 0.999

p.u.

7.3.2 Arm quantities

The arm and circulating currents are showikigure7.2 and the frequency spectoéthe
arm currents are shown Kgure7.3. The arm currents are characterized by the DC, the
fundamental, and the switching frequency components; the circulating currents are

characterized by the DC and the switching frequency components. The switefumency
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Table 7.1 Analytical and simulated results of HBnd FBMMC rectifiers.

Parameter | Unit HB-MMC FB-MMC
Q i A Analytical 89.235 89.235
Simulated 89.467 89.446
Q i A Analytical 44.444 44.444
Simulated 4443 44.440
Q ; A AnalyticaP 26.853 26.853
Simulated 0.753 0.310
Q ; A Analytical 79.481 79.481
Simulated 77.484 77.470
@ \% Analytical 748.547 748.547
Simulated 748.54 748.547
YU % Analytical 5.000 5.000
Simulated 2.833 2.824
W \% Analytical 1500.000 1500000
Simulated 1499.997 1500.000
YO i % Analytical 3 d
Simulated 6.905 6.699
O A Analytical 178.469 178.469
Simulated 178.96 178884
nQ p.u. Analytical 1.00000 1.00000
Simulated 0.9995 0.999B

2The analytical value assumes no circulating current suppression control. This is the simulated value

recorded when circulating current suppression control is inactive, confirming (5.20)

Department of Electrical, Electronic and Computer Engineering 88
University of Pretoria



CHAPTER 7 SIMULATION RESULTS

AC bus voltage FB-MMC AC current

800
AC bus voltage

600

400

HB-MMC and FB-MMC

200 —
AC currents

Voltage, Current (V, A)
o

-200
-400
-600
-800
0.97 0.98 0.99 1
Time (s)

Figure 7.1 The AC bus voltage and the HBMC and FBMMC AC currents.

Figure 7.2 Arm and circulating currents in HBIMC and FBMMC rectifiers.
components are however not showrrigure7.3, but they are not more than 3.9 A per
componentand they occur as sidebands of the switching frequencys@dwnd order
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