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Abstract

Cascaded H-bridge (CHB) converters are today consideeethttustrial standard for STAT-
COM applications, mainly due to their small footprint, higbhievable voltage levels, modu-
larity and reduced losses. However, there are still areassefarch that need to be investigated
in order to improve the performance and the operationalgaighis converter topology for
grid-applications. The aim of this thesis is to explore cohand modulation schemes for the
CHB-STATCOM, highlighting the advantages but also the lemgles and possible pitfalls that
this kind of topology presents for this specific application

The first part of the thesis is dedicated to the two main mdaulaechniques for the CHB-
STATCOM: the Phase-Shifted Pulse Width Modulation (PS-PyVeNt the Level-Shifted PWM
(LS-PWM) with cells sorting. In particular, the focus is dreimpact of the adopted modulation
technique on the active power distribution on the individigdls of the converter. When using
PS-PWM, it is shown that non-ideal cancellation of the skitg harmonics leads to a non-
uniform active power distribution among the cells and thgreo the need for an additional
control loop for individual DC-link voltage balancing. Téwetical analysis proves that a proper
selection of the frequency modulation ratio leads to a mees @ower distribution over time,
which in turns alleviates the role of the individual balargicontrol. Both PS-PWM and cells
sorting schemes fail in cell voltage balancing when the earv is not exchanging reactive
power with the grid (converter in zero-current mode). Torowene this problem, two methods
for individual DC-link voltage balancing at zero-currenbde are proposed and verified.
Then, the thesis focuses on the operation of the CHB-STATG@Wer unbalanced conditions.
Two different strategies for DC-link capacitor voltagedating, based on zero-sequence vol-
tage/current and negative-sequence current controlpaestigated and compared. The com-
parison shows that none of the investigated control stiedegjlow for the full utilization of
the converter capacity. Aiming at enhancing the convertiéization, two alternative control
strategies, based on the proper combination of the zenoeseg and negative-sequence current
control, are proposed and investigated.

Finally, the operation of the CHB-STATCOM when controllitite voltage at the connection
point in case of unbalanced system conditions is considérexdshown that even if the device
is intended for compensation of the positive-sequencegelonly, control of the negative-
sequence voltage might be necessary in order to avoid usdesiervoltages. Three structures
for the negative-sequence voltage control are investigate compared.

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 andrescpreful planning, design and ope-
ration. The continuous growth of the electrical power systas well as the increasing electric
power demand, has put a lot of emphasis on system operattearirol. These topics are
becoming more and more of interest, in particular due toeleemt trend towards restructuring
and deregulating of the power supplies$ [1][2]. It is undés thcenario that the use of High
\oltage Direct Current (HVDC) and Flexible AC Transmissigystems (FACTS) controllers
represents important opportunities and challenges fomaoi 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 wittherited reactive characteristic of
series capacitors and to the complications in the protecystem for series devices. Shunt-
connected reactive power compensators are available lastbdbon mature thyristor-based
technology (hamed Static Var Compensator, SVC) and on §elBource Converter (VSC)
technology, also known under the name of STATic COMpeng&®ATCOM). The thyristor-
based technology is today the preferred option for indtatia having high-power ratings (ty-
pically above several hundreds of MVar) [2]. On the otherchahe VSC technology is the
most suitable choice when high speed of response or smaprfnbis needed. Furthermore,
the use of VSC technology allows low harmonic pollution ie thjected/absorbed current as
compared with the SVC. These items, together with a higherasnal flexibility and good
dynamic characteristics under various operating conust{éor example, large variations in the
short-circuit strength of the grid at the connecting pqimylicate that the VSC technology
is qualitatively superior relative to the thyristor-bas®dC for static shunt compensation. Al-
though today the STATCOM is more expensive than the SVCeithriical benefits together
with the advancements in the technology are slowly leading $hift from the thyristor-based
to the VSC-based technology, similarly to the ongoing pssaa the HVDC area.

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

gate power quality phenomeria [4], and at transmission abdransmission level for voltage
control, load shedding and power oscillations damping [2Fdrthermore, the STATCOM can
be utilized in renewable-based power plants, mainly fai-godes fulfillment and to allow fast
reactive power compensatidn [5]. In case of renewableebpeerer 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 (fonga, 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 implementatioSCs 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-ctionaxf static switches was needed in
the VSC design for FACTS applications. Furthermore, thalried&keep down the power losses
has severely limited the level of the switching frequenat tould be used in actual installa-
tions, leading to relatively large filtering stages. Forstesasons, in the last decades multilevel
converters for high-power application have gained morawaoi attention [6]. Among the mul-
tilevel VSCs family, the modular configurations such as @ded H-Bridge (CHB) converters
are the most interesting solutions for high-power gridressied convertef [7].

Although CHB converter are today the accepted solution tieritnplementation of FACTS
devices, challenges still exist both from a control and fedesign point of view. In the recent
years, both manufacturers and researches have paid haghtefimprove the control and the
modulation of this converter topology. For the latter, Rh&ifted Pulse Width Modulation
(PS-PWM) [8] and the cells sorting approach[9, 10] has begensively investigated in the
literature. However, not sufficient attention has beenmigethe investigation of the different
harmonic components that are generated when using PS-PW thain 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 harmoaras 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 thelee@n the selection of the frequency
modulation ratio when trying to minimize the DC voltage diyence.

Another challenge regarding the CHB-STATCOMs is their cointinder unbalanced condi-
tions. In particular, in case of star-connected CHB-STAM;@hen the system is exchanging
negative-sequence current with the grid a zero-sequerizgeanust be introduced in the out-
put phase voltage of the converter to guarantee capaci@mndiag [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 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 whegatnes-sequence is required, as it is
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the case for industrial applications (for example, flicketigration).

However, requirements from Transmission System Oper@i@®©s) are changing and start to
demand negative-sequence injection capability for theyeders 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]. This kind of investigationgssing in today’s literature. For this
reason, it is of high importance to investigate the limitsedrms of negative-sequence compen-
sation for this kind of configurations.

1.2 Purpose of the thesis and main contributions

The aim of this thesis is to explore control and modulatidmesaes 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 ttions 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 ablg@tovide 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 firbioohét based on a modi-
fied sorting approach and the second method is based on R@ditage 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 poweridistion 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 DC-link voltage balancing using zero-sequence compondnis shown that a singu-
larity in the solution of the zero-sequence component gxishich in turn limits the
operational range of these converters under unbalancetiticors. The singularity in the
delta configuration occurs when the positive- and negaeience components of the
voltage at the converter terminals are equal, while for theisis governed by the equa-
lity between the positive- and the negative-sequence cosgoof the injected current.
In addition to the amplitudes, the phase angles of currenttar and voltage in delta
will highly impact the sensitivity of the converter. For tls&ar configuration, the high-
est demand on the zero-sequence voltage occurs when tleepi@se positive-sequence
currents are aligned with the negative-sequence tern;@ndhtrary, the lowest demand

3



Chapter 1. Introduction

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

¢ Negative-sequence current and zero-sequence compomepadson: negative-sequence
current control is also a solution for DC-link voltage balang. Negative-sequence cur-
rent and zero-sequence component strategies are comaldlaledr impact on the con-
verter ratings under different unbalanced conditions @wated. The impact of the grid
Short Circuit Ratio (SCR) is highlighted. It is shown thahemf the investigated control
strategies allow for a full utilization of the converter taaje, indicating that these strate-
gies must combined in an appropriate way. Thus, a methodfeéctiely combine the
two strategies, based on zero-sequence voltage or negatngence current priority, is
described and investigated.

¢ Negative-sequence voltage control: the operation of th8SHATCOM when control-
ling the voltage at the connection point in case of unbaldro#tage dips is investigated.
It is shown that even if the device is intended for compensadif the positive-sequence
voltage only, control of the negative-sequence voltagehimiige necessary in order to
avoid overvoltages in the unfaulted phases. Three typesgative-sequence voltage con-
trol are investigated and compared.

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

1.3 Structure of the thesis

The thesis is organized into six chapters with the first atragéscribing the background in-
formation, motivation and contribution of the thesis. @irthe focus of the thesis is on multi-
level converters, Chaptet 2 gives an overview of the mairtilewel converter topologies and
their modulation techniques. Chaplér 3 provides the basitral structure for star and delta
configurations, under balanced conditions. Chapter 4 iigatss the harmonic performance
of the CHB-STATCOM when PS-PWM is used in the modulation stagd also focuses on
the individual DC-link voltage balancing. Chapféer 5 deaithwanbalanced conditions. Two
DC-link voltage balancing strategies are presented angaosd together with two alternative
combined strategies to extend the converter’s utilizatiorthe same chapter, three different
negative-sequence voltage controllers are investigatddcampared. Finally, the thesis con-
cludes with the summary of the achieved results and suggesfor future work in Chaptér 6.

1.4 List of publications

This Ph.D. project has resulted in the following publicaspwhich constitute the majority of
the thesis.
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Chapter 2

Multilevel converter topologies and
modulation techniques overview

2.1 Introduction

The concept of multilevel converters was first introduced %75 [22]. Multilevel converters
are power conversion systems composed by an array of powgc@aductors and several DC
voltage sources. In the last decades, several multilewsister 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 galf@vels obtained from the DC voltage
sources.

Depending on the selected topology, the number of levelsmoiililevel converter can be de-
fined as the number of constant voltage values that can beageddetween the output terminal
and a reference node within the converter. Generally,@iffevoltage steps are equidistant from
each other. Each phase of the converter has to generatestthese voltage levels in order to
be included in the multilevel converter family.

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

e A multilevel converter generates an output voltage withdodistortion and reduce%{Z .

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

e Since the voltage rating of each power semiconductor caepeakt only a fraction of the
output voltage, the stress across power semiconductousesdnd consequently lower
ratings for power semiconductors are required.
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Chapter 2. Multilevel converter topologies and modulatezhniques overview

o It facilitates transformer-less installations for grichoected applications.

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

e A multilevel converter comprises a greater number of powenisonductors. This leads
to a more complex system, which negatively impacts the sys&diability. Control and
modulation of such a converter is also more challenging agpemed with the two-level
solution.

e For some topologies there is a practical limit in the achdaaumber of levels. The
complexity in the control is one the most important deterngrfactors in the number of
achievable levels.

Many papers discussed about multilevel converter topegygiomparison between thelm [28—
30] and their modulation techniques [2[7] [31]. The aim o$ttlapter is to provide an overview
of different multilevel converter topologies and modudatitechniques, with focus on STAT-
COM applications. Advantages and disadvantages of thrge baultilevel converters, the Neu-
tral Point Clamped Converter (NPC), Capacitor Clamp CaevéCCC) and modular configu-
rations will be discussed. In particular, different topgiks 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)

The NPC was first introduced by Nabae et al., in 1981 [32]. feguI(b) shows a three phase
three-level NPC. This converter is based on the modificaifdhe two-level converter (shown
in Fig.[2.1(a)) adding two additional power semiconductmsphase. Using this configuration,
each power semiconductor can be rated at half voltage asarechpvith a two-level converter
having the same DC bus voltage. In another words, with theeggower semiconductor rating
as for the two-level converter, the voltage can be doubledRC. In addition, NPC allows to
generate a zero-voltage level, obtaining a total of thréferéint voltage levels. Figufe 2.1[c)
[33] shows another configuration of NPC called Active NelR@int Clamped (ANPC), which
will be discussed later.
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Fig. 2.1 (a) Classic two-level converter, (b) Three-ph&sed-level NPC, (c) ANPC.

Figure[2.2 shows the different switching states for one gheg 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 sigieer 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 repeeskeyt). Gate signal®a1, ga2) =
(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 Fig[_2]3 shows the
phase leg of a five-level NPC. Although each power semicaioddevice is rated at the voltage
level of Vyc, the clamping diodes require different ratings for revexsiéage 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 colleetoitter 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-é¢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 theven 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 tpower loss is more even in an
ANPC, the need for more power electronic components leads facrease in complexity of
the overall system. In addition, the diode reverse recollegomes 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 isetkéa achieve the desired voltage
level for grid-connected applications. Thanks to the com¢& link for all phases, the re-
quirements on the DC-link capacitor are only to provide #rmaporary energy storage during
switching operations, to distribute reactive power amdmg ghases and to support the sys-
tem losses. Despite the mentioned limitations, the NPC baa buccessfully implemented in
STATCOM applications in its three-level topology with pawevel up to+£120MVA [34].

10
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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¢ulFé[2.4(d) shows a three
phase three-level CCC. CCC can be considered as an altertmtvercome some of the NPC
drawbacks. The main difference between this topology a@d#PC is that the clamping diodes
are replaced by clamping capacitors.

Figure[2.4(D) shows the different switching states for ohase leg of the three-level CCC
and their corresponding output voltage levels. Currertt fateach set of gate control signals
are highlighted. Similar to the NPC, only two control gatgnsils per phase leg are needed in
order to avoid to short circuit the DC-link. However, in th€C the inverted gating signals are
related to different power semiconductors as compared MRE, see Fid. 2.4(b). The output
voltage levels of the converter are generated by adding lairaeting the clamping capacitor
voltage to the DC bus voltage; for example, zero-voltagell@vthis topology is obtained by
connecting the output of the converter to the neutral painh (Fig.[2.4(b)) through clamping
capacitor with opposite polarity with respect to the DC bakage. It should be noted that all
four combinations 0fga1,da2) can be used in the CCC. Only three are shown in [Fig. .4(b);
both gate signals dfga1,da2) = (1,0) and(da1, da2) = (0,1) generate zero-voltage level at the
output.

Being able to generate the same voltage level with diffesesitiching states is known as voltage
level redundancy. This redundancy plays an important rotee capacitor voltage balancing in
a CCC. For example, in a five-level CCC there are six comhonatof 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 cépacharging state. This can reduce the
complexity of the capacitor voltage controller for highevels [23]. The presence of a common
DC link for the three phases is also an advantage of this ¢gyol
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Fig. 2.4 (a) Three-phase three-level CCC, (b) Three-le@CGwitching states and their corresponding
output voltage level, (c) Phaseof a four-level CCC.
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The CCC can be extended to higher number of output levels.cém be observed by redrawing
the CCC as illustrated in Fify. 2.4(c) for phasef a four-level CCC. In Fid. 2.4(E), cell is refer
to a pair of power semiconductor devices together with opacitor. These cells (or modules)
can be connected in cascaded form and each one provides ditieraal 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 are gbdrto different voltage levels and
this is in contrast with the modularity concept.

High number of voltage levels requires a relatively high temof capacitors in this topology.
A m-level CCC requires a total 61— 1)(M—2) /, clamping capacitors per phase in addition
to them— 1 main DC-link capacitors. Lack of modularity and the highmher of capacitors
for high number of voltage levels can reduce the reliabibfythis converter. The size of the
capacitors can also become large when using low switchegggncy (typically, for switching
frequencies below 800-1000 Hz), due to the fact that theudwirrent flows through the clam-
ping capacitor as long as the switching state does not ch&layeever, being able to overcome
the complexity in the control and hardware, a five-level CG@@mplemented in STATCOM
applications with voltage level up to 6.6kV [36].

2.2.3 Modular configurations

Modularity, in industrial design, refers to an engineeti@chnique that builds large systems by
combining smaller and identical subsystems. Designinggp@enverter using the modularity
concept was first introduced by Marchesoni et al., in 199] [8Typical modular configuration
consists of many identical cells connected in series. Tloelle can be either half- or full-
bridge (H-bridge) converters. Figure R.5 shows the halfl &dl-bridge cells together with
their switching states and corresponding output voltagelse

Different modular configurations will be shown in Sectlo@ ®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 cei, jgossible to replace it quickly and
easily. Moreover, it is possible to bypass the faulty moduitbout stopping the load, bringing
an almost continuous overall availability.

Although modular configurations presents a fairly simptedure, they suffer from require-
ment of large number of cells (more isolated capacitors)dorease the harmonics and the
switching frequency. This leads to a more complex DC-vatesggulation loop. However vari-
ous control algorithms exist to control high number of catoas voltage([8]. Moreover, due to
the lack of a common DC link, the output power will be affecbgdan oscillatory component
having characteristic frequency equal to twice the griddency; these oscillations will be ref-
lected on the DC-link voltage and therefore each cell nétztes 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 gelsan modular configurations and
form an alternative configuration called hybrid or asymmeetonfiguration [[38]. The hybrid
configuration can produce higher voltage level with fewaw@oelectronic requirements. This
reduces the size and cost as compared to the traditionallarazhinfiguration with equal DC
links, since fewer semiconductors and capacitors are graglorhe main disadvantage of this
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Fig. 2.6 Single-line diagram of a five-level star configurati

approach is that the converter is no longer modular in thet stiterpretation of the term.

2.2.4 Comparison of multilevel converter topologies for SATCOM ap-
plications

In recent years, the demand for high-voltage conversiotiGgtipns 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 increhiough a step-up transformer
before connecting to the grid. Consequently, the curretitbeihigh in the low voltage side,
which leads to higher power loss and thus reduced efficiérug.is the driving force that has
led the research community to focus on transform-lessisolsitin 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-voltageagtns 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 vg#aating is to connect several
switches in series and operate them simultaneously. Howeeseries operation of switches
is very difficult because of tolerances in their charactiessand/or the unavoidable mismatch
between the driving circuits. The main problem is to ensarequal voltage sharing among the
components during static and dynamic transient statethémnore, special arrangements are
needed to guarantee a continuous operation of the devi@seaf a faulty switch.

A simpler method to increase the voltage rating is to use Haodronfigurations. In these
configurations the total output voltage of the converterlmamcreased by increasing the num-
ber of cells, each operated at low voltage. As mentionedbgiids 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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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

lower switching losses. These configurations also have ltligyato 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 multile@amverter 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 eithEiB®r MMC depending of the
adopted cell topology. Each of these configurations hasfgpelsaracteristics, advantages and
disadvantages. A detailed review of these configuratiopsagided in the next section.

2.3 Modular subset configurations and comparison

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

Star and delta configurations are shown in Eigl] 2.7. Eachepbassists of several H-bridge
converters connected in series. Three phases can be cedmeetther starY, Fig.[2.7(d)) or

delta @\, Fig.[2.7(D)). A prototype of star and delta configuratiomaee-phase STATCOM was
first demonstrated by Peng et al., in 1996 [39]. In less thanyars, in 1998, GEC ALSTHOM
T&D (later ALSTOM T&D) proposed to use these configuratiolssaamain power converter
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Fig. 2.7 CHB configurations; (a): star configuration; (b)lta@eonfiguration.

in their STATCOMSs. Robicon Corporation also commercializeeir medium voltage drives
utilizing these configurations in 1999. Currently theseickey offer a power range of 10-250
MVAr [40] Chapter 2].

Another modular configuration that is receiving great rededocus is the MMC, which was
first introduced by Marquardt and Lesincar in 2003 [9]. Thsfiguration is shown in Fig. 2.8.
Each phase of the converter, also called converter legjsterad two arms. Each arm contains
equal number of cells together with a coupling inductor naitithe current under AC fault and
also to limit thedi /4 due to switching. The AC output is connected in the middleheftivo
arms. It is also possible to use H-bridge instead of halldwias 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 in each phase. In case of unbathgrid voltage,
delta has the ability to allow a controllable zero-sequetweent that circulates inside the
delta. Although this leads to a slight increase in losses citculating current facilitates the
exchange of active power between phases, which can be udsalaioce capacitor voltages
especially when negative-sequence reactive power exehaitly the grid is needed.This also
results in an increased current rating as compared to batandition (and consequently higher
current rating compared to the star). Higher current ratingonly affects the rating of the
semiconductors in the bridges, but more importantly aff¢loe voltage ripple, and thereby the
rating of the capacitors in each bridge. With the same raagpthe star configuration needs
to be over-rated in terms of voltage when operated underlanbad grids, due to the needed
zero-sequence voltage (which will lead to a movement of thetifigY -point of the converter)
to guarantee capacitor voltage balancing.
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Fig. 2.8 Double star configuration with half-bridge cellagkvn as MMC).

Regarding the double-star configurations, CHB and MMC akee“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 dwegecein 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 amof active power is transfer.
However, being the focus of this thesis on STATCOM applaagionly, 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 t® ¢kelta, have the ability to exchange
negative-sequence current with the grid by controllingdineulating current. One of the other
important feature of the double-star configuration is thegiodevice current rating of the indivi-
dual cells, due to the AC current sharing between the twoeerarms. However, the voltage
rating of these devices is higher compare with the star aftd.d&s it is shown in Fig[ 2)8
each converter arm generates an AC voltage with a DC offs&tléqg half of the total DC-link
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Fig. 2.9 Double star with CHB configuration.

voltage in MMC. This results in a higher converter arm vodtagting (two times the AC vol-
tage). If H-bridge cells are used instead of half-bridgéscelch arm is needed to generate only
the AC voltage with the same amplitude of the output voltagesrefore the number of cells
reduces to half as compare with the double star with hatfgariwhile the number of power
semiconductor in each cell is now doubled. As an examplalff and H-bridge cells with 1pu
voltage rating are available, in order to generate an ACageltwith 1pu peak under balanced
conditions, only one cell per phase is needed if star corsdtgun is chosen while/3 cells are
needed for delta. Double star configuration with half-beidglls needs 4 half-bridge cells and
double star configuration with H-bridge cells needs 2 H-peidells 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 compardudthat star and delta configurations.
Thus the size of the capacitors and hence cost and footproresase significantly in the double
star configuration.

Double-star configuration with H-bridge cells is supermttie 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 vanat the DC-link voltage.This fea-

ture makes it suitable for renewable resources such as with@d@ar power since the DC-link
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voltage varies with weather variations. Moreover, thisfigamation has the ability to suppress
fault currents arising from DC-side short circuit event§][4However, this configuration leads
to an increased number of semiconductors and speciallglswg losses as compared with the
classical MMC [42].

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| [43] and haveebelynamic performance [28].
Table [2.2 summarizes different characteristics of all nlexdsubset configurations discussed
in this chapter.

This section introduces the main modular configurationsefz alternative modular configu-
rations can be found in literature [44/45].

TABLE 2.2. SUMMERY OF MODULAR SUBSET CONFIGURATIONS CHARACTERISTICS

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

balanced condition

Negative-sequence capablg)( Capableip) Capableip) Capableip)

compensation
Circulating current No Yes Yes Yes
\oltage rating Balanced No change Nochange No change

unbalanced condition  voltagegs

Current rating No change Balanced Balanced Balanced
unbalanced condition curreng+ currentdy current+g
Capacitor size Higher than - Higher than Higher than
balanced condition delta star&delta  star&delta
Capacitor size Lower than - 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

The modulator determines the switching function of a caterein general, the modulation
technigue must guarantee that the generated voltage attpet®f the converter is similar to
the desired voltage as much as possible. The challengexsaiacetraditional modulation tech-
niques to the multilevel case, where the large number of geles different alternatives to mod-
ulate the converter. Each modulation approach focusesengtimization of some converter
features such as switching loss reduction, uniform swiighoss distribution, improving har-
monic performances, common-mode voltage minimizatiomjmiim computational cost, etc.
The most common modulation techniques for multilevel coiere are summarized in Fig. 2]10.

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

It is also worth mentioning that the switching commands iar ¢converter are not always deter-
mined by a dedicated modulation stage; instead, they caatbendined by a direct consequence
of the overall converter controller. Hysteresis currenitoaller 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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Chapter 2. Multilevel converter topologies and modulatezhniques overview

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. 2.0t &ig.[2.12, respectively. Each
cell is modulated independently through the comparisowéen a modulation index and
a carrier. The modulation index is the same for all the céldd tonstitutes a phase leg,
while a phase shift is introduced between the carrier sgyokach cell within the same
phase. It is proven that the lowest distortion at the totgpoucan be achieved when the
phase shifts between carriers are 480(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, at least under ideaditions. Moreover, due to
the proper selection of the phase shift angle between cgrtlee total output waveform
has a switching pattern with times the switching pattern of each cell. Hence, better
Total Harmonic Distortion (THD) is obtained at the outputjng n times lower carrier
frequency.

1
X
L e /

Vcrl

VOUt

UZ*

il Vch

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&FPWM 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 voltagéikesent.

By extending this idea for a multilevel converter withievels,m— 1 carriers are needed.
Each carrier is set between two voltage levels and the sameigde of bipolar PWM
is applied. Required carriers can be arranged in vertiaétlssiif all the carriers are in
phase with each other (only vertical shift), the modulatexhnique is named Phase Dis-
position PWM (PD-PWM). If all the positive carriers are ingste with each other and
in opposite phase with the negative carriers, we talk abbas® Opposition Disposition
PWM (POD-PWM). By alternating the phase between adjacaniecs, Alternate Phase
Opposition Disposition PWM (APOD-PWM) is obtained. Diféert arrangement of car-
riers provides different THD. For example POD-PWM at theenge of having more
complicated structure than PD-PWM has less THD than the [46],[47]. An exam-
ple of these arrangements for a five-level (thus four cayigtar configuration is given in
Fig.[2.13. The switching command must be wisely directetieéaippropriate power semi-
conductors in order to generate the corresponding levéls.HRrdware implementation
and cell output voltage by using LS-PWM for a five-level stanfeiguration is illustrated
in Fig.[2.14.

This modulation technique can be adapted to any multilewalerter. However, as it can
be observed from Fig. 2.115, it is clear that the switchindgratis not uniform between
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Fig. 2.13 LS-PWM arrangement; (a): PD; (b): POD; (c): APOD.
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Fig. 2.14 Hardware implementation of LS-PWM.
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Fig. 2.15 Cell output voltages by using LS-PWM.

two cells when LS-PWM is used. This causes an uneven poweibdison among the
different cells.

2.4.2 Space Vector Modulation (SVM)

Using Fig[2.16 (a), the different steps of SVM can be sumpealras follows. First step is to de-
termine all the switching states and their correspondiatgstpace vector in thef-reference
frame. Fig[2.16 (a) shows all the eight switching spacearsawith black circles for a tradi-
tional two level converter. + and - signs in parenthesesashow which switch in each phase
is on. For examplé—, +,+) shows that in phase lower switch and in the other two phases
upper switches are on.

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

Figure[2.16 (b) shows the extension of SVM for a three lewal sbnfiguration (one cell per
phase). Each cell can produce positivd/§c), negative {Vyc) and zero (0) voltage levels. Hav-
ing 3 levels, results inBpossible combinations, shown with black circles. It can bseoved
that for some vectors more than one switching state is plessib

Following the same steps as explained befare,,v3 and their corresponding time, to, t3
should be determined in order to provide the switching comasa

It should be noted that SVM explained here is valid only foradabced system with purely
sinusoidal reference voltages. In case of an unbalanceéeinsysxistence of harmonics or zero-
sequence component this algorithm must be modified [48, 49].
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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 behind SHE is predefining and

precalculating the switching angles per quarter-funddataycle via Fourier analysis,
to ensure the elimination of undesired low-order harmaniée first step is to find the
Fourier series of the multilevel waveform based on unknowitcéiing angles. Next step
is to set the undesired Fourier coefficient to zero, whilefthrelamental component is
made equal to the desired reference value. The obtaineti@ogiare solved offline using
numerical methods, finding the proper solution for the angle

As an example for phase of the star configuration with three H-bridges per phase, a
typical waveform considering three switching angles, az, a3) is given in Fig[2.1l7.
Each angle is associated to a particular cell. Consequesdbh cell of the converter
produces positive or negative voltage levels at a specifjteaonly once in a fundamental
cycle. SHE is also known as staircase modulation becaudeedtair-like shape of the
voltage waveform.

Note that there is no control over non-eliminated harmoaitd if non-eliminated har-
monic amplitude are not suitable for a particular applmatiadditional cells and angles
should be introduced. It is also possible to limit the harmm@ontent to acceptable val-
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Fig. 2.17 SHE technique for phaaef the star configuration with 3 cells per phase.

ues instead of completely eliminating them. This methodaised Selective Harmonic
Mitigation (SHM).

The main advantage of SHE is the reduction of the switchieguency and consequently
of the switching losses. It also eliminates the low ordentanics, facilitating the reduc-

tion of output filter size. However, this method requires euical algorithms to solve the

equations for different modulation indexes. With curresdhinology 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 uwresbimodulation 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 alter-
native method to SHE to provide a low switching frequencyhaut the disadvantages
of numerical calculation and poor dynamic performance. Bésc idea is to simply ap-
proximating the reference voltage to the closest voltagtovs that can be generated in
thea B frame.

The dots in Fig[ 2.118 shows all the possible voltage vectererated by the converter,
surrounded by the hexagons. Each converter vector is cenesichs 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-ordent@mics. However, this prob-
lem can be avoided by using multilevel converters with a mgmber of levels. High
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Fig. 2.18 All the possible voltage vector for a three-leviglr £onfiguration and their corresponding

28

hexagon.

number of levels provides more available voltage vectodsthareby smaller error. De-
spite the simple operating principle, its practical impégrtation 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 prirdiplboth methods is the
same, but instead of choosing the closest vector, when dii@ghe voltage level closest
to the reference voltage is selected. Also unlike NVC, whiree phases are controlled
simultaneously with the vector selection, here three phase controlled independently
with 120 phase shifted references. The main advantage of this metedNVC is
that since finding the closest level is much easier than fqthe 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 fagatarter cycle of the
reference voltage, whekg is the voltage difference between two voltage levels (Ugual
the DC-link voltage in modular configurationsy,is the reference voltage ang is the
output voltage. As can be seen from Fig. 2.19 the maximunt eriegpproximation of the
closest voltage level ¥dc/,.

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 consevittr higher number of levels

to limit the amplitude of low-order harmonics. The main acheges of NLC over other

switching techniques are its simplicity in both implemeiataand 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 hybrnidasymmetric configuration
(modular configurations with unequal DC voltages). Thed@sa of this modulation technique
is to reduce the switching losses and improve the convefteieacy by reducing the switching
frequency of the higher power cells. To do this, instead afgifigh-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 asedban having fixed DC sources as
DC-links in multilevel converters. In an actual STATCOM, BGurces are replaced by capaci-
tors. This is an important parameter that has to be takenac¢ount when using any of the
modulation techniques introduced in this chapter. Moraiteeabout modification of the modu-
lation techniques considering having capacitors as DCcesuwill be provided in Chaptér 4.

2.5 Conclusion

Multilevel converters are today the preferred solutiontiaggzh power applications. The most
common multilevel converter topologies have been desgribéhis chapter. Complexity both

in control and hardware structure, reliability, moduba@dind efficiency as the most important
parameters for high power applications are addressed édéscribed topologies. Several
modulation techniques for multilevel converters have alsen briefly 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 aspewe with the other multilevel
topologies. Nevertheless, these salient features reglabmrated 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 powerelketthe 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 EBBEOCOMSs [50]. The simplest

control strategy is based on linear PI controller impleradn 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 quantitieshvé fast dynamic. This controller is
based on instantaneous power theoryg B+ or three-phase system. The main advantage of this
control strategy is that no synchronous transformatioreedied. The simplest linear approach
to implement this control strategy is based on Proportidgtesonant (PR) controllers [51].
However, this controller has the restriction of constaegirency operation. Two main non-
linear approaches to implement the controller for CHB-STAMs are hysteresis control [52]
and MPC|[53]. The main drawback of MPC when applied to CHB&Wwigh number of levels

is the high number of switching states that must be evaluated

It is not easy to define which one of the control strategieseaels the best results. But it
must be noted that computational burden is as importantrfastthe 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 civggpghe control algorithm.

In this chapter the overall control of CHB-STATCOMs implemted in the rotatinglg-reference
frame is provided. Due to its uniform switching pattern ahdst uniform power distribution
among cells, PS-PWM is here considered for the modulatagest
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Chapter 3. Overall control of CHB-STATCOM

3.2 CHB-STATCOM modeling and control

3.2.1 System modeling

In order to be able to derive an adequate control algorithst, thhe dynamic and steady-state
modeling equations of the CHB-STATCOM should be definedotigh steady-state analysis, it
is possible to calculate the reference voltages requiresbich an arbitrary operating condition.
This is especially useful to determine the capabilities HBESTATCOM through an open loop
control. The CHB-STATCOMs with an arbitrary number of cellger 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 outpliages is supported by a filter re-
actor installed in each phase, used to filter the harmonidsannjected current. For the delta
configuration the filter is typically connected inside thdtatein this way the filter can han-
dle the voltage difference between converter phases aridthiencirculating current 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 equaliBiCeapacitor, charged at the same
voltage level; also, it is assumed that the AC voltage is Bygjshared among all the cells. The
set of voltage-current equations on the AC side can be aialas

Le%aY 4 Reiay + € = nsvgc
LY + Reiby + & = NsVie (3.1)
L %Y 4 Rricy + e = nsivie

where 8,2 andst are the switching functions of the different cells in phageandc (which can
be+1,—1 and 0) Rs andL; are the resistance and inductance of the filter reactorectisply.n

is the number of cells per phase apgdis 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
Cdw 1 d(d)  pa- Rt
P= =% a — 1 R (3:2)

wherew andp are the energy stored in the DC-link capacitor and the aptiveer that flows in
the cells respectivelLy. is cell capacitor an& is an additional resistor connected in parallel
to the capacitor (not displayed in Flg. B.1 3.2 for gjanit the figures), which represents
the overall losses in the DC sidp; is the active power absorbed from the grid in phasealeg
It is important to remark that (3.2) can be easily extendetiemther two phases.

In order to simplify the dynamic equations, the switchingdtions are replaced with their
fundamental component, which is the modulation index. ikangle for phasa
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S 11 (3.3)

wheremg@ is the modulation signal for one cell in phease

Replacing[(3.B) inta (3]11) and applying Clarke transfoliora{described in the Appendix]A),
the dynamic equation in the fixe3-frame can be written as

(@) (t)vee — 9P (t) — Rl (1) — L= il (1) = 0 (3.4)

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

m(d9 (t) = m(@B) (t)e 18
eldd) (1) = el@B) (1)e 10 (3.5)
1gdq) (t)= 1&03)@)3*19(0

Equation[(3.44) can be re-written in the rotatidgrreference frame as

. d. o
(99 (t)vge — €99 (t) — Ri{?¥ (1) — Lfaﬁ' Vit) — Lijeilf(t) = 0 (3.6)

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

Le L9 (1) ++ Rl (1) + €99 () + jeol il (t) = nmf@D (t)vyc
(3.7)

ic d(v3.) _ egid-+eqiq—Re (i3+i3) Vi
2—dc gt 3n Ric

wherew is the angular frequency of the rotating vectors.

3.2.2 Steady-state analysis

In steady-state condition, the derivative terms are equa¢to. By setting the derivative terms
in (3.7) to zero, the steady-state equations are calcutsted

M (da) — RSV +E@ 1 oLyl

—— NVyc

(3.8)

_ Eala—Rel2 n Eqlq—Re1Z Vi

0 3n 3n Ryc

where the use of capital letters denotes the steady-statbtiom of the different quantities. In
order to solve this equatioty andVye should be determined first. Usually, the desired value
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for |4 is determined based on the required reactive power to beaagell 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. Thudetied value foty can be
calculated as

Q" = imag{E9 "9} = _Ejlg+Eglg= lg= —=- (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&sgher than the amplitude of the
grid phase voltage, i.e.,

\/é \/éEd
NVoc > —+/E2+E2 =V, a=k—= 3.10
DC \/§ d q DC’Eq_o \/§n ( )

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

Replacingvyc andlq in (3.8), the needed modulation signal corresponding tspeeific 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

Eqg = 1pu= Vpc = O.313pu

Mg = 0.9
lqg=—1pu
> < Mg = —0.03pu (3.11)
Lfew = 0.15pu
4 = Opu
Rf = 0.03pu
Rgc = 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 ofrarei current control loop,

which is used to control the converter output current, artdrazontrol loops, used to determine
the reference currents. Figure 13.3 shows the block diagratheoimplemented control sys-
tem. A Phase-Locked Loop (PLL) estimates the grid-voltagged needed for the coordinate
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Fig. 3.3 Overall control block diagram of CHB-STATCOMSs.

transformations. The cluster controller determines areefee value for the direct component
of the current based on the selected DC-link voltage reterdyj ). Reference value for the
guadrature component of the current is determined eithéndoyeactive power controller as in
(3.9) or through the PCC voltage controller as will be expdid in this section. Note that for
the delta configuration the line-to-line reference quatiare required. Therefore, the outputs
of the controller are transferred to three-phase usingrestoamation angle o6 + § and an

amplification factor of,/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

nm@vge = 99 1 jool il 4 (s 4RIl (3.12)

and therefore the law governing the current contrallis [8]

e = (kp+ ) (1™ = i§') + e + jeoLsiy™ (3.13)

ki
S
whereij andiy are the reference direct and quadrature currégtss the proportional ané

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

control block diagram of the current controller togethettwvthe converter model is shown in
Fig.[3.4(a). Simplified current controller block diagrandaslock diagram of the modulation
signals calculation are shown in Fig.13.4(b), top figure aid [B.4(b), bottom figure respec-
tively.

The proportional and integral gains of the implementedrcdietr can be easily found by shap-
ing the closed-loop transfer function to have the same respas a first-order low-pass filter of
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bandwidtha;, i.e.

-x(da) : .
G — IY - Skp‘f’k| a; (314)

' i<qu> T L+ s(Re+kp) + ki T sta

Therefore, the proportional and integral gains can be famib4]

IIZ.P::;”FE: (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 etuesio 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(b) (bottom) whereg.,,... V3., are the DC-link voltage values amd, ..., m§, 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 maahulsignals are then sent to the
modulator (for example, PS-PWM) to determine the switclgatierns for the cells.

Current controller system model
|_______feaiﬁrvﬁrd_e_d__—Il_ed__________i
| || |
i k; | 1 ig |
bty o)
= P == Lis + R '
[ (EW_MVA)| f f I
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Fig. 3.4 Current control block diagram; (a): full-conten] (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 1C4d n. d V., ,+V.,+..+V
Pdc = a = éfa(vﬁcﬁr\/ﬁcz*‘ +Vgcn)2 = écdca( del chn dcn)2 =
n. d
= 5Cacg (Vora)® (3.16)
_ |€4] iavad|
aC 2

wherev, 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 denoteg pfor phase
a, has the same phase angle of the grid voltage. Being the AO@rside active powers equal,
(3.18) can be written in Laplace domain as

NCacSVaia = |€alliavdl (3.17)

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

iavd = Kaiv (Vg5 — Vg,) cog(6)
ibyd = Kaiy (V32 — VZ,) cog(6 — 27) (3.18)

icvd = Ketv (Via — V&) €0S(6 + 2%)

where co$0) is used to generate AC currents that are in phase with thevgltage;vy. is the
DC-link reference voltage anga,Vcin,Veic are the cluster voltages in phasgb,c. The amplitude
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of the active current component of phastom (3.18) can be replaced info(3117). Simplifying
the results, the transfer function of the cluster contrdtde phasea can be calculated as

€,
Vgla_ de’ aVncdc _ Qg

G la= —5 = =
cla Vé% S+ de’ea‘/nCdC S+ Qg

(3.19)

which has the same response as a first-order low pass filtenafitadthac . The gainkyy can
then be designed for a desired bandwidthas

(3.20)

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

Following the same procedure, in order to generate theatkedirect component of the current
for delta configuration, the branch direct curreiRig,ipag andicag must be in phase with their
corresponding line-to-line voltage. Using a proportiooahtroller with gainkgathree branch
direct current can be written as

and = Kela (Vsa — Vajan) COS0 + §)
ibad = Kela (Vg2 — Vépa) €OS(0 + § — 25) (3.21)

icad = Kela (Vi3 — Vaica) COS(0 + £ + 25)

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

NCycOc
|€ab
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 dinexnt.
The block diagram of the cluster controller is shown in Eigl. 3

Kelap =

(3.22)

It should be noted that only a proportional controller is s 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 ififiGoltage is acceptable as long
as this voltage satisfies the security margin.

PCC voltage control

To design the PCC voltage control loop, the simple powerespsdepicted in Fid. 317 is here
considered. As shown in the figure, the converter is conddota grid represented by an AC-
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Fig. 3.6 Cluster controller block diagram.
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Fig. 3.7 Power system model.

source in series with an impedance, to model the shortitstnength of the grid at the con-
nection point. The system dynamics are given by

i(d
dl;t‘” + joolgi(@ 4 el (3.23)

g(dQ) — Rgl(dq) + Lg

Neglecting the voltage drop over the grid resistaRgethe steady-state PCC voltage can be
expressed as:

EC ~ B 4 jolgl (@ (3.24)

Note thatE, is equal to zero due to the PLL action. From the above equattos straightfor-
ward to observe tha is related tdq. Thereforejq will be used to control the PCC voltage.
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Fig. 3.8 Closed-loop control block diagram of the PCC vadtagntrol.

Fig.[3.8 shows the block diagram of the implemented PCC geltontroller. The assumption
of i = iq is based on the consideration that in a cascaded structgrénrter current loop is
much faster than the outer loops. The closed-loop transfestion of the PCC voltage control
is thus given by:

(3.25)

which has the same form of a first-order low-pass filter. Dexgowith apcc the closed-loop
bandwidth of the controller, the integrator g&ip.c can be designed as

Opce

Apce = Kipeckg®W = K pec= ——
pce = Ki,pec-g pee
Lyw

(3.26)

In order to ensure stability, the closed-loop bandwidthhaf voltage controller should be se-
lected much smaller than the current loop bandwidtz{< 0.1a;). Since no information about
the grid impedance is typically available, the grid impexkacan be calculated for the minimum
SCR (Short Circuit Ratio) provided by the customer for thecsiic application and then be used
for the integrator gain calculation. The drawback with thising approach is that slow response
will be obtained when increasing the SCR. Nevertheless desirable to preserve the speed of
response of the regulator for a wide range of system strengtir this purpose, various con-
trol action can be taken to improve the system dynamics, agananual gain switching, the
non-linear gain, the gain supervisor, series-dynamic @msation and AC side control filters
as discussed in [55].

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 thisithissas the one proposed in [56],[57].
The law governing the PLL is given by

(3.27)
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Fig. 3.9 Block diagram of PLL.

whereap, | is the closed-loop PLL bandwidth. The PLL should be robustiragj harmonics,
grid voltage unbalances and faults. When fast synchraonizas not needed, good harmonic
rejection can be achieved by choosing a low bandwidth. Tdpeask is the error input for the
PLL and for a voltage-oriented set dfj coordinate is equal to thg-component of the grid
voltage (expressed in per-unit of the grid voltage ampétug). The termawy, equal to the
nominal grid angular frequency, is added in the PLL struetarallow fast tracking of the phase
angle. Figuré 319 shows the block diagram of the adopted PLL.

3.2.5 DC-link filter design

In CHB-STATCOMS, the DC-link voltage of each cell contaimsascillatory component having

characteristic frequency equal to twice the grid frequgd®p Hz for the investigated systems).
This oscillatory component can produce harmful effectshengerformance of the controller.
Therefore, the measured DC-link voltages for the clustatrobmust be filtered first. Note that

the filter is applied to the DC-link voltages input to the ¢krscontroller only, while the actual

voltages are utilized in the other parts of the control syste

Traditional methods to remove the 100 Hz component are LagsFilter (LPF) and Moving-
Average Filter (MAF), which are investigated and appliefil®?]. An alternative way to separate
the two frequency components in the measured DC voltagecsitbine a LPF and a resonant
filter with characteristic frequency centered at 100 Hz, escdbed in[[58]. The advantage of
this approach over the mentioned methods is that since tineegs of the oscillatory component
is removed from the input signal to the LPF, higher bandwidththe estimator can be used
without jeopardizing its selectivity. To understand thmgiple of the implemented filter, let us
assume that the input DC voltagg. comprises of an offset component (having amplitude of
V) and a sinusoidal contribution (having amplitude/gf) as

Equation[(3.28) can be rewritten as

. Vo . vV .
Vido = Vigo + REV /] = Veio + =@/ 4 eI (3.29)
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Fig. 3.10 Block diagram of single phase estimation algorith

In order to extract the different components from the inpgnal, (3.29) can be re-arranged so
that the phasorg,c andVy, become isolated and the LPF can be applied to the resultgngisi
as

Ve = Hp{Vac— Re[\lphej Zwt]}
_ . (3.30)
Von = Hp{[2Vdc — 2Vie —\_/She_szt]e_szt}

whereH, is a low pass filter of bandwidtig.. The block diagram of the single-phase estimation
algorithm is depicted in Fig.3.10

3.3 Digital control and main practical problems

The control algorithm described so far in this chapter hanlakerived in the frequency domain.
However, the implemented control in the simulations is atdigontrol, 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 malotgms in digital control is the
delay due to the computational time of the control compunatr affects the system performance.
Moreover, it is important to consider that the amplitudehs dbutput 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 impnews are the Smith predictor using
a state observer for the computational time delay compiemsand limitation of the reference
voltage vector and anti-windup function to prevent intégravindup [59].

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
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Fig. 3.11 Block scheme of the current controller with Smiteadictor.

Ry L
:_—M—W\—
v ) — (1) F“ﬁ)“)

Fig. 3.12 Single-line diagram of circuit representatiorstaite observer in time domain.

the system and cause overshoots and high oscillationsgimainsients. To avoid this problem
it is necessary to compensate for this delay.

In this work, a Smith predictor is used for this purpase [9%]e main advantage of using Smith
predictor is that the current controller can be treated #isandeal 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 baxkhie current controller. Thus, the
delay of one sample has been eliminated. In order to feediheckeal 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 computatldime delay, the Smith predictor
and the converter model (shown in Hig. 3.4(a)) is displapdelg.[3.11. The output of the Smith

predictor is the difference between the estimated filteresurat sample, [(dq) (r) and the same

signal at sample — 1, fd@(r —1). If at sampler a step in the reference current is applied, at
sampler + 1 the reference voltage (99 output of the current controller will vary. Therefore,
the output signal of the Smith predictor will not be equal emaxzand will adjust the current
error. At sample + 2 the difference between the predicted current and the eelage 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 VgelLaw (KVL) to the circuit shown
in Fig.[3.12, the following equation in theB-coordinate system can be written

v 1) 6P (0) = RV 1)+ Le g 1P () (3:31)
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In thedg-coordinate systen!, (3.81) becomes

(1) — 899 (1) = RI () + L 10 +old 1) (3.32)

which can be discretized using the forward Euler method. gitié voltage changes slowly
compared with the sampling time, so it can be consideredtaonever one sampling period.
The average value of the converter voltages over one sarepledpare equal to the reference
values. Equatiori (3.82) can therefore be rewritten in teerdie time domain as

1) = (1- B85 ot [V + & (

E (w9 -
hosp (10 (1) (1))

(3.33)

wherekpgp is the observer gain. Thus, kbgp 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 referenceyeolectonv*(99 in the dg-coordinate
system is transformed in the fixeg3-coordinate system by using transformation aréle) +

AB, whereAB = wTs+ 0.5wTs. The termAB is a compensation angle that takes into account the
delay introduced by the discretization of the measured tipies(0.5wTs), and the one sample
delay due to the computational timeTs). The reference voltage vector in thg-coordinate
system is then given by

VH(aB) — +(da) (+08) _ \+(da) gl (6+3wTs) (3.34)

3.3.2 Saturation and Integrator Anti-windup

Due to the limited attainable output voltage of the converdehard limiter must be used to
limit the the reference voltage. If the controller limitetheference voltage then the input er-
ror to the integrator can not be set to zero. This leads tgrater windup. In order to avoid
integrator windup, the integration should be inhibited néner the reference voltage exceeds
the maximum level. Alternatively, it is possible to use baelkculation of the current error in
order to limit the demanded current during saturation [®0]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 currentrotber with anti-windup is shown

in Fig.[3.13. The input error to the integrat@) (§ modified as

1
5 _ = (y<(do) _ \x(da)
E=e+; (\_f‘ Viim ) (3.35)

*(da)

wherey, ™ is the limited reference voltage.
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Fig. 3.13 Block scheme of the current controller with aninp.

TABLE 3.1. SYSTEM AND CONTROL PARAMETERS

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

Filter inductorL;

Filter resistorRy

Cells capacitoC

DC-link voltage for staWyc
DC-link voltage for delta/yc
Cell numbers

4.33 mH, Q15 pu
0.136Q, 0.015 pu
4 mF, Q09 pu

10 kV, 0.3 pu
10v/3 kV, 0.525 pu
3

Carrier frequencyf¢, 1 kHz

Closed loop current control bandwidtty 271 x 500 rad/s
Closed loop cluster control bandwiddl; 27 x 5 rad/s
PLL bandwidthap 2t x 5 rad/s
Closed loop DC-link filter bandwidtbrpc 271 x 50 rad/s
Observer gaitikysp 0.1

3.4 Simulation results

The CHB-STATCOMSs with the system and control parametersaifid3.1 are simulated in
PSCAD in order to verify the implemented control strategy.

The highest bandwidth is assigned to the closed-loop cucentroller. This bandwidth is cho-
sen based on the sampling frequency. Sampling points aateldon the top and the bottom
of each carrier and since there are three carriers and eatérdeequency is 1 kHz then the
sampling frequency will be 6 kHz. For stability reasons, rile-of-thumb is to select the loop
bandwidth of the inner current controller at least a decayelothan the sampling frequency.
Here, the closed-loop current control bandwidth is se(lZlnBOO)rad/S. 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@nttol bandwidth. For the PLL

a low bandwidth of 2r5)'29/ is chosen to achieve a good harmonic rejection. Bandwidth of

(2n50)rad/s is chosen for the DC-link filter to remove the 100 Hz osciltgtoomponent and
finally the observer gain of 0.1 is chosen.
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Fig. 3.14 Step performance of the CHB-STATCOMSs; Top: capadiells voltages; middle: reference
and actual injected reactive current; bottom: detail ofstep performance.

Figure[3.14 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 tetller to follow the desired
DC-link voltage and reactive current values.

The simulation results in Fig. 3.114 are without considetimgsystem delays due to the digital
implementation. As it mentioned earlier in digital implemaion of the controller there will
be one inevitable sample delay. Two digital implementatemhnique called synchronous and
asynchronous reference voltage updating have been prbjposee literature([61, €2]. In the
asynchronous technique the reference voltages for eakis cgldated at each top and bottom
of its own carrier while in the synchronous technique thenafice voltages of all the cells
are synchronously update at each interrupt. The advantathee asynchronous technique is
its simplicity in the implementation compare with the syratous technique. However, the
asynchronous technique can cause bigger overshoot atraaskent as it will be shown in the
next simulation results.

Figure[3.15 shows the transient performance of the CHB-&TWIs with and without Smith
predictor and by considering the one-sample delay in théegmentation of the controller. The
figures on the left side show the results for the star, whieidiht side figure show the results for
the delta. Top plots shows the results with asynchronousitque and bottom plots show the
results with synchronous technique. The overshoot andlatsmn in the transient responses are
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Fig. 3.15 Transient performance of CHB-STATCOMs with antheut Smith predictor and with asyn-
chronous (top plots) and synchronous (bottom plots) tegles.

due to the delay in the implementation of the controller. Agezted, the overshoots are bigger
when asynchronous technique is applied. It can also be wa$¢hat in both cases and for
both configurations the Smith predictor improves the trmsiesponse. However, the Smith
predictor is not so effective when asynchronous techniguapplied. The reason is that in
asynchronous technique the reference voltages for eakis cgldated at each top and bottom
of its own carrier. In consequence, once a step change iedapily 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 Snathqgbor 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 equiarge 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 thisnot be guaranteed, due to
different components characteristic, non-uniform switgtpattern among the cells etc. Even in
a simple simulation model, the time-step of the simulatidhimpact the active power distribu-
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Fig. 3.16 Cluster and individual DC-link voltages of phastor CHB-STATCOMs after 1.6 seconds;
top: DC-link voltages; bottom: cluster voltages.

tion and thereby the charge of the different DC capacitossarillustrative example, consider
the simulation results depicted in Fig. 3.16. For this satioh, the reference reactive power
is set to 0.3 pu and is kept constant. From the figure, it isiples® observe that the DC-link
voltages in the same phase leg will start to diverge from ¢fierence value, while the cluster
voltage (i.e., the average of the three DC-link voltagesbisstant and properly controlled to its
reference. This confirms that the active power is not disteéd uniformly among the different
cells, while the cluster controller properly manages tamaaalish its duty. The reasons for this
phenomenon together with the derivation of specific combapbs to guarantee proper operation
of the system will be investigated in the next chapter. Ireotd avoid the extra control loop a
different modulation technique, called sorting approaah also be introduced and used in the
last part of this thesis.

3.5 Conclusion

This chapter has provided the overall controller for the CEBATCOMSs. The implemented
controller consists of an inner current controller usedréak the reference current together
with the outer control loops, i.e. an outer cluster congnmotlb control the DC-link voltages
and the PCC AV voltage controller. Simulation results havewn the ability of the controller
in tracking the reference current as well as providing Dt&-lvoltage balancing. However,
simulation results after 1.6 seconds show that the DC-lmlkages inside one phase leg are
diverging from the reference value due to the non-uniformivagower distribution among
different cells of the corresponding phase.
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Chapter 4

CHB-STATCOM modulation and
individual 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. Tws-uniform power distribution is
mainly due to different characteristics of the componemte individual cells and, more in
general, any condition that leads to a deviation from ideabdions [63].

In the recent years, both manufacturers and researchesphaVvénigh effort to improve the
control and the modulation of MMC. For the latter, Phasdi8tiPulse Width Modulation (PS-
PWM) has been extensively investigated in the literatufel{8s shown in [63] that deviation
from ideal condition affects the harmonic performance & BS-PWM. This can negatively
impact the active power distribution among the cells. Havenot sufficient attention has been
given to the investigation of the different harmonic comgats that are generated when using
PS-PWM and their impact on the system performance, in peaticn 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 tifferént cells of the same phase
leg can be achieved.

Although non-integer frequency modulation ratio improvies harmonic performances and
provides more uniform active power distribution among thés¢ a perfectly uniform power
distribution is practically impossible to be achieved. Aseault, specific stabilization control
loops (typically denoted as individual balancing contomp) are needed to guarantee a proper
operation of the system.

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

The second group is based on the technique called sortinmgap[64].

In continuation of this chapter design process for indialdDC-link voltage controller using
both a dedicated controller and cell sorting approach igigeal. It is shown that although both
methods are successfully able to control the DC-link vatagshen the converter is exchang-
ing reactive power with the grid, they are not able to proadeoper 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
approach and second method is based on DC-link voltage mtolul Using the proposed me-
thods, proper individual DC-link voltage balancing is astad 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 pertomnce of PS-PWM is investigated
in this section. The analysis is focused on the star configurdut is also valid for the delta.
The investigated CHB-STATCOMSs with an arbitrary number elin per phase is shown in
Fig.[4.1.

The PS-PWM harmonic analysis is here focused on phasealogous considerations can be
drawn for the other two phases. The switching pattern fow#hees in the cells of the converter
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is here obtained using unipolar switching. As mentionetiezathe basic principle of PS-PWM
is to phase-shift the carriers for each cell in the same plegs@ order to cancel a specific set
of harmonics in the total output voltage. Optimum harmomicaellation is achieved by phase-

shifting each cell carrier b)@k— 1) 7T/N, whereN is the total number of cells in each phase
andk refers to the cell number. Denoting wifl the carrier frequency, the selected phase-shift
between the carriers allows cancellation of the harmonmpmments up to £N in the total
output phase voltage. Using asymmetrical regular sampfslence and double-edge catrrier,
the harmonic components of each cell in phasan be found as [65]

Veellk = Wac % MF hnMa S|n(h7—2T) coghant)+
T i S glary(agMacos(hrl— D @.1)
x cos{[2haer + (21 — 1) ao]t + 2h(k_Nl>n+ (2 —1)60}

whereVy. is the DC-link voltage of the considered cell (all DC-linkltages are here assumed
to be equal)wy and . are the grid and carriers angular frequency, respectiaglg,6y is
the angle of the reference waveforivk = C*’Cr/ab is the frequency modulation ratitsr’la is the

amplitude of modulation index in phaagl] is the Bessel function argl= 2h+ (2 - /M 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
Vay = Z VceII,k (4-2)
k=1

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

_ ANVge « M¢, hiMa, . 1T
Vay = - h;TJM M, )S|n(h§)cos(habt)+
Ny 2 2 1 T
=S Y (S (a5Ma)cog(h+1—1)7x (4.3)
T == d 2

X ki cos{ [2haxr + (21 — 1) aplt + 2h (k _Nl) n}}

Since

A (k—1)m
kZlcos{ [2heer + (21 — 1) ap]t + 2h N

1=0 (4.4)
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for all h# N, 2N, 3N, ..., the only harmonics remaining in the overall output voltagphasea
will be the side-band harmonic components centered arofgn,2or

o > Mf hT[Ma . T
Vay = - > FJh( M, )S|n(h§)cos(habt)+

Ny 2 21 T
- Z Z aJ<2I—1)(Nq§Ma) cog(Nh+1 — 1) x
H=11=—oo

x coS{[2Nhwer + (21 — 1) o]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 fiy3 and harmonic cancellation up to the
side-bands arounchZ N = 6f¢, 12f,, ... will be achieved. Figurie 4.2 illustrates the theoretical
voltage-harmonic spectra of each cell output voltage (&oyl) of the total output phase voltage
(bottom). The successive harmonic cancellation is evident

Considering a perfectly balanced grid and under the assamiitat the converter is not ex-
changing any negative-sequence current in steady stateuthent harmonics for phasecan

be calculated v £
lay = %‘ (4.6)

with Z the impedance of the filtering stage between the grid anddheecter (calculated at the
frequency of interest) and, the grid-voltage phasor for phaaeObserve tha{(416) considers
the phase-to-neutral voltayygy for the computation of the line current and is therefored/adr
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 [65] and therefore will rpygesar in the current waveform.
However, this harmonic cancellation will not affect the lgse carried out in this thesis.

According with [4.6), the line current and phase voltage pviéssent the same harmonic spectra,
with the harmonic attenuation and phase shift provided byfitter impedance.

4.2.1 Effect of side-band harmonics on the active power

The harmonic components in_(4.1) 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-
tion, both the fundamental component and side-band haos@mound it are here denoted as
base-band harmonics.

Lif the converter exchanges both positive- and negativelesece current with the grid, the common-mode
voltage of the converter must be controlled to a non-zeroevéd 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 celldoeaevaluated using Fortescue Theory and superposition
effect. Similar consideration holds for the delta configiormof the CHB-STATCOM.
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Fig. 4.2 Theoretical harmonic spectra; Top: cell outputage; bottom: total phase legroltage.N = 3,
Mz = 0.9, M = 20,Vgc=0.3 pu

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 02m, 4t for each cell. Therefore, the harmonic componentsfgtd&e in phase with
each other. Their amplitudes are also equal. On the othet, @ harmonic phase angles at
2fer (h= 1) are equal to *"/3,47/3 and at 4 (h = 2) are equal to *7/3, 27U/ for each
cell. This means that the side-band harmonics for each ariha 2f;, and 4f;, have different
phase angle.

Interaction between current and voltages harmonics wélséme frequency can lead to active
power, depending on their relative phase displacemerttidimteraction 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 swigcinequency for the cell is used,
due to the essence of the Bessel function, as it will be shaten in this 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 higttlsing frequency (above
500 Hz, typical in systems with reduced number of cascad#s 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): timalty, the Bessel function can be
considered zero whdh > 10, meaning that for frequencies above 500 Hz interactitwézn
these group of harmonics can be neglected. Figure 4.3 sh@ebhamatic representation of
the different harmonic components and their location fathdow (top) and high switching
frequencies (bottom).
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Fig. 4.3 Voltage and current harmonic spectra; Top: low @ity frequency; bottom: high switching
frequency.

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. 4.3 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 frequescthere are interactions between
the cell voltage side-band harmonics and the base-bandntumarmonics. Since the phase
angle of the cell voltage side-band harmonics correspgnidih = 1 andh = 2 are not equal,
their interaction with the current base-band harmonicddda a different active power at each
cell.

Case study #2, High switching frequency

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

| =—19, anch=2 andl = —39, where (as mentioned earlier) the Bessel function i) ¢at be
considered zero. This would indicate that for high switghirequencies there is no interaction
between voltage and current harmonics, thus the active mpsivaeild be uniformly distributed
between the different cells. However, interaction mightatcur at carrier harmonics level.

To understand this, the star configuration is simulated iIGAL3 with the system parameters
reported in Tablé_3l1. Ideal DC sources are used insteadwdlazapacitors in the cells and a

56



4.2. Phase-shifted PWM harmonic analysis

carrier frequency of 1 kHz for the high switching case and BHador the low switching case
are considered. An illustrative example of the uneven agiswer distribution among the cells
of the same phase leg is given in Hig.14.4 for both low and higkching frequency case.

4 f =100 Hz a f_=1000 Hz
=10 cr %10 cr
4 0
celll celll
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Fig. 4.4 Active power of each cells output after low passriitig with cut off frequency of 20 Hz; Left:
M¢ = 2; right: M = 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@tis between the carrier harmonics
only. As a result, the active power in the three cells is netakégObserve 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 ochetveen voltage and current side-
band harmonics. It has been shown that current carrier haoscorresponding 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 assunydteoperfectly 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-shptavided 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 seemtie voltage/current harmonic
spectra in Fig.4]5.
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Fig. 4.5 Current and voltage carrier side-band harmonids=atl in case of high switching frequency
(Mf = 20).
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Chapter 4. CHB-STATCOM modulation and individual DC-lin&ltage balancing

To quantify the effect of the harmonic interactions on thivagower, the degree of unbalance
in the power is defined as

AP — Pmax— Pmin (4.7)

Pav

with Ppnax andPnin the maximum and minimum active power among the cellsRgdhe ave-
rage power. The degree of unbalance in Eigl 4.4 WMth= 20 is 1.9, and withvif = 2 is 8.32.
Observe that the degree of unbalance at high switching émcyuis 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 wilifdfaster when low switching fre-
quency is selected. This effect can be clearly seen in[F&j.where the same simulation has
been performed when the ideal DC sources have been replattedotual 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 acrossdnedual cells (see Sectidn 4.3)
has been intentionally disabled. The left and the right Bgirows the capacitor voltages when
using f¢r = 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 diears.

f =250 Hz f_=1000 Hz
cr cr
0.31 0.31
= 0.305 = 0.305
k=8 =
@ (]
(=] [=)]
= =
$ o3 £ o3}
0.295 0.295
2 21 2.2 2.3 24 25 2 21 22 2.3 2.4 2.5
Time [s] Time [s]

Fig. 4.6 Simulation results of capacitor voltages in praséthe star configuration. Left,, = 250 Hz;

4.2.2 Selection of frequency modulation ratio

In case of low switching frequency and according[fol(4.1xebband harmonics are located
athay and carrier harmonics are located at® + (21 — 1)ay. 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 thadoe 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 betwiease-band and carrier harmonics (main
problem with low switching frequencies), it can also praviah improvement for the carrier
harmonic interactions (main problem with high switchingguencies). However, the case of
high switching frequencies is more complicated and is itigated in the next section.
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4.2. Phase-shifted PWM harmonic analysis

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

In case of high switching frequencies, the problem lies @nibn-ideal cancellation of current
carrier harmonics. As briefly mentioned earlier, the maasaoms 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 agncells [66]. Any kind of mismatch
between the modulation of the single cells (for example,dam delay, blanking time etc.)
can also be the reason of failure in ideal carrier harmoracsellation.

In practice there will be some non-zero error associatetl Wi¢ phase angle of the carrier
waveforms. In order to show the impact of non-intelykron this error, the analysis here will
be focused on one carrier harmonic component and the nurhbell®will be considered to be
N = 3. The analysis can be extended to any other harmonic compand for any number of
cells.

Consideringh = 1,1 = 1, 6y = 0 and using[(4]1) and (4.6), the output cell voltage and line
current for phasa are

Ny —M¢ 2Ms+1m
Vel = — o 100w 2
M
x €09 (2wer + o) t 4-26¢r1] = V cos(wt +26¢r1) (4.8)
w

Veellz =V cog wt + 26¢r2)
Veell,3 =V cog wt + 26¢r3)

Ma) X

3
Y Veell

i=1 _ Vv _

iaY:

whereb1, Bcr2, Ocr3 are the initial phase angles of the carriers for each cellafglis the filter
impedance angle, here considered equﬂ/;p(pure inductive filter).

Before proceeding in the calculation of the active poweetach cell, the initial phase angle of
the carrier®r1, Br2, Bcr3 should be determined. Figure 4.7 shows as an example a cisampar
between a carrier with integer carrier frequency ratidipt= 2 (f;, = 100 Hz with solid line)
and non-integer carrier frequency ratio Mf = 1.8 (f; = 90 Hz with dashed line). Observe
that for this figureM; is set small for clarity of the illustration. It can be seeaonfr the figure
that unlike the integer case, the initial phase of the caati¢the 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 T
modulation index
integer

= = = non-integer

0.05 0.06

Fig. 4.7 Comparison between modulation index and carri#r integer ., = 100H2) and non-integer
(for = 90H 2) ratio.

Assume that the carrier initial phase angle in the first funelatal cycle is equal to zero and
let us denote withf.,; the carrier frequency in case of an intedéy, while fp is the system
fundamental frequency. For a non-intedr, the corresponding carrier frequendyy,, can be
represented as

of
fcrn = fcri + 2—7_([) (4-10)
with 6 the relative phase-shift between two carriers after ondduorental cycle. Alternatively,
after half of a fundamental cycle we get

of
fcrn - fcri =+ 70 (4-11)

Therefore, for analysis purpose the carrier frequencyienion-integer case can be represented
as the sum of the frequendy;; and an additional term that takes into account the relatnase-
shift between the two carriers. Considering, as an examelz and 100 Hz as high and low
switching frequencies, the corresponding non-integepueacy 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 ead¢hdfia fundamental period is

T[( fern— 1:cri)

Ocr1 = fO (hf - 1) +£n<61)
N - _
m 1 fen— feri)
S S LU DAV |
Bcr2 3 + 5 (hf >J+5n(92) (4.12)
6
21t 1 fern— fori
Oorz = — M(hf_l)+gn(93)
\3 fo 5
63
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4.2. Phase-shifted PWM harmonic analysis

whereh; refers to the half period number. For example, to find the @laagle of each carrier
after three half periodk: should be set to 3. The tereq in (4.12) is introduced to model any
phase-shift error between the carriers, which is unavéedalpractical 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) =kn0 (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 byipiyitg the current and voltage in
(4.8) and extracting the constant terms, as

PR . .
Peell,1 = ZZ\Z)—hfd hzl [—SiN(26cr1 — 26¢r2) — SIN(26¢r1 — 26¢r3) |
=
PR . .
Peell2 = ZZ\Z)—hfd hfz:1 [—SiN(26cr2 — 26¢r3) — SIN(26cr2 — 26cr1)) (4.14)

PR . .
Peell,3 = ZZ\:)—hfd th [—SiN(26¢r3 — 26¢r2) — SIN(26cr3— 26¢r1))
=

and in general, foN number of cells is

Ptk = 22 ¥ S sin(26u—26
cellk = 27 f hlenz_ SiN(26crk—26crn,)
-k (4.15)
n(i—1) 2mr(fen— feri .
o = T + 2= r) (1) 40
kS

The final goal is to find a value fof, — feri 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 terna% 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[4.8 shows the active power of each cell as a functithe termfe, — fori. The

top plot shows the active power over one half period, secdoispows the active power over
two half periods, third plot shows the active power overétralf periods. As it can be observed,
only when selectindig = 3 equal active power can be achieved (Wigh, — fcri = 16.67 Hz).

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

The same process is implemented for different number of ¢el.N = 4,5,...) and the results
are shown in Figl_419. The top plot shows the minimum numbehaif periods needed to
achieve equal active power among cells, while bottom plownsthe correspondingn — feri
value (lowest value).

By curve fitting the obtained results, the optimum solution f.;, — fer that provides equal
active power among cells in the minimum number of half cydaq is
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4.2. Phase-shifted PWM harmonic analysis

f
forn— feri = iﬁo (4.16)

For example, choosing the integer carrier frequency of 1 &htt for a fundamental frequency
of 50 Hz, the corresponding non-integer frequency No& 3 is 1016.66 Hz or 983.33 Hz.
Following the same procedure, the optimum solution figy — f¢i that provides equal active
power among cells but in minimum number of full fundamentalles (instead of half cycles)
is

fcrn - 1:cri = j:Zf_ISI (4-17)
Similar to the previous example, choosing the integer eafrequency of 1 kHz, the corres-
ponding non-integer frequency fbr= 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.

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-inbegger frequency modulation
ratio for both low and high switching frequencies. FigurEMshows the output active power of
each cell in phasa for different carrier frequencies. Low-pass filtering watht off frequency
of 20 Hz is applied to enhance the difference in the cellvagower.

As discussed earlier, using integer carrier frequencie$00f Hz and 1 kHz leads to diffe-
rent active power among the cells. As described in Se¢tidiB4optimum non-integer car-
rier frequencies that provide equal active power in minimmumber of half-fundamental cy-
cle are 11666 Hz and 10166 Hz; similarly, optimum non-integer carrier frequencidsich
provide equal active power in minimum number of full-fundamtal cycle are 1083 Hz and
100833 Hz. It can be seen that although both BB3Hz, 101666 Hz and 1083 Hz, 100833 Hz
provide equal active power among cells, the selection of@8. Bz or 101666 Hz leads to less
deviation in the cell active powers. Carrier frequencie$28 Hz and 1025 Hz are examples of
non-optimal non-integer carrier frequency. It can be seem fFig.[4.10 (bottom) that, regard-
less the use of a non-integdr;, the active powers are not equal in this case.

In order to show the effect of the frequency modulation ratiocapacitor voltage balancing,
the ideal DC sources in the cells are replaced with actuaatgps. For these simulations, the
star configuration is controlled to inject reactive poweoithe grid. Figuré 4.11 shows the
capacitors voltages in phasewhen using carrier frequencies &f; = 1000 Hz, 1008 Hz,
10166 Hz and 1025 Hz. Observe that while with = 1000 Hz the capacitor voltages will
deviate from the desired value, the use of a non-integerecdrequency off,, = 10166 Hz
or for = 10083 Hz will assist in keeping the voltages close to the refegeticcan also be
observed that the capacitor voltages are still slowly djivey when using¢; = 1025 Hz, due to
the non-optimal selection of this ratio. Similar results b& obtained when using low switching
frequency for the converter cells, as shown in Fig. 4.12,reHg = 250 Hz is used for the
integer case and around it for the non-integer cases. Agamgre uniform distribution of the
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Fig. 4.10 Active power of each cell in phaaeafter low pass filtering for different carrier frequencies.

active power in the different cells is obtained when seterthe carrier frequency according
with (4.186) or (4.177).

The analysis carried out until now only focuses on the emothe phase shift between the
different carriers and the presented results considertbigyas 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 cstion of the active power between
the converter cells. As an example, Hig. 4.13 shows the dapamltages 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 bepfesl that although non-integel;
helps in keeping the voltages close to the reference, stithie 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, thgaict 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 bf;. Individual balancing control can be implemented by eithelosed
loop controller or by the ssorting approach. Both of thesthows and their implementation are
provided in the next chapters.
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Fig. 4.12 Capacitors voltages in phas®ith f;, = 250 Hz, 258.3 Hz, 266.6 Hz and 275 Hz.
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Fig. 4.13 Capacitors voltages in phas®ith f;, = 1000 Hz, 1008.3 Hz, 1016.6 Hz and 1025 Hz and
with tolerance oft10% 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 thusvate the required active power
for individual DC-link voltage balancing.

Each modulation index is characterized by an amplitude apldage angle. The method pro-
posed in[[67-=69] modifies the amplitude and phase angle dfmaclulation index individually
to provide the required active power for each cell. Modifythe modulation index by voltage
vector superposition method is proposed._in [8, 70-72].

Among the proposed methods, active voltage vector supiiggomethod is more robust [72].
Therefore, the method used in [8] is here adopted for thevidhdal DC-link voltage controller.

For STATCOM applications, the reactive component of theemiris typically much larger than
the active componeniy(>> iy). Due to this fact and under the assumption of a fast andseeci
current controllerigres ~ iq) it is possible to estimate the current in each phase of teast

Ty = YZigrersin(6 — &) (4.18)

iAcY = %iqrefsm(e + %n)

where% is the coefficient used for power invariant transformatioonf dg-reference frame
to three-phase system and the notation “ ~ ” is to indicateeftenated quantities. Since the
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Fig. 4.14 Closed loop block diagram of the individual DCklwoltage controller.

current is leading/lagging by 8@he voltage, the current amplitudes are multiplied by &jn

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

V|b\|(( = Kind,y (ng « — V) sin(6 — &) (4.19)

c
ViC,’Y = Kind,y (Ve — VZic)sin(6 + &)

wherekinqy is a proportional gainyga, Veib, Veic are the cluster voltages (average of DC-link
voltage in each phase) in phaag,c and Vi, VB, ., V.« are the DC-link voltage ok, cell

in phasea, b,c. The voltage components that are superposed to the reéewatiage 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 voltalgie the individual DC-link voltage
controller takes care of the DC-link voltage in each cellePurpose 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

V] [y
1 i, aY
SOSs(Viei) = ’YT (4.20)

Replacing the variabM'Y“ and|fay| from @I8) and{Z19) intd{&20), the closed-loop block
diagram of the individual DC-link voltage controller cangl®wn as Fid. 4.14. The closed-loop
transfer function fronvZ, to vgzck is given by

Kind.Yigrery/2 a
dek CV3 ind
o Ve _ 4.21
CV3
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where ajq is the closed-loop bandwidth of the individual DC-link \axye controller. From
(4.21), the proportional gain of the individual DC-link ¥@gje controller is given by

Kidy — V3Clling
ndY = —=—
\/quef

It can be observed froni_(4.22) that the individual balanaogtrol does not work wheiye

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

(4.22)

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

2

o

~

bA:

S

igrersin(6 + F — &) (4.23)

N

where ¥ is the phase shift between the line and the branch currehsvdltage components
which are superposed to the reference voltage of each alcatphase are

Vﬁg = kind,A(ngk —V2,5) sin(6 + 3)

Vubg = kind,A(Vgi,k —VZp)Sin(6 + § — &) (4.24)

k 2 )
vich = Kind.a(Viek — V3 sin(6+ % + %ﬂ)

The proportional gain is then given by

Kind.p = 3Caing
ndA = ;
\/quef

Figure[4.1b shows the overall control block diagram of CEIBATCOM s including individual
DC-link voltage controller.

(4.25)

4.3.1 Simulation results

The CHB-STATCOMSs with system parameters in Tdblé 3.1 arelsitad in PSCAD including
the individual DC-link voltage controller. In order to adadihe 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-loopdbedth of the individual DC-link
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Fig. 4.15 Overall control block diagram CHB-STATCOMs witidividual DC-link voltage controller;
(a): Overall control; (b): individual DC-link voltage cawotler.
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Fig. 4.16 DC-link voltage results of CHB-STATCOMs; top: dited DC-link voltages; bottom: outputs
of the individual DC-link voltage controller. (with carriérequency of 1 kHz)

voltage controller is set to B.ng/s, i.e. 5 time below the bandwidth of the cluster control loop
bandwidth.

Figure4.16 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 currentis set to 0.3 pu.nidmadual DC-link voltage controller
is not activated in the beginning of the simulation and atéd att = 3 s. Figureé_4.16 (top)
shows the ability of the individual DC-link voltage contier to control the DC-link voltages.

Figure[4.1V shows the obtained simulation results whenintager carrier frequency of 106¥
Hz is used instead. It can be observed from[Eig.14.17 thatingun-integer frequency modu-
lation ratio, the individual DC-link voltage controller fjumuch less effort in controlling the
DC-link voltages. This shows the advantage of using noaget frequency modulation ratio
instead of the integer one.

4.4 Individual DC-link voltage control using sorting approach

The individual DC-link voltage control presented in thepoeis section is based on the su-
perposition of a voltage component to the reference voltéges modification of the reference
voltage for each cell can degrade the harmonic performaitte S-PWMI[63]. This is due to
the fact that perfect harmonic cancellation will be achiewen all the modulation indexes are
identical. Another problem caused by the individual DGklioltage control using the control
loop method is the risk for interaction between the indiadDC-link voltage controller and
the cluster control loop. Due to these problems, anothémigae for controlling the DC-link
voltages has been introduced, based on cell sorting. Thagapproach allows the modulation
scheme to inherently balance the DC-link voltages, thusxemg the need for any control loop.

In sorting approach, when the converter absorbs active p@arging mode) the cells with the
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Fig. 4.17 DC-link voltage results of CHB-STATCOMs; 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 synthesheereference voltage, while when the
converter injects active power (discharging mode) it iwiersa 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 amaeguter control loop [9, 10].

The main problem associated with the aforementioned celhgapproach is the resulting high
switching frequency as the balancing algorithm switchesddlls 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 proposkeint methods to decrease the
needed processing time for sorting the DC-link voltages: &3 and the switching frequency
[77--80]. References [81, 81] proposes a modified LS-PWM &nlvdistribute the switching
pulses among the cells using the sorting technique. Refesef82-84] proposes a modified
PS-PWM using the sorting technique to improve the harmoaitopmances. Sorting approach
for configuration with high number of cells per phase leg ispmsed in[[85] by using NLM.
Sorting approach using predictive control is proposed@18&] in order to reduce the switching
frequency as well as ripples of the capacitor voltages.

4.4.1 Sorting approach and modulation technique

The current controller calculates the three-phase voltafgeences to be sent to the modulator.
At the beginning of each control cycle, the minimum numbeceifs 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®tiad 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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Fig. 4.18 Overall control block diagram of CHB-STATCOM ugithe sorting approach.

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 (voltaigeuarent at each phase are in
opposite sign), where the cells are sorted in descendirgy.ord

For practical implementationf,loor and rem commands can be used for the sorting PWM.
floor (x) returns the nearest positive integer lower or equal tem(#/,,) returns the fractional
part ofa dividedb. For example, if the reference voltage in one phase ikvland each cell
voltage isVgc = 3.33 KV, then floor(—19/3 30)=5 andrem(—19/3 35)=-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 reverseertesl and one cell must be modulated
with the fractional part.

Figure[4.18 shows the overall control block diagram of CHBA\BCOM using the sorting ap-
proach instead of the individual DC-link voltage contralle

4.4.2 Zero-current operating mode

Although sorting approach is an effective solution for &gk 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 apgfoaeeds current sign information
to provide the correct sorting pattern. As a consequencenwtte exchanging current that flows
in the cells is zero, the sorting approach is unable to ta&edinrect insertion decision for proper
balancing of the DC-link voltages. In practical applicasothis is even more problematic when
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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.

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
Sectiori 4.B.

Here, two methods for capacitor voltage balancing at zerceat mode are proposed. The first
method is based on a modified sorting approach, while thenseoethod 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 configuratiaghoégh the same methods can
be used for the delta configuration, it is of importance tosoder that in this case it is possi-
ble to force a current that circulates inside the delta aedethy allow a uniform distribution
of the active power among the different cells. This solugannot 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 fractiqgraat of the reference voltage.

As shown in the right figure, if the RMS value of the currentdraes 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
half cycle and is negative in the second half. This impliesim@ discharging followed by a
charging state during one control cycle.

The sorting approach determines the switching pattermdwhne control cycle based on the
charging or discharging mode; however the sign of the inateeous current at zero-current
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TABLE 4.1. SYSTEM AND CONTROL PARAMETERS

Parameters

values

Rated powef,

Nominal line to line rms voltag¥,
Grid frequencyfq

Filter inductance

Filter resistorR;

120 MVA, 1 pu
33kV, 1pu

50 Hz

4.33 mH, Q15 pu
0.136Q, 0.015 pu

CapacitorsC 4 mF, Q088 pu
DC-link voltage of each ceWy. 3.33kV, 01 pu
Number of cells per phasé 9
Carrier frequency for PWM, 500 Hz
Current control closed loop band widthh 27T x 100 rad/s
Cluster control closed loop band widtl 27 x 5 rad/s
1 T T T
. 05F i
EZ o {VVVVVVW—» .............. L50o0AThToRSLORRRY
s&
-0.5 |
10 7 01.8 OIQ 1I 1\1 1I2 11.3 1.4
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Time [s]
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Fig. 4.20 DC-link voltages and line current in phasithout the proposed methods; top: line current;

bottom: capacitor voltages.

mode shows that a single detection in the beginning of eantraaycle is not sufficient to
determine the sorting pattern. Therefore, the detectiorhafging or discharging, and conse-
guently the sorting pattern, must be updated in the middterofsampling points.

The conventional sorting approach is applied to a 19-leiaelcnfiguration in PSCAD. Table
4.1 shows the system parameters selected for the simustidy.

In order to provide a more realistic model, the capacitoreach cell are paralleled with a
resistor. This resistor is to model the internal lossesaéc#ill and is chosen to be different from
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 consideredgela order to stress the system and

accelerate the voltage deviation.

Figurd 4.20 shows the simulation results when using theardional sorting approach. Top plot
shows the line current in phasewhile the lower figure shows the DC-link voltages in phase
a. Similar behavior can be observed for the other phases.ltdis are showing the measured
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Fig. 4.21 Cell output voltage and line current together witin interrupts.

guantities in pu. At = 0.9 s, the reactive current is changed from 0.35 pu to zero r&igu20
shows that conventional sorting approach is not able toigegwoper individual cell balancing
at zero-current mode.

Figure[4.21 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 dischar@iogsequently, 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 divergertheir reference values.

4.4.3 Modified sorting approach

The first proposed method takes advantage of the knowledtieecdign 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
sorting. However, measurement noise can affect the deteaticharging or discharging mode.
The noise amplitude can become bigger than the actual ¢urren

In this section a solution is proposed, which is independi@mh the current measurements.
The proposed method assumes that the ripple current isriilgge the RMS value when the
exchanging current is small and therefore the actual cucamnbe 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 itBBd@hange to charging mode.
Therefore, current and voltage measurements are not naeegiatbre 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
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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 agronust change the sorting pattern
according to the new mode. It is of importance to stress tatntodified sorting approach
proposed here should be used for zero-current mode onlythrashold 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. Thie@,number of cells that must be in-
serted (direct or reverse) and fractional part of the refese/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 atimipple 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 interienoim the middle of the control cycle to
the end, the phase leg is in the charging mode and the sodttgyp 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 islap due to computational time.
Considering for example the one-sample delay in the digitatroller, the charging and dis-
charging pattern must be reversed (charging first dischgugggcond). The reason is that due to
the one-sample delay, in each interrupt the controllerdi#ecabout the next control period.

Since the modified sorting approach relies on the currepiejphe operating range of this

method is limited by the current ripple amplitude. The pregbmethod is valid as long as the
RMS value of the current is less than the current ripple aingbdi and must be avoided beyond
this region. In order to provide wider control region at zetorent modes, an alternative method
called DC-link voltage modulation is proposed in the follog/section.

4.4.4 DC-link voltage modulation

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

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

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

The amplitude of the sinusoidal component should not irsgdhe 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 = Eait ZIaY,rated (4-26)

wherelay rated iS the rated current of the convertés, is the rated grid voltage and_ is the
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Fig. 4.22 flowchart of the proposed controller.
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impedance of the filter inductance (filter is assumed to bs-less). According td (4.26) the
DC-link voltage band for each cell of the star configuratiathviN number of cells per phase
leg is located between a minimum and maximum value as

Ea +ZI aY,rated

Vye = 4.27
dc N ( )
The DC-link voltage reference can then be written as
Vi coq2mfgt) i5=0
Vie = { oo t VeOS2TId) g (4.28)
Vdcn ig7#0

wherevcog 2rf4t) is the sinusoidal component with amplitudewoénd frequency offy; the
zero-current mode is activated whign= 0. The required DC-link voltage at zero-current mode
is equal to the average of the DC-link voltage band calcdlatg4.27). Thereforeyj., andv

in (@.28) should be selected so that the DC-link voltagellases between the maximum and
the middle of the DC-link voltage band. The volta@%n in (4.28) can be either designed to
the maximum DC-link voltage level or it can be programmedaonaccording to[(4.27) [8].
The selection offy is dependent on the discharging time constant of the DCdapacitors.

It is recommended to select the period of the oscnlatloilvéf {, at least one decade larger
than the capacitors time constant. This recommendatlmnemisures that the DC-link voltage
controller will not impact the current control loop sincestfrequency of the current-control
loop bandwidth is typically much larger thdg.

The resulting current must be low in order to avoid to impéaet grid voltage. However, the
noise and ripple can affect the proper sorting approachreftie an estimate of the line current
should be used instead of the measured signal. Since the/esaarrent is very smali§ >> iq)
and assuming a fast and precise current contrafle (), it is possible to estimate the current
in each phase of the star as

% cog0)

— V2«

= 5l §cog6 — ) (4.29)
oy = \\/f; cog 0 + &)

Whereg 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 theisgrapproach can then be written as

[ estimated current fror#.29) ig=0 (4.30)
~ | measured current ig#0 '
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Fig. 4.23 Overall control block diagram of star connectedB=SITATCOM with sorting approach and
DC-link modulation technique.

According to [(4.3D), once the converter starts to operatieupero-current mode, the estimated
currents of[(4.29) are used in the sorting approach. For tmer operating mode, the measured
currents are used. Itis of importance to stress that theattd currents are only used in the sor-
ting approach under zero-current mode. The current comitiadtill use the measured currents
in the feedback loop. Figute 4123 shows the overall contaitlbdiagram of the star connected
CHB-STATCOM with sorting approach and the proposed DC-timddulation technique.

4.4.5 Simulation results

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

Modified sorting approach

The proposed modified sorting approach method is appliedesame simulation case study
presented in the previous section (see Figurel 4.20). Fi@reshows the obtained simulation
results when using the proposed method. Top plot shows tee-fhase line currents and bot-
tom plot shows the capacitor voltages in phageandc. At t = 0.9 s, the reactive current is

changed from 0.35 pu to zero. Figlire 4.24 shows that the peapalgorithm is able to provide

proper individual cell balancing at zero-current mode.
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Fig. 4.24 Capacitor voltages and line current by using tlop@sed method; top: Three-phase line cur-
rents; bottom: all capacitor voltages in each phase.
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Fig. 4.25 Two cells output voltages and line current togettieh the main and secondary interrupts.

Figure[4.25 shows a zoom view of the output voltage of twasdedllonging to the same phase
leg, the line current between two sampling points togeth#r main and secondary interrupts.
This figure shows that unlike the conventional sorting apphaFig[4.211), the output voltage is
not generated by only one cell. According with the proposethwod, the pulse is first generated
by a cell that is chosen based on discharging mode and aftfea pariod (at the secondary

interrupt) the pulse is completed by a cell chosen basedeattarging mode.

Figure[4.26 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 froin=1stot =1.2 s

to 0.03 pu capacitive. The current ripple amplitude from. Bg@0 (top) is 0.07 pu (i.e., above
the threshold level). Again, as it is shown in Hig. 4.26 (bot}, the proposed method is able to
provide proper individual cell balancing.

80



4.4. Individual DC-link voltage control using sorting apach

current [pu]

0.102

0.101

voltage [pu]
o

0.099

0098 1 1 1 1 1 1 1 1 1
0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

Time [s]

Fig. 4.26 DC-link voltages (top) and line current (bottomjhithe proposed method in the current range
of -0.03 pu to +0.03 pu.
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Fig. 4.27 Simulation results by considering noise, delagdiime and valves voltage drop; top: Reactive
component of current and its reference; bottom: DC-linkagés in phase.

To evaluate the robustness of the proposed method, a 0.06ipeivoise is added to the current
and voltage measurements. Furthermore, a one-sampleid&aysidered in the controller. In
order to provide a more realistic model, deadtime gifor 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 tyderify the robustness of the pro-
posed method under extreme cases.

Figure [4.2V shows the obtained simulation results. Topgilows the reactive component of
the current and its reference. The reference reactivergugset 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 vokasg

Finally in order to evaluate the proposed method in presehgeid voltage harmonics, a 5th
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Fig. 4.28 Effect of grid voltage harmonics on the proposethot top: Grid voltages; middle: reactive
component of the current and its reference; bottom: camaaititages in phasa.

harmonic of 0.016 pu amplitude and a 7th harmonic of 0.011Inpoliéude are added to the grid
voltage. Figuré 4.28 shows that also under this conditierptioposed algorithm allows to keep
the capacitor voltage balanced.

It should be noted that the extra interrupt only changes ahiing pattern and switching states
of the converter between two sampling points. The proposetthoa 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 ptaim Tablé 4]1 and o (4.28), the
DC-link voltage reference is defined as

0.095+ 0.005cos$2m5t) i
Vilpu = { 0% POOeoRrE S

Note that the required DC-link voltage for the zero-curmmaide is equal to 0.09 pu. Therefore,
to keep the oscillations of the DC-link voltage between @08 0.1 PUYco andvin (4.28) are
chosen to be 0.095 and 0.005 pu. A frequency of 5 Hz is seldotdatie the DC-link voltage
modulation.

*:O
q 4.31
P (4.31)
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Fig. 4.29 First: reactive component of the current and fisremce; second: reference active component
of the current; third: capacitor voltages in phadey using measured current in the sorting ap-
proach; forth: capacitor voltages in phasey using estimated current in the sorting approach.

Figure[4.2D shows the reactive and active currents (fidssanond plots) and capacitor voltages
(third and forth plots) when using the DC-link voltage maatidn technique. As it is shown in
the first plot, the reference reactive current is set to -1nglithen it is changed to zero and 1 pu
att = 0.5 s and = 1.5 s respectively. Second plot shows the reference activ@ooeant of the
current (). It can be observed that once the DC-link modulation teminmiis activated at zero
current modeij starts to gently increase and decrease. This leads to aamailint of current
flowing into the phase legs of the converter, which is usedréwige the appropriate sorting
approach. Third plot shows the capacitor voltages when ts&sored currents are used in the
sorting approach, while the forth plot shows the capacitdtages when using the estimated
currents. It can be observed that using the measured cunrém sorting approach does not
result in a perfect individual balancing while using theirested currents leads to a proper
balancing among the DC-link voltages.

As for the previous case, forward voltage drop over diodesddtiime, 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] 4.29pkemented and the results are
shown in Fig[4.30. It can be observed that proposed methstilliable to provide the correct
balancing.
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Fig. 4.30 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 phase
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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 (4.31).

The resulting capacitor voltages in presence of grid veltagrmonics are shown in Fig. 4131.
The reference reactive current is the same as in the top ffegd4.29. It can be observed that
in this case the individual balancing fails.

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 calfdér. Although the feed-forward
term allows a perfect voltage compensation under ideal ibond, problems might arise in
case of distorted voltage at the connection point. As therother is implemented in discrete
time, delays due to discretization and computational timée control computer result in a
phase shift between the actual and feed-forwarded gridgeltThese phase shifts are typically
compensated for the fundamental voltage component omlgling to a harmonic current flow
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Fig. 4.32 DC-link voltages result with the DC-link voltageodulation technique in presence of grid
voltage harmonics and DC-link voltage reference of (¢#.32).

between the VSC and the grid if additional countermeasuresat taken when implementing
the current controller [E8].

The presence of the harmonic currents has an impact on th&aetaken by the sorting ap-
proach. This is due to the fact that the harmonics have anitmelthat is higher than the
fundamental component. In order to avoid this effect anth@tseme time increase the system
performance, when the converter is operated under didtgrids the current controller can be
improved as suggested in [88], in order to reduce the angditf the current harmonics that
flow in the converter phase legs. An alternative way to hatiddgroblem 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]={ 01 N i%;éo (4.32)

This indicates that carefulness must be taken in seledtimgrnplitude of the oscillations when
the converter has to be operated under distorted condjtiormsder to avoid that the DC-link
voltage exceeds the ratings of the cell. Figure 4.32 shoessithulation results with the new
DC-link voltage reference. It can be observed that undsrabndition the proposed algorithm
allows to keep the capacitor voltage balanced.

The individual balancing with DC-link modulation technigis obtained with a very small value
of the amplitude of the oscillations in the DC-link voltag€®nsequently the current that flows
in the phase is very small and will have negligible impactlmagrid voltage. In order to show
the effect of the DC-link modulation on the grid voltage a weaid with Short Circuit Ratio
(SCR) of two is considered in the simulation study. Equinaggrcuit diagram of this simulation
is shown in Fig[4.33. Note that the reference DC-link vadtaf (4.31) is considered here.

Figure[4.34 shows the simulation results of the PCC voltagglitude and capacitor voltages
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Fig. 4.33 Equivalent circuit diagram of the star connectétBESTATCOM connected to the weak grid.
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Fig. 4.34 Top: PCC voltage amplitude with and without the [IMR-voltage modulation technique; bot-
tom: DC-link voltages in phasaby using the DC-link voltage modulation technique.

in phasea. The reference reactive current is set to -0.275 pu and therhanged to zero and
0.275 pu at = 0.5 s and = 1.5 s respectively. Top plot shows the grid voltage amplitudb w
and without the DC-link modulation technique. Bottom plbbws the capacitor voltages in
phasea by using the DC-link voltage modulation technique. It carobserved from this simu-
lation results that while the DC-link voltage modulationheique is able to provide appropriate
balancing among the DC-links under the weak grid conditibhas negligible impact on the
PCC voltage amplitude.

4.5 Experimental results

To validate the results obtained via simulation for the CEBATCOMS, the controllers have
been tested experimentally in the Power System LaboratdtyeaDivision of Electric Power
Engineering of Chalmers University of Technology. The klaiagram of the experimental
setup is given in Fid. 4.35. Each phase of the converter stinsf three H-bridge cells and a
filter. All three phases are connected to a delta/star switsld to easily connect the phases
either in star or in delta configuration. The converter isramted to an electronic AC-source
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Fig. 4.35 Block diagram of the laboratory setup.

that acts as a stiff grid.

A measurement box measures the line currents and grid plodtsges 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 picture of #utual laboratory setup is reported
in Fig.[4.36.

In this laboratory setup, the converter is connected to &daila Instrument 4500LX prog-
rammable AC power source/analyzer. With this device it isstale to provide a three-phase
voltage with controllable amplitude and frequency. Conataility 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 prechdrgwly by gently increasing the
amplitude of the AC-source voltage.

The cell boards used for this laboratory setup have beenibuiboperation with Aalborg Uni-
versity, Denmark. Each cell is constituted by a three-phaselevel converter PSS15S92F6-
AG/PSS15S92E6-AC [89], of which only two legs are used. Ti&IDk consists of four 1
mF capacitors connected in parallel. The DC-link voltagaéasured within the cell board and
sent to the controller via optical fibers. These boards oelover/undervoltage and overcurrent
protections. Moreover, the boards providegas hardware blanking time for the switching sig-
nals. The boards are also equipped with a thermal sensattsef@emiconductors temperature.
Figure[4.3V shows one cell board as an example. The data aethboards are reported in
Table[4.2.
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44““\
Control computer

Y/A selector

Fig. 4.36 Picture of the laboratory setup.

Fig. 4.37 Picture of the cell board with DC-link capacitors.

TABLE 4.2. DATA FOR CELLS.
rated voltage 40V
rated current &
DC-link capacitor 4mF
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TABLE 4.3. SYSTEM AND CONTROL PARAMETERS FOR THE EXPERIMENTAL SEUP

Parameters values

Rated powef, 1.5 kVA,1 pu

Rated voltag#/, 1732 V,1 pu

System frequencyy 50 Hz

Filter inductorL; 15 mH,023 pu

Filter resistorRy 1.4Q,0.07 pu

Cells capacito€ 4 mF,Q04 pu

DC-link voltage for staVpc 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 approach

Inner loop control band width; 21 x 500 rad/s

Outer loop control band widthg 2t x 5rad/s

Individual DC-link loop control band widtly,g 27 x 1 rad/s

(only for PS-PWM)
PLL band widthap 2t x 5rad/s
DC-link filter band widthapc 21t x 50 rad/s

The control computer system consists of a PC with a DS100&sswr board. The DS1006 can
be programmed using C-code or using Matlab/Simulink. Togetvith the processor board, a
DS2004 analogue to digital board for the analog input sgyaald a DS4004 for digital input
signals are used. To generate pulse patterns, a DS510aMMgiveform Output Board is used.
The DS5101 autonomously generates any TTL pulse patterop ¢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.

4.5.1 Dynamic performances of CHB-STATCOMs

A downscale version of the same model as described in Tables3. been verified experimen-
tally. The system and control parameters are summarizedhle®.3.

Figurel4.38 shows the experimental results for the starected CHB-STATCOM. The figures
on the left side are the experimental results when sortipgageh is used and the figures on the
right side are the experimental results when PS-PWM is #sgdrel4.38 (a),(e) show the DC-
link voltages in all three phases, Hig. 4.38 (b),(f) showriference and actugicomponent of
the current, Fig._4.38 (c),(g) show three phase currentd=a;@#.38 (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.
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voltage [pu]

Fig. 4.38 Experimental results of the star configuratiore)(BC-link voltage of all the cells, (b,f) refe-
rence and actual-current, (c,g) three-phase line currents, (d,h) convertgput voltage of
phasea. Figures on the left side are with sorting approach and fgyarethe right side are with

One practical issue regarding the down-scaled versioneo€CHB-STATCOMs is the forward
voltage drop over diodes and switches. The effect of thitagel drop can be seen in Hig. 4.38
(d),(h). It can be observed that there is an asymmetry in po#itive and negative peak of
the voltage waveform. The reason is that at both positivereagaitive peak of the voltage, the
current sign is changed from positive to negative or vicsagdue to 9 phase shift between
the voltage and current in each phase. At this point the nupath is changed from diodes to
IGBTS or vice versa. Figufe 4.89 shows the current path alhdugut voltage for positive and
negative currents and when the voltage reference is pesiiyvis the diode forward voltage
drop,Vs is the switch forward voltage droWy. is the DC-link voltage antfy; is the cell output
voltage. It can be seen that the output voltage of the celhanged once the current direction
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Figure[4.4D shows the transient performance of the stargumafion with and without Smith
predictor for both simulation and experimental resultdudimg the forward voltage drop of

semiconductors in the simulation model.
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Fig. 4.39 Current path and cell output voltage.
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Fig. 4.40 Transient performance of the star configuratieft gide are with sorting and right side are with
PS-PWM) with and without Smith predictor. Figures on top sirsulation and on bottom are
experimental results.

The figures on the left side shows the results when sortingoapp is used (simulations are on
top and experimental are on bottom) the figures on the riglg shows the results when PS-
PWM is used (simulations are on top and experimental are tiarbd. It can be observed that in
all cases the Smith predictor improves the transient pexdoce of the converter. Note that the
asynchronous technique has been used in the implementdtibe PS-PWM for updating the
modulation indexes of each cell. It can also be observedhleat is a close similarity between
the simulation and experimental results from the rise time @vershoot points of view. How-
ever, the experimental results show less damping in thélatsmns during the transient. This
mismatch between simulation and experimental results ialyndue to the dynamic behavior
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Fig. 4.41 Converter phase voltage and its correspondingdmac spectra; (top):without forward voltage
drop; (bottom):with voltage drop over semiconductors.

of the voltage controller of the programmable AC power syppilized in the laboratory setup.

In order to further investigate the effect of semicondustaitage drop on the CHB-STATCOMSs
performance, star configuration with the sorting approacikehiosen as the case study. Fi-
gure[4.41 shows the simulation results of the converteruiutpltage for phase and its
corresponding harmonic spectra. The top plot shows thdtseshen the voltage drop over
the semiconductors is set to zero. It can be observed thabttege waveform is symmetrical
and no low-order harmonic is generated in the output voltdbe bottom plot shows the results
when the forward voltage drop of diodes and switches areos&M The asymmetrical shapes
at the positive and negative peak of the voltage introdunesdrder harmonics in the output
voltage.

The third-order harmonic, which is the largest harmonicegated, does not affect the current
in the star configuration since the third order harmonic isiielated 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 coasiay the forward voltage drop and
the results are shown in Fig._4142. The figures on the left argethe simulation results of
the cluster voltages (a), circulating current inside déifaand three-phase line currents (c)
when 2V forward voltage drop over the semiconductors is considdrid figures on the right
side show the same simulation results without considenygf@rward voltage drop. It can be
observed from the obtained results that the forward voltlgp can have a severe effect on the
cluster voltages.

To overcome this problem, the circulating current resgltirom 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
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Fig. 4.42 Simulation results of the delta configuration veittd without forward voltage drop over semi-
conductors; (top): cluster voltages; (middle): circuigtcurrent; (bottom) three-phase line cur-
rents.

reference voltages of each phase to produce a circulatimgrdun opposite direction of the ac-
tual circulating current. This will eventually bring the&bcirculating current to zero. Following
equation describes the circulating current controller:

Voad = koad (W) (4.33)

whereVyyg 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[4.48 shows the obtained experimental results of éfta donfiguration. Note that the
only difference between the controller here and the caetrekplained in Chaptél 3 is the extra
circulating current controller i (4.83). The figures on t&f side are the experimental results
when sorting approach is used and the figures on the righastdhe experimental results when
PS-PWM is used. Figufe 443 (a),(f) show the DC-link volggeall three phases, Fig._ 4138
(b),(g) show the reference and actgatomponent of the current, Fig. 4143 (c),(h) show three
phase currents, Fig. 4143 (d),(i) show the phaseltage of the converter and Fig. 4143 (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 thesconverter is able to provide
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Fig. 4.43 Experimental results of the delta configuratiaf) (DC-link voltage of all the cells, (b,q)
reference and actugtcurrent, (c,h) three-phase line currents, (d,i) convertgput voltage of
phaseq, (e,j) circulating current. Figures on the left side argwgibrting approach and figures
on the right side are with PS-PWM.

appropriate operation. Observe from FFig. 4.43 (a) and &itthe cluster 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 voltagesnd keep the clusters close to their
reference values, thus allowing proper operation of theegys

Figurel4.44 shows the transient performance of the deltgroation with and without Smith

predictor. The figures on the left side shows the results vgloeting approach is used (simula-
tions are on top and experimental are on bottom) the figurébenght side shows the results
when PS-PWM is used (simulations are on top and experimargain bottom). Again, asyn-
chronous technique has been used for the implementatidred®$-PWM. It can be observed
that there is a close similarity between the simulation axgeemental results from the rise
time and overshoot points of view. However, the Smith prediseems to be more effective
in the experimental than the simulation results for theadetinfiguration. This can be due to
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Fig. 4.44 Transient performance of the delta configuratiefi §ide are with sorting and right side are
with PS-PWM) with and without Smith predictor. Figures op tre simulation and on bottom
are experimental results.

fact the experimental set-up has more damping terms thasirthdation model, which in turn
provides better control over the circulating current sakiduring the transients.

4.5.2 Integer versus non-integer carrier frequency modulon ratio

In order to validate the results regarding the use of a ntegar frequency modulation ratio, the
star configuration with PS-PWM is experimentally testechvifite same frequency modulation
ratios used in Section 4.2.4. As shown in Secfion 4.2.3, fitenam carrier frequency that
leads to the least divergence in the DC-link voltages witleglhcells per phase is 1066Hz
when using 1000 Hz as the integer carrier frequency. Figutg ghows 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 leastgiwce occurs when
carrier frequency of 1016 Hz is chosen, confirming the theoretical investigation.
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Fig. 4.45 Filtered DC-link voltages of phaaevith different carrier frequencies and inhibited indivadu
voltage balancing.
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Fig. 4.46 Output of the individual DC-link voltage controlrfthe DC-links in phasa of the star configu-
ration at different carrier frequencies.

Figure[4.46 shows the output of the individual DC-link vgkacontrollers for phasa when
different carrier frequencies are employed. Note that titBvidual DC-link voltage control
puts less effort in balancing the DC-link voltages in caseai-integer carrier frequency ratio,
with minimum action when carrier frequency of 1086s selected. This figure shows how
the non-integer carrier frequency ratio can alleviate the of individual balancing controller,
although this control loop is still necessary when this kadhodulation strategy is adopted.
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Fig. 4.47 Experimental results. First: Reference and &castive component of the current; second:
reference active component of the current; third: capaeittiages in phasa by using mea-
sured current in the sorting approach; forth: capacitotagals in phasa by using estimated
current in the sorting approach.

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

In this chapter, two methods for the individual capacitdahaing when the CHB-STATCOM
is operated at zero-current mode have been presented astigated: the first method is based
on a modified sorting approach, while the second is basedeagplication 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® Bivrent is lower than the
current ripple. For this reason, only the experimentallte$ar the DC-link voltage modulation
technique will be presented.

This technigue has been implemented in the laboratory &stidr configuration with the system
parameters reported in Talble4.3. 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 oDX@idink voltage between 0.271 and
0.354 pu,Vg.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.

0.312+ 0.0006 Co$27i5t) i
Véc[p“]:{ 0.354 . B

Figurel4.4Y shows the obtained experimental results.

0
0 (4.34)

Ol
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Fig. 4.48 Experimental results with the weak grid. Top:P©O©Eage amplitude with and without the DC-
link modulation technique; bottom: DC-link voltages in pba with and without the DC-link
voltage modulation technique.

The first plot shows the reference and actual reactive cosmgoof the current. The second
plot shows the reference active component of the curightThe third plot shows the DC-link
voltages in phasa when the measured currents are used in the sorting approddheforth
plot shows the experimental results when the estimate@wtsrare used instead. The reactive
current is setto 1 pu unttl= 1.5 s and is then set to zero frolm= 1.5 s tot =7.5 s and to

-1 pu fromt = 7.5 tot = 8.5 s. It can be observed that when the converter starts to tepera
zero current mode, the DC-link voltage modulation techaiguactivated, which leads to small
oscillation inij. It can also be observed that the sorting approach provigesger balancing
when estimated current are used while it fails when usingrtbasured currents, confirming the
simulation results in Sectidn 4.4.5.

To observe the effect of the DC-link modulation on the gridtage, the proposed method is
experimentally applied to a weak grid set-up similar to Bi@3. Inductors with.g = 40 mH
are connected in series with the AC Power supply at each phaseler to model the grid
impedance at weak grid conditiorlsy of 40 mH corresponds to SCR of 1.6 according with
the system parameters of Table]4.3. Meanwhile, The refer&-link voltage of [(4.34) is
considered here.

Figure[4.48 shows the experimental results of the PCC weléagplitude and capacitor volt-
ages in phasa. The reference reactive current is set to -0.12 pu and thercitanged to zero
and 0.12 pu at = 1.5 s andt = 7.5 s respectively. Top plot shows the grid voltage amplitude
and bottom plot shows the capacitor voltages in pleasgth and without the DC-link modu-
lation technique. It can be observed that while the DC-liokage modulation technique is
able to provide appropriate balancing among the DC-linkdeuthe weak grid condition, it has
negligible impact on the PCC voltage amplitude.
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4.6 Conclusion

In this chapter, the impact of the switching harmonics orpihweer distribution among the diffe-
rent cells of the star configuration with PS-PWM has beenstigated. A solution to improve
the power distribution among the different cells is to seéecon-integer frequency modulation
ratio. The theoretical analysis has provided an indicatiorthe optimal selection of the fre-
guency modulation ratio, based on the number of cells thastdate the converter phase leg.
It is of importance to stress that in practical implemewiadi, the individual DC-link voltage
balancing controller is still needed, due to the unavoidahlsmatch between the different har-
monic components in the cells.

Two different individual DC-link voltage balancing teclyuies have been described in this chap-
ter: individual balancing control using extra outer cohtoop and sorting approach. Although
both methods are well investigated in the literature, theyrat able to provide proper balan-
cing at zero-current mode. This chapter has proposed twibigos for individual DC-link vol-
tage balancing at zero-current operating mode: the modifietthg approach and the DC-link
modulation technique.

Since the modified sorting approach uses the current rigidegperating range of this method
is limited by current ripple amplitudes. The proposed mdtisosalid 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 curtkat 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 margintie DC-link voltage should be
considered in the hardware design of the converter.

Moreover in this chapter, the laboratory setup used for #peemental validation has been
introduced. The effect of different practical issues susloae-sample intrinsic delay in the
digital controller and forward voltage drop over semicoctdu have been shown. The close
similarity between the experimental results and theaaktod simulation studies proves the
validity of the analysis that has been carried out.
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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 perfeetlgriced and that the compensator is
only exchanging positive-sequence current with the griowelver, the STATCOM might also
be utilized for balancing purposes, both in terms of voltage current balancing, and therefore
needs to be able to properly and independently control bositipe- and negative-sequence
currents. One of the main disadvantages of the investigak# topology as compared with
the more traditional NPC and CCC is the lack of a common DC &né thereby the inability
to exchange energy between the phase legs to guaranteefamuactive power distribution
between the three phases. For the unbalanced operatiomihde shown later in this chapter,
the control approach described in Section 3.2.3 might bffeicté/e in keeping the DC-link
capacitor voltages balanced and a more sophisticatedotlenitmust be implemented.

If the compensator is intended for positive-sequence &digul only, a simple way to guarantee
capacitor balancing is to allow a controlled negative-s&ge current exchange between the
converter and the grid, in order to properly redistribute #ctive power between the different
phases. This method is here referred to as Negative-Seg@&ircent Control (NSCC) [90].
Although effective, this control approach might negatniebpact the power quality of the con-
necting grid, depending on the grid strength at the PCChEumore, this approach is not suit-
able when the compensator is employed for balancing puspdsealternative balancing strat-
egy for the CHB-STATCOM is based on the use of an appropri@te-gequence component.
In particular, in case of star configuration, a zero-sege@ottage can be introduced in the out-
put phase voltage, resulting in a movement of the floatingiv{pof the converter [12-15,91].
This approach is here called Zero-Sequence Voltage Cq@isdM C). Analogously, for the delta
configuration capacitor balancing can be achieved by tptizero-sequence current circulate
inside the delta, here called Zero-Sequence Current Ag@8LCC) [16+18, 92]. ZSVC and
ZSCC will be deeply investigated in the following, in orderninderstand their limitations and
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their impact on the converter ratings.

As it will be shown later in this chapter, the balancing sigas based on negative-sequence
current control or zero-sequence control will differenitiypact the converter’s requirements,
also depending on the specific operating condition and teagth of the grid at the connection
point. Aiming at enhancing the converter utilization, twitemnative control strategies, based
on the proper combination of the zero-sequence and negsgity@ence current control, are here
proposed.

Finally, the operation of the CHB-STATCOM when controllitige PCC voltage in case of
unbalanced voltage dips is investigated. It is shown thah éthe device is intended for com-
pensation of the positive-sequence voltage only, confribleonegative-sequence voltage might
be necessary in order to avoid overvoltages in the unfapledes. At the end of this chapter,
three different negative-sequence voltage controllexsreestigated and compared.

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.
Focusing on the star configuration (similar results can liained for the delta case) and consi-
dering an unbalanced conditions, with reference to[Fig(&).the converter voltage and current
for each phase can be written as

\—/a:\_/;—f—\_/; —vtdov +v-do
Vyp=Vy +Vy — Oy -3 Ly -el6r+F)
Ve=Vd+Ve RV AR ONRVENCVEE D)
(5.1)
lga= I—(j:]r,a‘*‘l_;a: |+l +1-6o
lgn=lgp+lgp=1"e% %) 1 1d@ %)

i 2 s D
lge =g +lge =17 +3) 410 %)
with
oV =V et vt=vte 6/ - negative- and positive-sequence converter voltage psaso
o |- =1"¢lf |t =1"el": negative- and positive-sequence current phasors.

The active power in each phade,(, Pan Pave) 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) stefiguration, (b) delta configuration.
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Fig. 5.2 Effect of unbalanced condition on average activ@grdlowing in the different phases. Left:
CHB-STATCOM in star configuration; right: CHB-STATCOM in lde configuration.
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V- \Viul s
+—5—cosfy &) +——cogf, —3")
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Pavb:Tcoie\jr_qu)_" 2 COS(GV _5| ) ( )
5.2
\Vaule 4. VIt am
+ cos(@j—dl‘—?)Jr cos(e\,‘—c‘ilﬂr?)
VT V™I~
Pa\/c: COin—éﬁ)—f— COS(GV_—q_)
\Var s _ 4m. VoIt _ ami
+— 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 sequempaoents.

In order to show the effect of an unbalanced condition on tiesp active powers, the CHB-
STATCOMs are here simulated when injecting a negative-secgicurrent 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 configumatieor clarity of the illustration,
the powers are low-pass filtered in order to remove the deinbtpiency component. The grid
is balanced and the STATCOM is injecting 0.9 pu positiveusggge current in the grid. At
t = 0.5 s the negative-sequence current is stepped from O pu tauOMip 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 voltageshe phase legs.
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5.3 Zero sequence control under unbalanced conditions

The control system of the CHB-STATCOM must guarantee thatattive power is equally
distributed among the phase legs, in order to compensatihdosystem 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 coev@tiase voltage and current for
phasea can be written as

V,=Vtd® 1 vdb vy

N 5.3
lga=17d% +17€% &9

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

ZSVC allows two degrees of freedom, in terms of amplitudg &nd angle €,0) of the injected
zero-sequence voltage. The goal is to find a suitable valuéyfand 6,9 to remove the inte-
raction between the sequence components and thus provishefarm active power distribution
among phases. Considering phasasdb and considering zero-sequence voltage injection, the
total active power can be written as

Vasks -1-
Py= 5 cog6; —o")+ 5 cogB, —3& )+
+1— \Vaul 3
+ cog 6, —& )+ cog 6, — &)+

+ Y cos8,-37) + ¥4 cosy, - )

(5.4)
VT VoI~
R, = 5 cog8, —3")+ 5 cog6, — & )+
- —1+
+V | cog 6, — 6‘—%”)+V | cog6, — o' + 437T)+
Vol ~ 2 Vplt 27'[
+ 5 Cos B~ & — )+ 5 cosBy — 8 + )

The first two terms in[(5]4) indicate the active power exgmssassociated to the positive-
and negative-sequence components. These terms are e@ligtases and can be controlled
through the overall DC-link voltage controller, as it wiklshown in Section 5.4.2. Thé&2nd
4™ term denote the active power generated by the interactiomelem positive- and negative-
sequence components; this interaction is responsiblééumeven power distribution between
the phases. Finally, the last two termdin (5.4) are the @gibwer terms generated by the ZSVC.
Two main components can be identified [in {5.4), an active p@emponent that is common
between the phasef(m) and a component caused by the interaction between theatiffe
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sequenceHs):
\Van V™I~
Peom 5 co 6, —&")+ 5 cog8, —4&")
VAN s L s —1t _ sa
Piisa= 2 cog 6, — 6| )+ cog6, —4§")
Vol ~ V0|
+ = cos(By — &)+~ cog B, — &) 55)
\Vax e N | N VA _ an
Paisb = > coq 6, 5 — 3) 4+ 5 cog 6, — 3)_’_
Vol ~ _ 2 V0| 21
+TCOiGVO & — 3 =)+ cogBy, — &' +— 3 —=)

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

to guarantee the balancing of the DC-capacitor voltagesveder, in practical applications
other factors (such as different components characis)stvill impact the active power flo-
wing in the phase legs. Therefore, (5.5) can be solved fonamecase to find the appropriate
zero-sequence voltage. Let us introduce two new varidblesdK», defined as:

\Van e VoIt

Ki=——cog6/ —§ )+ cog6, — 5"
(5.6)
V- L. Amo VoIt g A
Ko = 5 cog 6, — 4 —§)+ cog6, -4 3)
Expanding the cosine terms [n_(b.8)isa andPyisp Can be rewritten as
|~ I
Pdlsa—Kl—f—VOCOS(evo)[ cogd )+ —COS(5I+)]+
K3:%Reug,a]
. =
+Vosin(By,) [ sin(8”) + - sin(&*)]
K :lT I
a=3Im[lg ] . . - (5.7)
Pdlsb—Kz+Vocos(6\,o)[ cos(é + 3)+? 5(5|+_?)]+
K5_%Re“_g,b}
- 2. 1T 21
+V05|n(9VO)[ Sin(é™ + =)+ = |n(5 S
3'°2 37
Kﬁz%lm“_g.b}
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The set of equations above can be simplified in order to isdke terms that involve the zero-
sequence voltage as:

I:)disa_ Kl - K3VO COS( 9Vo) + K4V0$in( QVO)
(5.8)
Paisb — K2 = KsVo cog 8y,) + KgVosin(6y,)

where the different terms have the meaning as indicatéd ). (Solving [5.8), the phase angle
and amplitude of the zero-sequence voltagelare [93]

(Paisb— K2)Ks — (Paisa— K1)Ks

tanf, =
0™ (Pyisa— K1)Ke — (Paish— K2)Ka

(5.9)
Vi Paisa— K1 _ Paisb — K2
0 Kzcoq6,) +Kasin(6,,) Kscodqby,)+Kssin(6y,)

As mentioned earlier, when considering a CHB-STATCOM intaleonfiguration capacitor
balancing can be achieved by aims of a controlled currkbdt‘sb) that circulates inside the
delta. This circulating current allows a power exchangevbenh the phases without affecting
the grid. Similar to the star configuration, the ZSCC allows tlegrees of freedom in terms
of zero-sequence current amplitude and phase. Assumingifzalanced condition and with
reference to Fid. 5l1(b), the converter phase voltage amdmifor phase can be written as

Vap=V+do yv-do

. N (5.10)
lgan=17€% +17€% 1oe%

Following the same criteria adopted for the star case, theliarde and phase of the zero-
sequence current can be calculated as [93]

(Paisa— K11)K15 — (Paish — K12)K13

tandg, =
O (Pyisp— K12)K14 — (Psisa— K11)Kis

(5.11)
lo = Paisa— K11 _ Paisb — K12
K13COido) + K14sin(do) K15COS(dO) + Klﬁsin(do)
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where the different constant terms are defined as

VHS v
Ki1= 5 cogf, —d& )+ 5 cog6, —§")

\Var i _ 4m. VoIt _ 4
Kio = > COS(G\;F—dl _?)4_70016\1 —5|++?)

(5.12)

1 1

Kiz= ERG[\_/ab] Kia= §|m Vaul
1 1

Kis = éRe[\_/bc] ,Kig = élm [\_/bc]

5.4 Control of CHB-STATCOM for unbalanced operations

The aim of the implemented controller is to track both pgsitand negative-sequence reference
currents while at the same time control the DC-link voltagea desired reference value. The
overall control block diagram is shown in Fig. b.3. Poskigad negative-sequence components
of the measured signals are estimated using Delayed Sigmale@ation (DSC) technique [94]
and are independently controlled using a Dual Vector Car€ontrol (DVCC). A detailed
description of each part of the controller is provided infiléowing.

5.4.1 Dual Vector Current-controller (DVCC)

The DVCC is constituted by two separate Pl-based Currentr@Giters (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-
reference frame, given by:

s — ga(dq) n ijfg(dq) n EKp+ r;.i Ei+(dq)* _ ig+<dq>§

- (5.13)
Ki
Kp+73

\_/*(dQ)* — gg(dm _ ijfia(dQ) +

if(dq)* _ig(dcﬂ

wherey* (@« y—(da+ and gf (49 g9 are the reference and grith positive- and negative
-sequence voltages, respectively, whiifé®®* i~(@@+ and s @ 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 described in 8al@Z.3. Note that in(5.13) should
be replaced b}ff/g for the delta configuration.
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Fig. 5.3 Overall control block diagram.

The obtained reference voltages are then transformed lattkké¢e-phase quantities and the
converter switching pattern is obtained in the modulatocklin Fig.[5.3 using cell-sorting
approach.

5.4.2 Modified DC-link voltage control

The cluster voltage balancing explained in Section B.2rges a three-phase active current
reference. Under unbalanced conditions with non-nedégitismatch in the active power flow
among the phase legs, the three-phase active currentimeéebecomes unbalanced, as it can
be easily understood frorm (3118). This will lead to both pest and negative-sequence current
references img-frame.

Instead of using the negative-sequence currents, zergeseg components can be used as ex-
plained earlier. In this section the DC-link voltage cohtrsing the zero-sequence components
is explained.

The DC-link voltage control using the zero-sequence coraptaxcomprises 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
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charge of all DC capacitors in the three phases. Using ag@itaientedlq transformation and

setting the negative-sequence active power to zegr@)@ @ +eg (O')ig @ _ 0), the total three
phase power on the AC side in steady state is equal to

Prot = &g Vig @ (5.14)

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

1 d kzl = 2 kzl 2
= 5Cacg | ()24 (5 )24 (5 ) (5.15)

E [ (Vela)? + (Vo) ? + (Veic)
2 dt | 3
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
o5 Uig = s

(Vcla)2 + (Vclb)2 + (Vclc)2
{ 3 } (5.16)

The active power flow is controlled through the direct congrtrof the positive-sequence cur-
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Fig. 5.5 Closed-loop block diagram of the overall DC-linktage controller.

rent, asl[54]

() Vela)? + (Velb)? + (Veie)?
|g+(d) _ Kov{\féi— [( cla)” + ( c:I;) (Vele) }} (5.17)
whereKoy is the controller gain anglj. is the reference value for the DC-link voltage. Using
(518) and[(5.17) and considering an ideal current regat ¥ = ij'@"), the closed-loop
block diagram of the overall DC-link voltage controller isplayed in Fig[ 5.b.

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

Kove @

3nCyc
Goy = — (5.18)
ov€y
S+ SnCdc

which has the same form of a first-order low-pass filter. Dieigotwvith a,, the closed-loop
bandwidth of the controller, the proportional g&p, can be selected as:

d)
_ 2l<OVe(:"]»( o aOVandC
Gov="grc, = K= ENCE (5.19)

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

The cluster voltage control calculates the amount of zeguence voltage fronh (5.9) for the
star configuration or zero-sequence current from (5.11xHerdelta. This is here achieved
through the control of the disturbance powisa and pgisp as

Pdisa= kZ( (VC|a)2 = (Vc:lgb)z L (VC|C>2 o Vgla)

(5.20)

2 2 2
Pais = ke (Vela) + (Vcilgb) + (Veic) _ Vglb)

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

3CacS(a) = Pisa 5.21)
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2 2 2 2

Vcla + Vclb + Velc 2 Vcla
K, F—»

3 - * nCy.S >

Fig. 5.6 Closed-loop block diagram of the cluster voltageticler.

where pgisa represents any disturbance that causes the cluster witageviate. Replacing
(5.20) into [5.211), the closed-loop block diagram of thestdu controller is as in Fi§. 5.6. The
closed-loop transfer function of the cluster voltage colfer is

2K,

NCyc 0z
G;= = 5.22
y4 S—|— 2Kz S"’az ( )

C

wherea; is the loop bandwidth of the cluster controller. Frdm_(5.28) proportional gain of
the cluster voltage control is given by

_ NCyc0;

K >

(5.23)

which can be used for both star and delta configurations.

Note that the zero-sequence voltage calculated for theasidiguration can be directly added to
the reference voltages output from the DVCC (seel[Eid. 5aB}fe delta configuration, instead,
the zero-sequence voltage that leads to the desired cuwirentation is obtained through a
proportional controller of gaiK;, as

(5.24)

Vio = Kio (i0005(9+do) - <iaA+igA+iCA))

5.4.3 Experimental results

The control system described in the previous section for Z&¥d ZSCC is here verified in
the laboratory for both star and delta configurations with ¢bntrol parameters in Takle b.1.
System parameters are the same as in Table 4.3.

TABLE 5.1. CONTROL PARAMETERS

Parameters values
Carrier frequencyfe, 3000 Hz
Closed loop DVCC control bandwidi 211 x 500 rad/s

Closed loop overall DC-link control bandwidth,, 27 x 10 rad/s
Closed loop cluster control bandwidth,a,q,0 s 2rrx 10 rad/s
Zero-sequence current gk, 30
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Fig. 5.7 Experimental results of the star (left side) anddbléa (right side) configurations. (a,e) DC-link
voltage of all the cells, (b,f) reference and actual posigequencg-current, (c,g) reference and
actual negative-sequengecurrent, (d) zero-sequence voltage, (h) zero-sequerrcentu

Figure[5.7 shows the obtained experimental results for si@hand delta configurations under
unbalanced condition. The grid voltage is balanced anddhearter exchanges both positive-
and negative-sequence reactive current with the grid. Dueds on the left side are the results
for the star and the figures on the right side are the resulthéodelta. Figures (a),(e) show the
cluster voltages, figures (b),(f) show the positive-segeeand (c),(g) show negative-sequence
currents and figures (d),(h) show the zero-sequence vadiagieero-sequence currents, respec-
tively.

Until t = 1 s both positive- and negative-sequence currents are get@oAtt = 1 s a unity
step change in the positive-sequence current is appliedaane- 1.2 s a step change of -
0.1 pu is applied in the negative-sequence current. It cavbberved that before applying the
negative-sequence current, a very small zero-sequentagedturrent is needed to keep the
cluster voltage balanced. After applying the negativaisege current, a larger zero-sequence
voltage/current is required to cancel out the effect of tifferént average active power between
the phases.

It has been shown previously under balanced condition tiegfiorward voltage drop over semi-
conductors produces a third order current harmonic insideelta that impacts the active power
distribution. Since the controller for the unbalanced dboxs already controls the circulating
current, it will automatically cancel the third harmonia@nt.
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Chapter 5. Operation of CHB-STATCOM under unbalanced dadh

Perfect cluster voltage balancing shows the ability of br#fo-sequence voltage and current
in providing an even power distribution between the phadsestder to highlight this ability at
t=1.4 stot = 1.6 s both zero-sequence voltage and current controller taetionally disabled.
This means that the zero-sequence voltage and current tmsl@nbalanced condition are set
to zero. It can be observed that once these controllers sabléd the cluster voltages start to
deviate from their average value, due to the non-unifornvagower distribution among the
phases. At = 1.6 s the cluster controller is reactivated and cluster vekeaye controlled back
to the desired value.

5.5 Operating range of CHB-STATCOM when using zero-
sequence control

5.5.1 Theoretical analysis

According with [5.9) and based on the variablesto Kg in (5.1), it is possible to conclude
that the star configuration is mainly sensitive to the amadipsitive- and negative-sequence
currents that the converter exchanges with the grid. Sitpilaccording with[(5.111) and based
on Kj3 to Ky defined in [(5.1R), the delta configuration is sensitive to dhgplitude of the
positive- and negative-sequence components of the vadtapieed at the converter terminals.

To analyse the sensitivity for these two configurations, tase studies are here investigated,;
for the star configuration, it is assumed that the grid isroadd (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 examidypesequence current is injected
into the grid while the negative-sequence is absorbed bgdahgensator).

In a dual situation, for the delta configuration it is assurtteat the grid is unbalanced and
the converter exchanges only positive-sequence curréhttiae grid. The phase shift between
the two sequence components of the voltage depends on a nofrfaetors, for example the
grid impedance and, in case of unbalance due to fault camdition the fault location; here
it is assumed that the phase shift between positive- andtimeggequence voltage is either
equal to zero or tar, in order to highlight the duality between the two configioas. It is also
assumed that the filter impedance between the grid and denigpurely inductive and losses
are neglectedd” = 6" & 7). Table[5.2 summarizes the different sequence componentisef
considered cases. The corresponding zero-sequence e/@ltacurrent are calculated using

(5.9) and[(5.111).
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5.5. Operating range of CHB-STATCOM when using zero-seqe@ontrol

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

vhes v,8, it,8" i,0° worig

+ + 4T |-+ A
star V+,0 0,0 IJr,j:i I ,ii \/é(l,:fﬁz)
star V+,0 O,_O I+,3F7—2T 17+ )
delta V*,0 V-0 I ,:|:§ 0,0 W

+ - +4m B
delta V*,0 V-,m I7£% 0,0 N

Other parameters in Takle 5.2 are defined as follow

A=\ JC2(1- +1)2412(1- —1+)2P3

disa
N =\ [C?(1~—14)2+12(1- +1+)2F5
(5.25)
B— \/DZ(V* HVH)24 12V — V2P
B = /D3(V-—V+)2+12(V-+V+)2RE

with
C = 2Pyisa+ 4Pqisb — VaVEI—
D = 2Pyisa+ 4Psisb— V3V I T

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

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

|_/| + approaches 1, i.e. a theoretically infinite voltage for thgoht to allow power distribu-
tion among phases when the amplitude of the exchanged wegafuence current equals the
amplitude of the positive-sequence. In practical appbecet the maximum attainable output
voltage of the converter leg will determine the maximum éegsf 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

unbalance\(f/VJr). From Tablé 5.2, it can be observed that the zero-sequemoently tends

to infinity when the ratiOYi/V-i-) tends to 1. It is of importance to stress that the singyiarit
is independent from the assumptions in Tablé 5.2 and willooctany unbalanced condition if
the voltage ratio for the delta and the current ratio for tiae tends to 1.

Figure5.8 (a),(c) shows the relation between positive+aghtive-sequence currents and zero-
sequence voltage amplitude for the star configuration vier 6~ = 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
they are just to model the small disturbances caused bydweaities. It can be observed that in
both operating conditions, the singularity occurs when= 1. It is of interest to observe that
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Chapter 5. Operation of CHB-STATCOM under unbalanced dadh

(a) (b)

1,[pu]

v, [pu]

[[pu]

1,[pu]
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[pu] Ffpu] [pu] V{pu]
Fig. 5.8 Relationship between zero-sequence voltageftuend negative- and positive-sequence cur-
rents/voltages for star/delta configurations; (&) =6~ = 7; (c): 6" = -8~ = J; (b):
6 =6, =0;(d):6=0,6, =m.

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 angjte£ 6~ = 7 in Fig.[5.8(a)).

Figure5.8 (b),(d) shows the relation between positive-rsghtive-sequence voltages and zero-
sequence current amplitude for the delta case Wiijes 6, = 0 (b) and wher®;" =0,6;, =

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

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

Itis possible to observe from Fig, 5.8 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 ldigpends on the relative phase
shift between the sequence components. For this reasdhefetar configuration it is of interest
to investigate the impact of the relative phase shift bebntee current sequence components
on the required amount of zero-sequence voltage. Analogwestigation can be performed
for the delta configuration, where the impact of the relaphase shift between positive- and
negative-sequence voltage on the required zero-sequaneatis investigated.
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5.5. Operating range of CHB-STATCOM when using zero-seqe@ontrol

Figure5.9, top figure, shows the required zero-sequencagehs a function of the phase shift
between the current sequence components, denot&d @sd the degree of unbalance in the
exchanged current. It is here assumed that the positivéeseg voltag®/ ™ is equal to 1pu.
Similar analysis is performed for the delta configuraticee(Fig[5.9, 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 1piipesequence current into the grid.
Note that the level of unbalance is limited to 0.5pu for ¢iaof 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 (corredipgrio&; y = 0, 211/3, 411/3); on the
contrary, the lowest demand on the zero-sequence componeuts when the two terns are
in phase opposition, i.e. fdf y = 11/3, m, 511/3. Therefore, it can be concluded that the case
studies indicated in Table | where both current sequenees ghase for the star configuration
(i.e., 07 = 6~ = +7) or when the voltage sequences are in phase for the deltayocation
(6 = 6, = 0) can be seen as the worst case scenarios under the givenaissis.

v, [pu]

1, [pul

0.5 4

0.2
?
6 0 I\l

@)

Fig. 5.9 Impact of phase shift between positive- and negataquence component on the required zero-

sequence component. (a) star (top) and delta (bottom);odiiye- and negative-sequence cur-
rents (top) voltages (bottom).
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Chapter 5. Operation of CHB-STATCOM under unbalanced dadh

TABLE 5.3. SYSTEM PARAMETERS OF THE SIMULATION

Parameters values

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

Filter inductorL; 4.33 mH,Q15 pu
Filter resistorR 0.136Q,0.015 pu
Cells capacitoCyc 4 mF,Q09 pu

DC-link voltage for staMy. 20 kV,0.6 pu
DC-link voltage for delta/qc  10v/3 kV,0.525 pu
Cell numbersn 3

5.5.2 Simulation and experimental results

In order to verify the theoretical results, simulations ¢gadzbratory verifications are performed
for the worst case scenario mentioned in Tablé 5.2 for botffigorations, i.ed* =6~ =47
for the star and;” = 8, = O for the delta.

Figurd5.10 shows the obtained simulation results for thta denfiguration. The system parame-
ters are reported in Takle 5.3. The control parameters arsdime as in Table 5.1. Note that in
order to preserve the number of levels between the two caatigas, the DC-link voltage is
doubled for the star case to provide enough margin for the-gequence voltage under unba-
lanced conditions.

Figurd5.10 (a) shows the grid voltage, figure (b) shows tigeadeof unbalance in the converter

terminal voltage\(_/v+), figure (c) shows the zero-sequence current and figure @ysthe
capacitor voltages in all three phases. The positive-semueurrent is set to 0.5 pu.

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

in this section.Y_/V+ = 1) is the critical point. If the termByisa and Pyisp are neglected, the

amplitude of the zero-sequence current in Tablé 5.2 cannbgli§ied to V'fy\;+. It can be ob-

served from Figl_5.10 that, in agreement with the theork#inalysis, foryf/VJr = 0.5) the
zero-sequence current is about 0.5 pu and equals the adgptifuhe positive-sequence current.
Observe that an increase in the exchanged positive-segjeenent will result in an increase
of the zero-sequence current. For example, for the coresidiewvel of voltage unbalance, a
1 pu positive-sequence current would lead to a 1 pu ciragaturrent to guarantee capacitor
balancing, meaning that the converter must have a currengrequal to 2 pu. The required cur-
rent rating for the converter will further increase if thdtage unbalance is increased. Finally,
Fig.[5.10 (d) clearly shows that the implemented contratetyy allows proper DC-capacitor
voltage balancing.

Figurd5. 11 shows the obtained experimental results fadékta configuration (control parame-
ters of Tablé 5]1 and system parameters of table 4.3). FigdrE (a) shows the grid voltage,

figure (b) shows the degree of unbalance in the converteinatwoltage Y_/VJF), figure (c)
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Fig. 5.10 Simulation results of delta configuration; (a)dgoltage; (b):; (c): zero-sequence current;
(d): capacitor voltages.
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Fig. 5.11 Experimental results of the delta configuratia); grid voltage; (b):%; (c): zero-sequence
current; (d): capacitor voltages.
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shows the zero-sequence current and figure (d) shows theitapanltages in all three phases.
The positive-sequence current is set to 0.5 pu. It can benodxdehat the experimental results
well match the simulation results for the investigated cisdy.

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 k7/| +), figure (c) shows the zero-sequence voltage and figure @yskhe capa-

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

(I 7/|+) leads to an increase in amplitude of the zero-sequencage, with a singularity

when df/|+ = 1). Note that the implemented controller works properly adble to keep
the capacitor voltages close to the reference value. Adfodelta case, neglecting the terms
Pyisa @and Pyisp, from Table 5.2 the amplitude of the zero-sequence voltagebe simplified to
%. As it can be observed from Fig. 5112, in agreement with tleertstical calculations at
(I _/| + =0.5) a 0.8 pu zero-sequence voltage peak is needed to guacap@etor balancing,
i.e. a voltage that is equal to the grid voltage. Therefavetlie 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

Following the simulation results, Fig. 5113 shows the ai®diexperimental results for the star
configuration. Figure 5.13 (a) shows the line current, figbjeshows the degree of unbalance

in the current injected by the converté?[, +), figure (c) shows the zero-sequence voltage and
figure (d) shows the capacitor voltages in all three phaseshis experimental study, the grid
voltage is set to 1 pu (corresponding to a peak value of 0.&ptht line-to-ground voltage).
Again, perfect agreement between simulation and expetahegsults is obtained.

5.5.3 Discussion

Both theoretical and experimental results provided in ¢higpter 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 theréegf unbalance in the injected
current, while the delta is sensitive to the degree of umizaan 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 regelthe grid voltage at the connection
point by aim of positive-sequence current injection. Thenes for this kind of applications the
degree of unbalance in the injected current can be consid®re making the star configuration
a suitable choice, especially when considering its reduoltdge ratings (thus, reduced number
of required cascaded cells) as compared with the delta coafign.

When a STATCOM is employed for industrial applications t@&agl, its aim is mainly to im-
prove the power quality at the end-user interface, for exartg mitigate flicker caused by
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Fig. 5.12 Simulation results of star configuration; (a)elturrents; (b)j—;; (c): zero-sequence voltage;
(d): capacitor voltages.
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arc-furnace load. Under this scenario the compensator peusible to exchange both negative-
and positive-sequence currents with the grid and the deltéiguration appears as the most
preferable choice, especially for systems connected &bively 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 itiaity of the grid connection point.

5.6 Negative-Sequence Current Control (NSCC) under unba-
lanced conditions

As it mentioned earlier the cluster balancing explainedent®n[3.2.8 leads to a three-phase
unbalanced active current reference under unbalancedtiomsd This reference generates both
positive- and negative-sequence current references idcgfime. Although the same method
as in Sectiof 3.213 can still be used, in order to be congistith the theoretical derivation of
the zero-sequence voltage, the same approach providediioi§g.3 is here considered. The
required negative-sequence current in case of star caath€tiB-STATCOM can be calculated
as:

- Paisa— Ki1 _ Paisb — Ki2
KiaC09 3 ) +KiaSiN(~)  Ki5Cogd ) +KigSin(g )
(5.26)
tans, — (Pyisb— Ki2) Kiz — (Paisa— Ki1)Kis
(Pdisa— Ki1)Kis — (Pdisb— Ki2)Kia
where
-1t Vol T
ki = ~5—Ccos(8, —&") +——coBo—§")
VoIt _ 4. Vol ™ 2n
Kip = — cog6, — &' + ?) +Tcos(9\,o— 3+ 3)
1
Kiz = E[VJF cog8;") +Vocog Bo)]
(5.27)

Kis — %[w Sin(8;") -+ Vo sin(Bio)]

4_7'[ 21T

1
Kis = E[V+cos(9\,+ -3 ) +Vocos 60— ?)]
Ko = SV Sin(@] — =21+ Vosin( B )]

Similarly, for the delta configuration the required negatsequence current can be calculated
as:

122



5.7. Comparison between the two balancing strategies

-~ Paisa— Ki11 _ Paisb — Ki12
Kiz3COgd ) +Ki14SiN(8~ )  Ki15C0Q ) + KizeSin(J, )
(5.28)
a5 — (Puisb— Ki12)Ki13 — (Pdisa— Ki11)Ki15
' (Puisa— Ki11)Ki1e — (Paisb— Ki12)Ki14
where
\Vaul an _ \Vau! VI _
Kit1 = — cog6, — ")+ TO cog 6, — &o) + TO cog 6, —Jp)
VoIt B amr. VTl 211
Ki12 = cog 6, —5.++§)+TOCOS(9\7F—50—§)
VI 21T
+Tocos(9\,_ ~o+3) (5.29)
\Vas \Vams
Kiiz = > cos(G\f), Kit4 = 7S|n(9\7r)
\Vas 41T \Vas 41T
Kiis = > 0019\7 - 3)7 Kiie = 5 005(9\7 - 3)

It is clear from the above equations that if zero-sequenttag® or zero-sequence current are
equal to zero, the required negative-sequence currenbaithe same for both configurations. It

should be noted that NSCC can only be used if the CHB-STATCOiMt expected to exchange

negative-sequence current with the grid, for example fad lbalancing purposes.

5.7 Comparison between the two balancing strategies

In this section, the impact of the two control strategies lue ¢onverter rating is investigated
and compared. The comparison is here carried out with fooukestar configuration (similar

conclusions can be drawn for the delta-STATCOM). Obserat ith the analysis conducted
here, it is assumed that the CHB-STATCOM is employed to ie#guhe positive sequence of
the grid voltage (as it is typically the case for voltage cohapplications), meaning that the
compensator is not aimed for grid voltage balancing. Thesiagption is based on the fact that
the NSCC can not be used for grid voltage balancing. Thezefor the sake of comparison,
similar conditions is considered for both balancing styegs.

If only ZSVC is used to counteract the interactions (and unke earlier assumption that the
converter regulates the positive-sequence grid voltadg,dhe negative-sequence current is
equal to zero. Therefore, fromh (5.9) and neglectifyga and Pyisp for simpler analysis, the
required zero-sequence voltage amplitude and phase argtalaulated as

Vo=V, 6o=23"—6, +1 (5.30)

123



Chapter 5. Operation of CHB-STATCOM under unbalanced dadh

Z Z,
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L, R

Star connected

CHB-STATCOM;

Fig. 5.14 Converter and power system model.

Analogously if only NSCC is used in the balancing process,ziiro-sequence voltage can be
set to zero. Thus, replacing (5127) info (5.26), the reguiregative-sequence current amplitude
and phase angle are calculated as

VoIt

=

& =-8"+6, +6,/+m (5.31)

To compensate for the system losses, a DC-link voltage altgitis used to control the net
three-phase active power (Section5.4.2). This power caaloalated a$3/2)V*1+ cos(6, —
6,*). Using ZSVC, the net three-phase power associated to treinegequence components
is zero. On the other hand, using NSCC the net three-phaserpmwhe negative-sequence
network can be calculated #8/2)V~1-cog6; — & ). It is of importance to observe that
from (5.31) the conditio ™ =V~ yields tol ~ = | . Therefore, under these specific operating
condition the action of the NSCC will completely cancel cwg power demand from the DC-
link voltage controller. For this reasotie NSCC must be avoided if V© =V .

To compare two control strategies, the simple power systeswss in Fig.[5.14 is considered
as a case study. As shown in the figure, the converter is ctathén the grid represented by
an AC-source in series with an impedance, to model the shvadicstrength of the grid at

the connection point. In the following, the steady-stateveoter voltages and currents will be
calculated for different operating conditions.

5.7.1 Steady-state analysis of ZSVC

Denoting the positive- and negative-sequence voltagegobas the AC-source a8 andEg,
respectively, the PCC positive-sequence voltages in gt&ate can be calculated as

Ef=EJ+2Z," (5.32)

Since the PLL locks the transformation angle to the anglehefgrid-voltage vectoeg,, the
angle of the PCC positive-sequence voltage phasor is equadrd. As mentioned earlier, it
is assumed that the CHB-STATCOM regulates the PCC posstagience voltage to 1 pu in
steady state, i.€€5 = |Ej| = 1. Decomposind (5.32) into its real and imaginary part \seta
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1= EZ | cos 6 + |Zg|1 oS /Zg + &)

5.33
0= [Ed]sin(62g) +|Zgl T sin(£Zy+ &) (5:33)

where 6 is the angle offl. Assuming a lossless converter, the active power at the BCC i
equal to the power loss in the filter. Therefore, with the entreference as in Fig. 5]14:

Ef=1
Rl "2 = —real[Ef 1] =—Ef1Tcogd") & Rt = —cogg") (5.34)

Using (5.38) and(5.34), it is possible to calculate theent™ and the angle§s” and3* as

1+ — —coq3")

Ry
5" = —cos(—vX) (5.35)
oz, = sim (14l 030 )2 £ )

Ed R

with

‘ 2AB+C?— /(—2AB—C?2)2 - 4A2(B2+C?)

2(B2+C2) (5.36)
A— E+ 2 1. B= ‘Zg’z 2’Zg’ /7 C— _Z‘Zg‘ in(/Z .
=|Es|°—1,B= ?+ WCOS( Zy),C= R sin(£Zy)

The positive-sequence voltage of the converter can nowlbelated ay/+ = Z;1 * +E§ . Being

I~ =0, the negative-sequence voltage of the converter is eqtiad thegative-sequence voltage
of the AC-sourceY ~ = |E5 | £65 . Therefore, the required zero-sequence voltage amplénde
phase angle using (5180) g =V~ = |E5|,B,0= 20" — 6, + m= 25" — 65 + . Having

all sequence voltages and currents of the converter, theeden voltage and current for each
phase can be easily calculated.

5.7.2 Steady-state analysis of NSCC

The positive-sequence voltage and current phasors camdutatad as described in the previous
section. The relation between the negative-sequence hemo be written as

V7 =Es +(Zg+Z0)1” (5.37)
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Fig. 5.15 Active power caused by the ZSVC (in gray) and NS@&ior).|[ES| = 0.7 pu andé = 0°.

Replacing ~ from (5.31) into [5.37) and decomposiig (5.37) into real emaginary part, the
amplitude and phase angle of the converter negative-sequeftage can be calculated as

_ 1 _ Yo¥s—Wwiys
V. = :  tan(gy) = 22 2P 5.38
yscog 6, ) + yasin(6,) &) YiVe — VoVa (5-38)

where

1 =|Es|cos6gy) , y2 = |Es|sin(6gy)

Zo+Z|1T
p=1- B AL cos sz, 420 - 57460+ .
|Zg+Zf||+ . 4 4 ( . )
Y4 = Tsm(é(zgvtzf) —§ +6,+m)
o=-VYVa, V6=V

The negative-sequence current can be calculated by regltde amplitude and phase angle of
the converter negative-sequence voltage in (5.31). Thes¢onverter voltage and current for
each phase can be calculated.

5.7.3 Theoretical results and discussion

In order to assess the impact of the investigated contrategjres on the converter’s rating, a
0.3 pu reduction in the positive-sequence source voltaderie consideredEd| = 0.7 pu).

The corresponding negative-sequence voltage amplitudarisd from O to 0.3 pu, while the
SCR is changed from 1 to 10 by varying the grid impedadgeFor simpler analysis, it is
assumed that the positive- and negative-sequence voltdgbe AC-source have the same
phase angle; therefore, denoting wittthe angle difference between the sequence components,
E=06—-6; =0°.

Figurel5.15 shows the maximum active power among the thraggsiresulting from the ZSVC

(in gray) and the NSCC (in color) for the considered opegationditions. From the obtained
results, it is possible to observe that more balancing pasveeed when using NSCC. The
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zero-sequence voltage control negative-sequence current control

IE | [pu] IE,-| [pu]

Fig. 5.16 Converter voltage and current. Left: ZSVC, rigi8CC. Top: current peaks, bottom: voltage
peaks|EJ| = 0.7 pu for all cases anél = 0°.

difference in power between the two strategies is more evidden the CHB-STATCOM is
connected to a strong grid. However, it is of importance tostder that ZSVC allows power re-
distribution by aims of voltage injection, while NSCC by emt injection. Therefore, in order
to properly understand the impact of the considered balgrstrategies on the converter ratings,
it is necessary to investigate separately the voltage amdrdurequirements. For this purpose,
the peak values of the steady-state converter voltage amentare depicted in Fig. 5.116. On
the left side, converter peak current (top plot) and volt@dgdtom plot) when using ZSVC are
shown. The same results for the NSCC are shown on the righo$ithe figure. A limit in the
converter’s voltage/current of 1.5 pu is considered, degiin the figures with a gray plane.

Starting with the ZSVC (left plots), it can be observed tha tonverter maximum current
exceeds its limits when the SCR is above 5. However, the g®ltating is the most limiting
factor when using this control strategy; from the figure i & observed that even in case of
weak grids there are conditions where the required voltageszls the converter ratings. For the
considered case, for SERL the converter voltage exceeds the limit wHEg| > 0.2 pu.The
operating range decreases when increasing the SCR.

A similar trend can be observed when NSCC is used (right plblswever, for the weak grid
case (when SCR 2), the operating range of the converter from a voltage poiview is wider

as compared with the ZSVC. The converter is still within tihats for SCR= 1 and|E5 | < 0.3

pu. Therefore, when operating the CHB-STATCOM under weadtsgthe use of NSCC leads
to a wider operating range of the compensator, up to 10% &cdémsidered case, as compared
with ZSVC. On the other hand, ZSVC provides a wider operatamgye in case of strong grids.

In the analysis conducted so far, it has been assumed thaetheence voltages of the AC-
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Fig. 5.17 Converter voltage and current peaks for SCR=1 plarCNSCC, black: ZSVC. Left: voltage
peaks, right: current peaks.

source have the same phase anglefije= 0; . Figure[5.1V shows the peak converter voltage
and current when varyin§ from O° to 360°. For this set of results, it is assumed that SCR=1,
two levels of unbalancdEg | = 0.1 and|E5 | = 0.4 pu, are considered. It can be observed
that for both cases the peak voltage and current is maximuré f£0°,120°, 240°, while the
minimum values are found fof = 60°,180°,300°. Therefore, besides the grid SCR and the
level of unbalance, also the relative phase displacemédheafequence components of the grid
voltage have an impact on the operating range of the comfmendapending on the adopted
balancing strategy.

5.8 Combined balancing strategy

According to the theoretical results presented in the pressection, none of the control strate-
gies allow for a full utilization of the CHB-STATCOM rating# has been shown that the SCR
and the level of unbalance impact the operating range ofdhgensator, depending on the se-
lected balancing strategy. For this reason, it is stragghtérd to understand that a better utiliza-
tion of the CHB-STATCOM can be achieved by combining the twatcol strategies, aiming
at obtaining a balancing strategy that is independent fitoengrid strength and the operating
conditions of the system.

5.8.1 Control algorithm

The investigated combined balancing strategies aim atgekilvantage of the properties of the
ZSVC and NSCC. Two strategies are here investigated, basedaritization of either zero-
sequence voltage or negative-sequence current inje@in YWhen zero-sequence injection
is prioritized, the control system initiates active powatamcing using ZSVC. The negative-
sequence current setpoint is equal to zero. If the calalilz#eo-sequence voltage leads to con-
verter overvoltage, the controller will limit the zero-sespce voltage amplitude to its maximum
allowable value. In such case, being the zero-sequencageolower than the required value,
the controller calculates the needed negative-sequemaEntto complete the active power re-
distribution. In this case the ZSVC shifts partially towdh@& NSCC. In the extreme case, the
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Vo=0
o 1_:Eq.(5.26)
I5ax:Eq.(C.6))

I =lox
0maxEq.(C.3
Vo :Eq.(5.9)

=0
<€ Vo Eq.(59)

Freeze Freeze

Fig. 5.18 Flowchart of the combined control strategies.t:L2éro-sequence priority, right: negative-
sequence priority.
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Fig. 5.19 Operating ranges. Green:ZSVC, blue: NSCC, dagtesh: combined with ZSVC priority and
dashed blue: combined with NSCC priority.

maximum allowable zero-sequence voltage can become egmaid, meaning that the control
algorithm will be shifted from ZSVC to NSCC. Analogous apgeh is adopted when negative-
sequence current injection is prioritized.

A detailed description of the two combined strategies iegin Fig[5.18. A guideline on how
to calculate the different parameters is provided in Appell As shown in the figure, if the
converter reaches its voltage/current limits, a freezernand is activated; this will limit the
reactive power exchange with the grid by freezing the reaaturrent setpoint. Note that at
the critical condition oV ™ =V, only ZSVC should be used (combined strategy with zero-
sequence voltage priority ang,, = 0).

The converter’'s operating range when using ZSVC and NSCCheacalculated by the in-
tersection between the gray and the colored surfaces if6Ei§. Analogously, the operating
ranges when using the two investigated combined balantiatggies can be found. Figure 5.19
shows a comparison between the obtained operating rangaswging the different strategies
for ¢ =0° and& = 60° (being these angles the two extreme conditions, as i FIgl) 5t can
be observed that the combined control strategies provelmtximum possible operating range
of each strategy at any grid strength. Note that both condbtoatrol strategies have the same
operating range whefi = 0°, while the combined strategy with zero-sequence voltageifyr
shows slightly wider range faof = 60°.

Although both combined strategies lead to a similar opegatange, it might be preferable

129



Chapter 5. Operation of CHB-STATCOM under unbalanced dadh

IE -l loul

0.1

0.3 SCR
E,-| [pu]

Fig. 5.20 PCC negative-sequence voltage. Gray: ZSVC, edldiSCC.

to prioritize zero-sequence voltage instead of negatdgpisnce current, especially when the
converter is connected to a weak grid. This because the imegaquence current flow over
the grid impedance might enhance the level of unbalance eofgtid voltage; furthermore,
the additional current will lead to increased losses in §stesn. Figuré 5.20 shows the PCC
negative-sequence voltage when ZSVC and NSCC are useddudily. The enhancement in
the negative-sequence voltage magnitdgievhen NSCC is used is clearly visible.

5.8.2 Control implementation

The overall control block diagram is shown in Hig. 5.21. THé@T and the overall DC-link
voltage controller are as in Sectionl5.4 and the PCC voltaggaller is as in Sectidn 3.2.3. For
the cluster balancing the combined control strategy empthin this section is used. In order
to calculate the required zero-sequence voltage and megaguence current, the reference
converter voltages output from the DVCC and the referencesnts are used.

In order to reduce the impact of the interaction betwéernandl ~ , which might lead to poor
system dynamics especially in case of weak grids, the nefereegative-sequence currents and
the reference voltages needed for the calculation of thativegsequence current are passed
through a low-pass filter.

For the digital implementation of the control, the optimahe instants where to sample the
current are those in which the PWM catrrier signal reaches@simum and minimum value,
since it is in those moments when zero-crossing of the curiigple takes place [96]. Sampled
data at the zero-crossing of the current ripple are peyfextitch with the fundamental com-
ponent and thus, this sampling strategy inherently remtwesliasing effect. Note that this
property is achieved with two assumptions: first having alEss converter filter ,and second
having a constant PCC voltage during a switching periodn@éie PCC voltage not constant
(AC signal) and also existence of losses in the filter devia¢esampled data from the exact
fundamental component. But if the switching frequency idyfahigh (1 kHz and above) and
also considering the PCC voltage a perfect sinusoidal compio(stiff grid) it is still possible
to assume a constant PCC voltage during one switching pdfiathermore, since the losses
in the filter are small the deviation of the sampled data frbeneéxact fundamental component
will be negligible.
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Fig. 5.21 Overall control block diagram.

If one of the mentioned assumptions is not fulfilled, the sl@ohglata will deviate from the
fundamental component. This might lead to poor system peadace and, in the worst case,
system instability. A typical situation where this problean occur is in weak grid conditions,
where the PCC voltage is not stiff and the converter outputect highly affects the PCC
voltage. In such a case the PCC voltage can not be assumecatm&t@nt during a switching
period and by sampling synchronously with the controllenglng period, the actual value of
the current will not be achieved due to aliasing effect [97].

One solution is to use a capacitor in the filtering stage (lfiter) to stiffen the PCC voltage and
filter its harmonic content. Consequently the same afor¢iomeed sampling points with LCL-
filter will lead to the actual value. Drawbacks of the LCLdiltare: unwanted resonances that
can arise between the filter components, cost of the capseital increased footprint. Another
solution, which is applied in this thesis, is a method basedwersampling in order to acquire
more information of the measured signals.|[98]. The mininawvarsampling frequency must
be at least two-times larger than the maximum frequency corapt in the measured signal,
which in this case is the switching frequency. Obviously ensampling data per switching
period will provide more precise measurement of the actgaks. The average value of all the
the measured data per switching period are then calculattgassed through the controller at
each control period. Here the oversampling method is impteed for both voltage and current
measurements.

5.8.3 Experimental results

The system parameters of the laboratory set-up are reparfethle 5.4. The current limitin this
laboratory set-up is decreased by 33% as compared with ga¢hanis reported in Table 4.3.
The reason is to provide enough margin for the current sinsgua current limit is needed.
Furthermore, the DC-link voltage is increased from 62 V t0/20 provide enough margin for
the voltage. Other control parameters are the same as TablEte laboratory arrangement is as
in Fig.[5.22, where the grid impedance is constituted by tamalbel inductances of 40 mH each;
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Star connected

CHB-STATCOM

Fig. 5.22 Converter and power system model with two grid idgmees in parallel.

through a circuit breaker, one of the parallel inductors bardisconnected from the circuit,
thus varying the grid impedance at the connection point. Wthe two inductors are parallel
connected, the SCR is equal to 4.72, which represents thegsfirid case; the disconnection of
one of the inductors leads to a SCR of 2.36, which represbatwéak grid case.

Observe that for all tested cases, a perfect DC-link voltedancing is achieved. For this rea-
son, the voltage across the DC-link capacitor of the diffecells is not shown in the following
sections.

TABLE 5.4. SYSTEM AND CONTROL PARAMETERS FOR THE EXPERIMENTAL SEUP OFFIG.[5.14

Parameters values

Rated powef, 1kVA, 1pu

Rated voltag#/, 173V, 1pu
System frequencyp 50 Hz

Filter inductance.; 15 mH, X $=0.15pu
Filter resistoR¢ 1Q,0.03 pu
Capacitor siz€ 4 mF, X;=0.026 pu
Grid inductance g 40 mH, X 4=0.42 pu
Grid resistorRy 1.8Q, 0.06 pu
Number of cells per phase 3

DC-link voltageVpc 90V, 0.52 pu
Carrier frequency for PWMg, 2 kHz

Sampling frequencys 12 kHz

PCC voltage control loop bandwidthpc 27 25 rad/s

Weak grid case

Theoretical results for the weak grid case show that whigectirrent is within the limit when
using both ZSVC and NSCC, ZSVC will cross the voltage limitieathan NSCC. Figure 5.23
shows the measured steady state converter voltage (topjuaireht (bottom) when using the
two balancing strategies. For the investigated c&ses 0.7, whileE; = 0.2 andé = 0°. Only
the phase quantities with highest peak value among the iirages are shown for clarity of
the figure. It can be observed that while the currents aramfkie limits, the converter voltage
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Fig. 5.23 Converter voltage (top), converter current (oot Green: ZSVC, blue: NSCES = 0.7,
Es =02,& =0

passes the limit when using ZSVC. In agreement with the #teal analysis, the experimental
results show that when using ZSVC the voltage demand is appately 0.12 pu higher as
compared with the NSCC for the considered operating caditi

For the same case study, Hig. 5.24 shows the obtained resétsthe combined strategies are
used. It can be seen that both strategies converge to NSQflize the current capacity of the
converter.

To observe the impact &, the operating conditions are now varieddg = 0.7, E; = 0.35
andé = 60°. The measured converter voltage is shown in[Eig.]5.25 whiexg esich of the four
investigated strategies. As expected from the theoretigalysis, the voltage requirements for
the converter are approximately 0.07 pu higher when using@Zfonfirming that in case of
weak grids the use of NSCC leads to a wider operational ramgiaé compensator. Note that
also in this case the combined strategies shift towards NSCC

It is of importance to stress that although both combineategiies show similar results and
are able to guarantee capacitor-voltage balancing, adidifigéd in Sectiori 518 the combined
strategy with zero-sequence voltage priority is always @éopbeferred, in order to avoid an
increase in the negative-sequence component in the PC@&geolThis is confirmed by the
obtained laboratory results, where an increase of 0.1 fheimeeasured negative-sequence PCC
voltage has been observed when negative-sequence cun@itystrategy has been adopted.

Strong grid case

As anticipated in the theoretical investigation carried iouthe previous sections, in case of
connection to a strong grid the NSCC strategy will lead toghér current demand as compared
with the ZSVC. For the considered case, the grid SCR has lmeeeased to 4.72 by closing
the circuit breaker in Fig. 5.22; the operating conditiores&™ = 0.7 andEg = 0.1, while two
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Fig. 5.24 Converter voltage (top), converter current @oit Black: ZSVC priority, red: NSCC priority.
ES =07,E; =02, =0°.
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Fig. 5.25 Converter voltage, top: NSCC (blue) and ZSVC (gyebottom: ZSVC priority (black) and
NSCC priority (red)ES = 0.7, Eg = 0.35,& = 60°.
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Fig. 5.26 Converter voltage and current for the four ingzged control strategies. NSCC is in blue,
ZSVCisin green, ZSVC priority is in black and NSCC priorigyin red.ES” = 0.7, Eg = 0.1,
¢ =0,60.

values for the angle differendeof 0° and 60 are considered. The obtained results for the four
investigated strategies are shown in Fig. 5.26.

It can be observed that while the converter voltages areimwitte limits using either ZSVC
or NSCC, the current crosses the limit with NSCC. In agreemath the theoretical analysis,
the use of NSCC leads to an increase in the current demand®p0.foré = 0° and 0.08 pu

for £ = 60° as compared with the ZSVC case. Under this scenario, botlbic@th strategies
converge towards ZSVC.

5.9 Impact of PCC voltage regulation in case of unbalanced

grid conditions
In the control strategies described until now, the purpdsthe regulation of the negative-
sequence current is for DC-link voltage balancing only.sTisi due to the fact that in most

of the current grid codes there are no requirements conggmegative-sequence current in-
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Fig. 5.27 Voltage-divider model for unbalanced faults égjivalent circuit for a single-phase fault (b).

jection during unbalanced conditions. However, regutatd the PCC voltage might lead to
undesirable overvoltages in some of the phases at the PA€.isThne of the reasons why
requirements from Transmission System Operators (TS@sgtzanging and start to demand
negative-sequence injection capability from convertersected to their grid [21].

To understand this phenomenon, the simple voltage-dividstel shown in Fig. 5.27 (a) can
be used. In the figur&y represents the fault impedance. Consider a single-phaké@f@hase

a and assume that during the fault the majority of the currassps through the faulted path.
In this case, the load current can be neglected and thusgtina¢ent circuit for the considered
system condition can be drawn as in Fig.5.27 (b), vdgh Z;,Z) and Z},Z; , Z the grid
and fault positive-, negative- and zero-sequence impedamespectively. FOEg = 1 pu, the
following expressions for the sequence components of the Riltage can be obtained:

— 0 — 0
Zi +Zg +Za+2Zg +Z4

Ef —
9 (24 +Z 2D+ (25 + 24 +25)
E; % (5.40)
9 (Z 2+ ) + (2 + 24 +25) '
0 —ZS

Eo (Zg +Zg +20) + (25 + 25 +23)

It can be observed froni_(5.40) that the positive-sequenttag® is lower than 1 pu. If the
compensator only regulates the positive-sequence vaiteyeu, the sequence components of
the voltage can be calculated as:
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Fig. 5.28 Top: PCC positive-sequence voltage amplitudé WICC voltage regulation; middle: PCC
three-phase voltage with the regulation; bottom: PCC tplesse voltage without the regula-
tion.

+ _
Ej=1
_Z*
Ey = -
9 (ZE+Ze +20) + (25 +29) (5.41)
0 ~Z3

E)= — —
O (Zi+Z+ 20+ (25 +2D)

It can be noted froni(5.40) and (5]41) that regulation of thsitive-sequence voltage leads to

a boosting action for the other sequence components, dbe tmtpling between them. Consi-
dering for example a case whetg = Z, the sequence voltages before and after compensation
are calculated aB§ = 5/6, Eg =EJ= _1/6 puandEj = 1,E; =EJ= —1/5 pu, respectively.
Consequently, using the symmetrical components thearyh&considered case the regulation
of the positive-sequence voltage leads to a 1.2 pu ovep®ltaphaseb andc.

For validation purpose, Fif. 5.28 shows the simulated tpirese PCC voltages when a single-
phase fault to ground in phaaatt = 0.04 s occurs. The grid impedance is calculated to provide
a SCR of 1. The top plot shows the amplitude of the PCC pos#atience voltage when the
STATCOM is connected and regulates the positive-sequenitage to 1 pu. The middle plot
shows the corresponding three-phase PCC voltage for thiditoan. The bottom plot depicts
the three-phase PCC voltage when the STATCOM is in idle mdde.overvoltage in the two
healthy phases during the PCC voltage regulation can bly eadsierved. Note that the consid-
ered case is not a common fault scenario and is here congifterdlustration purposes only.
In practical applications, specially for high-voltage t&yss, the system is grounded, mainly
through transformers. Transformers may be grounded thramgedances in order to limit
fault currents. This can consequently limit the observeeresltages. In medium-voltage sys-
tems, such as when the STATCOM is employed for industrialiegions, ungrounded systems
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Fig. 5.29 Droop control block diagram: (a) with actual catréb) with current reference.

can lead to overvoltages in the healthy phases during rtigigaperations. The impact of these
overvoltages on the system highly depends on the sengiti/ihe installed equipments. If the
experienced overvoltages go beyond the load voltage tadefaompensation of both positive-
and negative-sequence can be required. Note that in thees,dhe zero-sequence voltage is
typically not of concern, as transformers provide zerodsege current blocking.

5.9.1 Negative-sequence voltage control

In this section, three algorithms to control the negategeence voltage at PCC are introduced
and compared. The main purpose of the controllers is to tbespositive-sequence voltage

to 1 pu and at the same time reduce the negative-sequenegeait case of unbalanced con-

ditions. Again, the focus is on the star configuration, altjfothe same control loops can be
implemented for the delta configuration as well.

Typel: Droop control with sequence separation

It has been shown i (3.24) trﬁg(d) is related th(Q). Similarly, each PCC negative-sequence
voltage component is related to one current component E@‘IW is dependent otg(d) and

Eg @ onIg'@. Thus, three independent integrators as the one in SechbB 8an be used
to control each PCC voltage component to the desired referealue. The desired reference
voltage for the positive-sequence voltage is 1 pu and fonégative-sequence voltages is 0 pu.

However, it must be highlighted that typically it is not réaual to control the negative-sequence
voltage to zero, but rather to reduce its amplitude to pretlem voltage swell. Therefore, a

droop-control approach.([99]) can be used for the nega@agience voltage control, thus allo-
wing a small controlled steady-state error in the actualtieg-sequence voltage.

Figure[5.29 (a) shows the block diagram of a classical dramyroller. The input to the in-
tegrator is the voltage minus the actual current multipbgdthe droop gaindr -i). For the
depicted controller, the steady-state error will be eqoalkt i; thus, increasinglr will lead to

a larger error in the actual voltage. An alternative strieefor the voltage-droop controller is
shown in Fid.5.29 (b), where the current reference is usgdbice of the actual current (under
the assumption of having a fast and precise current coatjoli order to reduce the impact of
current ripple and harmonics on the performance of the otetr
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Fig. 5.30 Block diagram of CHB-STATCOM control Type 1.

The implemented CHB-STATCOM control considers the samegiral AC voltage controller
described in Section 3.2.3 for the positive-sequence gejtahile the negative-sequence vol-
tage controller is based on droop control. The DC-link \gdtaontrol is as in Section 5.4.2 with
ZSVC for cluster balancing. The block diagram the contraiteyn, here denoted as controller
Type 1, is illustrated in Figurie 5.80.

Here, the integrator gain for the droop controller is setputhe integrator gain of the positive-
sequence voltage control. The droop gadincan be calculated based on a desired steady-state
negative-sequence voltage amplitude. Considering thplsippwer system in Fig. 5.14, the
negative-sequence voltage at the PCC can be calculatedgthtbe system-load lingg =

Es +Zg4l~. Neglecting the resistive part of the grid impedance andsiciemning a weak grid
condition (SCR= 1 = Xg =1 pu), the system-load line is equalllg = Eg +17. In steady
state,Ey = —dr |7 this is here called “droop function”. The steady-staterapeg condition

is given by the intersection between the system-load linktla@ droop function.

Consider a severe unbalanced condition viigh= 0.5 pu and assume that the controller re-
quirement is to reduce the negative-sequence voltage Qg = 0.2 pu). From the system-
load line, the needed negative-sequence current is equ@@u. The droop gaidr can then
be calculated from the droop function and is equal t8 pu (corresponding to & for the
given system ratings). The desired negative-sequencagentif 0.2 pu in this design process is
to guarantee a maximum overvoltage of 1.2 pu (in the wors sasnario) during PCC voltage
regulation.

To investigate the performance of the CHB-STATCOM with cohType 1, the power system
in Fig.[5.14 with system and control parameter given in TBEeis simulated. The SCR of the
grid at PCC is equal to 1. Other system and control parameterseported in Table 3.3 and
Table[5.1, respectively.

Figure[5.31 shows the obtained simulation results whergusintrol Type 1 with (left figures)
and without (right figures) negative-sequence voltage @msation. PCC positive-sequence
voltage amplitude, PCC negative-sequence voltage ardplitthree phase PCC voltage and
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TABLE 5.5. SYSTEM AND CONTROL PARAMETERS FOR CONTROOYPE 1

Parameters values
Grid inductance. g 28.6 mH, X, 4=0.98 pu
Grid resistorRy 1.34Q, 0.15 pu
Carrier frequency for PWM, 3 kHz
Sampling frequencys 48 kHz
Outer loop control bandwidtbipec 27 15 rad/s
droop gaindr 6Q
with negative-sequence compensation without negative-sequence compensation
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Fig. 5.31 Control type 1 simulation results. RespectivebnT top to bottom: PCC positive-sequence
voltage amplitude; PCC negative-sequence voltage ardplitthree phase PCC voltage and
three-phase line current.
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three-phase line current are shown from top to bottom, msedy. For these simulations, the
voltage reference for the compensator is set to 1 pu and racitefs are connected on the
AC-side; thus, under normal operations the STATCOM is imjgcreactive power into the grid
to boost the voltage to the reference valuetAt 0.1 s, a voltage reduction down to 0.7 pu
is applied in phasa of the AC-source while the other two phases are left unchantyes
condition will lead toEJ =0.63,E; =0.16,¢ = 180°. This will force the converter to exchange
both positive- and negative-sequence current to boostdbiiye- and reducing the negative-
sequence voltage at the PCC.

From the obtained results it is possible to observe thatdiséipe-sequence voltage is success-
fully regulated to 1 pu. When the negative-sequence voltagé&oller is disabled, the negative-
sequence voltage has an amplitude of approximately 0.16ps,the PCC negative-sequence
voltage will be equal to the AC-source negative-sequenttag® (being the negative-sequence
current equal to zero). Since the negative-sequence ¢usreero, the three-phase current will
be balanced, as can be seen in the bottom figure.

When the negative-sequence voltage controller is actiyéite compensator’s currents are not
longer balanced. Through the system-load and the droogifumd¢he negative-sequence vol-
tage in steady state is calculated as 0.064 pu, which wedkesgwith the simulation results. The
ability of the negative-sequence voltage control in redg¢he overvoltage during mitigation
operations can be clearly seen in Fig. 5.31.

Although effective in reducing the overvoltage during gatiion operation, the dynamic and
steady state performance of the CHB-STATCOM with contr@d{ needs to be improved. The
low-performance of the compensator is to be mainly addcessthe presence of the sequence
separation loop in the control system. For this reason, tmnative control strategy will be
considered in the following section.

Type2: Droop control without sequence separation

Figure[5.32 shows the block diagram of the control Type 2. A#farence compared the con-
trol system in Fig[.5.30, control Type 2 does not include ausege separation stage and the
negative-sequence voltage is handled through a resonatmbtter with center frequency at2
[100]. Adding a resonant controller allows negative-semgevoltage regulation without the
need for sequence separation [101]. Note in[EFig.]5.32 tmah&droop-control loop the actual
current is used. The voltage output from the resonator ecty added to the voltage output
from the current controller. To remove the double-freqyenscillatory component in the vol-
tage, a 100 Hz filtering stage (based on a resonant filter ashdepicted in the grayed box in
Figure[5.3P) is used [102].

To evaluate the performance of control Type 2, the same ¢adg as in the previous section is
here considered. For the droop controller, the same irttegaad droop gains are used. For the
filtering stageKj; = 100 wy = 2mrrrad/s anda; = 271 x 40 rad/s, with the parameters meaning
given in Fig[5.3R.

Figure[5.3B8 shows the obtained simulation results (plots bader and meaning as in Fig. 5.31).
It can be observed that although the steady state perfoertaagbeen improved, the dynamic
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response of control Type 2 is much slower than the one olgtairreen using control Type 1.
This is due to the fact that when using control Type 2, the wugih the droop controller is
directly the voltage to be send to the modulator, without et controlled stage. Thus, the
current dynamics are not considered in control Type 2 fondgative-sequence voltage control.
This can be critical, especially when dealing with very wggells, as it is in the considered case.

Type3: Combined control

Control Type 3 combines the previously investigated cdlgir®, aiming at taking advantage
of the different properties of these control systems. Tarobithe positive-sequence voltage,
similar to the control Type 2, the full signals without anygjaence-separation are used. The
negative-sequence voltage control, instead, is similéingéamne implemented for control Type
1, i.e. it includes the sequence separation algorithm. Thekldiagram of control Type 3 is
illustrated in Fig[5.34. Since the full signals are usedlierpositive-sequence voltage control,
the negative-sequence current control will only need theoRtroller, without the voltage feed-
forward and decoupling terms. Moreover, to minimize thduwlflsances originated from the
sequence separation, the negative-sequence currenasaerighrough a low-pass filter.

Figure[5.35 shows the simulation results of control Type Bhhand without negative-sequence
voltage compensation. Note that better dynamic performasccompared with the results in
Fig.[5.33 has been achieved without jeopardizing the stetatg performance, indicating that
this control strategy can be a suitable control option fdtage control by aims of STATCOM
under unbalanced conditions.

It is important to remind that, as described in Secfiod M7case of exchange of negative-
sequence current the net three-phase power of the negatinesnce network can partially or
completely cancel out the power demand from the DC-linkag#tcontroller. One solution to
prevent this is to continuously calculate the net threesph@ower of positive- and negative-
sequence networks. If the ratio between these two poweosatdd within a certain limit (for
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Fig. 5.35 Control type 3 simulation results with the samerfigurders as in Fid. 5.381.

example, 10%), the outer control loops responsible for dgeilation of the PCC voltage are
frozen. Meanwhile, similar to the combined control strgtéy Section[5.B, the peak value
of the converter current and voltage is continuously meadcand in case of overvoltage or
overcurrents the freeze command in Fig. 5.18 is activated.

The negative-sequence voltage compensation is here eetpioyeduce the overvoltage during
the unbalanced conditions. However, if during the PCC galteegulation the phase voltages
stay within the limits, the negative-sequence voltage camsption will not necessarily be re-
quired. For this reason the converter always uses the cedlmantrol strategy explained in
Sectiori 5.8, while it continuously monitors the peak anoplé of the PCC voltage (or negative-
sequence voltage amplitude). If the maximum peak valueenégative-sequence voltage am-
plitude exceeds a predefine threshold, the control Typeldeihctivated.

5.10 Conclusions

Zero-sequence control (voltage for the star configuratimh @urrent for the delta) allows to
maintain the DC-link voltage of the different cells baladde case of unbalanced operation.
However, a singularity exists in the solution of the reqdieero-sequences. If the negative-
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sequence current is not used for voltage balancing purptsasthe NSCC can also be used
for DC-link voltage balancing. However, the comparisoniesn the two balancing strategies
has shown that none of these allows for a full utilizationhef tonverter.

Two balancing strategies, based on the combination of ZSVYAONSCC with either voltage or
current prioritization, have been investigated. It hasnb&lgow that both combined strategies
allow to extend the operating range of the compensator undiealanced conditions of the
grid; however, it is recommended to adopt a combined styatgth zero-sequence voltage
prioritization, in order to avoid to increase the negasegtuence component of the voltage of
the grid, especially in case of connection to weak grids.

If the negative-sequence voltage at the grid connectiontpsinot controlled, overvoltages

might be experienced at the PCC during voltage regulatibaracl herefore, the control system

must continuously monitor the peak amplitude of the PCCagdt(or the negative-sequence
voltage amplitude). If the maximum peak value or the negas@quence voltage amplitude
exceeds a predefine threshold, the control must take actionitigating the PCC negative-

sequence voltage. Three types of negative-sequence @altagroller have been investigated
and compared, showing the superiority of control Type 3 tiverothers.

Simulation and experimental results for several operatmgditions are provided to validate
the theoretical results in this chapter.
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Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis has dealt with the control and modulation of @dsd 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 undanbatl and unbalanced operations
have been investigated, trying to highlight the advantdgeslso the challenges and possible
pitfalls that this kind of topology presents for STATCOM dippations.

After an introductory overview of the main multilevel comier 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 contralpps 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) technigiffess 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 phesrmn is carried out in Chapter 4,
where it has been shown that the non-uniform active powetilgigion 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 indivadigells is selected), as well as poor
cancellation of the carrier side-band harmonics (mainlase of high-switching frequency se-
lection). Theoretical analysis shows that by proper seeaif the frequency modulation ratio,
a more even power distribution among the different cellhefdame phase leg can be achieved.
This selection allows to alleviate the stabilization actrequired from the individual balancing
controller and thereby to enhance the overall system gtallihother technique for the indivi-
dual DC-link voltage balancing discussed in Chapter 4 ic#ils sorting approach. However, it
has been shown that both methods are not able to providemrajpédual balancing when the
CHB-STATCOM is not exchanging current with the grid (her@died 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 configurptimexchange energy between the
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three phases. Two methods for individual DC-link voltagkbeing at zero-current mode have
been proposed and discussed. The first method is based onifeechedrting approach, which
takes advantage of the knowledge of the current ripple duzaro-current operations, while
the second method consists of superimposing a slow modulsignal to the DC-link voltage
reference. The effectiveness of the two methods has beérederia simulation and experi-
mental verification. However, it is of importance to strasattthe modified sorting approach
can only be adopted when the RMS current is lower than thectripple. Furthermore, the
method is sensitive to harmonic distortion in the measuigtbsgs. This limits the applicability
of the method to CHB-STATCOMSs with low number of cascadedscén the other hand, the
DC-link modulation technique provides a simple solutioithaut the main limitations present
in the previous method. Furthermore, it is of importancertess that the introduced oscillations
in the DC voltage lead to a small active (not reactive) powmv thetween the converter and the
grid, thus they will have a negligible impact on the grid agie. However, carefulness must be
adopted when the converter is meant to be operated in higgtiyrted grids.

Chaptei b focuses on the operation of the CHB-STATCOM undealanced conditions. The
needed control modifications to allow an independent cbatimositive- and negative-sequence
components of the injected current have been discussethdfonore, a modification in the
cluster controller to allow an uniform active power distion 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 configuaratilized for the CHB-STATCOM,

a singularity exists when trying to guarantee balancincghan DC-link capacitor voltages. In
particular, it has been shown that when the phase legs ofaineder 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- anegative-sequence currents have the
same magnitude. Similar results have been obtained foreha& configuration, where the sys-
tem is found to be sensitive to the level of unbalance in tipdieg voltage. Furthermore, these
singularities as well as the zero-sequence voltage/dudemand around the singularity points
highly depend on the relative phase shift between the seguEmponents (current for the star
and voltage for the delta configuration). The presence stsengularities represents an impor-
tant limit of this topology for STATCOM applications and g&sts that the star configuration is
most suitable for utility applications, where the convergenainly employed for voltage regula-
tion (typically through positive-sequence current iniegj; for industrial applications or, more
in general, when the CHB-STATCOM is used for balancing pagso the delta configuration
is the most preferable choice. However, the converter meisivier-rated in terms of current
in order to accommodate the needed circulating currenthBumore, the dependency of the
singularity on the level of voltage unbalance can lead thadifties in the capacitor balancing
in case of unsymmetrical faults that occur in the vicinitytlod point of common coupling.

In continuation of Chaptér 5, negative-sequence curremtircbis considered as an alternative
strategy for DC-link voltage balancing. Both zero-seq@etmmponents and negative-sequence
current strategies are compared and their impact on theed@nvatings under different unba-
lanced conditions and grid strengths is evaluated. It isvehthat none of the investigated
control strategies allow for the full utilization of the cgarter capacity, indicating that these
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strategies must be combined in an appropriate way. Thul,fagus on the star configuration,
a method to effectively combine the two strategies, basexrtomsequence voltage or negative-
sequence current priority, is described and investigétesstressed that zero-sequence voltage
priority is to be preferred when possible. Finally, the @tien of the CHB-STATCOM when
controlling the voltage at the connection point in case dfalanced conditions of the grid is
investigated. Even if the device is intended for compensatf the positive-sequence voltage
only, control of the negative-sequence voltage might bees&ary in order to avoid system
overvoltages. Three structures for the negative-sequenitage control are investigated and
compared. It is shown that the presence of a sequence separkgorithm for the measured
signals in the control system might deteriorate the stesdie performance of the compensator.
This can be critical, especially when the compensator isaipé in very weak grids. For this
reason, and in order to guarantee high-dynamic performancentrol structure here denoted
as control Type 3 has been derived and tested under seveatanoed voltage dips and in case
of very weak grids. It has been shown that the investigatedrolber successfully allows to
control the grid voltage without risk for high overvoltageshe unfaulted phases.

6.2 Future work

The CHB converter and more in general the modular multilegekcept is still rather new and

offers both opportunities and challenges for the reseasdoeimprove its performance. One
important aspect that still needs research effort is théroband modulation of the converter;

today, the research community is mainly divided into twomsreams: the classical control and
modulation approach, mainly based on linear control theomgbined with various modulation

techniques, and Model Predictive Control (MPC) approadithBlirections are of high interest

and need further investigation in order to preserve (or enerease) the performance of the
system and at the same time reduce to its minimum number tdlswy events.

Also, the operation of the CHB-STATCOM in case of connectimweak grids is a challenge,
especially when utilized for balancing purpose. Under sasnario, an interesting field of re-
search is to investigate alternative control strategiepdasitive- and negative-sequence current
injection, especially when the CHB-STATCOM is stressed @perated 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 condéiion) present severe limitations when
operated under unbalanced conditions. Recent standaydsaenore and more participation
from grid-connected converters to reduce the level of Lariizd in the grid; if this is not a prob-
lem for those multilevel converters that present a commonliPiC(such as the NPC or the
CCC topologies), the limitations in the star and delta CHBxBCOM can be crucial and limit
the applicability of this converter topology. Furthermgiee lack of a common DC link and the
presence of low-order frequency components in the DC-lilkage represent a limit for the
integration of energy storage. For this reason, it can bagif imterest to investigate alterna-
tive configurations for modular multilevel STATCOMSs, in @rdo extend its operational range
under unbalanced conditions and allow a better energy exehlaetween the converter’s phase
legs.
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Appendix A

Transformations for three-phase systems

A.1 Introduction

This appendix describes transformations to calculat@geltectors from three-phase quantities
and vice versa. Moreover, expressions of the voltage vécitibrin 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 tjiesnt;(t),vp(t) andvg(t) can be
transformed into a vector in a complex reference frame, llyscalled a 3-reference frame by
applying the following transformation

U(t) = Va + ]V = Kan (Va(t) + vo(1) 37+ v(1)d37) (A1)

where the factoKyy, is equal to\/3/2 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)
{ Va (t) ] =Co3 | Wp(t) (A.2)
VB (t) Vc<t)
where the matrixCs; is equal to
1 -1 _1
Ca2 = Kap 0 A ‘A (A.3)
2 2
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Chapter A. Transformations for three-phase systems

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

Va(t)
V(T
{ Vp(t) ] 2023[ vagtg } (A.4)
ve(t) B
whereC,3 is equal to
2
£ 0
1 5. 1
Caz= pan _§ 731 (A.5)
-3 -%

A.2.1 Transformations between fixed and rotating coordinag¢ systems

Let the vectow(t) rotates in thex 3-reference frame with the angular frequencyuit) in the
positive (counter-clockwise) direction. Let alsalg-frame rotates in the same direction with
the same angular frequency. In such a case, the vegtoappears as a fixed vector in tig-
frame. The components gft) in the dg-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.

B
g A V\a)(t)
d
v(t)
UB (t)‘ 7777777777
24(2)
/ )
vq (£) / a
) >

Fig. A.1 Relation between 3-frame anddg-frame.

The transformation can be written in vector form as

Vidg (t) = \_/(aﬁ)(t)e_je(t) (A.6)

with the angled(t) in Fig.[A1 given by
t
WU=%+/MUW (A7)
0
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A.3. Wltage vectors for unbalanced conditions
The inverse transformation, from the rotatithg-frame to the fixedr 3-frame is defined by

Viap) (1) = V(g (1)€Y (A.8)

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

va(t) | _ o/ Va (t)
| | =ri-eon [ | A9
which is the transformation from the fixer3-frame to thedg-frame and
Va(t) | _ va(t)
o | =rew | v | (19

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

cos(B(t)) —sin(8(t))
R(e(t)):{sin(e(t)) cos(8(t)) } (A.11)

A.3 \Voltage vectors for unbalanced conditions

Let consider the following phase voltages for a three-plsgiseem

Va(t) = Va(t) cog wt — ¢a)

Vp(t)

¥(t) cog wt — ¢, — 217) (A.12)

Ve(t) = Ve(t) cogwt — gc — 37)

wherevi(t) and ¢, are the amplitude and phase angle of phase voligdge Vy,(t) and ¢y, are
the amplitude and phase angle of phase voltg@g, 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 ammitirgphase angle of the three phases.
In such condition, the resulting voltage vectgg (t) in the fixeda B-frame can be expressed as
the sum of two vectors rotating in opposite directions anerpreted as positive- and negative-
sequence component vectors.

Vp(t) = ETE@H0) 4 i@t (A.13)

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

When transforming the voltage vectgys from the fixeda B-frame to the rotatinglg-frame,
two rotating frame can be used, accordingly. These two feaane called positive and negative
synchronous reference frames (SRFs) and are denotdgpas anddgn—frame: the positive
SRF rotates counterclockwise with the angular frequenay,ofhile the negative SRF rotates
clockwise with the same frequency. These two frames can fiogedeby the following transfor-
mations

Vgp(t) = €790v4p(t)

(A.14)
\_/dqn(t> = ée(t)\_/aﬁ (t)
Dividing the two equations in Eq._(A.14) leads to
Vagt) i
I — 1200 Vigp(t) = Vggn(t)e 1260) (A.15)
\_/dqn(t)

According to Eq.[(A.1b), considering the positive-sequeenomponent as a DC-component
(zero frequency) in the positive SRF, the negative-sequenmponent will be a vector that
rotates with 100 Hz clockwise in the positive SRF. An ana&gytelation 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 bastsaows how to extract the po-
sitive and negative and zero sequences from a set of thiesepmbalanced voltage and vice
versa.

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

Vi =V+cogwt — 5m) (B.1)

v¢ =V+cogwt — §m)
The negative sequence is defined as follow:
vz =V~ coqwt+67)

V, =V cogwt+ 6~ —3m) (B.2)

Vg =V~ cogwt+6~ —2m)

and the zero sequence is defined as:
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7P
Ve

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

W =VOcoq wt + 69)
W =VOcoqwt + 6°)

W =VOcogq wt + 6°)

(B.3)

The time domain expressions can also be expressed in pHasordositive sequence phasors

are
Vi =vtdl
Vf = Ve i

— 4
Vi =Vtelam

the negative sequence phasors are

Vs =Vv-enitm

and finally the zero sequence phasors are

V0 = vO0gfo
V0 = VO
VO = v0ef
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B.2. Positive, negative and zero sequence extraction

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

—

Va=Vs +V; +V
Vo=V +Vy +V2 (B.7)
Ve =V +Vo +V2

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

a=din (B.8)

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

A
V=,

Fig. B.2 Operations on theoperator.

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

Vi =atVy

\VARESS: \VAs

Vp =aVy

Vo =a?Vy &2
V2 =V2

V@ =V

Substituting Eq.[(B.9) into Eq[(B.7) yields
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— —

Va=Va" +Vy +V7
Vo=V +V, +V0 =a?Vi +avy +V2
Ve =V +Vs +Vo=av;t + a2V +V2

The expression can be shown in matrix form as

Va 11 1 A
Vb|=|1 2 a VA
Ve 1 a a||Vy

denoting:

1 11 1
B‘1:§ 1 a a
1 & a

(B.10)

(B.11)

(B.12)

(B.13)

Using the inverse matrix dd the symmetrical positive,negative and zero sequence coem®

in terms of the phase voltages can be written as follow

— —

Bl a1 LV
Vil = 3|1 a a2 || V%
vy 1 a® a Ve

(B.14)

substituting Eq(B.14) into Ed.(B.9) and after some malgipon the following expressions can

be obtained for all the symmetrical component sequences tihe unbalanced phase voltages.

The positive sequence can be expressed as

Vi 1[1 a a? Va

2 5 -

VA a a 1 Ve
The negative sequence can be expressed as

Vo 1[1 a2 a Va

V, | = 3la 1l a? Vo

Vo a 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 | W% (B.17)
V0 1 11|]|V

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

Calculation guideline for the combined
ZSVC and NSCC

C.1 Introduction

This appendix is a guide on how to calculate the parametd¥g)ifb.18.

C.2 Maximum allowable zero-sequence voltage

Having the positive- and negative-sequence voltage nefesefrom DVCC and having the re-
quired zero-sequence voltage amplitude and phase anglirtée-phase converter voltages can
be calculated as

Vabe =V O +0) L v-d(-6,-0) | \yeibu (C.1)
a,

wherea = 0, —27T/3 211/

The aim is to find a maximum zero-sequence voltéggax Which keeps the amplitude of each
converter phase leg voltage within a specified linifn. Therefore Vo max can be calculated
for each phase using

Veiim = VO 0 v =0 =) vy eIt (C2)

Solving (C.2) Vo max can be calculated for each phase as:
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A= realfv+d(®+) L v—d (8 -0 B —jmag{Vvtd(® @) ;v -d(-6 -y

Vomax= —(Acog 6o) — Bsin(B,)) + \/ (AcogBi0) — Bsin(6uo))? — (—VZjin, +A%+B2)
(C.3)

Note thatVpomax is nor negative, neither complex. Therefore, negative andptex solution
should be replaced by zero. From the two solutions for eaasglthe maximum is chosen.
From the thre&/ max calculated for each phase, the final solution is the minimahae:

C.3 Maximum allowable negative-sequence current

The three-phase converter currents can be calculated as

Tape=17Td@ @) 4 |-d(-0-a) (C.4)

The aim is to find a maximum negative-sequence curkgntwhich keeps the amplitude of
each converter phase leg current within a specified ligni. Therefore) 5, can be calculated
for each phase using

lejim = 1770 - &0 -a), (C.5)

Solving [C.5),l,,.x can be calculated for each phase as:

A=1%cog 8" —§ +20), lnax = —A% /A2~ (1+° 12

c,Iim)

(C.6)

Note that .« IS nor negative, neither complex. Therefore, negative antpdex solution should
be replaced by zero. From the two solutions for each phase#@xémum is chosen. From the
threel .« calculated for each phase, the final solution is the minimahae:

C.4 Peak voltage calculation

Having the reference voltage values for both positive- aedative-sequence voltage from
DVCC, the three-phase converter voltage can be calculatd@€d). The peak value of the
voltage is the maximum value among the three-phase and czaiddated as

Vinax = max{|v+ei(9\7+or) +V—ei(_9\7_a) _|_V0e_j9v0‘} (C?)
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C.5. Peak current calculation
C.5 Peak current calculation

Having the reference current values for both positive- aaghtive-sequence currents, the three-
phase converter currents can be calculated as (C.4) (Nattthéhreference currents can be used
as the actual currents). The peak value of the current is themnum value among the three-
phase and can be calculated as

Imax = max{|| Te(@ +a) L |-d(-& -y (C.8)
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Interconnected transmission systems are complex and require careful planning, design and ope-
ration. The continuous growth of the electrical power system, as well as the increasing electric
power demand, has put a lot of emphasis on system operation and control. It is under this
scenario that the use of High Voltage Direct Current (HVDC) and Flexible AC Transmission
Systems (FACTS) controllers represents important opportunities and challenges for optimum
utilization of existing facilities and to prevent outages .

One of the most well-known FACTS device is STATic COMpensator (STATCOM). The main
hardware part of a STATCOM is voltage source converter (VSC). The use of high-performance
and cost-effective high power VSCs is a prerequisite for the realization of a STATCOM. Up to
some years ago, the implementation of VSCs for high-power applications was difficult, which
limited the use of STATCOM for low power applications. However, in the last decades the
new generation of converters, called multilevel converters, has paved the way for the use of
STATCOM for high-power applications.

Among the multilevel VSCs family, the modular configurations such as Cascaded H-Bridge
(CHB) converters are the most interesting solutions for high-power grid-connected converter.

Although CHB converter are today the accepted solution for the implementation of STATCOM,
challenges still exist both from a control and from a design point of view. Unfortunatelly the
existing control methods are not utilizing the converter in the most appropriate way. This is for
this reason that this thesis focuses on the control of CHB converters for STATCOM appplication
and proposes a comprehensive control system to utilize the converter in the most optimize way.
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