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EHSAN BEHROUZIAN
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Abstract

In the last decade, particular attention has been paid tagbef Modular Multilevel Conver-
ters (MMC) for grid applications. In particular, for STAT@Oapplications the phase leg of
the converter is constituted by a number of single-phadebfidge converters connected in
cascade (here named Cascaded H-Bridge, CHB, convertes)mittilevel converter topology
is today considered the industrial standard for STATCOMIliappons and has replaced other
converter topologies, mainly due to its small footpringthachievable voltage levels (allowing
transformer-less operation), modularity and reducedelasslowever, there are still areas of
research that need to be investigated in order to improvedhiermance and the operational
range of this converter topology for grid-applicationseTdim of this thesis is to explore con-
trol and modulation schemes for the CHB-STATCOM, both urskdanced and unbalanced
conditions of the grid, highlighting the advantages but étee challenges and possible pitfalls
that this kind of topology presents for this specific apglma

The first part of the thesis is dedicated to the two main mdahulaechniques for the CHB-
STATCOM: the Phase-Shifted Pulse Width Modulation (PS-PyVéNt the Level-Shifted PWM
(LS-PWM) with cells sorting. In particular, the focus is dreimpact of the adopted modulation
on the active power distribution on the individual cells lo¢ ttonverter. When using PS-PWM,
it is shown that non-ideal cancellation of the switchingrhanics leads to a non-uniform active
power distribution among the cells and thereby to the needricadditional control loop for
individual DC-link voltage balancing. Theoretical anasygroves that a proper selection of the
frequency modulation ratio leads to a more even power Higion over time, which in turns
alleviates the role of the individual balancing control tB&S-PWM and cells sorting schemes
fail in cell voltage balancing when the converter is not exafing reactive power with the
grid (converter in zero-current mode). To overcome thidfam, two methods for individual
DC-link voltage balancing at zero-current mode are prop@sel verified.

Then, the thesis focuses on the operation of the CHB-STATG@Wer unbalanced conditions.
It is shown analytically that regardless of the configumatigilized for the CHB-STATCOM
(star or in delta configuration), a singularity exists whennig to guarantee balancing in the
DC-link capacitor voltages. In particular, it is shown thia¢ star configuration is sensitive to
the level of unbalance in the current exchanged with the gritth a singularity in the solution
when positive- and negative-sequence currents have the sagnitude. Similar results are
found for the delta configuration where, in a pure dualityhwtite star configuration, the system
is found to be sensitive to the level of unbalance in the agploltage. The presence of these
singularities represents an important limit of this togyldor STATCOM applications.

Index Terms: Modular Multilevel Converters (MMC), cascaded H-bridgencerters,
STATCOM, FACTS.
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Chapter 1

Introduction

1.1 Background and motivation

Interconnected transmission systems are complex andescpreful planning, design and ope-
ration. The continuous growth of the electrical power gystas well as the increasing electric
power demand, has put a lot of emphasis on system operattbearirol. These topics are
becoming more and more of interest, in particular due toe¢lemt trend towards restructuring
and deregulating of the power supplies [1][2]. It is undas tbcenario that the use of High
Voltage Direct Current (HVDC) and Flexible AC Transmissi®ystems (FACTS) controllers
represents important opportunities and challenges fomopn utilization of existing facilities
and to prevent outages [2][3].

Typically, FACTS devices are divided into two main categeriseries-connected and shunt-
connected configurations [2][3]. At the actual stage, stuamnected FACTS devices are domi-
nating the market for controllable devices, mainly due t® ittherited reactive characteristic
of series capacitors and to the complications in the pratecystem. Shunt-connected reac-
tive power compensators are available both based on matnstor-based technology (named
Static Var Compensator, SVC) and on Voltage Source Conv&&C) technology, also known
under the name of STATic COMpensator (STATCOM). The thyridtased technology is today
the preferred option for installations having high-powaimgs (typically above a few hundreds
of MVar) [2]. On the other hand, the VSC technology is the ngstable choice when high
speed of response or small footprint is needed. Furtherntloeeuse of VSC technology al-
lows low harmonic pollution in the injected/absorbed cotr@s compared with the SVC. These
items, together with a higher operational flexibility andododynamic characteristics under
various operating conditions (for example, large variai the short-circuit strength of the
grid at the connecting point), indicate that the VSC tecbgylis qualitatively superior relative
to the thyristor-based SVC for static shunt compensatanotigh today the STATCOM is more
expensive than the SVC, its technical benefits togethertveladvancements in the technology
are slowly leading to a shift from the thyristor-based toW#8C-based technology, similarly to
the ongoing process in the HVDC area.

STATCOMs have been widely applied both in regional and ihigtron grids, mainly to miti-
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Chapter 1. Introduction

gate power quality phenomena [4], and at transmission abdransmission level for voltage
control, load shedding and power oscillations dampingJ2Fdrthermore, the STATCOM can
be utilized in renewable-based power plants, mainly fad-godes fulfillment and to allow fast
reactive power compensatidn [5]. In case of renewableebpse/er plants, an interesting fea-
ture of the STATCOM is the possibility of incorporating areegy storage to the DC side of the
VSC, thus allowing temporary active power exchange (fongda, to limit power fluctuations).

The use of high-performance and cost-effective high powC¥is a prerequisite for the reali-
zation of a STATCOM. Up to some years ago, the implementatfodSCs for high-power
applications was difficult due to the limitations in the seamductor devices. Typical voltage
ratings for semiconductors are between 3 kV and 6 kV, whighegent only a small fraction
of the system rated voltage. For this reason, series-ctioneaxf static switches was needed in
the VSC design for FACTS applications. Furthermore, thelined&keep down the power losses
has severely limited the level of the switching frequenayt tould be used in actual installa-
tions, leading to relatively large filtering stages. Forsthesasons, in the last decades multilevel
converters for high-power application have gained moremaoi attention [6]. Among the mul-
tilevel VSCs family, the modular configurations such as @dsd H-Bridge (CHB) converters
seems as one of the most interesting solutions for high-pgve-connected converter|[7].

Although CHB converter is an attractive solution for the lempentation of FACTS devices,
challenges still exist both from a control and from a desigmpof view. In the recent years,
both manufacturers and researches have paid high effartgomove the control and the modu-
lation of this converter topology. For the latter, Phasét&th Pulse Width Modulation (PS-
PWM) [8] and the cells sorting algorithml[9,/10] has been egieely investigated in the lite-
rature. However, not sufficient attention has been giverh&investigation of the different
harmonic components that are generated when using PS-PWhain impact on the system
performance, in particular in case of non-ideal conditiohthe system.

In [11], the use of a non-integer frequency modulation rédiefined as the ratio between the
frequency of the carrier and the grid frequency) is invedgd. This work mainly focuses on
the interaction between the cell voltage carrier harmoaits the fundamental component of
the arm current. However, in case of CHB converters with cedunumber of cells (such as
for STATCOM applications), carrier harmonics in the cutremust also be taken into account.
Furthermore/[11] does not provide any guideline for thelez@n the selection of the frequency
modulation ratio when trying to minimize the DC voltage dyence.

Another challenge regarding the CHB-STATCOMs is their cointinder unbalanced condi-
tions. In particular, in case of star-connected CHB-STAM;@vhen the system is exchanging
negative-sequence current with the grid a zero-sequernt@geanust be introduced in the out-
put phase voltage of the converter to guarantee capaci@andag [12+-15]. On the other hand,
the delta configuration allows negative-sequence comgienday letting a zero-sequence cur-
rent circulate inside the delta [16-+18].

In the work presented in [19][20], the star-connected CHBassidered as the most suitable
configuration for positive-sequence reactive power contypically for voltage regulation pur-
pose and, more in general, for utility applications; on thieeo hand, delta configuration is
considered to be the best solution for applications whegatnee-sequence is required, as it is
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the case for industrial applications (for example, flicketigiation).

However, requirements from Transmission System Oper&@i@®©s) are changing and start to
demand negative-sequence injection capability for thevexers connected to their grid [21].
Furthermore, the delta configuration can present limitetia injecting negative-sequence cur-
rent in case of weak grids, where both load current and veléaig unbalanced, or under unba-
lanced fault conditions [20]. For this reason, it is of highpiortance to investigate the limits in
terms of negative-sequence compensation for this kind mfigurations.

1.2 Purpose of the thesis and main contributions

The aim of this thesis is to explore control and modulatidmesges for the CHB-STATCOM,
both under balanced and unbalanced conditions of the gigtjiphting the advantages but
also the challenges and possible pitfalls that this kindopbtogy presents for this specific
application.

Based on the described purpose, the following specific ibrtions can be identified:

e Control of CHB-STATCOMs at zero-current mode: It is showattalthough existing ap-
proaches for individual DC-link voltage control are ablgtovide an appropriate voltage
control, they are not able to provide a proper DC-link vodtagntrol when the converter
is operated at zero-current mode. Two methods for indiviB@link voltage balancing
at zero-current mode are proposed and analyzed. The firstoohé& based on a modi-
fied sorting algorithm and the second method is based on BICvbltage modulation.
Using the proposed methods, proper individual DC-link agé balancing is achieved at
zero-current mode.

¢ Investigation of Phase-Shifted PWM: It is shown that poarcediation of harmonics of
Phase-Shifted PWM (PS-PWM) leads to non-uniform poweridision among cells.
Theoretical analysis shows that by proper selection of teguency modulation ratio,
a more even power distribution among the different cellshef $ame phase leg can be
achieved, which alleviates the roll of the individual D@Kivoltage control.

e Control in case of unbalanced conditions: Zero-sequenlktagacurrent injection is uti-
lized for the control of CHB-STATCOMSs under unbalanced atod. It is shown that
a singularity in the solution of the zero-sequence compbexists, which in turn limits
the operational range of these converters under unbalarocetitions. The singularity in
the delta configuration occurs when the positive- and negsiquence components of
the voltage at the converter terminals are equal, whileHerdtar it is governed by the
equality between the positive- and the negative-sequaemo@anent of the injected cur-
rent. In addition to the amplitudes, the phase angles oéatsiin star and voltage in delta
will highly impact the sensitivity of the converter. For te&ar configuration, the highest
demand on the zero-sequence voltage occurs when the thase-positive-sequence cur-
rents are aligned with the negative-sequence tern; on thieary, the lowest demand on

3



Chapter 1. Introduction

the zero-sequence component occurs when the two terns plege opposition. Ana-
logue results hold for the delta case.

The theoretical outcomes and control algorithms are vdrbgh analytically and through dy-
namic simulations. The obtained theoretical results ae atrified experimentally.

1.3 Structure of the thesis

The thesis is organized into seven chapters with the firgbtehalescribing the background
information, motivation and contribution of the thesisn&# the focus of the thesis is on mul-
tilevel converters, Chaptet 2 gives an overview of the maittitevel converter topologies and
their modulation techniques. Chaplér 3 provides the bamitral structure for star and delta
configurations, under balanced conditions. Chapter 4 figates the harmonic performances
of the two CHB configurations and focuses on the individuatid® voltage balancing. Chap-
ter[§ is dealing with unbalanced conditions. Zero-sequenttage/current injection is utilized
in this chapter to deal with the unbalanced conditions.fiation of the control methods using
experimental tests is made in Chapter 6. Finally, the thamigludes with the summary of the
results achieved and plans for future work in Chalpter 7.

1.4 List of publications
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ferenceon, pp. 1-10, 2-6 Sept. 2013.

Il. E. Behrouzian, M. Bongiorno and R. Teodorescu, "Impéddrequency modulation ratio
on capacitor cells balancing in phase-shifted PWM baserhdimk STATCOM,” in Proc.
of Energy Conversion Congress and Exposition (ECCE), 2014 |EEE, pp. 1931-1938, 14-
18 Sept. 2014.

[ll. E.Behrouzian, M. Bongiorno, R. Teodorescu and J.Plétadndividual capacitor voltage
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Proc. of Power Electronics and Applications (EPE 2015-ECCE Europe), in proceedings
of the 2015-17th European Conference on, pp. 1-10, 8-10 Sept. 2015.

IV. E. Behrouzian, M. Bongiorno and R. Teodorescu, "Impacswitching harmonics on
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Chapter 2

Multilevel converter topologies and
modulation techniques overview

2.1 Introduction

The concept of multilevel converters was first introduced 975 [22]. Multilevel converters
are power conversion systems composed by an array of powec@eductors and several DC
voltage sources. In the last decades, several multilewsrter topologies have been developed
[23-+27]. The elementary concept of a multilevel converseoibuild up a high output voltage
through several lower DC voltage sources. The voltage gatineach power semiconductor
is kept at only a fraction of the output voltage. The outputage waveform of a multilevel
converter is then synthesized by selecting different galtavels obtained from the DC voltage
sources.

Depending on the selected topology, the number of levelsmt@ikilevel converter can be de-
fined as the number of constant voltage values that can beajeddy the converter between
the output terminal and a reference node within the conveésienerally, different voltage steps
are equidistant from each other. Each phase of the conVersdp generate at least three voltage
levels in order to be included in the multilevel convertenity.

A multilevel converter presents several advantages aratidsntages over a traditional two-
level converter. Some of the advantages can be summarifelicags [23--27].

e A multilevel converter generates an output voltage withdowdistortion and reduceﬁf .

e For the same harmonic spectrum of the converter outputg®|the switching frequency
of the power semiconductors can be much lower. This leadsterlswitching losses and
thereby higher efficiency.

e Since the voltage rating of each power semiconductor campesdt only a fraction of the
output voltage, the stress across power semiconductousesdnd consequently lower
ratings for power semiconductors are required.
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¢ It allows transformer-less installations for grid conreecapplications.

On the other hand, some of the disadvantages aré [23-27]:

e A multilevel converter comprises a greater number of powemnisonductors. This leads
to a more complex system, which negatively impacts the sys&diability. Control and
modulation of such a converter is also a difficult challenge.

e There is a limit in the number of achievable levels for soméhef multilevel converter
topologies. The complexity in the control is one the mostonignt determining factors
in the number of achievable levels.

Many papers discussed about multilevel converter topegygiomparison between them [28—
30] and their modulation techniqués [27],]31]. The aim af tthapter is to provide an overview
of different multilevel converter topologies and moduatitechniques with focus on STAT-
COM applications. Advantages and disadvantages of thige baultilevel converters, the Neu-
tral Point Clamped Converter (NPC), Capacitor Clamp CaevCCC) and modular configu-
rations will be discussed. In particular, different topmks will be compared in terms of number
of components, DC-link capacitor dimensioning, modweaitd controllability.

2.2 Main multilevel converter topologies

2.2.1 Neutral Point Clamped converter (NPC)

NPC was first introduced by Nabae et al., in 1981 [32]. Figui€d) shows a three phase three-
level NPC. This converter is based on the modification of the-fevel converter (shown in
Fig.[2.1(a)) adding two additional power semiconductonspgsease. Using this configuration,
each power semiconductor can be rated at half voltage asavechgvith a two-level converter
having the same DC bus voltage. In another words, with theegaower semiconductor rating
as two-level converter, the voltage can be doubled in NP@dthtion, NPC allows to generate
a zero-voltage level, obtaining a total of three differesitage levels. Figure 2.1(d) [33] shows
another configuration of NPC called Active Neutral Pointr@peed (ANPC), which will be
discussed later.
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Fig. 2.1 (a) Classic two-level converter, (b) Three-phésed-level NPC, (c) ANPC.

Figure[2.2 shows the different switching states for one pheg of the three-level NPC and
their corresponding output voltage levels. Current pattech set of gate control signals are
highlighted. Note that there are only two control gate sigier phase. The other two gate
signals are inverted to avoid to short circuit the DC-link.Rig.[2.2, ON state of each power
semiconductor is represented by 1 and OFF state is repeeskynt0. Gate signal®a1, 9a2) =
(1,0) is not used since this switching state does not provide amgicupath at the output. The
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Fig. 2.2 Three-level NPC switching states and correspandirtput voltage levels.

same switching states are also valid for the other two phases

The NPC can be extended to higher number of output levelseXample Figl_2]3 shows the
phase leg of a five-level NPC. Although each power semicaieddevice is rated at the voltage
level of Vg, the clamping diodes require different ratings for revessigage blocking. For this

reason, series connection of diodes, each rated for a ediagl ofVy. are needed as in Fig. 2.3

NPC takes its name from the use of diodes to limit the colleetnitter voltages of the swit-
ching device to the voltage across one capacitor. Althotighheoretically possible to increase
the number of levels, NPC finds its realistic limit to five-4¢due to the complexity of the sys-
tem, complexity of the control and large number of composieequired[24]. Another limiting
factor for the number of levels in NPC is represented by thevan distribution of semicon-
ductor losses among the semiconductors, which limits thieking frequency and the output
power. The latter can be overcome by installing additiormlgr semiconductors in parallel
with the clamping diodes forming the so-called Active NauRoint Clamped (ANPC) showed
in Fig.[2.1(c) [33]. It is important to stress that althoudjie fpower loss is more even in an
ANPC, the need for more power electronic components leads iacrease in complexity of
the overall system. In addition, the diode reverse recollepsomes an important design chal-
lenge. It is also of importance to mention that NPC does nesgmt a modular configuration.
Therefore series connection of power semiconductor isegténl achieve the desired voltage
level for grid-connected applications. Thanks to the comrd& link for all phases, the re-
guirements on the DC-link capacitor are only to provide #raporary energy storage during
switching operations, to distribute reactive power amdmg thases and to support the sys-
tem losses. Despite the mentioned limitations, the NPC kaa buccessfully implemented in
STATCOM applications in its three-level topology with pawevel up to+120MVA [34].

10



2.2. Main multilevel converter topologies

Fig. 2.3 Phasa of a five-level NPC.

2.2.2 Capacitor Clamp Converter (CCC)

The CCC was first introduced by Meynard et al., in 1992 [35¢uFé[2.4(d) shows a three
phase three-level CCC. CCC can be considered as an altertmtbvercome some of the NPC
drawbacks. The main difference between this topology aadNC is that the clamping diodes
are replaced by clamping capacitors.

Figure 2.4(B) shows the different switching states for dmase leg of the three-level CCC and
their corresponding output voltage levels. Current pattech set of gate control signals are
highlighted. Similar to the NPC, only two control gate silgnaer phase leg are needed in order
to avoid to short circuit the DC-link. However, in the CCC theerted gating signals are related
to different power semiconductors as compared with NPC hod/s in Fig[2.4(h). The output
voltage levels of the converter are generated by adding lairastting the clamping capacitor
voltage with the DC bus voltage; for example, zero-voltayel in this topology is obtained by
connecting the output of the converter to the neutral paint Fig.[2.4(b)) through clamping
capacitor with opposite polarity with respect to the DC bakage. It should be noted that all
four combinations o0fga1,da2) can be used in the CCC. Only three are shown in[Fig. 3.4(b).
Both gate signals 0fga1,ga2) = (1,0) and(da1,9a2) = (0,1) generate zero-voltage level at the
output.

Being able to generate the same voltage level with diffesesitching states is known as voltage
level redundancy. This redundancy plays an important rolee capacitor voltage balancing in
a CCC. For example, in a five-level CCC there are six comlmnatof capacitor selection and
switching states that generate zero-voltage level. Bygreglection of the switching states and
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capacitor combinations, it is possible to control the cégpacharging state. This can improve
the complexity of the capacitor voltage controller for hegkevels[23]. Common DC source is

also another advantage of this topology.
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Fig. 2.4 (a) Three-phase three-level CCC, (b) Three-le@CGwitching states and their corresponding
output voltage level, (¢) Phaseof a four-level CCC.

12



2.2. Main multilevel converter topologies

The CCC can be extended to higher number of output levels.cem be observed by redrawing
the CCC as illustrated in Fig. 2.4]c) for phasef a four-level CCC. In Fid. 2.4(t), cell is refer
to a pair of power semiconductor devices together with opaciéor. These cells (or modules)
can be connected in cascaded form and each one provides ditiersl voltage level to the
output. This property of the CCC has led to the idea that th€ €&n be seen as a modular
topology. However, the capacitors within each cell of CCE€ ahnarged to different voltage
levels and this is in contrast with the modularity concept.

High number of voltage levels requires a relatively high bemof capacitors in this topology.

A m-level CCC requires a total ém—1)(m— 2)/2 clamping capacitors per phase in addition
to them— 1 main DC-link capacitors. Lack of modularity and the highmier of capacitors
for high number of voltage levels can reduce the reliabiitythis converter. The size of the
capacitors can also become large when using low switcheggincy (typically, for switching
frequencies below 800-1000 Hz), due to the fact that theudwtprrent flows through clamping
capacitor as long as the switching state does not changeeWwowbeing able to overcome
the complexity in the control and hardware, a five-level CGGniplemented in STATCOM
applications with voltage level up to 6.6kV [36].

2.2.3 Modular configurations

Modularity, in industrial design, refers to an engineeti@ghnique that builds large systems by
combining smaller and identical subsystems. Designinggp@onverter using the modularity
concept was first introduced by Marchesoni et al., in 199(). [Biie modular configurations
consist of many identical cells connected in series. Thelie can be either half- or full-bridge
(H-bridge) converter. Figuife 2.5 shows the half- and fuitige cells with switching states and
corresponding output voltage levels.

Different modular configurations will be shown in Sectio@ ®ut for illustration purpose, a
single-line diagram of a five-level star configuration iswhon Fig.[2.6. This topology is capa-
ble of reaching high output voltage levels using only staddiaw-voltage technology compo-
nents. Due to the modularity, in case of a fault in one cel, [gossible to replace it quickly and
easily. Moreover, it is possible to bypass the faulty modavutéout stopping the load, bringing
an almost continuous overall availability.

Although modular configurations presents a fairly simplecure, they suffer from require-
ment of large number of cells (more isolated capacitors)etrebse the harmonics and swit-
ching frequency. This leads to a more complex DC-voltagelegipn loop. However various
control algorithms exist to control high number of capawstgoltage [8]. Moreover, due to
the lack of a common DC link, the output power will be affecbydan oscillatory component
having characteristic frequency equal to twice the griqdiency; these oscillations will be ref-
lected on the DC-link voltage and therefore each cell netss over-sizing of the DC link
capacitors to provide filtering effect.
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Fig. 2.5 Cell with switching states and corresponding outmltage level; (a): H-bridge; (b): half-
bridge.

It is also possible to use cells with unequal DC source vekdag modular configurations and
form an alternative configuration called hybrid or asymmeetonfiguration([38]. The hybrid
configuration can produce higher voltage level with fewaen@oelectronic requirements. This
reduces the size and cost when compared to the traditiondiil@oconfiguration with equal
DC-links, since fewer semiconductors and capacitors af@arad. The main disadvantage of
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Fig. 2.6 Single-line diagram of a five-level star configurati

this approach is that the converter is no longer modular.

2.2.4 Multilevel converter topologies comparison for STATCOM applica-
tions

In recent years, the demand for high-voltage conversiotiGgtiopns has drastically increased.
Reliability, availability, controllability, modularitynumber of components and losses are the
main features for high power STATCOM applications.

In STATCOM applications the converter voltage is incread@dugh a step-up transformer
before connecting to the grid. Consequently, the curretitbei high in the low voltage side
which leads to higher power loss and thus reduced efficiéiifag. is the driving force that has
led the research community to focus on transform-lessisaolsitin order to directly connect the
converter to the grid. In addition, a transformer-less togy allows a reduced footprint for the
system and a reduction in losses. Since in high-voltagdagtns the voltage rating usually
ranges several tens to hundreds of kVs, the power procesamgpt be accomplished with
any single IGBT or similar switch. One way to reach high vgéaating is to connect several
switches in series and operate them simultaneously. Haoyneseries operation of switches
is very difficult because of tolerances in their charactessand/or the unavoidable mismatch
between the driving circuits. The main problem is to ensarequal voltage sharing among the
components during static and dynamic transient stateghémumore, special arrangements are
needed to guarantee a continuous operation of the devieseaf faulty switch.

A simpler method to increase the voltage rating is to use naodronfigurations. In these
configurations the total output voltage of the converterlmamcreased by increasing the num-
ber of cells, each operated at low voltage. As mentionedrbéffts possible to raise the voltage
in modular configurations only by increasing the number dfage levels. The ability of these
configurations to increase the number of levels also resulistter harmonic performance and
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lower switching losses. These configurations also have ltligyao successfully balance the
capacitor voltages for high number of levels. It is for thesasons that the modular configu-
rations are often considered as the most suitable soluionglement high-power STATCOM,
while NPC and CCC are more suitable for medium-voltage amddower applications. Ta-
ble[2.1 summarizes different characteristics of multileemverter topologies discussed in this
section.

The main modular configurations are the star, delta and dathl. In this thesis, the modular
multilevel converters that are based on the use of H-bridgeerters will be denoted as Cas-
caded H-Bridge (CHB) converters, while the converter baseldalf-bridge cells will be simply
denoted as Modular Multilevel Converters (MMCs). Therefdhe star and delta configurations
will be CHB converters, while the double start can be eithelBr MMC depending of the
adopted cell topology. Each of these configurations hasfgpekaracteristics, advantages and
disadvantages. A detailed review of these configuratiopsagided in the next section.

TABLE 2.1. SUMMERY OF MULTILEVEL CONVERTERS CHARACTERISTICS

structure NPC CCC CHB

Switches per phase (Bh—1) 2(m—1) 2(m—1)

(Converter with m- level)

Clamping diodes per phasgm—1)(m—2) 0 0

(Converter with m-level)

Capacitors per phase (m—1) (m—1)(m-2)/2 (m-1)/2

(Converter with m-level) +(m—-1)

Loss distribution Uniform Uniform Uniform

with ANPC

Maximum practical levels  3-5 levels 5-7 levels No theoragtic
limit

Availability Low Low High

Modularity No No Yes

Capacitor sizing low high high

Common DC source Yes Yes No

Low switching Capable Capable with Capable with

large capacitors  large capacitors

2.3 Modular subset configurations and comparison

The main modular configurations: star, delta and doublecstafigurations/[19] are investigated
in this section and their application for STATCOM is addesks

Star and delta configurations are shown in Eig. 2.7 for théi@gimon of three-phase STATCOM.
Each phase consists of several H-bridge converters cathattseries. Three phases can be
connected in either stay ( Fig.[2.7(d)) or deltaX, Fig.[2.7(b)). A prototype of star and delta
configurations as three-phase STATCOM was first demondttatéPeng et al., in 1996 [39].
In less than two years, in 1998, GEC ALSTHOM T&D (now ALSTOM D& proposed to use

16



2.3. Modular subset configurations and comparison

Va A

v, —_—

T iy ;Ticﬂ leA

Y
J J J J J J
J J J J J J

J J

—
~.
[
>

g

J J J J

A | Las | s J ]
Kt L4y K+ L1y

(@) (b)

(oS oyl

Fig. 2.7 CHB configurations; (a): star configuration; (b)lta@eonfiguration.

these configurations as a main power converter in their STAWIE. Robicon Corporation also
commercialized their medium voltage drives utilizing the®nfigurations in 1999. Currently
these devices offer a power range of 10-250 MVAri [40, Chapler

Another modular configuration that is receiving increaseskarch focus is the MMC, which
was first introduced by Marquardt and Lesincar in 2003 [9]isTdonfiguration is shown in
Fig.[2.8. Each phase of the converter, also called convegeconsists of two arms. Each arm
contains equal number of cells and a coupling inductor tat kine current under AC fault and
also to limit thed'/dt due to switching. The AC output is connected in the middleheftivo
arms. It is also possible to use H-bridge instead of halld®ias illustrated in Fig. 2.9.

Comparing the star and delta configurations, the first diffee is in their voltage and current
rating. Under balanced grid voltage condition with equahber of cells per phase and similar
power electronic equipment, star h@8 time higher current rating compared to the delta, while
delta hasy/3 time higher voltage rating compared to the star in eacheHascase of unba-
lanced grid voltage, delta has the ability to exchange megrgequence current with the grid by
controlling a zero-sequence current that circulates eigA. Although it leads to a slight in-
crease in losses, the circulating current can exchangergmtiwween phases, which can be used
to balance capacitor voltages especially when negatigaesee reactive power is needed.This
also results in an increased current rating as compareddadsacondition (and consequently
higher current rating compared to the star). Higher cumratimg not only affects the rating of
the semiconductors in the bridges, but more importantlyca$fthe current ripple, and thereby
the rating of the capacitors in each bridge. With the samsor@ag, the star configuration needs
to be over-rated in terms of voltage when operated underlanbad grids, due to the needed
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Fig. 2.8 Double star configuration with half-bridge celladkvn as MMC).

zero-sequence voltage (which will lead to a movement of tetifigY -point of the converter)
to guarantee capacitor voltage balancing.

Regarding the double-star configurations, CHB and MMC ake*ferminal circuits” because
two neutral points of upper and lower arms are used as the @tebminals. This is the main
advantage of these configurations over star and delta diegecan manipulate active power
without the need of isolated DC sources in each cell. Thiarqularly important in High Vol-
tage DC (HVDC) and motor drive applications, where large amiof active power is transfer.
However, being the focus of this thesis on STATCOM applaragionly, a common DC-link
between the three phases is not needed.

In STATCOM application the converter must be able to provielactive power under unba-
lanced condition. Double star configurations, similar te dkelta, have the ability to exchange
negative-sequence current with the grid by controllingdineulating current.

One of the other important feature of the double-star cordign is the lower device current
rating of the individual cells, due to the AC current sharbeween the two converter arms.
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Fig. 2.9 Double star with CHB configuration.

However, the voltage rating of these devices is higher coepath the star and delta. As
it is shown in Fig[2.B each converter arm generates an AGgeliwith a DC offset equal
to half of the total DC-link voltage in MMC. This results in agher converter arm voltage
rating (two times the AC voltage). If H-bridge cells are usestead of half-bridge cells, each
arm is needed to generate only the AC voltage with the saméitadgof the output voltage.
Therefore the number of cells reduces to half as comparethatidouble star with half-bridge
while the number of power semiconductor in each cell is noubtied. As an example if half-
and H-bridge cells with 1pu voltage rating are availablegpider to generate an AC voltage
with 1pu peak under balanced conditions, only one cell paselis needed if star configuration
is chosen while/3 cells are needed for delta. Double star configuration waiftiridge cells
needs 4 half-bridge cells and double star configuration witbridge cells needs 2 H-bridge
cells to satisfy the requirements.

The interaction between DC offset voltage at each arm andiafionental current in double star
configuration results in a large fundamental frequency aomept in the arm capacitor voltages.
This increases the capacitor voltage ripple as comparddthat star and delta configurations.
Thus the size of the capacitors and hence cost and footproresase significantly in the double
star configuration.
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Double star configuration with H-bridge cells is superiottte one with half-bridge cells since
it has additional buck and boost functions of the DC-linktagk. Having H-bridge cells en-
ables this configuration to tolerate a broad range of vamaiti the DC-link voltage.This fea-

ture makes it suitable for renewable resources such as withd@ar power since the DC-link
voltage varies with weather variations. Moreover, thisfguration has the ability to suppress
fault currents arising from DC-side short circuit event§][4

In STATCOM applications, where only reactive power is exaded with the grid, star and delta
configurations have superior performances. Besides haviegs complex controller they have
higher efficiency, need less number of cells| [42] and haveebelynamic performance [28].
Table [2.2 summarizes different characteristics of all nledsubset configurations discussed
in this chapter.

This section introduces the main modular configurationge&k alternative modular configu-
rations can be found in literature [43]44].

TABLE 2.2. SUMMERY OF MODULAR SUBSET CONFIGURATIONS CHARACTERISTICS

star delta double star  double star
MMC CHB
Cell numbers Vachs,. V/3Vach, e A 2Vach;,
balanced condition
current rating v/3lphase 1/phase 0.5/phase 0.5/phase

balanced condition

Negative-sequence capabig)( Capableip) Capableip) Capableip)

compensation
Circulating current No Yes Yes Yes
Voltage rating Balanced Nochange Nochange No change

unbalanced condition  voltageg

Current rating No change  Balanced Balanced Balanced
unbalanced condition curreng+ current4g currentg
Capacitor size Higher than - Higher than Higher than
balanced condition delta star&delta  star&delta
Capacitor size Lowerthan - Higher than Higher than
unbalanced condition  delta star&delta  star&delta

Hardware complexity Lowest - - -
Controller complexity Medium Medium High High

Cost capacitor & switch trade off
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Multilevel modulation techniques
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Fig. 2.10 Multilevel converter modulation techniques.

2.4 Multilevel converter modulation techniques

A modulation technique determines the switching functiba converter. The modulation tech-
nique must guarantee that the generated voltage at thetafithe converter is similar to the de-
sired voltage as much as possible. The challenge is to extaditional modulation techniques
to the multilevel case, where the large number of cells gadrifsrent alternatives to modulate
the converter. Each modulation approach focuses on the@gatiion of some converter features
such as switching loss reduction, uniform switching loss¢ribution, improving harmonic per-
formances, common-mode voltage minimization, minimum gotational cost, etc. The most
common modulation techniques for multilevel converteesarmmarized in Fig. 2.10.

The fundamental switching modulators, provide a switcHungction such that each cell has
only one commutation per fundamental cycle. The switchumgction with multicarrier PWM
are determined based on comparison between carriers arfdranee signal. Hybrid PWM
is a mixture of fundamental and carrier-based modulatigac8 Vector Modulation (SVM)
considers all the possible switching states and selectstecombinations in each control cycle
to generate an output voltage with equal volt/second aseieeence value. Detail description
of each modulator is provided in this section.

It is also worth mentioning that the switching commands @ ¢onverter are not always deter-
mined by a dedicated modulation stage; instead, they caatbendined by a direct consequence
of the overall converter controller. Hysteresis currenttooller and Model Predictive Control
(MPC) are typical examples of these type of controllers.

2.4.1 Multicarrier PWM
1. Phase— Shifted PWM (PS—PWM): This method is a natural extension of the traditional

bipolar and unipolar PWM techniques. This modulation téghe is one of the most
commonly used modulation techniques for multilevel cotersrwith half or H-bridge
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cells, such as CCC and all the modular configurations.

The hardware implementation and operating principle ofRBePWM for one phase of
a five-level star configuration are illustrated in Fig, 2.htl &ig.[2.12, respectively. Each
cellis modulated independently through a comparison batveemodulation and a carrier
signal. The modulation signal is the same for all the cels$ tlonstitutes a phase leg while
a phase shift is introduced between the carrier signalsdf eall. It is proven that the
lowest distortion at the total output can be achieved whepttase shifts between carriers
are 360 /n (wheren is the number of cells per phase).

Since the modulation signals and carrier frequency are dingesfor all the cells, the
switching pattern and thereby the active power are eveslyiduted among all the cells
[31]. The advantage of the even power distribution is thatase of CHB-STATCOM
as an example, once the DC-link capacitors are properlygedamo unbalance will be
produced among the DC-link voltages. Moreover, due to tbpgrselection of the phase
shift angle between carriers, the total output waveform dasvitching pattern witm
times the switching pattern of each cell. Hence, better| Fd&@monic Distortion (THD)
is obtained at the output, usimgimes lower carrier frequency.
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Fig. 2.11 Hardware implementation of PS-PWM for one phasa tife-level star based on unipolar
PWM.
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Fig. 2.12 Operating principle and switching pattern of ti&ePWM based on unipolar PWM.

2. Level — Shifted PWM (LS— PWM): This method is a natural extension of traditional
bipolar PWM techniques. In traditional bipolar PWM, a carrsignal is compared with
the reference to decide between two different voltage $e\ethe reference voltage is
greater than the carrier then a switching command that gesethe positive voltage
level is sent to the converter. In another case, if the raferas less than the carrier, a
switching command that generates the negative voltagéitesent to the converter.

By extending this idea for a multilevel converter withievels,m— 1 carriers are needed.
Each carrier is set between two voltage levels and the same e of bipolar PWM is
applied. Required carriers can be arranged in verticaisshifall the carriers are in phase
with each other (only vertical shift), the modulation tejue is named Phase Disposi-
tion PWM (PD-PWM). If all the positive carriers in phase wéhch other and in opposite
phase of the negative carriers, we talk about Phase Opmo&iisposition PWM (POD-
PWM). By alternating the phase between adjacent carridtermate Phase Opposition
Disposition PWM (APOD-PWM) is obtained. Different arramgent of carriers provides
different THD. For example POD-PWM at the expense of haviogextcomplicated struc-
ture than PD-PWM has less THD than PD-PWMI[45]|[46]. An exéng these arrange-
ments for a five-level (thus four carriers) star configumati® given in Fig[2.13. The
switching command must be wisely directed to the approppatver semiconductor in
order to generate the corresponding levels. The hardwagrkementation and cell output
voltage by using LS-PWM for a five-level star configuratioilisstrated in Fig[2.14.

This modulation technique can be adapted to any multilew@lerter. However, as it can
be observed from Fig. 2.15, it is clear that the switchindgratis not uniform between
two cells when LS-PWM is used. This causes an uneven powgibdison among the
different cells.
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Fig. 2.15 Cell output voltages by using LS-PWM.

2.4.2 Space Vector Modulation (SVM)

Using Fig[2.16 (a) different steps of SVM can be summarizetblow. First step is to deter-
mine all the switching states and their corresponding stpsee vector i 3-reference frame.
Fig.[2.16 (a) shows all the eight switching space vector Witick circles for a traditional
two level converter. + and - signs in parentheses are to shdahvewitch in each phase is on.
For example(—, +,+) shows that in phasa lower switch and in the other two phases upper
switches are on.

Second step is to determine the reference voltage state-sgator ina 3-reference frame.
Third step is to find the three closest switching combinatorihe referencevg,v,,vs in
Fig.[2.16 (a)). The final step is to calculate the time durat each switching state(ty)
so that the time average of the generated voltage equalsféremce space vector.

Figure[2.16 (b) shows the extension of SVM for a three leval &ne cell per phase). Each
cell can produce positiveHVyc), negative £Vyc) and zero (0) voltage levels. Having 3 levels,
results in 3 possible combinations, shown with black circles. It can bseoved that for some
vectors more than one switching state is possible.

Following the same steps as explained befares, vz and their corresponding time, ty, t3
should be determined in order to make the switching commands

It should be noted that SVM explained here is valid only foradahced system with purely
sinusoidal reference voltages. In case of an unbalanceéesysxistence of harmonics or zero-
sequence component this algorithm must be modified [47, 48].
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(0"»+)

(a) (b)

Fig. 2.16 SVM principle for; (a): traditional two level coester; (b): three-phase three-level star configu-

ration.

2.4.3 Fundamental switching modulators

26

1. Selective Harmonic Elimination (SHE): The basic idea of SHE is predefining and pre-

calculating switching angles per quarter-fundamentalecyia Fourier analysis to ensure
the elimination of undesired low-order harmonics. The 8tsp is to find the Fourier se-
ries of the multilevel waveform based on unknown switchinglas. Next step is to set
the undesired Fourier coefficient to zero, while the fundataeomponent is made equal
to the desired reference value. The obtained equation®edsoffline using numerical
methods, finding solution for the angles.

As an example for phaseof the star configuration with three H-bridges per phasepa ty
cal waveform considering three switching angles, az, a3) is given in Fig[2.17. Each
angle is associated to a particular cell. Consequently eeltlof the converter produces
positive or negative voltage levels at a specific angle onlyean a fundamental cycle.
SHE is also known as staircase modulation because of thdikeashape of the voltage
waveform.

Note that there is no control over non eliminated harmonics ibnon eliminated har-
monic amplitude are not suitable for a particular applmatiadditional cells and angles
can be introduced. It is also possible to limit the harmoriotent to acceptable values
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Fig. 2.17 SHE technique for phaa®f the star configuration with 3 cells per phase.

instead of completely eliminating them. This method isexlEelective Harmonic Miti-
gation (SHM).

The main advantage of SHE is the reduction of the switchieguency and consequently
the switching losses. It also eliminates the low order haniox) facilitating the reduction
of output filter size. However, this method requires nunaraigorithms to solve the
equations for different modulation indexes. With curresdiinology of microprocessors
it is not possible to do the calculations in real time. Theref the solutions are stored
in a look-up table, and interpolation is used for those wresbimodulation indexes. This
makes SHE method not suitable for applications where highadyc performance is
needed.

. Nearest Vector Control (NVC): NVC also known as State Vector Control is the alterna-
tive method to SHE to provide a low switching frequency, withnumerical calculation
and poor dynamic performance. The basic idea is to simplycqupating the reference
voltage to the closest voltage vectors that can be generatbd a3 frame.

The dots in Fig[_ 2,18 shows all the possible voltage vectererated by the converter,
surrounded by the hexagons. Each converter vector is cenesics the closest vector to
the reference, as long as the reference voltage is locasatkithe hexagon surrounded
that vector. Hence, when the reference voltage falls intertam hexagon, the corres-
ponding vector is generated by the converter.

Unlike SHE, this technique does not eliminate low-ordenamics. However, this prob-
lem can be avoided by using multilevel converters with a lgmber of levels. High
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Fig. 2.18 All the possible voltage vector for a three-levier configuration and their corresponding

28

hexagon.

number of levels provides more available voltage vectodsthareby smaller error. De-
spite the simple operating principle, its practical impésrtation is not trivial.

. Nearest level Control (NLC): NLC, also known as round method, is somehow the per-

phase time domain counterpart of the NVC. The basic priadiplboth methods is the
same but instead of choosing the closest vector, when udi@jthe voltage level closest
to the reference voltage is selected. Also unlike NVC, wieree phases are controlled
simultaneously with the vector selection, here three phase controlled independently
with 120 phase shifted references. The main advantage of this meWvedNVC is
that since finding the closest level is much easier than fqithe closest vector to the
reference, NLC is greatly simplified in relation to NVC.

The output voltage using NLC is shown in Fig. 2.19 for the fgatrter cycle of the
reference voltage, whekg. is the voltage difference between two voltage levels (dgual
the DC-link voltage in modular configurationsy,is the reference voltage aig,: is the
output voltage. As can be seen from Fig. 2.19 the maximunt ari@pproximation of the
closest voltage level i\§dC/2.

Similar to NVC, NLC does not eliminate specific low-order imanics. Therefore, both
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Fig. 2.19 The output voltage waveform using NLC.

NVC and NLC are not recommended for multilevel convertersiweduced number of
levels. Hence these methods are more suitable for consexigr higher number of le-

vels to avoid important low-order harmonics. The main ativges of NLC over other

switching techniques is its simplicity in both implememntatand concept, and efficiency
improvement due to the low switching frequency.

2.4.4 Hybrid PWM (H-PWM)

This modulation technique is an extension of PWM for hybrmidasymmetric configuration
(modular configurations with unequal DC sources). The hdsi of this modulation technique
is to reduce the switching losses and improve the convefteiemcy by reducing the switching
frequency of the higher power cells. To do this, instead afigihiigh-frequency carrier-base
PWM for all cells, high power cells can be controlled at a famental switching frequency,
while the low-power cells are controlled by using unipol&M®. Detail description of this

modulation technique can be found in [31].

The modulation techniques introduced in this chapter asedb@an having fixed DC sources
as DC-links in multilevel converters. In the field of STATCORC sources are replaced by
capacitors. This is an important parameter that has to lmntako account when using any
of the modulation techniques introduced in this chapterrévidetails about modification of
the modulation techniques considering having capaciterB@ sources will be provided in
Chaptef4.

2.5 Conclusion

Multilevel converters have become an attractive solutarhfgh power applications. The most
common multilevel converter topologies have been desdrib¢his chapter. Complexity both
in control and hardware structure, reliability, moduba@ind efficiency as the most important
parameters for high power applications are addressed éddscribed topologies. Several
modulation techniques for multilevel converters were &lsefly reviewed.
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Chapter 3

Overall control of CHB-STATCOM

3.1 Introduction

CHB configurations (star and delta) present outstandingradges as modularity, high power
and high voltage capability using low rated components aspawe with the other multilevel
topologies. Nevertheless, these salient features reglab®rated and not trivial control strate-
gies due to the complexity of these configurations.

Control objectives of CHB-STATCOMSs can be classified into twain categories: controlling

the exchanging current and thereby the exchanging powesreletthe converter and the grid,
and ensure the capacitor voltage balancing among all &#eeral linear and non-linear ap-
proaches have been proposed for modular configuration [EBEEDCOMSs [49]. The simplest

control strategy is based on linear PI controller impleradnn the rotatinglg-reference frame

[8]. This method requires a robust synchronization metlddansform AC quantities to DC.

It is also possible to directly control the AC quantitiestwé fast dynamic. This controller is
based on instantaneous power theorg B+ or three-phase system. The main advantage of this
control strategy is that no synchronous transformatioe&led. The simplestlinear approach to
implement this control strategy is the Proportional Resd(RRR) controller[50]. However, this
controller has the restriction of constant frequency dp@naTwo main non-linear approaches
to implement the controller for CHB-STATCOMs are hystesesontrol [51] and MPCL[52].
The main drawback of MPC when applied to CHBs with high numtdelevels is the high
number of switching states that must be evaluated.

It is not easy to define which one of the control strategiesexels the best results. But it
must be noted that computational burden is as importararfast the dynamic and steady state
behaviors of the control strategy. Considering the actealags for control purposes such as
Digital Signal Processing (DSP) and Field Programmable @atay (FPGA), to implement an
advanced control algorithm put a heavy restriction in ciregpghe control algorithm.

In this chapter the overall control of CHB-STATCOMs implembed in the rotatinglg-reference
frame is provided. Due to its uniform switching pattern ahdst uniform power distribution
among cells, PS-PWM is here considered as the modulatae.stag
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3.2 CHB-STATCOM modeling and control

3.2.1 System modeling

In order to be able to derive an adequate control algorithmst, the dynamic and steady-state
modeling equations of the CHB-STATCOM should be definedotligh steady-state analysis, it
is possible to calculate the reference voltages requiregkich an arbitrary operating condition.
This is especially useful to determine the capabilities HBESTATCOM through an open loop
control. The CHB-STATCOMSs with an arbitrary number of celiger phase is shown in Fig.-3.1
and Fig[3.2 in its star and delta configurations, respdgtive

The voltage difference between grid and converter outpl&ges is supported by a passive fil-
ter in each phase, used to filter the harmonics in the injeaie@nt. For the delta configuration
the filter is typically connected inside the delta; in thisywhe filter can handle the voltage
difference between converter phases and limit the cirtigaturrent inside the delta.

The dynamic model of the system in Fig.13.1 can be obtainathusirchhoff’s circuit law. In
this analysis it is assumed that all the cells have equaliBiCelapacitor, charged at the same
voltage level; also, it is assumed that the AC voltage is Bgshared among all the cells. The
set of voltage-current equations on the AC side can be aialas

|—fd(ij—a{Y + Reiay + €2 = Nfvyc
LMY 4 Reipy + €y = Nsvge (3.1)
L %Y 4 Rricy + e = nsivge

where .82 ands¢ are the switching functions of the different cells in phageandc (which can
be+1,—1 and 0) R andL; are the resistance and inductance of the filter reactorectisply.n

is the number of cells per phase apdis the DC-link voltage of the cells. Using the exchanging
active power between the grid and the converter, the dynaquation of the DC side for one
cell (for example in phasa) is obtained as

H 2
dw 1 d(Vj) pa— Rt VB

PTa T2 d o Rec

(3.2)

wherew and p are the energy stored in the DC-link capacitor and the agtoweer flows in
the cells respectivelLy. is cell capacitor an&y: is an additional resistor connected in parallel
to the capacitor (not displayed in Flg. 3.1 3.2 for gjanit the figures) and represents the
overall losses in the DC sid@; is the active power absorbed from the grid in phasealdyis
important to remark thal (3.2) can be easily extended to tiherdwo phases.

In order to simplify the dynamic equations, the switchingdtions are replaced with their
fundamental component. The fundamental component isccadtelulation signal. For example
for phasea
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| Point of common coupling |

e, €p €c
Ry, L § TiaY § TibY § TiCY
v phase a V) phase b Vey phase ¢
I ' A
b
_1Ydca _ﬂc,l &C 1
b
vdac,Z vdc,Z Ugc,z
1 1 1
H-Bridge H-Bridge H-Bridge
e i M
[ [ [
I | I
I | I
| | | .
a
I_ Vdc,n | vgc,n |_ _U_dlci
H-Bridge H-Bridge H-Bridge
T T
Fig. 3.1 Star configuration.
| Point of common coupling |
€, €p €c
e e
Tia= ® ~ Ttb """""""""" E— > Tic
eca
M r- 4
b ; laa § tha 3 lea
Vaa phase a Vpa phase b Vea phase ¢
A A A
Vi1 Vich _[vea
b
V2 Vdc,2 v,
H-Bridge H-Bridge H-Bridge
T T T
[ [ [
| I |
| I |
| A I b I
C
17dc,n 1Jdc,n 1Jdc,n
H-Bridge 1 H-Bridge H-Bridge =
T LT LT
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S 11 (3.3)

whereng is the modulation signal for one cell in phase

Replacingl(3.8) intd (311) and applying Clarke transfoiiora{described in the Appendix), the
dynamic equation in the fixed 3-frame can be written as

MMy 5 (t)Ve — Eqp(t) — RiY (1) — L%ijﬁ (t)=0 (3.4)

Having the transformation angk (the angle of the grid voltage vector) and using Park trans-
formation (in Appendix) as

Myq(t) = Mg (t)e 160
gdq(w = Sap (t)e_je(t) (3-5)
i (0) =17, (e 100

(3.4) can be re-written in the rotatimgl-reference frame as

Mg 1) Ve~ gql®) — Rl (1) — Ly (1) — Lejif ) = 0 (3.6)

Re-arranging(312), the resulting dynamic equatiordgframe are given by

Lt §tiaq(t) + Reidq(t) + €uq(t) + jwlsigg(t) = NMyg(t)Vae
(3.7)

1~ d(V3) _ edigt+eqiq—Re(i5+i3)
2Cdc—gt— =

Vi
t 3n Rac

wherew is the angular frequency of the rotating vectors.

3.2.2 Steady-state analysis

In steady-state condition, the derivative terms are equaéto. By setting the derivative terms
in (3.14) to zero, the steady-state equations are calcutasted

M _ Rfl,dq"‘gdq‘.‘jwl—fl,dq
==dg — NVyc

(3.8)
_ Eala—Rel2 n Eqlq—Rel2 Vi

0 3n 3n R4c

where the use of capital letters denote the steady-statitmmomof the different quantities. In
order to solve this equatioty andVgy. should be determined first. Usually, the desired value
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3.2. CHB-STATCOM modeling and control

for |4 is determined based on the required reactive power to beaageld with the grid. If the
dg-reference frame is synchronized with the grid voltagemetheq component of the voltage
(Eq = 0) can be considered equal to zero in steady-state. Thudetieed value foty can be
calculated as

* * Q*

Q :Im{gdql_dq}:—Edqurqud:Iq:—E—d (3.9
whereQ* is the required reactive power. The DC voltagg must be selected to a value that
ensures the summation of all cells DC voltages at each ph&sgthier than the amplitude of the
grid phase voltage, i.e.,

\/_Ed
NVpc > ——=1/E3+ EZ2=V 3.10
DC \/ DClE—0 \/§n (3.10)

wherek is a safety margin to guarantee proper operation of the ctewyalso in case of grid
voltage transient; typicall ranges between 1.1 and 1.15][40].

ReplacingVyc andlq in (3.8), the needed modulation signal corresponding tesfeeific ope-
rating condition can be calculated.

Just for illustration purposes, the following desired dieatate values in per unit and security
margin of 15% for the DC-link voltage are here considerece fidsulting modulation signals
can be calculated as

n=3

Eq = 1pu= Vpc = 0.313pu

Mg = 0.9
lg=—1pu
> < Mg = —0.03pu (3.11)
Liw = 0.15pu
lq = Opu
R = 0.03pu
Rdc = 30pu

According to the calculated modulation signals, the safetygin of 15% ensures the proper
operation of the converter without any over-modulation.

3.2.3 Control design and algorithm

The control method used for the CHB-STATCOMSs consists ofranei current control loop,

which is used to control the converter output current, andwater cluster controller, used to
control the DC capacitor voltages in each phase. Figuie I%®&s the block diagram of the
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Fig. 3.3 Overall control block diagram of CHB-STATCOMSs.

implemented control system. A Phase-Locked Loop (PLL)estes the grid-voltage angi
needed for the coordinate transformations. The clustetraiter determines a reference value
for the direct component of the current based on the seldat&tink voltage referencevy,).
Reference value for the quadrature component of the cuisetdgtermined either by the reac-
tive power controller or voltage controller. Note that foetdelta configuration the line-to-line
reference quantities are required. Therefore, the ougftite controller are transferred to three-
phase using a transformation angledof § and an amplification factor af 3. The main control
blocks are described in the following.

Current control loop

To derive the control law[_(3.7) can be written in the Lapldoenain as

NMyVde = Egq+ jwl—fidq + (Lts+ Rf)idq (3.12)

and therefore the law governing the current contrallis [8]

nmyVoc = (kp+ %) (idg—ldg) + €ag T jWltigq (3.13)

whereig andig are the reference direct and quadrature currégtss the proportional ang;

is the integral gain. Figurie_3.4 shows the detailed currentroller block diagram. The full

control block diagram of the current controller togethettwthe converter model is shown in
Fig.[3.4(a). Simplified current controller block diagranddsliock diagram of the modulation
signals calculation are shown in Fig.3.4(b), top figure aitd [B.4(b), bottom figure respec-
tively.
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The proportional and integral gains of the implementedradlier can be easily found shaping
the closed-loop transfer function to have the same respasmsefirst-order low-pass filter of
bandwidtha;, i.e.

. Id_q Skp"‘ ki (0f
Gi= Idq LfSZ—I—S(Rf—I—kp) —l—k| S+ Qj (3.14)

Therefore, the proportional and integral gains can be fasd

:2?::2;: (3.15)

Note that[(3.12),[(3.13)[(3.14) arld (3.15) are obtainedHerstar configuration. Considering
the same filter impedances in each phase leg, the same etpuatino be written for the delta
configuration except that one third of the actual value oflthand R should be considered.
The ratio of one third is the delta to star impedance transédion.

Outputs of the current controller are direct and quadratareponents of the reference voltage
vector. In order to provide the modulation signal for each, ¢be reference-voltage vector
should be transferred to three-phase and normalized by @R voltages. This is shown
in Fig.[3.4(0) (bottom) whereg_,,.. vﬁcn are the DC-link voltage values amd, ,..., Mg, are
the modulation signals of the cells in phas&Vith the same algorithm, modulation signals for
the cells in other two phases can be obtained. These manhulsignals are then sent to the
modulator (for example, PS-PWM) to determine the switclgatierns for the cells.

Current controller Converter model

—_——— e —_—— — —

|
|
1 iq |
Les + Ry :
|
I i3 K ki 1 tdg
| ) L
s+ R
Coupled terms | s o
|
|
|
|
|
1,3
I - = —»Mcq
) ; | 6+ E) -0 nv:dcl
S ' :
LfS + Rf | (n/m;l/:c
| =~==3l dq a = ﬁ 'mgn
| current | L NV4cy
| controller(nmquc\ c

~_%) /abctew

(b)

Fig. 3.4 Current control block diagram; (a): full-contei] (b-top): simplified controller; (b-bottom):
cells modulation signal.
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Fig. 3.5 Equivalent circuit of the star configuration for pha.

Cluster control

The aim of the cluster controller is to generate the requieéerence direct-component of the
current.

The equivalent circuit of the star configuration is showniip for phas@. The DC capaci-
tors are considered to be all in series. Assuming a losssledem, the active power on the AC
and on the DC side of the converter can be written as

_dw_1Cyd

n. d Vig+Viot.+Y
Pde = ¢ _ETE(VﬁclJrVﬁCer...nngcn)Z:écdca( del dczn deny2 —
n. d
= 5Cacg (Vora)” (3.16)
_ |€al[iavdl
aC — 2

wherevgy is calledcluster voltage of phasea and is the average voltage of all the DC-link
voltages in phasa. The active component of the three-phase current denoted pfor phase
a, has the same phase angle of the grid voltage. Being the AO@rgide active powers equal,
(3.18) can be written in Laplace domain as

NCacSVala = |€alliavd (8.17)

The termi,vq is determined based on the desired DC-link voltage. Usingopgstional con-
troller having a gain oKy, all three phase direct currents can be written as

avd = Keiv (Vi3 — Vg,) cog(6)
ibyd = Kaiy (V32 — VZ,) cog(6 — 27) (3.18)

icva = Kl (Viz — V3.) 056 +27)

where co$0) is used to generate AC currents that are in phase with thevgltage;v;. is the
DC-link reference voltage and,,, Ve, Velc are the cluster voltages in phagb,c. The amplitude

38



3.2. CHB-STATCOM modeling and control

of the active current component of phasttom (3.18) can be replaced info (3117). Simplifying
the results, the transfer function of the cluster contrdtie phasea can be calculated as

e
cla _ kC|Y| a‘/nCdC — aC|
Vi s Kavledl /ncye ST

Gela= (3.19)

which has the same response as a first-order low pass filtenofdidtha . The gaink,y can
then be designed for a desired bandwidthas

~ NCycli

Kety =
|€al

(3.20)

The resulting three-phase currents can then be transferithe@ rotatingdg-frame to generate
thed-component of the reference current.

Following the same procedure, in order to generate theatkdirect component of the current
for delta configuration, the branch direct curreig,ipng @ndicag must be in phase with their
corresponding line-to-line voltage. Using a proportiooahtroller with gainkgathree branch
direct current can be written as

and = Keln (Vi3 — Viian) O 6 + §)
ibad = Keia (Vi — Vaipa) COS(0 + § —25) (3:21)

icad = Kela (Vs — Viiea) COS(0 + £ +25)

where co$6 + §) is to make the branch direct currents in phase with the gréitb line voltage.
The gainkga can be designed for a desired bandwidthas

NCdccl
|eab‘

Kelar =

(3.22)

The line direct currentagipg,icg are then calculated from the branch direct currents and the
results are transferred tig-reference frame to generate the desired reference divectnt.
The block diagram of the cluster controller is shown in Eigl. 3

It should be noted that only a proportional controller is o for the purpose of capacitor
balancing. This is due to the fact that the DC-link voltages r@ot necessarily needed to be
regulated at a certain voltage and a steady state error ififkGroltage is acceptable as long
as this voltage satisfies the security margin.

3.2.4 Phase-Locked Loop (PLL)

The objective of the PLL is to estimate the angle of the gottage vector to perform the
coordinate transformation. The PLL considered in thisithessthe one proposed in [63],[54].
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Fig. 3.6 Cluster controller block diagram.
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Fig. 3.7 Block diagram of PLL.

The law governing the PLL is given by

da 2
G = 0pLLE
(3.23)
dé _ ~
G = W+ 20p L&

whereap| is the closed-loop PLL bandwidth. The PLL should be robustiregg harmonics,
grid voltage unbalances and faults. When fast synchraonizas not needed, good harmonic
rejection can be achieved by choosing a low bandwidth. Tépeese is the error input for the
PLL (expressed in per-unit of the grid voltage amplitigig. A feed forward term with the
fundamental AC frequency afp = 2rrx 50 rad/s is added to achieve a faster tracking of the
phase angle. Figufe 3.7 shows the block diagram of the adi&itk.
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Fig. 3.8 Block diagram of single phase estimation algorithm

3.2.5 DC-link filter design

In CHB-STATCOMSs, the DC-link voltage of each cell containB@ and a 100 Hz oscillatory
components. The oscillatory component can produce hawffdts on the performance of the
controller. Traditional methods to remove the 100 Hz congmbrare Low-Pass Filter (LPF)
and Moving-Average Filter (MAF), which are investigatedlapplied in[12]. An alternative
way to separate the two frequency components in the meafiedbltage is to combine a
LPF and a resonant filter with characteristic frequency exext at 100 Hz, as described in
[55]. The advantage of this approach over the mentioned adstis that since the estimate
of the oscillatory component is removed from the input sigonahe LPF, higher bandwidth
for the estimator can be used without jeopardizing its $®i&c To understand the principle
of the implemented filter, let us assume that the input DCagat/y. comprises of an offset
component (having amplitude ) and a sinusoidal contribution (having amplitudeMgi)
as

Vdc = Ve + Vpn €O 2wt ) (3.24)
Equation[[3.2¥) can be rewritten as

. V.. . V¥ .
Vido = Vigo + REV /] = Ve + el g2 (3.25)

In order to extract the different components from the inpgial, (3.2%) can be re-arranged so
that the phasorgyc. andVy, become isolated and the LPF can be applied to the resultngisi
as

Ve = Hp{Vac— Re[\lphej Zwt]}
_ . (3.26)
Voh = Hp{[2Vdc — 2Vie —\_/She_JZM]e_sz[}

whereH,, is a low pass filter of bandwidtig.. The block diagram of the single-phase estimation
algorithm is depicted in Fig. 3.8
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Chapter 3. Overall control of CHB-STATCOM

3.3 Digital control and main practical problems

The control algorithm described in this chapter has beerettm the frequency domain. How-
ever, the implemented control in the simulations is a digitatrol, where the control action is
activated at each interrupt.

In order to improve the controller derived for ideal conalits, it is necessary to take into account
some problems that occur in an actual system. One of the malhgms in digital control is the
delay due to the computational time of the control compunat affects the system performance.
Moreover, it is important to consider that the amplitudehaf butput voltage is not infinite, but
limited and proportional to the DC-link voltage level. Ftiese reasons, some improvements
are done to the described current controller. These impnewts are the Smith predictor using
a state observer for the computational time delay compemsand limitation of the reference
voltage vector and anti-windup function to prevent intégravindup [56].

3.3.1 One-sample delay compensation

In the digital control the reference voltages from the coligr is delayed one sampling period
due to the computational time in the control computer. Teiagwill affect the performance of
the system and cause overshoots and high oscillationsginainsients. To avoid this problem
it is necessary to compensate for this delay.

In this work, a Smith predictor is used for this purpose. Themadvantage of using Smith
predictor is that the current controller can be treated #isendeal case without any time delay.
The basic idea of the Smith predictor is to predict the outputent one sample a head by
using a state observer and feed the predicted current bckhie current controller. Thus, the
delay of one sample has been eliminated. In order to feedibackeal current to the current
controller, the predicted current one sample delayed igactied from the feedback signal. The
block scheme of the current controller with the computatidime delay, the Smith predictor
and the converter model (shown in Hig. 3.4(a)) is displaydig.[3.9. The output of the Smith

~

predictor is the difference between the estimated filteresurat sample, i 4 (r) and the same

A

signal at sample — 1,1(dq>(r —1). If at sampler a step in the reference current is applied, at
sampler + 1 the reference voltaggdq) output of the current controller will vary. Therefore,
the output signal of the Smith predictor will not be equal ewazand will adjust the current
error. At sample + 2 the difference between the predicted current and the délage will be
zero again. Thus, the Smith predictor will affect the parfance of the controller only during
transients, but not during steady states.

For a correct estimation of the grid current, the state olesdras to be designed in order to
reproduce the converter model. Applying Kirchhoff’s VgtalLaw (KVL) to the circuit shown
in Fig.[3.10, the following equation in theB-coordinate system can be written

. . i d.
v (1) "7 (1) = Ri(ag) (0 + L lap) () (3-27)

In thedg-coordinate systen!, (3.27) becomes
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Fig. 3.9 Block scheme of the current controller with Smithdictor.
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Fig. 3.10 Single-line diagram of circuit representatiorstaite observer in time domain.

~

d d ~ d ~ .
Ve (0) — &5 (1) = Rillag (1) + L gl (1) + L gq 1) (3.28)
which can be discretized using the forward Euler method. Jifne voltage changes slowly
compared with the sampling time, so it can be consideredtanhever one sampling period.
The average value of the converter voltages over one sarepledpare equal to the reference
values. Equatiori(3.28) can therefore be rewritten in tBerdie time domain as

T (r + 1) = <1A— R[—fTS —ijs> T () + I_? <\_,gdq)(r> —gédq)(r)> 529)
+Kpsp (l(dq)(r) —l(dq)(r))

wherekpgp is the observer gain. Thus, kgp is large, the observer does not trust the process
model. Ifkpspis small, the observer believes in the converter model.

To obtain the reference phase voltages, the referencegeovm:tor\_/?dq) in thedg-coordinate

system is transformed in the fixeg3-coordinate system by using transformation aréle) +

AB, whereAB = wTs+ 0.5wTs. AB is a compensation angle that takes into account the delay
introduced by the discretization of the measured quast{i&wTs), and the one sample delay
due to the computational timeus). The reference voltage vector in thg-coordinate system

is then given by

Viap) = Vo€ %) = Vjgq O34T (3.30)
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Fig. 3.11 Block scheme of the current controller with antirgup.

3.3.2 Saturation and Integrator Anti-windup

Due to the limited attainable output voltage of the converehard limiter must be used to
limit the the reference voltage. If the controller limitseetheference voltage then the input er-
ror to the integrator can not be set to zero. This leads t@rater windup. In order to avoid
integrator windup, the integration should be inhibited néer the reference voltage exceeds
the maximum level. Alternatively, it is possible to use baekculation of the current error in
order to limit the demanded current during saturation [®7]this case, if saturation occurs,
the integrated current error will be modified in order to taki® account the limited output
voltage of the converter. The block scheme of the currentrother with anti-windup is shown

in Fig.[3.11. The input error to the integrat@) (§ modified as

~ 1 i
E=e+ K (\_f{dq> ~ V(g ) (3.31)
wherevi™ s the limited reference voltage.

(dg)

3.4 Simulation results

The CHB-STATCOMs with the system and control parametersatifid[3.1 are simulated in
PSCAD in order to verify the implemented control strategy.

The highest bandwidth is assigned to the closed-loop cucaartiroller. This bandwidth is cho-
sen based on the sampling frequency. Sampling points aasieeldon the top and the bottom of
each carrier and since there are three carriers and eadérdegguency is 1000 Hz then the
sampling frequency will be 6000 Hz. For stability reasohg, tule-of-thumb is to select the
bandwidth of the inner current controller at least a decayelothan the sampling frequency.
Here, the closed-loop current control bandwidth is s¢Rtb00) red/sec In order to avoid any
interaction between the current and cluster controllex;dlosed loop cluster controller band-
width is chosen to be much slower than the closed loop cuca@mttol bandwidth. For the PLL

a low bandwidth o(2n5)r8d/secis chosen to achieve a good harmonic rejection. Bandwidth of

(27150 cis chosen for the DC-link filter to remove the 100 Hz oscilitcomponent and
finally the observer gain of 0.1 is chosen.
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3.4. Simulation results

TABLE 3.1. SYSTEM AND CONTROL PARAMETERS

Parameters values

Rated powe&, 120 MVA,1 pu
Rated voltag&/, 33kV,1 pu
System frequencyy 50 Hz

Filter inductorL; 4.33 mH,Q15 pu
Filter resistoR¢ 0.1369Q,0.015 pu
Cells capacito€ 4 mF,Q09 pu
DC-link voltage for staWyc 10 kV,0.3 pu
DC-link voltage for delta/yc 10v/3 kV,0.525 pu
Cell numbers 3

Carrier frequencyf¢, 1000 Hz

Closed loop current control bandwidtty 271 x 500 rad/sec
Closed loop cluster control bandwidtlyy 27 x 5 rad/sec

PLL bandwidthap| 21 x 5 rad/sec
Closed loop DC-link filter bandwidtlrpc 271 x 50 rad/sec
Observer gaitkpsp 0.1

Figure[3.12 shows the step performance of the CHB-STATCOMs. figure on the left side
shows the results for the star, while the right side figureashthe results for the delta. Top
plots show the DC-link voltages (all cells) while middle f#show the reference (black) and
the actual (gray) reactive current in the rotatdtgreference frame; bottom plots shows a detail
of the step performance. This figure shows the ability of thietller to follow the desired
DC-link voltage and reactive current values.

The simulation results in Fig. 3.12 are without considetting one-sample delay. As it men-
tioned earlier in digital implementation of the controliéere will be one inevitable sample
delay. Two digital implementation technique called sywcious and asynchronous reference
voltage updating have been proposed in the literature 8])6 the asynchronous technique
the reference voltages for each cell is updated at each wpaitom of its own carrier while
in the synchronous technique the reference voltages of@ltélls are synchronously update
at each interrupt. The advantage of the asynchronous taedims its simplicity in the imple-
mentation compare with the synchronous technique. Howgweasynchronous technique can
cause bigger overshoot at each transient as it will be showhei next simulation results.

Figure[3.18 shows the transient performance of the CHB-£@WIs with and without Smith
predictor and by considering the one-sample delay in théementation of the controller. The
figures on the left side show the results for the star, whigertgpht side figure show the results
for the delta. Top plots shows the results with asynchronecisnique and bottom plots show
the results with synchronous technique. The overshoot aaditlagion in the transient responses
are due to the delay in the implementation of the controlert was expected, the overshoots
are bigger when asynchronous technique is applied. It canksd observed that in both cases
and for both configurations the Smith predictor improvestthasient response. However, the
Smith predictor is not so effective when asynchronous tiegtens applied. The reason is that in
asynchronous technique the reference voltages for eakis cgldated at each top and bottom
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Fig. 3.12 Step performance of the CHB-STATCOMS; Top: cadpadiells voltages; middle: reference
and actual injected reactive current; bottom: detail ofstep performance.

of its own carrier. In consequence, once a step change igedppily one cell voltage reference
is going to be updated in the next control period, while tHeeotells should wait until their
carriers reach to the top or the bottom. This means that oratepachange is applied only
one cell reference voltage gets the advantage of the Snathigbor in the next control period.
Therefore, asynchronous references update in PS-PWM daaesdlow the full benefit of the
Smith predictor. For the synchronous technique, thanksdsynchronously updating the cell
reference voltages, the Smith predictor can provide betiigrovement in the transient response
as it can be observed from bottom plots.

For the simulation results shown so far, the DC voltage ofdHierent cells in the CHB-
STATCOM has been regulated by only using the cluster cdetrdescribed in Sectidn 3.2.3.
This control loop would be sufficient in guaranteeing equnarge of the different capacitors of
the converter if and only if the active power is equally dizited between the different cells.
However, when using PS-PWM in actual implementations thrsnot be guaranteed, due to
different components characteristic, non-uniform switghpattern among the cells etc. Even
in a simple simulation model, the time-step of the simulatvall impact the active power
distribution and thereby the charge of the different DC cépses. As an illustrative example,
consider the simulation results depicted in Eig. B.14. R simulation, the reference reactive
power is set to 0.3 pu and is kept constant. From the figure,pbssible to observe that the
DC-link voltages in the same phase leg will start to divergetthe reference value, while the
cluster voltage (i.e., the average of the three DC-linkagydts) is constant and properly con-
trolled to its reference. This confirms that the active poiserot distributed uniformly among
the different cells, while the cluster controller propenfyanages to accomplish its duty. The
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Fig. 3.13 Transient performance of CHB-STATCOMSs with anthauit Smith predictor and with asyn-
chronous (top plots) and synchronous (bottom plots) tephes.

reasons for this phenomenon together with the derivati@petific control loops to guarantee
proper operation of the system will be investigated in the nbapter.
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Fig. 3.14 Cluster and individual DC-link voltages of phastor CHB-STATCOMs after 1.6 seconds;
top: DC-link voltages; bottom: cluster voltages.
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Chapter 3. Overall control of CHB-STATCOM
3.5 Conclusion

This chapter provides the overall controller for the CHBASTOMSs. The controller consists
of an inner current controller used to track the refereneesct and an outer cluster controller
to control the DC-link voltages. Simulation results show #bility of the controller in tra-
cking the reference current as well as DC-link voltage batem However, simulation results
after 1.6 seconds show that the DC-link voltages inside dras@ leg are diverging from the
reference value due to the non-uniform active power distism among different cells of the
corresponding phase.
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Chapter 4

CHB-STATCOM modulation and
iIndividual DC-link voltage balancing

4.1 Introduction

in case of non-uniform active power distribution among tekscthat constitute the phase leg,
the DC-link voltages diverge from the reference value. Tlus-uniform power distribution is
mainly due to different characteristics of the componefite individual cells and, more in
general, any condition that leads to a deviation from ideabdions [60)].

In the recent years, both manufacturers and researchesphavdigh effort to improve the
control and the modulation of MMC. For the latter, Phaset8tdiPulse Width Modulation (PS-
PWM) has been extensively investigated in the literatufel{8s shown in [60] that deviation
from ideal condition affects the harmonic performance & B5-PWM. This can negatively
impact the active power distribution among the cells. Hasvenot sufficient attention has been
given to the investigation of the different harmonic comgts that are generated when using
PS-PWM and their impact on the system performance, in péatiecn case of non-ideal condi-
tions of the system.

The aim of this chapter is to extend the investigation of thpact of switching harmonics and
the selection of a non-integer frequency modulation ratidhe voltage capacitor balancing
when using PS-PWM. Theoretical analysis shows that by prepkection of the frequency
modulation ratio, a more even power distribution among fifferént cells of the same phase
leg can be achieved.

Although non-integer frequency modulation ratio improtressharmonic performances and pro-
vide more uniform active power distribution among cells canpletely uniform power distri-
bution among cells is practically impossible. As a resyteafic stabilization control loops
(typically denoted as individual balancing control loopg aeeded to guarantee a proper ope-
ration of the system.

The existing capacitor voltage-balancing strategies @ditded to two groups. First group
consists of those strategies that need a dedicated indivithiancing control algorithm_[8].
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Fig. 4.1 Star configuration.

The second group is based on the technique called sortingthig [61].

In continuation of this chapter design process for indialdDC-link voltage controller using
both a dedicated controller and sorting algorithm is predidit is shown that although both
methods are successfully able to control the DC-link vasaghen the converter is exchanging
reactive power with the grid, they are not able to provide @ppr DC-link voltage control
when the converter is operating at zero-current mode. Thapter proposes two methods for
capacitor voltage balancing at zero-current mode. Firghatkis based on a modified sorting
algorithm and second method is based on DC-link voltage matidn. Using the proposed
methods, proper individual DC-link voltage balancing ikiaged at zero-current mode.

4.2 Phase-shifted PWM harmonic analysis

The principle of PS-PWM has been explained in Sedtioh 2.4idden from ideal condition
affects the harmonic performance of the PS-PWM. This caatnedy impact the active power
distribution among the cells. Therefore the harmonic pertoce of PS-PWM is investigated
in this section. The analysis is focused on the star configurdut is also valid for the delta.
CHB-STATCOMSs with an arbitrary number of celiper phase is shown in Fig. 4.1 and Kig]4.2
in its star and delta configurations, respectively.
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The PS-PWM harmonic analysis here is focused on pha$¢he star configuration (Fig._3.1).
Analogous considerations can be drawn for the other twogshd$he switching pattern for the
valves in the cells of the converter is here obtained usirigalar switching. As mentioned
earlier, the basic principle of PS-PWM is to phase-shift¢hgiers for each cell in the same
phase leg in order to cancel a specific set of harmonics inatia¢ dutput voltage. Optimum

harmonic cancellation is achieved by phase-shifting eatlrcarrier by(k— 1) "/N, whereN

is the total number of cells in each phase &nefers to the cell number. Denoting witfy,
the carrier frequency, the selected phase-shift betwedlriers allows cancellation of the
harmonic components up tdgN in the total output phase voltage. Using asymmetrical igul
sampled reference and double-edge carrier, the harmompaueents of each cell in phase
can be found as [62]

_ MNge & Mp . hmiMg, T
Veellk = — thFJh( M, )sm(hﬁ)cos(habt)ju
Ng. & 21 s
=Jio_1(q=Mg)cod(h+1 —1)m x (4.1)
- hZ“:qu @l 1)(q2 a) cog( )7
x cos{ [2nar + (21 — 1) coplt + 2h(k_N1>"+ (2l — 1)60}
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whereVy. is the DC-link voltage of the considered cell (all DC-linkltames are here assumed
to be equal)wp and w, are the grid and carriers angular frequency, respectiaglg,0 is
the angle of the reference waveforivk = ‘*)cr/(bb is the frequency modulation ratib]; is the

amplitude of modulation index in phaagl is the Bessel function arg= 2h+ (2 — 1)/Mf' The
termh represents the carrier index, whiles the side-band index. The overall output voltage of
phasea is obtained by adding output voltage of all cells

n
Vav = > Veellk (4.2)
Yo

From (4.1) and(4]2) and considering, without loss of gditgrdy = 0, yields

INVyge < Ms . hmiM,

Vo= 0 5 (g, st coshant) +
" 4\7/Tdc éu:i{é“](z'” <q’—§ Ma) cog(h+1 —1)m]x (4.3)
X kiCOS{ [2heoer + (21 — 1) cplt + 2h<k_N1) N
Since
kicos{ 2hax + (21 — Lt + 2h(k_N1) M _o (4.4)

for all h# N, 2N, 3N, ..., the only harmonics remaining in the overall output voltagphasea
will be the side-band harmonic components centered aro@gp,2or

~ 4NVye 2 Mi, hnMg, . 1
h;TM M, )S|n(h§)cos(habt)+

Nge & 2 1 m
~Jo_1(Ng=Mg) cod(Nh+1 — 1) 1] x
- thl:z—ooq 2-1)( q2 a) COg( )T

x cOS{[2Nhwer + (21 — 1) ap]t}

. (4.5)

Assuming for example that each phase leg of the star is totestiby three cascaded cells
(N = 3), the carriers will be relatively phase-shifted tiy3 and harmonic cancellation up to the
side-bands arounchZ N = 6f¢, 12f,, ... will be achieved. Figurie 4.3 illustrates the theoretical
voltage-harmonic spectra of each cell output voltage (émy) of the total output phase voltage
(bottom). The successive harmonic cancellation is evident

Considering a perfectly balanced grid and under the assamfitat the converter is not ex-
changing any negative-sequence current in steady stateuthent harmonics for phasecan
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Fig. 4.3 Theoretical harmonic spectra; Top: cell outputage; bottom: total phase legroltage.N = 3,
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be calculated %
Vyy — E
lay = % (4.6)

with Z the impedance of the filtering stage between the grid andaheecter (calculated at the
frequency of interest) and, the grid-voltage phasor for phaaeObserve tha{(416) considers
the phase-to-neutral voltaygy for the computation of the line current and is therefored/&dr
single-phase systems only. In a three-phase CHB-STATC@&lharmonic spectra in the cur-
rent is determined by the phase-to-phase voltage; in thegpttaphase voltage of the converter,
some harmonics will be canceled [62] and therefore will nuggesar in the current waveform.
However, this harmonic cancellation will not affect the lgses carried out in this thesis.

According with [4.6), the line current and phase voltagé pviéssent the same harmonic spectra,
with the harmonic attenuation and phase change providedebfjiter impedance. Observe that
similar investigation can be performed for the delta comigjon, where the grid phase voltage
Ea in (4.6) must be replaced with the grid line-to-line voltagelV,y must be replaced by

in order to obtain the branch currdgt (see Fig[ 4.2).

4.2.1 Effect of side-band harmonics on the active power
The harmonic components in_(#.1) can be divided into two rgaiups: fundamental compo-

nent and side-band harmonics around it (first terniinl (4dny carrier harmonics and their
corresponding side-band harmonics (second terrb_in (4ri)rder to simplify the descrip-

Lif the converter exchanges both positive- and negativeresece current with the grid, the common-mode
voltage of the converter must be controlled to a non-zerae/&h guarantee DC-voltage balancing. In this case,
following the same approach described in this section, timéribution of positive- and negative-sequence compo-
nents to the active power distribution between the cellsheagvaluated using Fortescue Theory and superposition
effect. Similar consideration holds for the delta configimraof the CHB-STATCOM.
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tion, both the fundamental component and side-band hans@mound it are here denoted as
base-band harmonics.

According to [4.1) and considering = 3, the phase angle of the carrier side-band harmonics
around &f, for each cell is equal tgh(k—1) 7T/3. These phase angles af.6(h = 3) are
equal to 02, 4t for each cell. Therefore, the harmonic componentsfat&e in phase with
each other. Their amplitudes are also equal. On the othet, @ harmonic phase angles at
2t (h= 1) are equal to *"/3,47/3 and at 4, (h = 2) are equal to *V/3, 27U/ for each
cell. This means that the side-band harmonics for each riha 2f;, and 4f;, have different
phase angle.

Interaction between current and voltages harmonics wels#me frequency can lead to active
power, depending on their relative phase displacemerttidinteraction occurs at carrier side-
band harmonics aroundfg (h = 1) or 4f¢, (h = 2), the result will be a different active power
flowing in the DC-link capacitor of the different cells, du the difference in carrier phase
angle described above. Both base-band and carrier harsnohtbe current can interact with
cell voltage harmonics. However, the interaction betwedls woltage carrier harmonics and
current base-band harmonics can only occur when low swigchequency for the cell is used,
due to the essence of the Bessel function as it will be shotenilathis section.

To investigate this interaction and its impact on active @odistribution among cells, two case
studies are here considered: low switching frequency ferceil (500 Hz and below, typical
in systems with a high number of cells per phase leg) and higtclsing frequency (above
500 Hz, typical in systems with reduced number of cascad#sl per phase leg). Note that
this distinction between low and high switching frequersihere intended as the possibility or
not of interaction between voltage side-band harmonicscanent base-band harmonics; this
is dictated by the shape of the Bessel functioriinl(4.1): timally, the Bessel function can be
considered zero whelh > 10, meaning that for frequencies above 500 Hz interactidwden
these group of harmonics can be neglected. Figure 4.4 sh@gbamatic representation of
the different harmonic components and their location fathdow (top) and high switching
frequencies (bottom).

Case study #1, Low switching frequency

Considering 50 Hz grid frequency and, for example, 100 Hagwig frequency, it can be
realized from the top plot in Fig. 4.4 that the voltage cellesband harmonics correspond to
h =1 andh = 2; the base-band harmonics for the current are located ataime harmonic
orders. This would indicate that for low switching frequegiticere are interactions between the
cell voltage side-band harmonics and the base-band curaentonics. Since the phase angle
of the cell voltage side-band harmonics corresponding+ol andh = 2 are not equal, their
interaction with the current base-band harmonics leadfterdnt active power at each cell.
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Fig. 4.4 Voltage and current harmonic spectra; Top: low ahititg frequency; bottom: high switching
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Case study #2, High switching frequency

According to the bottom figure, for high switching frequeribgre considered 1 kHz), no inte-
raction occurs between the voltage cells side-band hawgsamd the base-band current harmo-
nics. This is because the interaction occurs in the sidetbhammonics correspond o= 1 and

| = —19, andh = 2 andl = —39, where (as mentioned earlier) the Bessel functiop i) @afh

be considered zero. This would indicate that for high svifiglirequency there is no interaction
between voltage and current harmonics, thus the active ipsiveaild be uniformly distributed
between the different cells. However, interaction might@tcur at carrier harmonics level.

To understand this, the star configuration is simulated IGAL3 with the system parameters
reported in Tablé_3l1. Ideal DC sources are used insteadwdlazapacitors in the cells and a
carrier frequency of 1 kHz for the high switching case and B@Cor the low switching case
are considered. An illustrative example of the uneven agitwver distribution among the cells
of the same phase leg is given in Hig.14.5 for both low and higiching frequency case.

55



Chapter 4. CHB-STATCOM modulation and individual DC-linéltage balancing
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Fig. 4.5 Active power of each cells output after low passHitig with cut off frequency of 20 Hz; Left:
M = 2; right: Mf = 20.

Observe that the number of cells is kept equal for the twoscd8ben the switching frequency is
low, there is always an interaction between cell voltage@aharmonics and current base-band
harmonics. If the switching frequency is high, the intei@cis between the carrier harmonics
only. As a result, the active power in the three cells is natabgObserve that the total active
power of one phase is not zero due to the losses in filter reantbsemiconductors elements.

In case of high switching frequency, the interaction ocdhgtveen voltage and current side-
band harmonics. It has been shown that current carrier haosigorresponding tb = 1 and

h = 2 are canceled due to the phase-shift between carriers. \ldoytbe theoretical analysis
presented earlier in this section is based on the assunygteoperfectly ideal converter. In such
condition, the converter can be considered as a linear &erpithere the DC-link voltages in
the different cells are equal, ideal carrier phase-shiftasvided for each cell and no delays. Any
deviation from ideal condition, such as diverge in DC-lirdttages or non-ideal phase-shift in
the carriers, will lead to non-ideal cancellation of therhanic components in the total output
voltage and consequently in the current. This can be seem tine voltage/current harmonic
spectra in Fig_416.
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0.06 |- ,

0.04 -

0.021 -
| ‘ | | ‘ | |

[pu]

Harmonic magnitude

0
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Harmonic frequency [Hz]

Fig. 4.6 Current and voltage carrier side-band harmonids=atl in case of high switching frequency
(Mf = 20).

To quantify the effect of the harmonic interactions on thievagower, the degree of unbalance
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4.2. Phase-shifted PWM harmonic analysis

in the power is defined as

AP — Pmax— Pmin (4.7)
Pave

with Pmax andPnin the maximum and minimum active power among the cellsRpgthe ave-
rage power. The degree of unbalance in Eigl 4.5 WMth= 20 is 1.9, and withvif = 2 is 8.32.
Observe that the degree of unbalance at high switching émguis much lower than the one
at the low switching frequency, but still not zero. This icaties that in practical applications,
where the DC sources are substituted with actual capacitob®th cases the DC-link voltage
of the cells will diverge. The DC-capacitor voltages wiliftifaster when low switching fre-
qguency is selected. This effect can be clearly seen in[Effj.where the same simulation has
been performed when the ideal DC sources have been replattedctual capacitors. For this
simulation, the converter is exchanging 0.05 pu current wie grid and the needed control
loop to guarantee the convergence of the voltage acrossidigdual cells (see Sectidn 4.3)
has been intentionally disabled. The left and the right &glrows the capacitor voltages when
using fer = 250 Hz andfe, = 1000 Hz, respectively. Observe that, for clarity of the fegur
a post-processing low-pass filter has been utilized to rentlog oscillations in the measured
capacitor voltage and thereby highlight the voltage digas.

f_=250 Hz f_=1000 Hz
cr cr
0.31 0.31

= 0.305 = 0.305

2 =

(] ]

(=2} (=2}
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0.295 . . : : 0.295 : : : :
2 2.1 22 2.3 2.4 2.5 2 21 2.2 2.3 2.4 2.5

Time [s] Time [s]

Fig. 4.7 Simulation results of capacitor voltages in preeéthe star configuration. Lefff,, = 250 Hz;
right: for = 1000 Hz.

4.2.2 Selection of frequency modulation ratio

In case of low switching frequency and according[fol(4.1xebband harmonics are located
at hap and carrier harmonics are located atg; + (21 — 1) wy. If the carrier frequencyuw is
chosen to be non-integer multiple of fundamental frequengythe carrier harmonics will not
be located at base-band harmonics and consequently thadide between these two sets of
harmonics will be removed. More details for this case caroo@d in [11]. Although the non-
integer ratio effectively reduces the interaction betwease-band and carrier harmonics (main
problem with low switching frequencies), it can also prav@h improvement for the carrier
harmonic interactions (main problem with high switchingdguencies). However, the case of
high switching frequencies is more complicated and is igased in the next section.
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Chapter 4. CHB-STATCOM modulation and individual DC-linéltage balancing

4.2.3 Impact of non-integer frequency modulation ratio for high swit-
ching frequencies

In case of high switching frequencies, the problem lies @ribn-ideal cancellation of current
carrier harmonics. As briefly mentioned earlier, the maasams are: different modulation ratio
among cells, different capacitors size tolerance, diffeBC-link voltage among cells, errors in
carriers phase-shift that lead to different pulse width aghcells [63]. Any kind of mismatch
between the modulation of the single cells (for example,denm delay, blanking time etc.)
can also be the reason of failure in ideal carrier harmoracsellation.

In practice there will be some non-zero error associatel thié phase angle of the carrier
waveforms. In order to show the impact of non-intelygrin dealing with this error, the ana-
lysis here will be focused on one carrier harmonic compoaedtthe number of cells will be
considered to bbl = 3. The analysis can be extended to any other harmonic compane for
any number of cells.

Consideringh = 1,1 = 1, 8y = 0 and using[(4]1) and_(4.6), the output cell voltage and line
current for phase are

Ny —Mg 2Mi+1m
V, = J —M
cell 1 T My 11 (1)( M 2 alx
vV
X €09 (20xr + o)t 4 26cr1) =V cog wt + 26¢r1) (4.8)
—_———
w
Veellg =V cog wt + 26¢r2)
Veell, 3 =V cog wt + 26¢3)
3
_Zcheu,i
iy = = = —[coq wt + 2611 — £Ze)+
aYy Zw Zw[ i crl w) (4.9)

whereb.1, 6cr2, Bcr3 are the initial phase angles of the carriers for each cellafyglis the filter
impedance angle, here considered equdl/tp(pure inductive filter).

Before proceeding in the calculation of the active powerefach cell, the initial phase angle of
the carrierder1, Br2, Bcr3 should be determined. Figure 4.8 shows as an example a cisampar
between a carrier with integer carrier frequency ratid/pt= 2 (foy = 100 Hz with solid line)
and non-integer carrier frequency ratioMf = 1.8 (f;, = 90 Hz with dashed line). Observe
that for this figureMs is set small for clarity of the illustration. It can be seeanfr the figure
that unlike the integer case, the initial phase of the caati¢he beginning of each fundamental
period ¢ = 0.02 s,t =0.04 s, ...) is not fixed when non-integer frequency modulatadio is
applied.
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T
modulation index
integer

= = = non-integer

0.05 0.06

Fig. 4.8 Comparison between modulation index and carriér imteger ¢, = 100HZ) and non-integer
(fer = 90H 2) ratio.

Assume that the carrier initial phase angle in the first fumelatal cycle is equal to zero and
let us denote withfy; the carrier frequency in case of an inteddy, while fg is the system
fundamental frequency. For a non-intedés, the corresponding carrier frequendy;,, can be
represented as

6fo
forn= forit =—— 4.1
omn = Teri =5 (4.10)
with 6 the relative phase-shift between two carriers after onddurental cycle. Alternatively,
after half of a fundamental cycle we get

of
fcrn = fcri + 70 (4-11)

Therefore, for analysis purpose the carrier frequencyhfenion-integer case can be represented
as the sum of the frequendy;; and an additional term that takes into account the relatiese-
shift between the two carriers. Considering, as an exarif{eélz and 100 Hz as high and low
switching frequencies, the corresponding non-integejueacy that provide§/3 initial phase
angle after one fundamental period for this example can B8.B(Hz or 991.7 Hz for the high
and 108.3 Hz or 91.7 Hz for the low switching frequency.

Using (4.11), the initial carrier phase angles after eadhdfia fundamental period is

Tt fern— feri)

Ocr1 = fo (ht — 1) +&n(61)
6,
n 7T( fern— 1:(:ri)
6
21t 1 forn— fori
oz = 20y e = fer) o 4 1 ¢ (y)
\3 fo 5
03

59



Chapter 4. CHB-STATCOM modulation and individual DC-linéltage balancing

wherehs refers to the half period number. For example, to find the @laagle of each carrier
after three half periody should be set to 3. The tergg in (4.12) is introduced to model any
phase-shift error between the carriers, which is unavéedatpractical implementations. This
error function is difficult to quantify but a function thatquides a unique error for each initial
phase angle can be considered as

&n(0) =k,0 (4.13)

with k, a constant coefficient. It should be noted that the selectfdhis error function does
not affect the final result.

The active power for each cell calculated over a given nurobéalf-cycles by = hgg) for a
given non-integer carrier frequency can be obtained byipiyibhg the current and voltage in
(4.8) and extracting the constant terms, as

hrg _ _
I::'cell,l = % hle [_ Sln(Zecrl - 290r2> - Sln(Zecrl - 290r3)]

2 P . .
Poell2 = 78 hle [—Sin(26cr2 — 26cr3) — SiN(26cr2 — 26cr1)) (4.14)

2 P . .
Peell,3 = zz\;—hfd hle [—SiN(26¢r3 — 26cr2) — SIN(266r3 — 26cr1))

and in general, foN number of cells is

y2 M N )
Peellk = 27 P hzl nz . —SiN(26crk—26crm, )
f=L1TIh=
nn#k
m(i—1)  2m(fern— feri (4.15)
Ocri = ( N ) + ( C2”;‘0 i) (hf —1)+€n(6)
&

The final goal is to find a value fofn, — fer that provides an equal active power in all cells
in the minimum time, i.e. in the minimum possible numberhgf, in order to minimize the
deviation in the capacitor voltages.

According to [4.14) the ter% is the same for each cell and thus it can be ignored in the
calculation of the power since it has the same effect on ealthConsideringN = 3, k, = 0.01,

fo =50 Hz, Fig[4.9 shows the active power of each cell as a functithe termfe, — fori. The

top plot shows the active power over one half period, secdoidspows the active power over
two half periods, third plot shows the active power overdelf periods. As it can be observed,
only when selectindiq = 3 equal active power can be achieved (wigh, — fei = 16.67 Hz).

Close up picture of this case is shown in the bottom plot.

The same process is implemented for different number of ¢edl.N = 4,5, ...) and the results
are shown in Figl_4.10. The top plot shows the minimum numlbdratf periods needed to
achieve equal active power among cells, while bottom plotwwsthe correspondinty, — feri
value (lowest value).

By curve fitting the obtained results, the optimum solution f;,, — ¢ that provides equal
active power among cells in the minimum number of half cydaq is
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Chapter 4. CHB-STATCOM modulation and individual DC-linéltage balancing

f
fcrn - fcri = iﬁo
For example, choosing the integer carrier frequency of 1 &kt for a fundamental frequency
of 50 Hz, the corresponding non-integer frequencyNo& 3 is 1016.66 Hz or 983.33 Hz.
Following the same procedure, the optimum solutionfigs — fr that provides equal active
power among cells but in minimum number of full fundamentalles (instead of half cycles)

is

(4.16)

fo
2N
Similar to the previous example, choosing the integer eafrequency of 1 kHz, the corres-
ponding non-integer frequency fidk= 3 is 1008.33 Hz or 991.66 Hz. Both of these frequencies
provide the same results. In the following simulation resthe higher switching frequency is
chosen.

fem—fari= = (4.17)

4.2.4 Simulation results

The star configuration with system parameters in Table 3dlusing DC sources instead of
actual capacitors is simulated in PSCAD with integer and-inbeger frequency modulation
ratio for both low and high switching frequencies. FigurE4shows the output active power of
each cell in phasa for different carrier frequencies. Low-pass filtering waint off frequency
of 20 Hz is applied to enhance the difference in the cellvagiower.

As discussed earlier, using integer carrier frequencie$0®f Hz and 1 kHz leads to diffe-
rent active power among the cells. As described in SectidB4optimum non-integer car-
rier frequencies that provides equal active power in mimmmumber of half-fundamental cy-
cle are 1166 Hz and 101®%6 Hz; similarly, optimum non-integer carrier frequencvesich
provides equal active power in minimum number of full-fundatal cycle are 1083 Hz
and 100833 Hz. It can be seen that although both BB5Hz, 101666 Hz and 1083 Hz,
100833 Hz provide equal active power among cells, the selectidi6.66 Hz or 101666 Hz
leads to less deviation in the cell active powers. Carregjdiencies of 125 Hz and 1025 Hz are
examples of non-optimal non-integer carrier frequencgat be seen from Fig. 411 (bottom)
that, regardless the use of a non-intelgler the active powers are not equal in this case.

In order to show the effect of the frequency modulation ratiovoltage balancing of the capaci-
tors, the ideal DC sources in the cells are replaced withehcapacitors. For these simulations,
the star configuration is controlled to inject 0.052 pu rizagpower into the grid. Figure 4.112
shows the capacitors voltages in phaswhen using carrier frequencies &f; = 1000 Hz,
10083 Hz, 10166 Hz and 1025 Hz. Observe that while wifg, = 1000 Hz the capacitor
voltages will deviate from the desired value, the use of a-integer carrier frequency of
for = 10166 Hz or fo; = 10083 Hz will assist in keeping the voltages close to the refe-
rence. It can also be observed that the capacitor voltagestilirslowly diverging when using
for = 1025 Hz, due to the non-optimal selection of this ratio. &amiesults can be obtained
when using low switching frequency for the converter cedls,shown in Figl"4.13, where
for = 250 Hz is used for the integer case and around it for the ntmgén cases. Again, a
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Fig. 4.11 Active power of each cell in phaaafter low pass filtering for different carrier frequencies.

more uniform distribution of the active power in the diffeteells is obtained when selecting
the carrier frequency according with(4116) lor (4.17).

The analysis carried out until now only focuses on the emothe phase shift between the
different carriers and the presented results considertbdyas a deviation from the ideal con-
ditions. However, as mentioned earlier, in practical aggtlons any kind of mismatch between
ideal and actual conditions will have an impact on the distion of the active power between
the converter cells. As an example, Hig. 4.14 shows the @apamltages in phasa with

for = 1000 Hz, 1008 Hz, 10166 Hz and 1025 Hz when a tolerance of 10% is considered for
the DC-capacitor sizes in the simulation model. It can bepled that although non-integeit
helps in keeping the voltages close to the reference, atithfe simulated case it is not possible
to provide a perfectly even active power distribution amtmgcells. As it can be understood
from the analysis carried out in the previous sections, thaict of this kind of deviations
will be more significant when lowering the switching frequgnTherefore, it is of importance
to stress that an individual balancing controller must bel@mented in actual installations, re-
gardless the selection df;. Individual balancing control can be implemented by eithelosed
loop controller or by the sorting algorithm. Both of thesethoels and their implementation are
provided in the next chapters.
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Fig. 4.12 Capacitors voltages in phaswith f;, = 1000 Hz, 1008 Hz, 10166 Hz and 1025 Hz.
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Fig. 4.13 Capacitors voltages in phaseith f;, = 250 Hz, 258.3 Hz, 266.6 Hz and 275 Hz.
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Fig. 4.14 Capacitors voltages in phas&ith f;, = 1000 Hz, 1008.3 Hz, 1016.6 Hz and 1025 Hz and
with tolerance of:=10% in DC capacitor sizes.

4.3 Individual DC-link voltage controller

The control system described in Chapter 3 provides iddnticalulation index for each cell.
The basic idea of the individual DC-link voltage controlieto include an extra control loop in
order to modify the modulation index for each cell and thusvpte the required active power
for individual DC-link voltage balancing.

Each modulation index is characterized by an amplitude apllaae angle. The method pro-
posed in[[64=66] modifies the amplitude and phase angle bf@acdulation index individually
to provide the required active power for each cell. Modifythe modulation index by voltage
vector superposition method is proposed.in [8/67—-69].

Among the proposed methods, active voltage vector supgigpromethod is more robust [69].
Therefore, the method used i [8] is used here for the indali®C-link voltage controller.

For STATCOM applications, the reactive component of theanutris typically much larger than
the active component{>> ig). Due to this fact and also considering to have a fast andg@ec
current controllerigres = ig) it is possible to estimate the current in each phase of treast

oy = %iqrefsin(e —am (4.18)

Whereig is the coefficient used for power invariant transformatimonf dg-reference frame
to three-phase system and “ ~ " is to indicate the estimatexhiifies. Since the current is
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iqref \/E
V3

: : 1
2 . » a2
Vla ( ) kmd Y Cs *Vdc k

Fig. 4.15 Closed loop block diagram of the individual DCklwoltage controller.

leading/lagging by 9®with voltage, the current amplitudes are multiplied by(8in

The voltage components that are superposed to the refeveliage of each cell at each phase
are

k .
iy = Kind,y (Vdck —V3a)Sin(6)
VoY = Kind.v ( Bk — Vapp) Sin(6 — ) (4.19)

) . 2
Wy = Kind.y (Vick — Vi) Sin(8 + &)

whereking y is a proportional gainya, Vb, Veic are the cluster voltages (average of DC-link
voltage in each phase) in phaag,c andvgc’k,vgc’k,vqu are the DC-link voltage ok, cell

in phasea, b, c. The voltage components that are superposed to the reéevatiage of each
cell are AC signals in phase with the currents, which thumfan active power component to
balance the DC-link voltages.

It should be mentioned that the difference between thealusintrol loop explained in Chap-
ter[3 and the individual DC-link voltage controller is thhetcluster control loop takes care of
the cluster voltage and controls it to the reference voltalgde the individual DC-link voltage
controller takes care of the DC-link voltage in each celle Purpose of the individual DC-link
voltage controller is to not allow the DC-link voltage to drge from the cluster voltage.

The active power for the DC-link voltage balancing of #yecell in phasea can be written as

VY [fa
%Cs(vé‘iwz—’ ’YZ} i (4.20)

Replacing the variablM$’ and ]fay} from (4.18) and[(4.19) intd_(4.20), the closed loop block
diagram of the individual DC-link voltage controller candfeown as Fig. 4.15. The closed-loop
transfer function fromv2, to vgzgk is given by

VaZ kind.Yiqref\/z
dck Cv3 _ Oind
kind,Yiqref\/é SH+ind
Cv3

Gindy = —5— = (4.21)

Vela S+
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4.3. Individual DC-link voltage controller

where ding is the closed-loop bandwidth of the individual DC-link \axe controller. From
(4.21), the proportional gain of the individual DC-link vagje controller is given by

Kingy = \/gcaind
ndy = —=——
/ \/quef

It can be observed froni (4.22) that the individual balan@aogtrol does not work wheiye

is zero. Therefore this method is unable to provide the idd&l DC-link voltage control at
zero-current mode. This problem and its solutions will becdssed in the next part of this
chapter.

(4.22)

Following the same design process for the delta configuratlree phase estimated branch
currents of the delta are

~

aA:

2

o4

~

bA:

<[

~

fen = Ligrersin(6 + I+ &)

N

where £ is the phase shift between the line and the branch currehesvdltage components
which are superposed to the reference voltage of each adichtphase are

VA = Kinaa (Vi — V2) sin(6 + F)

c

VK = King.a (Ve — V) Sin(B + 7 — 20) (4.24)

C

K 2 .
Via = Kind.a (Ve — Vae) sin(@ + § + )

i

The proportional gain is then given by

Kind.a = Hlind
ndA = .
\/quef

Figure[4.16 shows the overall control block diagram of CEBATCOMs including individual
DC-link voltage controller.

(4.25)

4.3.1 Simulation results

The CHB-STATCOMs with system parameters of Table 3.1 areisitad in PSCAD including
the individual DC-link voltage controller. In order to addaihe interaction between the cluster
and individual DC-link voltage controller, the individuabntroller is intentionally designed to
be slower than the cluster control loop. The closed loop Wéditi of the individual DC-link
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Fig. 4.16 Overall control block diagram CHB-STATCOMSs witiidividual DC-link voltage controller;
(a): Overall control; (b): individual DC-link voltage cawtler.
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Fig. 4.17 DC-link voltage results of CHB-STATCOMSs; top: dited DC-link voltages; bottom: outputs
of the individual DC-link voltage controller. (with carri&equency of 1 kHz)

voltage controller is set to 1 Hz, i.e. 5 time below the bariwiof the cluster control loop
bandwidth.

Figurd4.1¥ shows the filtered DC-link voltages and the autpthe individual DC-link voltage
controller of each cell in phasefor both star and delta when integer carrier frequency of 2 kH
is used. The reference reactive current is set to 0.3 pu.ndm@dual DC-link voltage controller
is not activated in the beginning of the simulation and atéd att = 3 S. Figure_4.17 (top)
shows the ability of the individual DC-link voltage contiexito control the DC-link voltages.

Figurd 4.18 shows the obtained simulation results whenintger carrier frequency of 1067
Hz is used instead. It can be observed from[Fig.14.18 thatimgu®n-integer frequency modu-
lation ratio, the individual DC-link voltage controller fumuch less effort in controlling the
DC-link voltages. This shows the advantage of using noeget frequency modulation ratio
instead of the integer one.

4.4 Individual DC-link voltage control using sorting algorithm

Individual DC-link voltage control presented in the prawscsection is based on the superposi-
tion of a voltage component to the reference voltage. Thigifivation of the reference voltage
for each cell can degrade the harmonic performance of thB\WSH [6Q]. This is due to the
fact that the perfect harmonic cancellation will be achiewden all the modulation indexes are
identical. Another problem caused by the individual DCkholtage control using the control
loop method is the interaction between the individual DikWoltage controller and the cluster
control loop. Due to these problems, another techniquedotrolling the DC-link voltages has
been introduced, based on the sorting algorithm. The gpatigorithm allows the modulation
scheme to inherently balance the DC-link voltages, thuswemg the need for any control loop.

In sorting algorithm when the converter absorbs active pgalearging mode) the cells with the
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Fig. 4.18 DC-link voltage results of CHB-STATCOMSs; top: dited DC-link voltages; bottom: outputs
of the individual DC-link voltage controller. (with carriérequency of 10167 kHz)

lowest DC-link voltage are directly inserted to synthesimereference voltage, while when the
converter inject active power (discharging mode) it is wieese and the cells with highest DC-
link voltage will be used instead. This method graduallyrgka and discharges the capacitors
with lower and higher voltage value without the need for aimaeguter control loop [9, 10].

The main problem associated with the aforementioned gpaigorithm is the resulting high
switching frequency as the balancing algorithm switchesdhlls according to their DC-link
voltage at every control period. Another drawback of thehteque is the required processing
time for sorting the DC-link voltages. Many papers proposkigtnt methods to decrease the
needed processing time for sorting the DC-link voltage$ &) and the switching frequency
[74-£77]. References [78, 78] proposes a modified LS-PWM &mbvdistribute the switching
pulses among the cells using the sorting technique. Refesd@9-811] proposes a modified PS-
PWM using the sorting technique to improve the harmonicgrarénces. Sorting algorithm for
configuration with high number of cells per phase leg is psgglin [82] by using NLM. Sor-
ting algorithm using predictive control is proposed(in![83] in order to reduce the switching
frequency as well as ripples of the capacitor voltages.

4.4.1 Sorting algorithm and modulation technique

The current controller calculates the three-phase voltaigeences to be sent to the modulator.
At the beginning of each control cycle, the minimum numbecaeifs to be inserted (direct or
reverse), and the fractional part of the voltage refereacesletermined. The fractional part is
then properly scaled and compared with a carrier.

If the state of the phase leg is in charging mode (considehaglirection of the current to be

toward the converter, charging mode is when referenceg®iiad current have the same sign),
then the cells are sorted in ascending order. The requiretbars of cells that are supposed to
be inserted are chosen from the capacitors with the lowdtsige For the remaining capacitors,
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the one with the lowest voltage is chosen to be modulated dyréctional part of the voltage
reference. The rest of the cells are fully bypassed.

The same process can be used for discharging mode (voltageuarent at each phase are in
opposite sign), where the cells are sorted in descendirgy.ord

For practical implementationfloor andrem commands can be used for the sorting PWM.
floor (x) returns the nearest positive integer lower or equal tem(2/},) returns the fractional
part ofa dividedb. For example, if the reference voltage in one phase ikvland each cell
voltage isVye = 3.33 KV, then floor(—19/3 32)=5 andrem(—19/5 33)=-2.35. The fractional
part of the reference voltage is normalized with the celtagg and will be used to modulate a
cell. In this example eventually 5 cells must be reverseeriesl and one cell must be modulated
with the fractional part.

4.4.2 Zero-current operating mode

Although sorting algorithm is an effective solution for tagye balancing when the converter is
exchanging current with the grid, less attention has be@hfpazero-current operating mode
(STATCOM in standby mode) in the literature. Sorting algfum needs current sign information
to provide a correct sorting pattern. As a consequence, Wigsexchanging current that flows in
the cells is zero, the sorting algorithm is unable to takectiteect insertion decision for proper
balancing of the DC-link voltages. In practical applicasothis is even more problematic when
noise is also added in the measured current signal. Thegmobf system operation at zero-
current mode also exists when using individual DC-link &gk control loop, as described in
Sectior 4.B.

Here, two methods for capacitor voltage balancing at zerceat mode are proposed. The first
method is based on a modified sorting algorithm, while thesgenethod is based on DC-link

voltage modulation. It is of importance to stress that theestigated methods are for zero-
current mode only, since when a current circulates in thes@leg the classical or advanced
sorting techniques can be adopted.

The proposed methods are meant for the star configuratitimoédh the same methods can be
used for the delta configuration, it is of importance to cdasithat in this case, it is possible
to force a current that circulates inside the delta and tyeedlow a uniform distribution of
the active power among the different cells. This solutionnza be implemented in practice
in the star case. For this reason, capacitor cells balansingre challenging in star configu-
ration, especially in case of zero (or more in general, verglg current exchange between the
compensator and the grid.

Figure[4.19 shows the principle of operation of unipolar PWiken the reference voltage is
positive. The reference value in Fig. 4.19 is the fractiqraat of the reference voltage.

As shown in the right figure, if the RMS value of the currentdrees zero, the sign of the instan-
taneous current will change in the middle of two samplinghiThis implies a discharging

following by a charging state during one control cycle. Thens sign change is observable
when reference voltage is negative: in this case, the itest@ous current is positive in the first
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Fig. 4.19 Zero-current mode operation in unipolar PWM ansitp@ reference voltage; left: H-bridge
converter; right: unipolar PWM principle.

half cycle and is negative in the second half. This impliesim@ discharging followed by a
charging state during one control cycle.

The sorting algorithm determines the switching patterrnirguone control cycle based on the
charging or discharging mode; however the sign of the inateeous current at zero-current
mode shows that a single detection in the beginning of eanlracacycle is not sufficient to
determine the sorting pattern. Therefore, the detectiorhafging or discharging, and conse-
guently the sorting pattern, must be updated in the middtezofsampling points.

The conventional sorting algorithm is applied to a 19-lestal configuration in PSCAD. Table
4.1 shows the system parameters selected for the simugitidyg.

TABLE 4.1. SYSTEM AND CONTROL PARAMETERS

Parameters values

Rated powef, 120 MVA, 1 pu
Nominal line to line rms voltag¥, 33kV, 1lpu

Filter inductanced.; 4.33mH, Q15 pu
Filter resistorR 0.136Q, 0.015 pu
CapacitorsC 4 mF, Q088 pu
DC-link voltage of each ceWy. 3.33kV, 01 pu
Number of cells per phagé 9

Carrier frequency for PWM, 500 Hz

Grid frequencyf, 50 Hz

Current control closed loop band widtlh 27T x 100 rad/sec
Cluster control closed loop band widtly 27 x 5 rad/sec

In order to provide a more realistic model, the capacitorgach cell are paralleled with a
resistor. This resistor is to model the internal lossesac#ll and is chosen to be different from
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Fig. 4.20 DC-link voltages and line current in phasithout the proposed methods; top: line current;
bottom: capacitor voltages.

cell to cell. In addition to the resistors;e20% tolerance band is chosen for the capacitors sizes
(3.2to 4.8 mF). Note that the deviation here consideredg®la order to stress the system and
accelerate the voltage deviation.

Figure[4.2D shows the simulation results when using theamional sorting algorithm. Top

plot shows the line current in phasewhile the lower figure shows the DC-link voltages in
phasea. Similar behavior can be observed for the other phases. durdis are showing the

measured quantities in pu. At t=0.9 s, the reactive curremhanged from 0.35 pu to zero.
Figure[4.2D shows that conventional sorting algorithmoisable to provide proper individual

cell balancing at zero-current mode.

Figure[4.2] shows a detail of a cell output voltage, line enirbetween two sampling points
together with the interrupt signal. It can be observed frbimfigure that the sign of the current
is negative in the first half of the control period and changgsositive after almost half of the

period, as anticipated earlier in this section. Theor#yicat zero-current operating mode, the
current sign changes exactly in the middle of the contrabgeiThis provides equal positive and
negative areas, leading to equal charging and discharGiogsequently, the DC-link voltage

should remain constant. However in practical applicatibissymmetry will not be achieved,

leading to slightly more charging or discharging area (athis specific example). Therefore
the DC-link voltages will not remain constant and divergeirtheir reference values.

4.4.3 Modified sorting algorithm

The first proposed method takes advantage of the knowledteedfign of the current ripple
as zero-current mode. In STATCOM applications even if thectige current is zero, there is
always a small active current flowing in order to keep the gbaf all capacitors and compen-
sate for the losses. In this case the RMS value of the cusemitizero. This is beneficial for
the sorting since a small flowing current with small ripplepitades can be used for the cells
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Fig. 4.21 Cell output voltage and line current together wiiidin interrupts.

sorting. However, measurement noise can affect the deteaticharging or discharging mode.
The noise amplitudes can become bigger than the actuahturre

In this section a solution is proposed, which is independi@mh the current measurements.
The proposed method assumes that the ripple current isriigge the RMS value when the
exchanging current is small and therefore the actual cucambe approximated with its ripple
only.

As explained in the previous section, at zero-current mbdecontrol cycles always start in a
discharging mode and in the middle of the control cycle ittBda@hange to charging mode.
Therefore, current and voltage measurements are not neegetbre to detect the charging or
discharging modes. In the proposed method, two sets ofugtesrare used. The main interrupt
is synchronized with the top and bottom of the main carri@s interrupt is used for sampling
of the measured quantities. The second interrupt, locatédden the two sampling points is
introduced in order to indicate the point where the discimgrghode should change to charging
mode. Whenever this interrupt is enabled, the sorting @lgarmust change the sorting pattern
according to the new mode. It is of importance to stress tatmodified sorting algorithm
proposed here should be used for zero-current mode onlythfashold for the activation of
the proposed controller is here set to 0.03 pu current.

The flowchart of the proposed algorithm is shown in Eig. #182he beginning of each main
interrupt, first the reference voltage is determined. Thiee,number of cells that must be in-
serted (direct or reverse) and fractional part of the refege/oltage are determined. Whenever
the RMS value of the current is below the predefined thres{@@B pu in this case), the pro-
posed method is activated. According to the sign of the atimpple discussed in the previous
section, every control cycle starts with the discharginglencegardless of the polarity of the
voltage. Thus, the first sorting pattern is determined baseithe discharging mode. After this
step, the controller waits to receive the second interfenoim the middle of the control cycle to
the end, the phase leg is in the charging mode and the sodtteyp is determined accordingly.
Finally, the controller waits for the main interrupt to conte the same process.

It is worth mentioning that charging and discharging pattexplained here (discharging first
charging second) is based on the assumption that there iglag oh the digital controller.
Considering for example the one-sample delay in the digitatroller, the charging and dis-
charging pattern must be reversed (charging first dischguggcond). The reason is that due to
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Fig. 4.22 flowchart of the proposed controller.
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the one-sample delay, in each interrupt the controllerdi#escabout the next control period.

Since the modified sorting algorithm relies on the curreppla, the operating range of this
method is limited by current ripple amplitude. The proposedhod is valid as long as the RMS
value of the current is less than the current ripple ampéitadd must be avoided beyond this
region. In order to provide wider control region at zeroreat modes, an alternative method
called DC-link voltage modulation is here proposed in tHefing section.

4.4.4 DC-link voltage modulation

The basic idea behind the DC-link voltage modulation metisad vary the amplitude of the
current at zero-current mode by exchanging a small amouaxttofe current with the grid.

Active current exchange can be achieved by allowing the @gapavoltages to increase and
decrease gently around the desired reference value. Ahoglfaide/low-frequency sinusoidal

component can be added to the reference DC voltage oncerihierter operates at zero-current
mode, thus forcing a small current exchange between theecmand the grid.

The amplitude of the sinusoidal component should not irsere¢be DC-link voltage beyond
the safety margin of the converter. According [fo {4.6) andsidering only the fundamental
component, the converter maximum and minimum voltagesaloelated as

VaY = Eaji Z|aY,rated (4-26)
wherelay ratediS the rated current of the converter. Accordind o (4.26)IC-link voltage band

for each cell of the star configuration witkhnumber of cells per phase leg is located between a
minimum and maximum value as

. EatZI aY,rated

= 4.27
dc N ( )
The DC-link voltage reference can then be written as
Vi.o+Vvecogq2mfgt) iz=0
Vi, =4 de0 4 4.28
dc { ngn Iq 75 0 ( )

wherevcog 2rtfqt) is the sinusoidal component with amplitudevoénd frequency offy; the
zero-current mode is activated whign= 0. The required DC-link voltage at zero-current mode
is equal to the middle of the DC-link voltage band calculate@.27). Thereforey;., andvin
(4.28) should be selected so that the DC-link voltage @tedl between the maximum and the
middle of the DC-link voltage band. The voltag&n in (4.28) can be either designed to the
maximum DC-link voltage level or it can be programmed to vargording to[(4.27) [8].

The resulting current must be low in order to avoid to impé&et grid voltage. However, the
noise and ripple can affect the proper sorting algorithner€fore an estimate of the line current
should be used instead of the measured signal. Since the/esaarrent is very smalig >> iq)
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and assuming a fast and precise current contrdafle (), it is possible to estimate the current
in each phase of the star as

lay = \/é 4cog0)

|byz\/§ fcog 0 — ) (4.29)

iy = \\gl*cos(eqL 2")

where% is the coefficient used for power invariant transformatiamfdg-reference frame to

three-phase system and €85 is to make the current in phase with the grid (since the ctirren
is mainly active current). Note tha&} is determined by the cluster control loop described in
Sectior 3.2.8. The current information required for theaiegralgorithm can then be written as

._{ estimated current frorfd.29) %=

measured current it #0 (4.30)

According to[(4.3D), once the converter starts to operatieupero-current mode, the estimated
currents of[(4.29) instead are used in the sorting algorithon any other operating mode, the
measured currents are used. It is of importance to stresththastimated currents are only used
in the sorting algorithm under zero-current mode. The eurcentrol will still use the measured
currents in the feedback loop.

4.4.5 Simulation results

In this section, simulation results for the two proposedirads for DC-link voltage balancing
under zero-current mode will be presented.

Modified sorting algorithm

The proposed modified sorting algorithm method is applietthéosame simulation case study
presented in the previous section (see Figurel4.20). Fig&& shows the simulation results
when using the proposed method. Top plot shows the thregegime currents and bottom plot
shows the capacitor voltages in phask andc. At t=0.9 s, the reactive current is changed
from 0.35 pu to zero. Figufe 4.23 shows that the proposeditiigois able to provide proper
individual cell balancing at zero-current mode.
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Fig. 4.23 Capacitor voltages and line current by using tlop@sed method; top: Three-phase line cur-
rents; bottom: all capacitor voltages in each phase.

Figure[4.24 shows a zoom view of the output voltage of twasdedllonging to the same phase
leg, the line current between two sampling points togethtr main and secondary interrupts.
This figure shows that unlike the conventional sorting atgar (Fig.[4.21), the output voltage is

not generated by only one cell. According with the proposethed, the pulse is first generated
by a cell that is chosen based on discharging mode and afffea pariod (at the secondary

interrupt) the pulse is completed by a cell chosen basedeattarging mode.
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Fig. 4.24 Two cells output voltages and line current togettieh the main and secondary interrupts.

Figure[4.25 shows the simulated line current and DC-linkages when the reference current
varies from 0.03 pu inductive to 0.03 pu capacitive. Friom 0.7 s tot = 0.8 s, the reactive
power is set to zero, from= 0.8 s tot = 1 s to 0.03 pu inductive and froln=1stot =12 s

to 0.03 pu capacitive. The current ripple amplitude from. Bi@0 (top) is 0.07 pu (i.e., above
the threshold level). Again, as it is shown in Hig, 4.25 (bot}, the proposed method is able to
provide proper individual cell balancing.
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Fig. 4.25 DC-link voltages (top) and line current (bottonidhwhe proposed method in the current range
of -0.03 pu to +0.03 pu.

To evaluate the robustness of the proposed method, a 0.06ipaivoise is added to the current
and voltage measurements. Furthermore, a one-sampleide@aysidered in the controller. In
order to provide a more realistic model, deadtime gi$for the switches and 2 V forward
voltage drop over the valves are considered. The amountisé ndeadtime and capacitor size
variations chosen here are exaggerated quantities in tvderify the robustness of the pro-
posed method under extreme cases.

Figure.[4.26 shows the obtained simulation results. Topgilows the reactive component of
the current and its reference. The reference reactiverugset to -1 pu in the beginning and
changes to zero and 1 putat 0.5 s and = 1.5 s respectively. Bottom plot shows the successful
operation of the controller in balancing the DC-link vokag
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Fig. 4.26 Simulation results by considering noise, delagdiime and valves voltage drop; top: Reactive
component of current and its reference; bottom: DC-linkagés in phase.

Finally in order to evaluate the proposed method in presehgeid voltage harmonics, a 5th
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harmonic of 0.016 pu amplitude and a 7th harmonic of 0.011Inmoliéude are added to the grid
voltage. Figuré4.27 shows that also under this conditierptioposed algorithm allows to keep
the capacitor voltage balanced.
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Fig. 4.27 Effect of grid voltage harmonics on the proposethot top: Grid voltages; middle: reactive
component of the current and its reference; bottom: camaaititages in phasa.

It should be noted that the extra interrupt only changes ahnting pattern and switching states
of the converter between two sampling points. The proposeitioal does not affect the main
current controller or reference voltages. Therefore thethomd does not imply any transient
when the converter moves into or back from standby mode.

DC-link voltage modulation
The proposed DC-link voltage modulation method is appleethe same simulation case study

presented in the previous section. Based on the system paaaim Tablé 4]1 and o (4128), the
DC-link voltage reference is defined as

0.095+ 0.005cog2m5t) i
Vilpu = { 0% POOeoRrE S

Note that the required DC-link voltage for the zero-curnmaide is equal to 0.09 pu. Therefore,
to keep the oscillations of the DC-link voltage between Ca@#l 0.1 puyg,o andv in (4.28)

*:O
q 4.31
o (4.31)
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Fig. 4.28 DC-link voltages result with the DC-link voltagedulation method; top: Reactive component
of the current and its reference; middle: capacitor vokagephasea by using measured cur-
rent in the sorting algorithm; bottom: capacitor voltagephasea by using estimated current
in the sorting algorithm.

are chosen to be 0.095 and 0.005 pu. 5 Hz is selected for tipeeiney of the DC-link voltage
oscillations.

Figure.[4.28 shows the reactive current (top plot) and depaeoltages (middle and bottom
plots) when using the DC-link voltage modulation technigliee reference reactive current is
setto -1 pu and then it is changed to zero and 1 pu=a.5 s and = 1.5 s respectively. Middle
plot shows the capacitor voltages when the measured camemtised in the sorting algorithm,
while the bottom plot shows the capacitor voltages whenguia estimated currents. It can be
observed that using the measured current in the sortingitlgpdoes not result in a perfect
individual balancing while using the estimated currenéslfeto a proper balancing among the
DC-link voltages.

As for the previous case, forward voltage drop over diodesddtime, delay in the digital
controller and noise are included in simulation model ineortb evaluate the robustness of
the proposed method. The same simulation as in[Fig] 4.28pkemented and the results are
shown in Fig[4.29. It can be observed that proposed methstilliable to provide the correct
balancing.

The resulting capacitor voltages in presence of grid velta@gmonics are shown in Fig. 4130.
The reference reactive current is the same as in the top pFogd4.28. It can be observed that
in this case the individual balancing fails.
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Fig. 4.29 DC-link voltages result with the DC-link voltageodulation method in presence of noise,
delay, dead-time and voltage drop; top: Reactive compooietite current and its reference;
bottom: capacitor voltages in phaae

As described in Section 3.2.3, in order to enhance the dynaerformance of the system,
grid voltage feed-forward is used in the inner current calter. Although the feed-forward
term allows a perfect voltage compensation under ideal itond, problems might arise in
case of distorted voltage at the connection point. As therober is implemented in discrete
time, delays due to discretization and computational timéhe control computer result in a
phase shift between the actual and feed-forwarded gridgeltThese phase shifts are typically
compensated for the fundamental voltage component omlgliig to a harmonic current flow
between the VSC and the grid if additional countermeasuresat taken when implementing
the current controller [E5].

The presence of the harmonic currents has an impact on th&@atetaken by the sorting al-
gorithm. This is due to the fact that the harmonics have anliandp that is higher than the
fundamental component. In order to avoid this effect anth@tstime time increase the system
performance, when the converter is operated under didtgrids the current controller can be
improved as suggested in [85], in order to reduce the angditf the current harmonics that
flow in the converter phase legs. An alternative way to hatidgroblem is to simply increase
the amplitude of the oscillations introduced in the DC-lwidtage and, thereby, increase the
amplitude of the fundamental current component. For theidemned case, the DC-link voltage
reference can be set as

0.1+0.01cog275t) if=0
VSC[DU]={ 0.1 $re) i%;«éo (4.32)

This indicates that carefulness must be taken in seledtmginplitude of the oscillations when
the converter has to be operated under distorted conditiormsder to avoid that the DC-link

voltage exceeds the ratings of the cell. Figure 4.31 shoessithulation results with the new
DC-link voltage reference. It can be observed that underabndition the proposed algorithm
allows to keep the capacitor voltage balanced.
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Fig. 4.30 DC-link voltages result with the DC-link voltageodulation technique in presence of grid
voltage harmonics and DC-link voltage reference of (4.31).
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Fig. 4.31 DC-link voltages result with the DC-link voltageodulation technique in presence of grid
voltage harmonics and DC-link voltage reference of (4.32).

4.5 Conclusion

In this chapter, the impact of the switching harmonics ongbeer distribution among the
different cells of the star configuration with PS-PWM is istigated. A solution to improve
the power distribution among the different cells is to sekeaon-integer frequency modu-
lation ratio. The theoretical analysis gives indicationtloa optimal selection of the frequency
modulation ratio, based on the number of cells that cornstitue converter phase leg. It is of
importance to stress that in practical implementationsirtdeszidual DC-link voltage balan-
cing controller is still needed, due to the unavoidable naisiin between the different harmonic
components in the cells.
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Chapter 4. CHB-STATCOM modulation and individual DC-linéltage balancing

Two different individual DC-link voltage balancing teclynies are described in this chapter:
individual balancing control using extra outer controlpand sorting algorithm. Although both
methods are well investigated in the literature, they ateabte to provide proper balancing at
zero-current mode. This chapter proposes two solutionstbvidual DC-link voltage balan-
cing at zero-current operating mode: the modified sortiggrathm and the DC-link modulation
technique.

Since the modified sorting algorithm uses the current rigpke operating range of this method
is limited by current ripple amplitudes. The proposed métisovalid as long as the RMS value
of the current is less than the current ripple amplitude andtrbe avoided beyond this region.
Grid voltage harmonics can affect this method if the curtleat cause by harmonics exceed the
amplitude of ripples.

The DC-link modulation technique provides easier contlgbathm without the limitation of
the previous method. However, if the increase in the capacidltages reference exceeds the
safety margin of the converter, then higher safety marginthe DC-link voltage should be
considered in the hardware design of the converter.
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Chapter 5

Operation of CHB-STATCOM under
unbalanced conditions

5.1 Introduction

The control system for the CHB-STATCOM presented in the jongvchapters has been derived
under the assumption that the connecting grid is perfeclgrited and that the compensator
is only exchanging positive-sequence current with the. dficlwever, the STATCOM is often
utilized for balancing purposes, both in terms of voltagd aarrent balancing, and therefore
needs to be able to properly and independently control bositipe- and negative-sequence
current. One of the main disadvantages of the CHB-STATCQMt§i star and delta configu-
ration) as compared with the more traditional NPC and CC@addck of a common DC link
and thereby the inability to exchange energy between theeplegys to guarantee an uniform
active power distribution between the phase legs. For tl@lanced operation, as it will be
shown later in this chapter, the cluster controller desctiim Sectiof 3.2]3 is not sufficient and
additional countermeasures must be taken to avoid cap&oitage drifting.

In particular, in case of star configuration, when the sys&eexchanging negative-sequence
current with the grid, a zero-sequence voltage must bedotred in the output phase voltage of
the converter to guarantee capacitor balancing, resutiiagnovement of the floating Y-point
of the converter/[12—15]. This leads to the need for an irsdanumber of series-connected
cells in order to realize the required phase voltage. On therdand, the delta configuration
allows negative-sequence compensation by letting a zEyoence current circulate inside the
delta, which increases the required current rating for thapensator/ [16-18]. Using zero-
sequence voltage and current for hybrid star and hybricad=ihfiguration are presented in
[86] and [87], respectively.

In the work presented in_[19][20], the star configuration amsidered as the most suitable
configuration for positive-sequence reactive power costtypically for voltage regulation pur-
pose and, more in general, for utility applications; on thieeo hand, delta configuration is
considered to be the best solution for applications whegatng sequence is required, as it is
the case for industrial applications (for example, flicketigmation).
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Chapter 5. Operation of CHB-STATCOM under unbalanced damh

However, requirements from Transmission System Oper&i@&@®©s) are changing and start to
demand negative-sequence injection capability for thevexers connected to their grid [21].
Furthermore, the delta configuration can present limitetia injecting negative-sequence cur-
rent in case of weak grids, where both load current and veléag unbalanced, or under unba-
lanced fault conditions [20]. For this reason, it is of highpiortance to investigate the limits in
terms of negative-sequence compensation for this kind mtrclbers.

In this chapter, the ability of CHB-STATCOMSs to exchange atgge-sequence current with the
grid is investigated. A general solution for the requiretbzeequence voltage and current under
any unbalanced condition will be derived. It will be showmtthoth configurations exhibit a
singularity in the solution of the zero-sequence comparvelnich in turn limits the operational
range of the compensator under unbalanced conditions.

5.2 Impact of unbalanced conditions on active power distri-
bution

Figure[5.1 shows the line-diagram of a CHB-STATCOM, bothtar and delta configurations.
With reference to Fid. 511, assuming an unbalanced comdlifi@ converter voltage and current
for each phase in case of star can be written as

(5.1)
Tgp =Tep+Tgp =170 —%) 4 |=d(@ +F)
Tgc= T;ic%—l_;c — 1 +d@ ) 4 —d6 - F)
with

e V~ VT negative- and positive-sequence voltage phasor amplitud
e 6, ,6,: negative- and positive-sequence voltage phasor angle
e |17 negative- and positive-sequence current phasor amplitud

e & ,3": negative- and positive-sequence current phasor angle

The active power in each phadey(, Pavh Pavo) can be calculated by the inner product of the
phase current and voltage for each phase as
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Fig. 5.1 Cascaded H-bridge multilevel converter. (a) stafiguration, (b) delta configuration.
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Fig. 5.2 Effect of unbalanced condition on average actiwggrat each phase for CHB-STATCOMSs.

\Van s VI~
Pava= cos 8, —3")+ cog6, — &)
- —1+
+ Y o8y &)+ cos8, — 5
Vasks Yl
I:)alvb: COSQJ—QJF)—I— 005(6\7_5() ( )
5.2
1= 4. V-IT AT
+ 005(9\7—5._—3) 005(9\/_—5.++§)
T+ —
Pave= 5 cog 8, —3")+ > cog6, — &)
AV e 4. VIt B AT
+— coq 6, — 4 +?)+ 5 cog 6, —6,*—?)

It can be observed froni_(8.2) that each phase of the convsrtdraracterized by a different
active power, due to the interaction between the sequenog@aoents. Similar result is also
valid for delta structure.

In order to show the effect of an unbalanced condition on thesp active powers, the CHB-
STATCOMs are here simulated when injecting a negative-sacgicurrent in the grid. For this
simulation, the DC-link capacitors are replaced by fixed D@rses. Figure 512 shows the active
power flowing in each phase of the star and delta configuratiéor clarity of the illustration,
the powers are low-pass filtered in order to remove the delubtpiency component. The grid
is balanced and the STATCOM is injecting 0.9 pu positiveusege current in the grid. At
t = 0.5 s the negative-sequence current is stepped from 0 pu tauOl4ip clearly possible to
observe from the figure that under this condition, diffelasttve powers will flow in each phase
leg; this would lead to diverging DC-capacitor voltageshia phase legs.
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5.3 Control solution under unbalanced conditions

The control system of the CHB-STATCOM must guarantee thatattive power is equally
distributed among the phase legs, in order to compensatidosystem losses and keep the
charge of the DC capacitors. Considering the star configurgd zero-sequence voltage can be
added to all phases to fulfill this requirement. Assuming @ipalanced condition of the system
and with reference to Fig. 8.1(a), the phasors of the coewv@tiase voltage and current for
phasea can be written as

Va=VHdW 1v—db 1ypd% 53
Tgaz 1769 11768 |

with
e V~ VT negative- and positive-sequence voltage phasor amplitud
e 0, ,6, : negative- and positive-sequence voltage phasor angle
e |~ ,1": negative- and positive-sequence current phasor amplitud

° 6|*,6I+: negative- and positive-sequence current phasor angle

Analogous relations hold for the other two phases of the edav.

The introduction of a zero-sequence voltage allows two egof freedom, in terms of am-
plitude /o) and angle &,0). The goal is to find a suitable value fgg and 6,9 to remove the
interaction between the sequence components and thusiprami uniform active power dis-
tribution among phases. Considering phaaesdb and considering zero-sequence voltage
injection, the total active power can be written as

\Vad ks e B
P,= cog 8, — &%)+ cog6, — & )+
\Vaul b -1+
+ cos8, -3 )+ cog6, —&")+
Vol ™ Vol
+ 5 cos(By, —§ >+—cos<evo 3)
(5.4)
\Vad ks e B
R = cog 8, — &%)+ cog6, —& )+
+ +
AL cog 6, — 6—%”)+V2| cog6, — o+ 43n>+
Vol ~ _ 27T Vo| 27T
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Chapter 5. Operation of CHB-STATCOM under unbalanced damh

The first two terms in[(5]4) indicate the active power exgmssassociated to the positive-
and negative-sequence components. These terms are eaglighivases and can be controlled
through the overall DC-link voltage controller, as it wilklshown in Section 5.4.2. Th&3nd

4™ term denote the active power generated by the interactiomelem positive- and negative-
sequence components; this interaction is responsibl@éouneven power distribution between
the phases. Finally, the last two terms[in [5.4) are the agtower terms generated by the zero-
sequence voltage injection. Two main components can bdifigeinin (5.4), an active power
component that is common among the phaBesy] and a component caused by the interaction
between the different sequenc€gd):

\Vasiu VI~
cos6; — ")+

\Vau I AV
I::'disa— 2 C05(9+ _) +

I:)com -

cog8, — )

cog 6, — &)+

Y0 cox @, — )+ 1 cos8, ~ ) 55

- —+
VI ooy — 5—%")+V' cog6; — 8"+ 43">

m Vol 2n

costBy, — " + )

Paisb = +

Vol ~ _ 2
+ TCOS(QVO o — 3 — )+

Under ideal conditions, the interaction between sequesdis only disturbing factor that leads
to the uneven power distribution between the different peasSherefore, calculating an appro-
priate zero-sequence voltage amplitude and phase thasRake= Pyisb = 0 will be sufficient

to guarantee the balancing of the DC capacitors voltages.eier, in practical applications
other factors (such as different components characis)stvill impact the active power flo-
wing in the phase legs. Thereforg, (5.5) can be solved fonamgécase to find the appropriate
zero-sequence voltage to compensate any kind of powerligstioe as well as interaction be-
tween negative- and positive-sequences. Let us introduze@é¢w variablek; andK», defined
as:

+- -+
Ky = V2I cog 6, — *)+V I cog6, —&")
(5.6)
+- -1+
Ky = v cog 6, — 6‘—4?”)+V| cog B, — & + 4371)

Expanding the cosine terms [n_(b.8)isa andPyisp Can be rewritten as
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5.3. Control solution under unbalanced conditions

- +
Pagisa= K1 +Vocog6,,) [I? cogd )+ I? cos(é,*)]Jr

(. J/

ng%Eng,a]
. TV L
+Vosm(6\,0)[fsm(5| )Jr?sm(éI )]
Ko Lim[T a
_4 3Im[lgal (5.7)
I _2m. T L 2
Paish = K2 +VoCog(B,) [ COSG™ + —) + - cod§™ — )|+
KSZ%Re[Tg,b}
. 2 I § |+ . 27T
+Vosm(6\,0)[zsm(6I +§>+75'n(5.+—§1]
K6:%Im[Tg,b]

The set of equations above can be simplified in order to isdla terms that involves the
zero-sequence voltage as:

Paisa— K1 = KaVpcog 8,) + KaVosin(6y,)
(5.8)
Paisb — K2 = KsVp cog 6,,) + KeVosin(6y,)

where the different terms have the meaning as indicatéd ). (Solving [5.8), the phase angle
and amplitude of the zero-sequence voltagelare [88]

(Pisb— K2)Ks — (Paisa— K1)Ks

tanfy, =
Y0 (Pgisa— K1)Ke — (Paisb— K2)Ka

(5.9)
Ve — Paisa— K1 _ Paisb— K2
0 Kscoq6,) +Kasin(6,,) Kscodqby,)+Kssin(6y,)

As mentioned earlier, for the delta configuration a cirdnfacurrent (oe"sio) can be used to
guarantee capacitor balancing. The circulating currentsflonly inside the delta, allowing
power exchange between the phases without affecting tdeSQjmilar to the star configuration,
the zero-sequence current allows two degrees of freedoernmstof its amplitude and phase.
Assuming an unbalanced condition and with reference tdEigb), the converter phase voltage
and current for phasgcan be written as

Vap=VHd% ;v

_ . D (5.10)
Tgan=17€% +176% +lod%
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Chapter 5. Operation of CHB-STATCOM under unbalanced damh

Following the same criteria adopted for the star case, thgliarde and phase of the zero-
sequence current can be calculated a5 [88]

(Paisa— K11)K15 — (Paisb— K12)K13

tand,, =
©  (Pyisb— K12)K14 — (Paisa— K11)K1g
(5.11)
lo = Paisa— K11 _ Paisb — K12
K]gCOido) + K14sin(do) K15COS(do) + K]_@Sin(do)
where the different constant terms are defined as
- + v - +
K11 = cog6 - )+ cof6, —43")
AV e 4. V-IT 41t
Kip = cos(ej—dl_—g)Jr 005(6\,_—6|++?)
(5.12)

1 1
Kiz= ERe[Vab],KM = §|m[Vab]

1 1
Kis = éRe[Vbc],Kls = élm[\/bc]

5.4 Control design

The aim of the implemented controller is to track both pesitiand negative-sequence refe-
rence currents while at the same time control the DC-linkag®s at a desired reference value.
The overall control block diagram is shown in Hig.15.3. Thpbase quantities are transferred to
the rotatingdg-reference frame using a transformation angjl@rovided by the PLL. Positive-
and negative-sequence components of the measured sigaastenated using Delayed Sig-
nal Cancellation (DSC) technique [89] and are indepengemhtrolled using a Dual Vector
Current Control (DVCC). A detailed description of each pafrthe controller is provided in
following.

5.4.1 Dual Vector Current-controller (DVCC)

The DVCC is constituted by two separate Pl-based CurrentrGitars (CCs) implemented
in the positive- and in the negative-synchronous referdramae, as shown in Fig. 5.4. Both
grid voltage and filter current are separated into positared negative-sequence components
and the controller tracks the corresponding referencesntsr The CC outputs are the positive-
and negative-sequence components of the reference owjpages in the correspondirdy-
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Fig. 5.3 Overall control block diagram.

reference frame, given by:

v (da) :ear(dq>+ijfig+(dQ)+ Kp+ & i+(dq)*_ia‘(d®

_ o A2 _ (5.13)
\_/—(dq)* =gy (dg) JQ)Lflg (dq) + Kp"’ % l_(dq)* —ig (dg)

wherey+(@d) y=(d0+ and ;9 g 49 are the reference and grithy positive- and negative
-sequence voltages, respectively, whiifé®®+ i~(@@+ andis @ j 9 are the positive- and
negative-sequence components of the reference and adaiaugrents, respectivelys is the
filter inductancew is the angular frequency of the grid voltage agdandK; are the controller
proportional and integral gain, tuned as suggested in [®8hould be noted that i (5.1}
should be replaced Hy/3 for the delta configuration. (see also Secfion 3.2.3).

The obtained reference voltages are then transformed lattkée-phase quantities and the
converter switching pattern is obtained in the modulatacklin Fig.[5.3 using sorting ap-
proach.
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Fig. 5.4 Block diagram of dual vector current-controlleM(©C). 6’ = 6 and Gain=1 for star case or
6’ = 6 + I and Gain=/3 for delta case.

5.4.2 DC-link voltage control

The DC-link voltage control comprises of two stages:

1. Overall DC-link voltage control.

2. Cluster voltage (defined as the average DC-link voltageoh phase) control.

The overall DC-link voltage control is responsible to pawisufficient power to maintain the
charge of all DC capacitors in the three phases. Using ageitaienteddq transformation
(d-axis aligned with the grid-voltage vector) and settingrnilegative-sequence active power to
zero €, ad gd+ €yqigq = 0). the total three phase power on the AC side is equal to

Prot = i g (5.14)

The active power balance equation from the AC and DC side eawritten as

1Cyc | d d & d n 2
Ptot = €qgigd = 5= | = ( ng pry k pry Vick)
T Tedigd ™ 2 [dt k; k) Tt kzl dek)” T Gt kzl €
n n n
1 d kilvgc,k ) kzlvgc,k 5 k,lvggk )
= SMCacgy | ()P4 ()24 () (5.15)
2 dt n n n

2 dt 3
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Fig. 5.5 Closed-loop block diagram of the overall DC-linktage controller.

wheren is the number of cells per phase &g is the DC-link capacitor. Equatioh (5]15) can
be written in Laplace domain as

. 3n (V I
N R ¢
€gdlgd = —Cdcsl

(5.16)

2

a)?+ (Vein)? + (VcIC)Z]
3

The active power flow is controlled through the direct congrarof the positive-sequence cur-

rent, as([90]

whereKoy is the controller gain anglj. is the reference value for the DC-link voltage. Using
(5.18) and[(5.17) and considering an ideal current regma(tgr =iJ™), the closed-loop block
diagram of the overall DC-link voltage controller is dispdal in Fig[5.5.

The closed-loop transfer function of the overall DC-linktage controller is

2K0\,egd

Goy = —0de (5.18)

2K0\,egd

3nCyc

which is a low pass filter with bandwidth of,,. The gain of the proportional controller can be
design based on the desired bandwidth as

. ZKOVe;d _ Ooy3nCqyc
3Cac ~  2ely

(5.19)

The same overall DC-link controller can be used for both atak delta.

The cluster voltage control calculates the amount of zemusnce voltage fronh (8.9) for the
star configuration or zero-sequence current from (5.11xHerdelta. This is here achieved
through the control of the disturbance povpaisa and pgisp as

Pdisa= kZ( (VC|a)2 u (Vc\l??)z - (VC|C>2 B Vgla)

(5.20)

2 2 2
Paish = ke (Vela) + (Vc:lgb) + (Veic) _ Vglb)
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Fig. 5.6 Closed-loop block diagram of the cluster voltagetialer.

wherek; is a proportional gain ang; and v, are the cluster voltages of phaaeandb,
respectively. The active power equation for the clustetagds can then be written as

SCacS(VBi) = Puisa (5.21)

where pgisa represents any disturbance that causes the cluster witagteviate. Replacing
(5.20) into (5.211), the closed-loop block diagram of thestdu controller can be shown as
Fig.[5.6. The closed-loop transfer function of the clustgdtage controller is

2K,
NCqc az

G, = = 5.22

‘ S+ QL Stoy (5.22)

wherea; is the bandwidth of the cluster controller. From_(5.22) theportional gain of the
cluster voltage control is given by

_ NCdcaz
2

Kz (5.23)

which can be used for both star and delta.

Note that the zero-sequence voltage calculated for theasidiguration can be directly added to
the reference voltages output from the DVCC(see[Fid. 508)tHe delta configuration, instead,
the zero-sequence voltage that leads to the desired cuwirentation is obtained through a
proportional controller of gaiKj, as

(5.24)

Vio = Kio (ioCOS(9+§0) - <iaA+igA+iCA))

5.4.3 Simulation results

The control method is verified for both star and delta with glistem and control parameters
reported in Tablé 5]1. Note that, in order to preserve thebmirof levels between the two
configurations, the DC-link voltage is doubled for the stase; in order to provide enough
margin for the zero-sequence voltage under unbalancedtmond

The overall DC-link voltage control is designed based onsadarrent controller assumption.
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TABLE 5.1. SYSTEM AND CONTROL PARAMETERS FOR UNBALANCED CONDITIONS

Parameters values

Rated powef§, 120 MVA,1 pu
Rated voltag&/, 33 kV,1 pu
System frequencyy 50 Hz

Filter inductorL¢
Filter resistorRy

4.33 mH,Q15 pu
0.1360Q,0.015 pu

Cells capacitofyc 4 mF,Q09 pu
DC-link voltage for staWyc 20 kV,0.6 pu
DC-link voltage for delta/yc 10v/3 kV,0.525 pu
Carrier frequencyfe, 3000 Hz

Cell numbers 3

Closed loop current control bandwiddk 211 x 500 rad/sec
Closed-loop DVCC control band widitn 211 x 500 rad/sec

Closed-loop overall DC-link control band width,, 27rx 10 rad/sec
Closed-loop cluster control band width,a,q,0zs 21t x 10 rad/sec

Zero-sequence current g, 10
PLL bandwidthap| | 21t x 5 rad/sec
Observer gaitkpsp 0.1

Therefore the bandwidth of the overall and cluster DC-linkage control is intentionally cho-
sen to be much lower than the DVCC bandwidth.

Figurel5.7 shows the simulation results for both star anthaeinfigurations under unbalanced
condition. Top figures show the DC-link voltages. Zero-same voltage and current are shown
in the middle plot. Bottom plots show the reference and thesmegative- and positive-
sequencea-component of the current. All parameters are in pu. Ftom0.5 s tot = 0.7 s,
the grid voltage is balanced and only positive-sequenaects are exchanged with the grid. It
can be observed that under this balanced condition, thessgpoence voltage and current are
equal to zero. At = 0.7 s a step change is applied only in the positive-sequencertuince
the system is still under balanced conditions the requisxd-gequence voltage or current is
zero.

Fromt = 0.8 s tot = 1.2 s, the converters are exchanging both positive- and vegs¢iquence
current with the grid while the grid voltage is still baladcdt can be seen that under this
unbalanced condition the cluster controller sets a zegoiegce voltage or current in order to
guarantee capacitor voltage balancing.

Fromt =1 s tot = 1.1 s the cluster controller for both converters is intentliyndisabled.
This means that the zero-sequence voltage and current timdaunbalanced condition are
set to zero. It can be seen from the simulated capacitorgeadtahat without this controller
the cluster voltages start to deviate from their averagaeyallue to the non-uniform active
power distribution among the phasestAt 1.1 s the cluster controller is reactivated and cluster
voltages are controlled back to the desired value.

Fromt =12 stot =1.4s, a 13% degree of unbalancé‘a/eg = 0.13) is set for the grid vol-
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Chapter 5. Operation of CHB-STATCOM under unbalanced damh

tage. DC-link voltage results show the ability of the clustentroller to provide an appropriate
zero-sequence voltage and current to control the clustésges under this new unbalanced
condition.

Simulation results for the reactive component of the curega also showing the proper ope-
ration of the DVCC in providing an independent negative- poditive-sequence current con-
trol; only a small cross-coupling between the sequence ooemts, due to the dynamic perfor-
mance of the implemented DSC for sequence separation, aaloskeeved during the simulated
current steps.

star delta
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% %0.55 :
o 06 R— o) . -
= = 05t
2 055 ] = \{
0.45
05— . : - : - : :
0.6 0.8 1 1.2 1.4 0.6 0.8 1 1.2 1.4
1
=) = 0.5
= =
m -
g g O
S 3 .05
N L M L -1 L L L L
0.6 0.8 1 1.2 1.4 0.6 0.8 1 1.2 1.4
2 04 ’V Positive—sequence) { 2 04} F Positive—sequence/ {
= - — = _
S 02 ' ; S 02} ' =
a Negatlvefsequence) ! = Negativefsequence) |
0 © 0
-0.;1I : - : : -0.2‘ - : ‘ ‘
0.6 0.8 1 1.2 1.4 0.6 0.8 1 1.2 1.4
Time [s] Time [s]

Fig. 5.7 Transient responses of star and delta configusatioder unbalanced condition; top: DC-link
voltages in three phases; middle: zero-sequence voltagecament; bottom: negative- and
positive-sequencg-component of the current.

Figure[5.8 shows the grid three-phase voltage and current the previous simulation. For
clarity purpose, the grid three-phase voltages are sholyrframt = 1.16 stot = 1.24 s. As it
mentioned earlier, dt= 1.2 s 13% degree of unbalanced is applied to the grid voltagegfid
three-phase currents are shown from 0.76 s tot = 0.84 s. It was shown that until= 0.8 s,
only positive-sequence current is exchanging betweenribdeagd the converters. At=0.8 s

a step change is applied to the negative-sequence curteatietds to three-phase unbalanced
currents as can be seen in this figure.
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Fig. 5.8 The grid three-phase voltage and current. (Saneestady as Fid. 517).

5.5 Operating range of CHB-STATCOMSs under unbalanced
conditions

5.5.1 General comparison

The comparison between the CHB-STATCOMs operating rangased on the required zero-
sequence current and voltage to guarantee capacitor bajameder unbalanced conditions.
According with [5.9) and based on the variabkesto Kg in (5.7), it is possible to conclude
that the star configuration is mainly sensitive to the amafipsitive- and negative-sequence
currents that the converter exchanges with the grid. Sitpilaccording with[(5.111) and based
on K13 to Ky defined in [5.1R), the delta configuration is sensitive to dh#plitude of the
positive- and negative-sequence components of the vadtagied at the converter terminals.

To analyse the sensitivity for these two configurations, éase studies are here investigated,;
for the star configuration, it is assumed that the grid isrzdd (thus, the grid voltage is only
constituted by a positive-sequence component) while theaster is exchanging both positive-
and negative-sequence current with the grid. For simplafithe analysis, two operating con-
ditions for the converter are here considered: the two atisequences have the same phase
angle (for example, both positive- and negative-sequencermts are injected into the grid) or
the current sequences are opposite in phase (for examidiypesequence current is injected
into the grid while the negative-sequence is absorbed bgdhgensator). In a dual situation,
for the delta configuration it is assumed that the grid is lar@ed and the converter exchanges
only positive-sequence current with the grid. The phadie Iséiween the two sequence compo-
nents of the voltage depends on a number of factors, for ebestimgpgrid impedance and, in case
of unbalance due to fault conditions, on the fault locatlmre it is assumed that the phase shift
between positive- and negative-sequence voltage is @thel to zero or tar, in order to high-
light the duality between the two configurations. It is alsswmed that the filter impedance
between the grid and converter is purely inductive and bsse neglectedd(" = 6+ £ 7).

99



Chapter 5. Operation of CHB-STATCOM under unbalanced damh

TABLE 5.2. NEGATIVE- AND POSITIVE-SEQUENCE QUANTITIES WITH THEIR CORRESPONDING
ZERO-SEQUENCE VOLTAGE OR CURRENT

vhe, v .6, iT8" i3 worig

+ +4oT - A
star V*,0 0,0 == \/g(l,:FHZ)

+ +on o -4n A
Star V+,O O,_O I+;:Fi I 1:i:2 \/§(|72B_|+2)
delta V ,0 V—,0 | ,:|:§ 0,0 m

+ - +4n B
delta V*,0 V-,m 17+Z 00 A2V

Table[5.2 summarizes the different sequence componentisd@onsidered cases. The corres-
ponding zero-sequence voltage and current are calculated [5£.9) and(5.11). Other parame-
ters in Tablé 52 are defined as follow

A= \JC2(1- +1%)2412(1 —1+)2P3

disa
A=\ [C2(1- —1+)2+12(1- +1+)2FR,
(5.25)
B=\/D2V-+V+)2+ 12V~ —V+)12RE,
B = | /D2(V- —V+)24+ 12V~ +V P2,

with
C = 2Piisa+ 4Pqisb — VaVFI—
D = 2Pyisa+ 4Piish— V3V I T

The solution for the zero-sequence voltage/current shbatsa practical limitation exists in
both configurations, with an infinite zero-sequence requénet needed under specific operating
conditions. In the specific, the operating range of the siafiguration is limited by the degree

of unbalance|(7/| +). From Tablé 5.2, it can be observed thigtends to infinity when the ratio

|_/| + approaches 1, i.e. a theoretically infinite voltage for thgowht to allow power distribu-
tion among phases when the amplitude of the exchanged wegafjuence current equals the
amplitude of the positive-sequence. In practical apghees, the maximum attainable output
voltage of the converter leg will determine the maximum degyf unbalance that the converter
can cope with before losing the controllability of the D@HKivoltages. Similar phenomena will
appear for the delta configuration, where the operatinga@jmited by the degree of voltage

unbalanceY /A/+)- From Tablé 52, it can be observed that the zero-sequempent!o tends

to infinity when the ratio\(f/v+) tends to 1. It is of importance to stress that the singyarit
is independent from the assumptions in Tablé 5.2 and willboctany unbalanced condition if
the voltage ratio for the delta and the current ratio for tiae tends to 1.

Figure5.9 (a),(c) shows the relation between positive+aghtive-sequence currents and zero-
sequence voltage amplitude for the star configurationwhea 0~ = Z (a) andd™ = -0~ =

7 (c). For the simulated cas¥," is equal to 1 pu, whil&®is; and Pyis, are set to 0.02 pu and
0.01 pu, respectively. Observe tHRts, Paisp are intentionally chosen to be very small, since
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5.5. Operating range of CHB-STATCOMSs under unbalanced itions

they are just to model the small disturbances caused bydwealties. It can be observed that in
both operating conditions, the singularity occurs whénr= | . It is of interest to observe that

more effort is needed from a balancing point of view (i.e.yemero-sequence voltage injection
for the same amount of current unbalance) when the curresitiy@ and negative-sequence
components have the same phase anijte£ 6~ = 7 in Fig.[5.9(a)).

Figured5.9 (b),(d) shows the relation between positive-reghtive-sequence voltages and zero-
sequence current amplitude for the delta case véljea: 6, = 0 (b) and wher® =0,6, =

(d). For the simulated casé! is equal to 1 pu, whilePyiss Paisp are 0.02 pu and 0.01 pu,
respectively. It can be observed that in both cases thelsirityuwoccurs whelV ™ =V . Similar

to the star case, more balancing effort is required wljer= 6, = 0.

(a) (b)

0.5
I*[pu] 0.5
0 0 I"[pu] 0 o V=[pu]

(c) (d)

10
5

Io[pu] O 4

0.5

0.5
U I~ [puy] 0 o V=[pu]

Fig. 5.9 Relationship between zero-sequence voltageftuend negative- and positive-sequence cur-
rents/voltages for star/delta configurations; (&) = 6~ = 7; (c): 8t = -6~ = 7, (b):
6 =6, =0;(d):6,=0,6, =m

Itis possible to observe from Fig, 5.9 that although stardeith CHB-STATCOMSs are sensitive
to the degree of unbalanced in the current and voltage, cagely, the required amount of zero-
sequence component needed for capacitor balancing alkly ligpends on the relative phase
shift between the sequence components. For this reasdhefstar configuration it is of interest
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Fig. 5.10 Impact of phase shift between positive- and negeiequence component on required zero-
sequence component. Top: star configuration; bottom: delifiguration.

to investigate the impact of the relative phase shift bebntée current sequence components
on the required amount of zero-sequence voltage. Analogwestigation can be performed
for the delta configuration, where the impact of the relaptase shift between positive- and
negative-sequence voltage on the required zero-sequaneatis investigated.

Figure[5.10, top figure, shows the required zero-sequenitagenas a function of the phase
shift between the current sequence components, denotgdaxl the degree of unbalance in
the exchanged current. It is here assumed that the postitiyeence voltagé™ is equal to 1pu.
Similar analysis is performed for the delta configuratiae(Eig[5.10, bottom figure), where the
impact of the phase shift between the negative- and thely®siéquence voltage is investigated
under the assumption that the converter is injecting 1puipesequence current into the grid.
Note that the level of unbalance is limited to 0.5pu for ¢jaaf the figure. As shown, the worst
case (i.e., highest demand on the zero-sequence comporeuty when the positive-sequence
tern is aligned with the negative-sequence tern (corredipgrioé; y = 0, 211/3, 411/3); on the
contrary, the lowest demand on the zero-sequence compooeuts when the two terns are
in phase opposition, i.e. fdf y = 11/3, m, 51/3. Therefore, it can be concluded that the case
studies indicated in Table | where both current sequeneeis ghase for the star configuration
(i.e., 67 = &~ = +7) or when the voltage sequences are in phase for the deltayacation
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Fig. 5.11 Simulation results of delta configuration; (a)dgoltage; (b):%; (c): zero-sequence current;
(d): capacitor voltages.

(6 = 6, =0) can be seen as the worst case scenarios under the givenpissis.

In order to verify the theoretical results, simulations peeformed for the worst case scenario
mentioned in Table 512 for both configurations, 8¢.= 6~ = +7 for the star and; = 6, =0
for the delta.

Figure[5.111 shows the obtained simulation results for th@a®nfiguration. Figure 5.11 (a)
shows the grid voltage, figure (b) shows the degree of unbalamthe converter terminal vol-

tage Vi/v+), figure (c) shows the zero-sequence current and figure (@yskhe capacitor
voltages in all three phases. The positive-sequence c¢usreat to 0.5 pu.

As shown in the figure, an increase in the degree of voltagalanbe Yf/v+) leads to an
increase of the zero-sequence current amplitude, as @jpfotn the investigation carried out

in this section. Yf/v+ = 1) is the critical point. If the termByjsa and Pdisb are neglected, the
amplitude of the zero-sequence current in Tablé 5.2 cannbglisied toV ~y+- |t can be ob-

served from Figl5.11 that, in agreement with the theoresinalysis, for ¥ N+ = 0.5) the

zero-sequence current is about 0.5 pu and equals the adgtifihe positive-sequence current.
Observe that an increase in the exchanged positive-seguenent will result in an increase
of the zero-sequence current. For example, for the coresidiewel of voltage unbalance, a
1 pu positive-sequence current would lead to a 1 pu ciradaturrent to guarantee capacitor
balancing, meaning that the converter must have a curreéngrequal to 2 pu. The required cur-
rent rating for the converter will further increase if thdtage unbalance is increased. Finally,
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Fig. 5.12 Simulation results of star configuration; (a)elurrents; (b)j—l; (c): zero-sequence voltage;
(d): capacitor voltages.

Fig.[5.11 (d) clearly shows that the implemented contratsty allows proper DC-capacitor
voltage balancing.

Figure[5. 12 shows the obtained simulation results for the @nfiguration. Figure 5,12 (a)
shows the line current, figure (b) shows the degree of unbalanthe current injected by the

converter k_/| +), figure (c) shows the zero-sequence voltage and figure @yskhe capa-

citor voltages in all three phases. For this simulation gttite line-to-line grid voltage is set
to 1 pu (corresponding to a peak value of 0.8 pu for the lirgrtund voltage) and is per-
fectly balanced. As expected, an increase in the degree lzdlammce in the injected current

(I _/|+) leads to an increase in amplitude of the zero-sequencagey, with a singularity

when d_/|+ = 1). Note that the implemented controller works properly @dble to keep
the capacitor voltages close to the reference value. Adodelta case, neglecting the terms
Pyisa and Pyisp, from Table 5.2 the amplitude of the zero-sequence voltagebe simplified to

|I—_Y|++- As it can be observed from Fig. 5112, in agreement with tleerbtical calculations at

(I 7/| + =0.5) a 0.8 pu zero-sequence voltage peak is needed to guacap@eitor balancing,
i.e. a voltage that is equal to the grid voltage. Therefasetlie considered case a 2 pu rating
in the converter voltage is needed to cope with the considease. The required voltage rating
will further increase if the current unbalance is increased
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5.6 Discussion

Both theoretical and simulation results provided in thismier show that under unbalanced
conditions there is a limit in the operating range of the CEBATCOM, both in star and delta

configuration. The star configuration is sensitive to thereegf unbalance in the injected
current, while the delta is sensitive to the degree of umzaan the voltage at the converter
terminals. This, together with the specific application) dictate the selection of the suitable
configuration for the CHB-STATCOM and its ratings.

The CHB-STATCOM is mainly used either for utility or induistrapplications. Typically, the
role of the compensator in utility applications is to redelthe grid voltage at the connection
point by aim of positive-sequence current injection. Thanes for this kind of applications the
degree of unbalance in the injected current can be typicalhsidered low, making the star
configuration a suitable choice, especially when congigeits reduced voltage ratings (thus,
reduced number of required cascaded cells) as comparedheittelta configuration.

When a STATCOM is employed for industrial applications t@asl, its aim is mainly to im-
prove the power quality at the end-user interface, for exartgp mitigate flicker caused by
arc-furnace load. Under this scenario the compensator lbeusile to exchange both negative-
and positive-sequence currents with the grid and the deltdiguration appears as the most
preferable choice, especially for systems connected &tively strong grids. However, it is of
importance to stress that this configuration would stilfesufrom high zero-sequence current
requirements in case of asymmetrical faults located in itieity of the grid connection point.

5.7 Conclusions

In this chapter, the effect of unbalanced voltage and ctoe@HB-STATCOM has been inves-
tigated, both in case of star and delta configuration of tmvexer phase legs. Zero-sequence
voltage (for the star configuration) or current (delta)w@wbBdo maintain the DC-link voltage of
the different cells balanced in case of unbalanced operatiowever, it has been shown that
there are special operating conditions for both the startbedlelta configuration where the
zero-sequence componentis unable to control the activeipowach phase to zero. This is due
to a singularity that exists in the solution for the calcuaatof the zero-sequence components.
The singularity in the delta configuration occurs when th&tpee- and negative-sequence com-
ponents of the voltage at the converter terminals are egindk for the star case it is governed
by the equality between the positive- and the negative-asepicomponent of the injected cur-
rent. In addition to the amplitudes, the phase angles otatsrin star and voltage in delta will
highly impact the sensitivity of the converter. For the stanfiguration, the highest demand on
the zero-sequence voltage occurs when the three-phas@asiquence currents are aligned
with the negative-sequence tern; on the contrary, the lobsegaand on the zero-sequence com-
ponent occurs when the two terns are in phase oppositiolognea results hold for the delta
case. In utility applications, where the priority is on \age regulation, the converter aims to
prioritize positive-sequence current injection to bobstvoltage at the connection point and at
the same time improve the degree of unbalance. Theref@stahn configuration can be utilized
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for this purpose. In industrial application, such as araéges, the converter aims to exchange
both positive- and negative-sequence current; being ihid &f loads typically connected to
relatively strong grids, the delta configuration appeaesntiost preferable choice for this kind

of applications.
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Chapter 6

Laboratory setup

6.1 Introduction

To validate the results obtained via simulation for the CE/BATCOMS, the controllers have
been tested experimentally in the Power System LaboratdtyeaDivision of Electric Power
Engineering of Chalmers University of Technology. In thispter, a description of the labora-
tory setup and of the components used will be given. Themindd experimental results will
be presented.

6.2 Laboratory setup

The block diagram of the experimental setup is given in [ELfj. Bach phase of the converter
consists of three H-bridge cells and a filter. All three plsaae connected to a delta/star switch,
used to easily connect the phases either in star or in deftiigcwation. The converter is con-
nected to an electronic AC-source that acts as the grid.

A measurement box measures the line currents and grid ploétsges and sends the signals
to the analogue input of the controller. The DC-link voltazfecach cell is measured within
the corresponding cell as a digital signal and is sent to theadlinput of the controller via
optical fibers. The controller provides the appropriateld@sifor each cell and sends the pulses
to the corresponding cell via optical fibers. A figure of theuatlaboratory setup is reported in
Fig.[6.2.

In this laboratory setup the converter is connected to af@ala Instrument 4500LX prog-
rammable AC power source/analyzer. With this device it isstale to provide a three-phase
voltage with controllable amplitude and frequency. Colndaility over the voltage amplitude
makes the start-up process much simpler since no startsigtoes and relays are needed to
limit the inrush current. All DC capacitors can be prechdrgiwly by gently increasing the
amplitude of the AC-source voltage.

The cell boards used for this laboratory setup have beenibuiboperation with Aalborg Uni-
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Fig. 6.1 Block diagram of the laboratory setup.
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Fig. 6.2 Picture of the laboratory setup.
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Fig. 6.3 Picture of the cell board with DC-link capacitors.

versity, Denmark. These cells are constituted by a thresg@two-level converter PSS15S92F6-
AG/PSS15S92E6-AG [91], of which only two legs are used. TReliDk consists of four 1 mF
capacitors connected in parallel. The DC-link voltage isasuged within the cell board and
sent to the controller via optical fibers. These boards haeewnder voltage and over current
protections. Moreover, these boards providegia Bardware blanking time for the switching
signals. The boards are also equipped with a thermal sefegdise semiconductors tempera-
ture. The data of the cell boards are reported in Tablé 6durEi6.3 shows one cell board as
an example.

TABLE 6.1. DATA FOR CELLS.
rated voltage 40V
rated current A
DC-link capacitor 4mF

The control computer system consists of a PC with a DS100&esswr board. The DS1006 can
be programmed using C-code or using Matlab/Simulink. Togretvith the processor board, a
DS2004 analogue to digital board for the analog input sgaald a DS4004 for digital input
signals are used. To generate pulse patterns, a DS510aIMgiveform Output Board is used.
The DS5101 autonomously generates any TTL pulse patternp ¢m 16 channels with high
accuracy. Since the required number of channels for thr#bry setup is more than 16, two
DS5101 boards are used and synchronized. The outputs & boesds are the firing pulses
which are sent to each cell via optical fibers. Interruptaaigas well as board synchronization
are generated through DWO programming.
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6.3 Experimental results under balanced conditions

6.3.1 Dynamic performances of CHB-STATCOMs

A downscale version of the same model as described in Tablea® been verified by experi-
mental results. The system and control parameters for ggserimental results are summa-
rized in Tablé 6.2.

TABLE 6.2. SYSTEM AND CONTROL PARAMETERS FOR THE EXPERIMENTAL SEUP

Parameters values

Rated powef, 1.5kVA,1 pu

Rated voltag#/, 1732 V,1 pu

System frequencys 50 Hz

Filter inductorL¢ 15 mH,023 pu

Filter resistorR 1.4Q,0.07 pu

Cells capacito€ 4 mF,Q04 pu

DC-link voltage for staMpc 62 V,0.36 pu

DC-link voltage for delta/pc 106 V,061 pu

Cell numbers 3

Carrier frequencyfe, 1000 Hz for PS-PWM and
3000 Hz for sorting algorithm

Inner loop control band width; 211 x 500 rad/sec

Outer loop control band widtbr 21t x 5 rad/sec

Individual DC-link loop control band widtly,y 27 x 1 rad/sec
(only for PS-PWM)

PLL band widthap | 21t x 5 rad/sec

DC-link filter band widthapc 211 x 50 rad/sec

Figurel6.4 shows the experimental results for the star atiedeCHB-STATCOM. The figures
on the left side are the experimental results when sortiggrithm is used and the figures on
the right side are the experimental results when PS-PWMad.usiguré 6.4 (a),(e) show the
DC-link voltages in all three phases, Hig.16.4 (b),(f) shbe teference and actugicomponent
of the current, Fig._614 (c),(g) show three phase currentsFag.[6.4 (d),(h) show the phase
voltage at the converter terminals. It can be observed fluesd experimental results that the
controller is able to track the reference current and at #mestime control all the DC-link
voltages at the reference value.

One practical issue regarding the CHB-STATCOM s is the fodwaltage drop over diodes and
switches. The effect of this voltage drop can be seen inEf(d,(h). It can be observed that
there is an asymmetry in both positive and negative peakeofdltage waveform. The reason is
that at both positive and negative peak of the voltage, theeotsign is changed from positive

to negative or vice versa, due to®9ghase shift between the voltage and current in each phase.
At this point the current path is changed from diodes to IGBiTgice versa. Figure 6.5 shows
the current path and cell output voltage for positive ancatieg currents and when the voltage
reference is positive/p is the diode forward voltage drops is the switch forward voltage
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drop,Vyc is the DC-link voltage anily; is the cell output voltage. It can be seen that the output
voltage of the cell is changed once the current directiomgha.
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Fig. 6.4 Experimental results of the star configuratiore)(®C-link voltage of all the cells, (b,f) refe-
rence and actuaj-current, (c,g) three-phase line currents, (d,h) convestgput voltage of
phasea. Figures on the left side are with sorting algorithm and &gusn the right side are with

PS-PWM.

Vouw =Vae =2Vs

Vouw =Vee ¥2Vp

Fig. 6.5 Current path and cell output voltage.

Figure[6.6 shows the transient performance of the star amafiign with and without Smith
predictor for both simulation and experimental resultdudmg the forward voltage drop of
semiconductors in the simulation model. The figures on thieside shows the results when
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Fig. 6.6 Transient performance of the star configuratioft §ide are with sorting and right side are with
PS-PWM) with and without Smith predictor. Figures on top siraulation and on bottom are
experimental results.

sorting algorithm is used (simulations are on top and erpental are on bottom) the figures
on the right side shows the results when PS-PWM is used (atrook are on top and experi-
mental are on bottom). It can be observed that in all casegh$madictor improves the transient
performance of the converter. Note that the asynchronalmigue has been used in the im-
plementation of the PS-PWM for updating the modulation xe&s$eof each cell. It can also be
observed that there is a close similarity between the sitmonland experimental results from
the rise time and overshoot points of view. However, the erpental results show less damping
in the oscillations during the transient. This mismatciwesn simulation and experimental re-
sults is mainly due to the dynamic behavior of the programmalk power supply utilized in
the laboratory setup; the voltage controller of the suppdyether with its filtering stage that has
not been taken into account in the simulation model, whexéHB-STATCOM is assumed to
be connected to an infinite bus.

In order to further investigate the effect of semicondustaitage drop on the CHB-STATCOMSs
performance, star configuration with the sorting algoritechosen as the case study. Figure 6.7
shows the simulation results of the converter output veltay phasea and its corresponding
harmonic spectra. The top plot shows the results when thiagetrop over the semiconductors
is set to zero. It can be observed that the voltage wavefosynmsnetrical and no low-order har-
monic is generated in the output voltage. The bottom plowshibe results when the forward
voltage drop of diodes and switches are set to 2 V. The asyriualethapes at the positive and
negative peak of the voltage introduces low-order harnsimi¢he output voltage.

112



6.3. Experimental results under balanced conditions

0.03

0.02

[pu]

0.01

Harmonic magnitude

0 n n n
100 200 300 400 500 1 1.01 1.02 1.03 1.04
3 003
=]
= 1
c
2 002 o
ET 839
o 5=
é 0.01 >
= -1
5, | I |
100 200 300 400 500 1 1.01 1.02 1.03 1.04
Harmonic frequency [Hz] Time [s]

Fig. 6.7 Converter phase voltage and its corresponding tr@imspectra; (top):without forward voltage
drop; (bottom):with voltage drop over semiconductors.

The third-order harmonic, which is the largest harmonicegated, does not affect the current
in the star configuration since the third order harmonic isviglated in the line-to-line vol-
tage. However, in the delta configuration, the third-orddtage harmonic causes a third-order
current harmonic that circulates inside the delta and neggtimpacts the active power distri-
bution among phases. This can be considered as a largebdistar for the cluster controller in
balancing the cluster voltages.

In order to show the effect of the forward voltage drop on tluster voltage in case of delta, the
delta configuration is simulated with and without considgithe forward voltage drop and the
results are shown in Fig. 6.8. The figures on the left sidefa@esimulation results of the cluster
voltages (@), circulating current inside delta (b) and ¢hpbase line currents (c) when\2
forward voltage drop over the semiconductors is considérke figures on the right side show
the same simulation results without considering any fodwanitage drop. It can be observed
from the obtained results that the forward voltage drop careta severe effect on the cluster
voltages.

To overcome this problem, the circulating current resgltfrom the forward voltage drop
should be controlled to zero. A simple P controller is chosethis laboratory setup to con-
trol this circulating current to zero. This controller suypeses a zero-sequence voltage to the
reference voltages of each phase to produce a circulatimgritun opposite direction of the ac-
tual circulating current. This will eventually bring the&bcirculating current to zero. Following
equation describes the circulating current controller:

Vond = Koad (W) (6.1)

whereVyag is the zero-sequence voltage correspond to the requiredseguence currerigag
is the proportional gain anga,ipa,ica are the three phase branch currents inside the delta.

Figure[6.9 shows the obtained experimental results of thia denfiguration. Note that the only
difference between the controller here and the controlktptagned in Chaptell3 is the extra
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Fig. 6.8 Simulation results of the delta configuration wittd avithout forward voltage drop over semi-
conductors; (top): cluster voltages; (middle): circuigtcurrent; (bottom) three-phase line cur-
rents.

circulating current controller iri(6.1). The figures on tké kide are the experimental results
when sorting algorithm is used and the figures on the righd ai@ the experimental results
when PS-PWM is used. Figure 6.9 (a),(f) show the DC-linkagiéts in all three phases, Hig.16.4
(b),(g) show the reference and actgatomponent of the current, Fig. 6.9 (c),(h) show three
phase currents, Fig. 6.9 (d),(i) show the phaseltage of the converter and Fig. 6.9 (e),(j)
show the circulating current inside delta. It can be seenttiecirculating current controller
is able to keep the circulating current close to zero and thesonverter is able to provide
appropriate operation. Observe from Kig.l 6.9 (a) and (f)tthewcluster voltages are not exactly
equal; this is due to the fact that the circulating currenttaaler is based on a proportional
controller only and therefore it is unable to set the stestdye error to zero. However, the
controller will avoid the drifting of the DC-link voltagesd keep the clusters close to their
reference values, thus allowing proper operation of theegys

Figure[6.10 shows the transient performance of the delthgromtion with and without Smith
predictor for both simulation and experimental resultse Tigures on the left side shows the
results when sorting algorithm is used (simulations areoprend experimental are on bottom)
the figures on the right side shows the results when PS-PWked (simulations are on top and
experimental are on bottom). Again, asynchronous teclen@s been used for the implemen-
tation of the PS-PWM. It can be observed that there is a closiéasity between the simulation
and experimental results from the rise time and overshootpgof view. However, the Smith
predictor seems to be more effective in the experimental tiva simulation results for the delta
configuration. This can be due to fact the experimental pdtas more damping terms than the
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Fig. 6.9 Experimental results of the delta configuratiorf) @C-link voltage of all the cells, (b,g) refe-
rence and actua-current, (c,h) three-phase line currents, (d,i) conventéput voltage of phase
a, (e,j) circulating current. Figures on the left side arewgibrting algorithm and figures on the
right side are with PS-PWM.
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simulation model, which in turn provides better control otlee circulating current specially
during the transients.

delta sorting algorithm delta PS-PWM
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Fig. 6.10 Transient performance of the delta configuratieft §ide are with sorting and right side are
with PS-PWM) with and without Smith predictor. Figures op e simulation and on bottom
are experimental results.

6.3.2 Integer versus non-integer carrier frequency modulaon ratio

In order to validate the results regarding the use of a ntegar frequency modulation ratio, the
star configuration with PS-PWM is experimentally testechwfite same frequency modulation
ratios used in Section 4.2.4. As shown in Secfion 4.2.3, gitenum carrier frequency that
leads to the least divergence in the DC-link voltages witledhcells per phase is 1066Hz
when using 1000 Hz as the integer carrier frequency. Figuk# shows the filtered DC-link
voltages for the cells in phasewith different carrier frequencies of 1000 Hz (a), 10881z
(b), 10166 Hz (c) and 1025 Hz (d). At = 0.5 s the individual voltage controller is inhibited
and att = 4.5 s it is activated again. It can be observed that the leastgiwnce occurs when
carrier frequency of 1016 Hz is chosen, confirming the theoretical investigation.

Figure[6.12 shows the output of the individual DC-link vgkacontrollers for phasa when
different carrier frequencies are employed. Note that tttkvidual DC-link voltage control
puts less effort in balancing the DC-link voltages in caseafi-integer carrier frequency ratio,
with minimum action when carrier frequency of 1088s selected. This figure shows how
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Fig. 6.11 Filtered DC-link voltages of phaaevith different carrier frequencies and inhibited indivadu
voltage balancing.

the non-integer carrier frequency ratio can alleviate tie of individual balancing controller,
although this control loop is still necessary when this kafdnodulation strategy is adopted.
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Fig. 6.12 Output of the individual DC-link voltage controkfthe DC-links in phasa of the star configu-
ration at different carrier frequencies.

6.3.3 DC-link voltage modulation technique and zero-currat mode

In Chaptef #, two methods for the individual capacitor bailag when the CHB-STATCOM is

operated at zero-current mode have been presented antdgated: the first method is based
on a modified sorting algorithm, while the second is basecherapplication of a modulation
signal to the DC voltage reference. However, as mentionatienchapter, the first method
presents some limitations and can only be adopted when th® BMrent is lower than the
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current ripple. For this reason, only the experimentallte$ar the DC-link voltage modulation
technique will be presented.

This technique has been implimented in the laboratory festar configuration with the system
parameters reported in Talple6.2. Based on the system pam@tbe maximum required DC-
link voltage is equal as 0.354 pu. The required DC-link \gdtdor the zero-current mode is
equal to 0.271 pu. Therefore, to keep the oscillations ofX@3dink voltage between 0.271 and
0.354 pu,Vy.o andv in (4.28) are chosen to be 0.312 and 0.0006 pu. 5 Hz is selémte¢de
frequency of the DC-link voltage oscillations.

_f 0.312+0.0006 co$2m5t) i =0

Figure[6.18 shows the obtained experimental results. Theptot shows the reference and
actual reactive component of the current. The plot in thedheighows the DC-link voltages in
phasea when the measured currents are used in the sorting algoaicibottom plot shows the
experimental results when the estimated currents are nseghd. The reactive current is set to
1 pu untilt = 1.5 s and is then set to zero fram= 1.5 stot = 7.5 s and to -1 pu fromm= 7.5

s tot = 8.5 s. It can be observed that when the converter starts totepsraero-current mode,
the DC-link voltage modulation technique is activated.dh @lso be observed that the sorting
algorithm provides a proper balancing when estimated nuene used while it fails when using
the measured currents, confirming the simulation resul8eutiori 4.45.
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Fig. 6.13 Experimental results of the DC-link voltages abzeurrent mode using DC-link modulation
technique; top: Reactive component of the current; midDI€:link voltages in phasa by
using the measured currents in the sorting algorithm; bat@C-link voltages in phasa by
using the estimated currents in the sorting algorithm.

Observe that individual balancing is obtained with a veryalwalue of the amplitude of the
oscillations. These oscillations will have no impact onghiel voltage.
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6.4 Experimental results under unbalanced conditions

The control method presented in Chapter 5 is verified for Istéin and delta configurations
with the control parameters of Talile 6.3. System and othetragbparameters are the same as
in Table[6.2.

TABLE 6.3. CONTROL PARAMETERS FOR UNBALANCED CONDITIONS(EXPERIMENTAL SET UF).

Parameters values

Closed loop DVCC control band widtn 211 x 500 rad/sec
Closed loop overall DC-link control band width,, 271 x 10 rad/sec
Closed loop cluster control band width,a4,0zs 21t x 10 rad/sec
Zero-sequence current ga, 30

Figure[6.14 shows the experimental results of star and dalfer unbalanced conditions. The

grid voltage is balanced and the converter exchanges baitiyee and negative-sequence re-
active current with the grid. The figures on the left side de tesults for the star and the

figures on the right side are the results for the delta. Allegushows the results in per unit.

Figures (a),(e) show the cluster voltages, figures (b)h@nsthe positive-sequence and (c),(Q)
show negative-sequence currents and figures (d),(h) shewetto-sequence voltage and zero-
sequence currents respectively.

Until t = 1 s both positive- and negative-sequence currents are gerto Att = 1 s a step
change to one per unit in positive-sequence current iseggind at = 1.2 s a step change
to 0.1 per unit is applied in negative-sequence currenatle observed that before applying
the negative-sequence current very small zero-sequentagemr current is needed to keep
the cluster voltage balanced, since the different activegpdetween the phases is small. After
applying the negative-sequence current, more zero-sequaitage or current is required to
cancel out the effect of the different average active poweéwben the phases.

It was shown previously under balanced condition that fodwaoltage drop over semicon-
ductors produces a third order current harmonic inside gl dhat impact the active power
distribution. The same problem still exists for the unbatsh conditions, but since the con-
troller for the unbalanced conditions already controlsdineulating current, it automatically
covers the third harmonic cancellation. Perfect clustdtage balancing shows the ability of
both zero-sequence voltage and current in providing an peerer distribution between the
phases. In order to highlight this ability = 1.4 s tot = 1.6 s both zero-sequence voltage
and current controller are disabled. It can be observedathes these controllers are disabled
the cluster voltages diverge, which the reactivation ofdbaetrollers brings back the cluster
voltages to the set point.

Following the simulation results obtained in Hig. 5.11 ire@tei5, Figl_6.15 shows the obtained
experimental results for the delta configuration. Figud&a) shows the grid voltage, figure

(b) shows the degree of unbalance in the converter termoitge t/f/v+), figure (c) shows

the zero-sequence current and figure (d) shows the capaoitages in all three phases. All
guantities are plotted in per unit. The positive-sequenceesat is set to 0.5 pu. It can be ob-
served that the experimental results well match to the nbthsimulation results in Chapféer 5
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Fig. 6.14 Experimental results of the star (left side) araldhlta (right side) configurations. (a,e) DC-
link voltage of all the cells, (b,f) reference and actualifies-sequencey-current, (c,g) refe-
rence and actual negative-sequemeeurrent, (d) zero-sequence voltage, (h) zero-sequence
current.

for the delta configuration.

Following the simulation results obtained in Hig, 3.12 ire@tei, Fig. 6.16 shows the obtained
experimental results for the star configuration. Figuréga) shows the line current, figure (b)
shows the degree of unbalance in the current injected byoimeecter t_/| +), figure (c) shows
the zero-sequence voltage and figure (d) shows the capaoitages in all three phases. For
this experimental study, the grid voltage is set to 1 pu gsponding to a peak value of 0.8 pu
for the line-to-ground voltage). Again, good match betwsiemulation and experimental results
is obtained.

6.5 Conclusions

This chapter is dedicated to the experimental results thadrs the major part of the theoretical
and simulation studies of the thesis. The laboratory setgul dor this experiment is intro-
duced. The effect of different practical issues such assameple intrinsic delay in the digital
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controller and forward voltage drop over semiconductorsirewn. The close similarity be-

tween the experimental results in this chapter and theadetnd simulation studies of previous
chapters proves the validity of the theoretical studiesis thesis.
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Chapter 7

Conclusions and future work

7.1 Conclusions

This thesis has dealt with the control and modulation of @ded H-Bridge (CHB) converters
for STATCOM applications. With focus on the star and deltargection of the phase legs that
constitute the converter, the system performance undanbeadl and unbalanced operation have
been investigated, trying to highlight the advantages Isotthe challenges and possible pitfalls
that this kind of topology presents for STATCOM applicason

After an introductory overview of the main multilevel comtex topologies that are available
in today’s market, the overall control structure for the GBBATCOM has been described in
Chaptef B. Guidelines for tuning of the different contraps have been presented and the dy-
namic performance of the system has been tested througlesioms. It has been highlighted
that in actual implementations, due to the unavoidableadi®ns from ideal conditions, the
Phase-Shifted Pulse Width Modulation (PS-PWM) techniaiifess from a non-uniform power
distribution among the different cells that constitute pinase legs of the converter, leading to
the need for additional control loops to guarantee that iffierent DC-capacitor voltages do not
diverge from the reference value. The analysis of this ptrammn is carried out in Chapfer 4,
where it has been shown that the non-uniform active powetilaligion is due to the interaction
between the carrier side-band harmonics of the cell voleagkthe base-band harmonics of
the current (when low-switching frequency for the indivadiaells is selected), as well as poor
cancellation of the carrier side-band harmonics (mainlgase of high-switching frequency se-
lection). Theoretical analysis shows that by proper s@edif the frequency modulation ratio,
a more even power distribution among the different cellhefsame phase leg can be achieved.
This selection allows to alleviate the stabilization astiequired from the individual balancing
controller and thereby to enhance the overall system gtaldihother technique for the indivi-
dual DC-link voltage balancing discussed in Chajpter 4 ig#tks sorting algorithm. However, it
has been shown that both methods are not able to providempropadual balancing when the
CHB-STATCOM is not exchanging current with the grid (heraoled as zero-current mode).
This condition is especially critical for the star-conreetCHB-STATCOM, due to the lack of
a closed path for the current (such as in the delta configuratdo exchange energy between
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the three phases. Two methods for individual DC-link vadtéglancing at zero-current mode
have been proposed and discussed. The first method is basechodified sorting algorithm,
which takes advantage of the knowledge of the current rigpkeng zero-current operations,
while the second method consists in superimposing a slowtatidn signal to the DC-link vol-
tage reference. The effectiveness of the two methods hasuszeiied via simulation results.
However, it is of importance to stress that the modified sgrapproach can only be adopted
when the RMS current is lower than the current ripple. Furtitze, the method is sensitive
to harmonic distortion in the measured signals. This lirthis applicability of the method to
CHB-STATCOMSs with low number of cascaded cells. On the ottard, the DC-link modu-
lation technique provides a simple solution, without themtianitations present in the previous
method. Furthermore, it is of importance to stress that mtv@duced oscillations in the DC
voltage lead to a small active (not reactive) power flow betwhe converter and the grid, thus
they will not have an impact on the grid voltage. Howeverg@aness must be adopted when
the converter is meant to be operated in highly distortedisgri

Chaptef b focuses on the operation of the CHB-STATCOM undéalanced conditions. The
needed control modifications to allow an independent coatimositive- and negative-sequence
components of the injected current have been discussethefomore, a modification in the
cluster controller to allow an uniform active power distiiilon between the phase legs of the
converter has been described. This includes the use of aseguence voltage (for the star
configuration) or current (delta) to control the DC-link tages to their reference value. Theo-
retical analysis has shown that regardless of the configaratilized for the CHB-STATCOM,

a singularity exists when trying to guarantee balancinchan DC-link capacitor voltages. In
particular, it has been shown that when the phase legs obtheder are connected in star, the
CHB-STATCOM is sensitive to the level of unbalance in therent exchanged with the grid,
with a singularity in the solution when positive- and negatsequence currents have the same
magnitude. Similar results have been obtained for the deltfiguration, where the system is
found to be sensitive to the level of unbalance in the appl@thge. Furthermore, these sin-
gularities as well as the zero-sequence voltage/curranadds around the singularity points
highly depend on the relative phase shift between the segumymponents (current for the star
and voltage for the delta configuration). The presence astlsegularities represents an impor-
tant limit of this topology for STATCOM applications and g&sgts that the star configuration is
most suitable for utility applications, where the conveisemainly employed for voltage regu-
lation (mainly through positive-sequence current ingc)j for industrial applications or, more
in general, when the CHB-STATCOM is used for balancing pag the delta configuration
is the most preferable choice. However, the converter meisivier-rated in terms of current
in order to accommodate the needed circulating currenthEtmore, the dependency of the
singularity on the level of voltage unbalance can lead tbadifties in the capacitor balancing
in case of unsymmetrical faults that occur in the vicinityttog point of common coupling. All
theoretical findings have also been validated through éxgertal tests.
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7.2 Future work

The CHB converter and more in general the modular multile@egicept is still rather new
and offers both opportunities and challenges for the rekeas to improve its efficiency and
performance. One important aspect that still needs resedfiart is the control and modulation
of the converter; today, the research community is mainhdéd into two main streams: the
classical control and modulation approach, mainly basetine@ar control theory combined
with various PWM techniques, and Model Predictive Contk®PC) approach. Both directions
are of high interest and need further investigation in otdgoreserve (or even increase) the
performance of the system and at the same time reduce to th@um the number of switching
events.

Also, the operation of the CHB-STATCOM in case of connectmmweak grids is a challenge,
especially when utilized for balancing purpose. Under sigsnario, an interesting field of re-
search is to investigate alternative control strategiepdsitive- and negative-sequence current
injection, especially when the CHB-STATCOM is stressed aperated close to its limits.

It has been shown in this thesis that the two main configuratior the CHB-STATCOM avai-
lable in today’s market (i.e., the star and the delta confijoin) present severe limitations when
operated under unbalanced conditions. Recent standaydseenore and more participation
from grid-connected converters to reduce the level of varizad in the grid; if this is not a prob-
lem for those multilevel converters that present a commoniBkIsuch as the NPC or the CCC
topologies), the limitations in the star and delta CHB-ST&IM can be crucial and limit the
applicability of this converter topology. For this reasdrtan be of high interest to investigate
alternative configurations for modular multilevel STATC®NN order to extend its operational
range under unbalanced conditions.
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Appendix A

Transformations for three-phase systems

A.1 Introduction

This appendix describes transformations to calculatageltectors from three-phase quantities
and vice versa. Moreover, expressions of the voltage véctibrin the fixed ¢ 3-) and rotating
(dg-) reference frame are given in the general case of unbalahcee-phase quantities.

A.2 Transformations of three-phase quantities into vector

A three phase positive system constituted by the three digsnty(t),vp(t) andve(t) can be
transformed into a vector in a complex reference frame, llyscalled a 3-reference frame by
applying the following transformation

U(t) = Ve + V5 = Kan (Val(t) + V(1) + (1)) (A1)

where the factoKap is equal toy/3/ or 2/3 to ensure power or amplitude invariant transfor-
mation, respectively, between the two systems. Equaliofi) (¢an be shown in matrix form
as

Va(t)
[%m]zcm W(t) (A2)
Ve ®) Ve(t)
where the matrixCs; is equal to
1 -1 _1
Cz2 = Kap 0 _3? _@, (A.3)
2 2
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Chapter A. Transformations for three-phase systems

The inverse transformation, assuming no zero-sequerce,(it) + vp(t) +Vc(t) = 0, is given
by

Va(t)
t
{ Vp(t) ] =C23[ zagtg } (A.4)
Ve(t) B
whereCy3 is equal to
2
£ 0
1 3
Coz= K _§ %1 (A.5)
-3 — 7

A.2.1 Transformations between fixed and rotating coordinag¢ systems

Let the vectow(t) rotates in thex B-reference frame with the angular frequencyugt) in the
positive (counter-clockwise) direction. Let alsalg-frame rotates in the same direction with
the same angular frequency. In such a case, the vetoappears as a fixed vector in tdg-
frame. The components ft) in thedg-frame are thus given by the projections of the vector
v(t) on thed-axis andg-axis of thedg-frame as shown in Fig. Al1.

o(t)
q
v(t) dv\

4 (®)

Vq ()

>
Ve (1)
Fig. A.1 Relation between 3-frame anddg-frame.

The transformation can be written in vector form as

Vidg (1) = Y(ap) (D)0 (A.6)

with the angled(t) in Fig.[A given by
t
mw:%+/mnm (A7)
0
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A.3. Woltage vectors for unbalanced conditions
The inverse transformation, from the rotatitg-frame to the fixedx -frame is defined by

Viap)(t) = V(dg) (t)ef® (A.8)

The transformation between tdg- anda 3-frames can be written in matrix form as

va(t) | _ o/ Va(t)

Lt | =Reew [ | 9
which is the transformation from the fixed3-frame to thedg-frame and

Va(t) | _ Va(t)

o | R0 [ | —

which is the transformation from the tkdg-frame to the fixedr 3-frame. The projection matrix
R(O(t)) is

R(B(1)) = { cos(B(t)) —sin(B(

t))
sin(8(t)) cos(6(t)) } (A.11)

A.3 \oltage vectors for unbalanced conditions
Let consider the following phase voltages for a three-plsgiseem

Va(t)

Va(t) coq wt — ¢a)

Vp(t) = Vp(t) cog wt — ¢, — §71) (A.12)

Ve(t) = Vie(t) cog wt — g — 4 71)

wherev;(t) and ¢, are the amplitude and phase angle of phase voliggg Vy(t) and ¢y, are
the amplitude and phase angle of phase voltage, V.(t) and ¢ are the amplitude and phase
angle of phase voltagg(t), while w is the angular frequency of the system.

Any unbalanced condition leads to unequal voltage ammitrgphase angle of the three phases.
In such condition, the resulting voltage vecigg (t) in the fixeda 3-frame can be expressed as
the sum of two vectors rotating in opposite directions anerpreted as positive- and negative-
sequence component vectors.

Vop(t) = EFE@H07) | pregri(@tdr) (A.13)

whereE™ andE~ are the amplitude of the positive and negative voltage vectespectively,
and the corresponding phase angles are denotgd tand¢ —.
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Chapter A. Transformations for three-phase systems

When transforming the voltage vectgy; from the fixedaB-frame to the rotatinglg-frame,
two rotating frame can be used, accordingly. These two fsaane called positive and negative
synchronous reference frames (SRFs) and are denoteglpas anddgn—frame: the positive
SRF rotates counterclockwise with the angular frequenay,afhile the negative SRF rotates
clockwise with the same frequency. These two frames can fogedeby the following transfor-
mations

\_/dqp(t> = eije(t)\_/aﬁ (t)

| (A.14)
\_/dqn(t> = eje(t)\_/aﬂ (t)
Dividing the two equations in Eq._(A.14) leads to
Vyan(l . .
_7dqp( ) = e—jZQ(t) = \_/dqp(t> = \_/dqn(t>e_129(t) (A-]-S)
\_/dqn(t>

According to Eq.[(A.1b), considering the positive-sequenomponent as a DC-component
(zero frequency) in the positive SRF, the negative-seqeienmponent will be a vector that
rotates with 100 Hz clockwise in the positive SRF. An anakxgyrelation can be derived for a
positive-sequence component in the negative SRF.
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Appendix B

Symmetrical component basics

B.1 Introduction

This appendix describes the symmetrical component basatslaows how to extract the po-
sitive and negative and zero sequences from a set of thiesepimbalanced voltage and vice
versa.

B.2 Positive, negative and zero sequence extraction
Figure[B.1 shows three sets of phase vectors. The positipesee is defined by
vi =V T coqwt)

Vi =V*cogwt — 3m) (B.1)

v¢ =V+coqwt — 3m)
The negative sequence is defined as follow:
v; =V coqwt+607)

Vv, =V coqwt+6 —4m) (B.2)

Ve =V coqwt+60~ —2m)
and the zero sequence is defined as:
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-
p
Ve

Fig. B.1 Positive, Negative and zero sequence componengstfoee phase unbalanced system.

v =VOcoq wt + 69
W =VOcoq wt + 6°) (B.3)

v

VOcoq wt + 6°)

The time domain expressions can also be expressed in pliasordositive sequence phasors
are

Vi =v+tdl
Vit =vtedsm (B.4)

Vi =V+eian

the negative sequence phasors are

V; =V-dbn
Vy =V -elnizm (B.5)

Ve =v-elaidm

and finally the zero sequence phasors are

VP =V0d%
V0 = V0% (B.6)
\700 _ Voeeo
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B.2. Positive, negative and zero sequence extraction

Concerning now a set of unbalanced three-phase voltagephs¥,,V, andV., according to
symmetrical component theory these phasors can be writen a

Vo=V +V, +V2 (B.7)
Vo=V +V; +V2

In order to extract the positive, negative and zero sequeaogonent phasor operataris
defined as

a—d3m (B.8)

operations on tha phasor are shown in Fig. B.2.

A
Y=

Fig. B.2 Operations on th&operator.

Using the phasor operatadefined in Eq.[(B.8), the positive, negative and zero sequphasor
defined in Eq.[(B.4)E(BI6) can be written as

V" =atVy
Vi =avy

Vy =aVy

Ve (B.9)
Vo =V}

AESAVAY

Substituting Eq.(B19) into Eq[{B.7) yields
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Va=Va" +Vy +V2
Vo=V +V + V0 =a?V,; +avy +V2 (B.10)
Ve =V 4V +V2=avy +a?vy +VY0

The expression can be shown in matrix form as

Va 11 1 A
VWwl=1|12a a VA (B.11)
VA 1 a a ||V
denoting:
11 1
B=|1 a a (B.12)
1 a a°

[1 11
B*l_é 1 a a (B.13)
1 a2 a

Using the inverse matrix d the symmetrical positive,negative and zero sequence coem®
in terms of the phase voltages can be written as follow

— —

A [11 1 Va
V| = 3|1 a a? A (B.14)
Vs 1 a% a Ve

substituting Eq(B.14) into Ed.(B.9) and after some malaifion the following expressions can
be obtained for all the symmetrical component sequences tine unbalanced phase voltages.
The positive sequence can be expressed as

Vi [ a @][Va
Vo |=3|2 1 a Vo (B.15)
A a a1 Ve

The negative sequence can be expressed as

Vy 1[1 & a Va
Vo | = 3 8.2 1 a? Vb (B.16)
Vo ac a 1 Ve
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B.2. Positive, negative and zero sequence extraction

The zero sequence can be expressed as

A 1[111][Va
A =3| 111 VA (B.17)
YA 11 1|V

It should be noted that the theory explained in this appeisdased on phase voltage. However,
the same theory is also valid for line-to-line voltages withany modification.
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