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ENGLISH SUMMARY

The capacity for renewable energy generation has continued to grow in the last
decade, and it is expected to become 2.5 TW in 2020. In accordance with
constructions of large-scale renewable energy generation systems such as solar
photovoltaic and wind power plants, stricter grid codes under both normal operation
and grid fault conditions are demanded by Transmission System Operators (TSO) in
most countries.

Large-scale offshore wind power generation is significantly growing and becoming
one of the major renewable energy sources in Europe with strong wind and shallow
sea areas, because of the advantages such as constant and high wind velocity as well
as extensive offshore sites, which reduces the generation cost. However, the
generated electrical power has to be transmitted to the Point of Common Coupling
(PCC) onshore by long-distance submarine cables, which arise a large amount of
reactive power if a Medium to High Voltage Alternating Current (MVAC-HVAC)
transmission system is selected. In order to compensate enough reactive power and
to satisfy the grid codes, SVC or STATCOMs have to be installed on the onshore
side of the wind power plant.

The Modular Multilevel Cascade Converters (MMCC) family are promising
solutions in the case of high-voltage and high-power STATCOM applications. They
have significant advantages, compared to the conventional two-level or three-level
voltage source converters, such as lower harmonic distortions, transformer-less
configuration at medium voltage level, and modular/ redundant design. Nevertheless,
voltage-balancing for a large number of DC-link capacitors in converter cells are
still challenging to be achieved for MMCCs, especially under asymmetrical grid
faults. In addition, the principal dc-link capacitor voltage ripple with second-order at
grid frequency in each converter cell makes the required capacitor size large
compared to the conventional converters.

Many authors have proposed useful control schemes and design methods for each
type of MMCC solutions until now. However, the optimum MMCC solution for the
STATCOM application is still an open question because a comprehensive
comparison between each type of MMCC solution has not been done. In addition to
the total cost and volume of the MMCC solutions, the asymmetrical reactive power
delivering capability under grid faults becomes more and more important for the
STATCOM application. Furthermore, it seems that capacitor voltage ripple
reduction methods for the MMCC solutions have not been considered enough yet.

This thesis clarifies the performances of potentially used four configurations of the

MMCC family with SSBC, SDBC, DSCC, and DSBC for the STATCOM in large-
scale offshore wind power plants, with special focus on asymmetrical Low Voltage
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Ride Through (LVRT) capability under grid faults. Then, a capacitor voltage ripple
reduction method by using a third harmonic zero-sequence current for one type of
MMCC-SDBC is proposed and the benefits have been verified.

All achievements in this thesis have been validated by a practical designed 80
MVar/ 33 kV MMCC based STATCOM simulation result. These contributions have
also been published in 2 journal papers and 4 conference papers.



DANSK RESUME

Den installerede kapacitet af den vedvarende energi-systemer er fortsat voksende og
den forventes at blive 2,5 TW i 2020. | lyset af den stigen kapacitet af store
vedvarende energiproduktionssystemer sasom solcelle- og vind-kraftvaerker bliver
der specificeret stadig strengere tilslutnings-krav af Transmission System Operators
(TSO) i de fleste lande bade under normal drift og ved net-fejl.

Storskala vindkraftproduktion til havs vokser markant og bliver en af de starste
vedvarende energikilder i Europa, der har glimrende vindforhold og samtidig lav-
vands havomrader, hvilket giver fordele sasom konstant og hgj vindhastighed,
hvilket reducerer prisen for den producerede energi. Den genererede elektriske
energi skal dog overfgres til land via lange kabler i havet, og typisk er det baseret pa
vekselspandings-teknologien (AC). For at kompensere tilstraekkelig for den reaktive
effekt, der opstar pd grund af kablerne og for at tilfredsstille net-kravene, skal
SVC’ere eller STATCOMs installeres pa onshore side af vindkraftvaerkerne.

Den Modulere Multi-level Cascaded Converter (MMCC) omformer familie er en
lovende lgsning i tilfelde af hgj-spaending og hgj-effekt STATCOM applikationer.
Konverterne i denne familie har betydelige fordele i forhold til de konventionelle
effekt-omformere, som er baseret pa to eller tre niveau omformer-systetmer, idet de
har lavere harmonisk forvrangning, er en transformer fri konfiguration pa mellem-
spaendingsniveau og har samtidig et modulert / redundant design. Ikke desto mindre
er spandingsbalanceringen i saddanne konvertere med et stort antal DC-
kondensatorer i konverter-cellerne stadig en udfordring for MMCC'erne, iseer under
asymmetriske net-fejl. Hertil kommer at kondensatorerne har en spandings-
variation af anden harmonisk, som ggr den ngdvendige kondensator-starrelse relativ
stor i forhold til de konventionelle omformere.

Mange har indtil nu foreslaet forskellige kontrol systemer og design-metoder for
hver type of MMCC-Igsningerne. Den optimale MMCC-lgsning til STATCOM-
applikationen er dog stadig et abent spgrgsmal, idet en detaljeret sammenligning
mellem hver type MMCC-lgsning endnu ikke er blevet udfert. Ud over de samlede
omkostninger og volumen af MMCC-Ilgsningerne bliver den asymmetriske reaktive
stramafgivelsesevne under net-fejl en mere og mere vigtig parameter for
STATCOM-applikationerne. Endvidere ser det ud til, at kondensator spandings-
variationen i MMCC lgsningerne ikke er blevet studeret nok endnu.

Denne PhD afhandling sammenligner fire potentielt anvendelige konfigurationer af
MMCC-familien, som er SSBC, SDBC, DSCC og DSBC, som skal agere som
STATCOM i store offshore vindkraftveerker med serlig fokus pa drift under
asymmetriske lave spandinger (LVRT), som typisk opstar under net-fejl. Der
foreslds ogsa en kondensator spandings-variations reduktionsmetode, der kan i
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praksis reducere kondensator stgrrelsen med 20 % og dette realiseres ved at anvende
en harmoniske nul-sekvensstrgm og dette princip er specielt velegnet i typen
MMCC-SDBC. En detaljeret design er udfert i afhandlingen, savel som utallige
simuleringer er udfart til at underbygge den foreslaede metode.

Alle resultater i denne afhandling er blevet afpravet pa en praktisk designet 80
MVar / 33 kV MMCC baseret STATCOM model. Resultaterne er udover i PhD-
afhandlingen blevet offentliggjort i 2 tidsskriftsartikler (IEEE) og 4
konferenceartikler.

\
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND AND MOTIVATION
1.1.1. MARKET — OFFSHORE WIND POWER GENERATION

Globally, renewables are the largest electrical power source of net additions to
power capacity over the medium term. They account for 62% of the expansion by
2020 and grow faster than fossil fuels and nuclear. Second to the hydropower, the
wind power generation has the largest share in renewable energy source, and has
continued to grow in the last decade, with a 532 GW installed capacity, including 20
GW from offshore wind turbines, by the end of 2018 as shown in Figure 1-1 [1].
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Figure 1-1 World renewable electricity capacity and forecast.
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Large-scale offshore wind power generation is significantly growing (see Figure
1-2) and become one of the major renewable energy sources in Europe, which is
having strong wind and shallow sea areas and giving the advantages of constant and
high wind velocity as well as Europe also has extensive offshore areas. All together
will reduce the generation cost of wind energy [1], [2].
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Year

Figure 1-2 Offshore wind power capacity and forecast by region.

1.1.2. MODERN LARGE-SCALE OFFSHORE WIND POWER PLANTS

Offshore wind turbine plants can be placed close to and in long distance to shore.
Figure 1-3 plots large-scale offshore wind power plants constructed between 2010
and 2015, depending on the power capacity and electrical transmission distance [3].
The power capacity range of each offshore wind power plant seems to be between a
hundred and up to a thousand MW and even more in some areas. The electrical
transmission distance from the offshore wind farm to Point of Common Coupling
(PCC) located at the onshore side seems to be in the range from a few km to 200 km.
It is noted that two types of electrical transmission system exist, which are
Alternating Current (AC) transmission system, and Direct Current (DC)
transmission system, which have been selected when considering the cost of the
transmission system. It highly depends on the transmission distance and other site
conditions such as water depth and also transmission system voltage. The break-
even distance seems to be around 100 km as far as the recent existing projects. The
system configurations of the two types offshore wind power plants are described as
follows.
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Figure 1-3 Offshore wind power plants constructed from 2010 to 2015 with different
transmission systems.

Figure 1-4 (a) shows the system configuration of a typical offshore wind power
plant with AC transmission system, which voltage range typically becomes Medium
Voltage to High Voltage (MV-HV). The generated active power in offshore wind
turbines are transmitted to the PCC by MV-HVAC transmission system with
submarine cables. In order to obtain as high voltage as possible between one side
and another side, transformers are installed in the offshore wind power plant. It is
noted that, where the submarine cable has a long distance, reactive power
compensation is required.

Figure 1-4 (b) shows the system configuration of a typical offshore wind power
plant with a DC transmission system, which voltage range typically becomes High
Voltage to Extra High Voltage (HV-EHV). The generated active power in the
offshore wind farm is transmitted to the PCC by HV-EHVDC transmission system
with long distance submarine cables, which does not cause reactive power.
Therefore, when the distance of the transmission system is longer, the DC
transmission system has been selected although it requires expensive AC/DC
converter (Rectifier) and DC/AC converter (Inverter).
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(b) Offshore wind power plant with DC transmission system

Figure 1-4 System configurations of typical offshore wind power plants.

In this thesis, the offshore wind power plant with long distance HVAC transmission
system is in focus. Lot of cases exist of this plant type, and typically the reactive
power compensator is installed to compensate a large amount of reactive power
arisen by the impedance from long distance submarine cables, and also in order to
satisfy the grid code. Figure 1-5 shows various types of reactive power
compensators for offshore wind power plant. A brief explanation of each type is
introduced as follows [2], [4]:

(a) Shunt reactor/Static condenser: The inductor or capacitor is connected in
parallel to the grid, which can compensate lead/lag reactive power, respectively. In
case of offshore wind power plant, the shunt reactor may be connected to
compensate the reactive power arisen by large amount of parasitic capacitance in the
long distance submarine cables. It is obviously that it cannot change the
compensation amount of the reactive power, although the compensating reactive
power to be required changes with each moment.

4



CHAPTER 1. INTRODUCTION

(b) Static Var Compensator (SVC): SVC can compensate both lead/lag reactive
power variably by control of the switching timing of the Thyristor. However, the
SVC gives a lot of low-order harmonic currents to the grid by the switching
operation of the thyristor, which requires a large amount of passive filters. In
addition, when the grid voltage drop by short-circuit grid fault, the reactive power
compensation capability of the SVC is significantly reduced, although the reactive
power delivering capability under grid fault should according to recent grid codes
for large scale offshore wind power plant.

(c) Static Synchronous Compensator (STATCOM): STATCOM could have the
highest performance, but it is a more expensive reactive power compensator
compared to the three types, which is constructed by Voltage Source Converter
(VSC). It can also induce both lead/lag reactive power variably with very fast
response and with very small low-order harmonic currents. Then, the reactive power
compensation capability does not decrease even if grid voltage drops by a short-
circuit grid fault. It is noted that, when the asymmetrical grid fault happens, one type
of VSC has a limitation to deliver the reactive current, but it is much better than the

SVC.
T T

AAA

AAA

Voltage
Source
Converter

@) (b) ©

Figure 1-5 Reactive power compensators. (a) Shunt reactor/Static condenser. (b) Static Var
Compensator (SVC). (c) Static Synchronous Compensator (STATCOM).

The STATCOM has become the preferable solution for the offshore wind power
plant with long distance HVAC transmission system, and it has been selected in
some existing offshore wind power plants as shown in Figure 1-3.
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1.1.3. STATCOM TECHNOLOGY FOR OFFSHORE WIND POWER
PLANTS

Figure 1-6 shows three types of potentially used high voltage and high power
STATCOMs for offshore wind power application. It is noted that the circuit
configuration is depicted as a per phase circuit configuration in the figure for simple
explanations, but it is a three-phase system in the actual systems. The rated power
and voltage for the STATCOM application become several tens of MVar and
several tens of kV, respectively. Self-turn-off power devices such as Insulated Gate
Bipolar Transistor (IGBT) and Integrated Gate Commutated Turn-off thyristor
(IGCT) have been used for the STATCOMs [5]. The symbol of the power device is
depicted as an IGBTs. Table 1-1 summarizes the characteristics of each circuit
configuration. The details of each circuit configuration are explained as follows.

The circuit configuration (a): The reactive power is controlled by a traditional
voltage source using two-level (or neutral point clamped three-level [6]) converter.
In order to increase the rated voltage of the converter, the IGBT devices are
connected in series. It seems that this solution is the cheapest solution. However,
depending on the required rated voltage, the series connection counts of the number
of IGBT increases. When only one IGBT device in an arm is broken, the
STATCOM cannot operate anymore. This may practically be a problem.

The circuit configuration (b) [7]: The ac sides of the single-phase converters such as
H-bridge converter having common dc-link terminals are connected to each winding
of the input side of the multiplex transformer, where the transformer multiplexes
each converter voltage in series. In this result, the output voltage of the multiplex
transformer can obtain a high voltage with multi-level waveforms, which will reduce
the amount of necessary harmonic filter. However, the multiplex transformer is very
expensive and heavy. It is noted that, by redundantly designing the number of the
single phase converters, this configuration can continue its operation even if one of
the single phase converters is broken.

The circuit configuration (c) [8, 9, 10, 11, 12]: Single-phase converters such as H-
bridge converters are directly connected in series in order to increase the system
rated voltage. This circuit configuration also gains multi-level voltage waveforms,
and also redundant operation. However, as only this circuit configuration becomes
galvanic isolated of each dc-link terminal of the single-phase converter, each dc-link
capacitor voltage has the double frequency voltage ripple at the source frequency,
which increases the dc-link capacitor size. In addition, this circuit configuration has
a limitation for asymmetrical Fault Ride Through operation, which performance is
highly required in recent grid codes as described in the next section.

Nowadays, the circuit configuration in (c) becomes the mainstream solution for the
STATCOM, because of significant advantages compared to the conventional

6
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configuration (a) and (b) as it is mentioned above, like lower harmonic distortions,
multiplex transformer-less configuration, and modular/ redundant design.
Nevertheless, in addition to the capacitor size, voltage-balancing for a large number
of DC-link capacitors in the converter cells are still challenging to be achieved for

MMCCs, especially under asymmetrical grid faults [4], [13], [14], [15].

Based on this comparison, the MMCC solutions are selected for further study.

Series connected
IGBTs

(a) Series-connected

switches solution

Output
terminal

Parallel connected
H-bridge converters

Series connected

Multi-winding
Transfomer

Output
terminal

—/

(b) Multi-winding transformer

solution
Figure 1-6 Candidates for high voltage and high power STATCOM configuration for offshore
wind power plant (Per-phase circuit is depicted).

H-bridge converters

Output
terminal

(c) MMCC solution

Table 1-1 Characteristics of each circuit configuration in Figure 1-6 for the STATCOM application.

(a) Series-connected
switches solution

(b) Multi-winding
transformer solution

(c) MMCC solution

Cost +++ + ++
- Harmonic filter Medium . Small . Small
(.multi-level voltage) (. multi-level voltage )
- Multiplex transformer No Yes No
Large
- DC-link capacitor Small Small (low frequency voltage
ripple by identical DC-link)
Redundancy operation No Yes Yes
Asymmetrical Fault Ride
+++ +++ ++

Through operation
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1.1.4. FAULT RIDE THROUGH REQUIREMENTS

Besides the normal operation, the Transmission System Operators (TSOs) in
different countries have issued strict grid supporting requirement for the growing
large-scale renewable power plants under grid fault, which is specified in Figure 1-7
[16], [17]. According to the grid codes, the offshore wind power plant has to keep
the operation regarding the voltage sag under grid fault as shown in Figure 1-7 (a),
and in the case of German and Danish grid codes, it should be able to inject
additional reactive current to support the recovery of grid voltage sag which is also
shown in Figure 1-7 (b). It is noted that recent grid codes are not requiring negative-
sequence reactive current injection, which contributes to recover asymmetrical grid
fault voltages. The detail of the negative-sequence current injection can only be
found only in Germany grid code as an option for the moment [18]. Therefore, Fault
Ride Through capability of the STATCOM becomes more and more important.

' N
Voltage (%
100 - Voltage (%) Germany
90 - .
UK
Denmark /,'/
20 ---- 77

: Time (ms)
| | | | »
150 500 1000 1500 2000

(a) LVRT requirement by different countries.

A H iti i
Required additional reactive Dead band
100% current: A lo/lg (%)
A .
\Voltage drop:
N I B AVNg:(p.u.)
05 09 1.0

(b) Additional reactive current requirements during LVRT

Figure 1-7 Reactive power requirements of large-scale generating plants under grid fault (low
voltage ride through) [19].
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1.2. RESEARCH QUESTIONS AND OBJECTIVES

This thesis focuses on the promising MMCC-based STATCOM solution for the
rapidly growing offshore wind application. The following issues are qualified in this
thesis, which has become open questions.

1. Which type of MMCC solutions is the best to be in the offshore wind power
plants operating as STATCOM? This question gives the following objectives in
the thesis.

v

Specifications and the component sizing of potentially four types of
MMCC solutions for the STATCOM application are compared. The total
cost and volume are of interest based on the total power semiconductor
chip area and total energy stored in the passive components.

Mathematical formulation of the STATCOM based on the MMCC
solutions under asymmetrical compensation operation is developed, which
contributes to the quantitative understanding of the performance limitation
and circuit behavior for the Fault Ride Through (FRT) operation.

The FRT capacity focusing on the MMCC solutions need to be compared
under different grid faults scenarios with the consideration of actual device
limitations.

The most attractive MMCC solution for the STATCOM application should
be suggested based on the obtained results.

2. Exist there any dc-link capacitor reduction method for the MMCC solutions?

v

v

A dc-link capacitor voltage ripple reduction method for MMCC-based
STATCOM should be proposed.

Also dc-link capacitor volume reduction effect by applying the developed
method should be estimated.
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1.3. LIMITATIONS ON THIS STUDY

Due to the large efforts to prepare the MMCC systems in practice, experimental
setups are not developed in this thesis. However, this thesis proposes mathematical
models and computer simulation models of the four types of the MMCC-based
STATCOMs. The simulation models are carefully designed and they are based on a
practical 80 MVar/33 kv STATCOM model. The realistic cell counts, power
modules, and control strategies are taken as much as possible into account in order
to clarify the research objectives.

1.4. OUTLINE OF THE THESIS

The Ph. D. dissertation consists of six chapters, which are introduced as follows:
Chapter 1: Introduction

The background and motivation for the research are first presented. Then, the
objective of the research is described as well. Finally, the outline of this dissertation
is described.

Chapter 2: Modeling and control of the MMCC solutions for offshore wind
STATCOM Application

As preparatory for the study, the system configuration of the typical offshore wind
power plant, grid fault scenarios, and also the fundamental control scheme of the
potentially used configurations of the MMCC solutions for the STATCOM
application are summarized. Then, specifications and the component sizing of each
type of practical 80 MVar / 33 kV scaled MMCC-STATCOM are carefully designed
and compared.

Chapter 3: Theoretical operation of MMCC family under asymmetrical
reactive power compensation

The mathematical formulation for the STATCOM based on the MMCC solutions
under asymmetrical compensation operation is developed, which contributes to the
guantitative understanding of the performance limitation and also the circuit
behavior under asymmetrical grid fault operation.

10
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Chapter 4: Performance benchmark of the MMCC solutions

The electro-thermal stresses of the actual power modules used in each type of the
MMCC with practical controls are analyzed in detail. The asymmetrical reactive
power capacity focusing on the MMCC solutions is compared under different
scenarios of grid faults, with the consideration of device temperature limits and
voltage saturation. The most attractive MMCC solution for the STATCOM
application is suggested based on the obtained results.

Chapter 5: DC-link Capacitor Voltage Ripple Reduction Method for an
MMCC-SDBC

This chapter proposes a capacitor voltage ripple reduction method by using a third
harmonic zero-sequence current for Modular Multilevel Cascade Converter
(MMCC) with Single Delta Bridge Cells (SDBC). A practical case study on an 80
MVar/ 33 kV MMCC-SDBC based STATCOM is used to demonstrate the method.
The impact of the third harmonic zero-sequence current level of the capacitor
oscillation reduction and the electro-thermal stresses on the IGBT modules are
investigated. An optimal parameter of the current level is obtained by compromising
the above two performance factors. The capacitor bank volume is also estimated and
compared.

Chapter 6: Conclusions

This chapter gives a summary, the main findings, and conclusion of this study.
Topics for future research are also listed.

At the end of the thesis, the published papers during the Ph.D. study period are
attached.
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CHAPTER 2. MODELING AND
CONTROL OF THE MMCC
SOLUTIONS FOR OFFSHORE WIND
STATCOM APPLICATION

As preparatory for the study, this chapter summarizes the system configuration of a
typical offshore wind power plant including reactive power requirements, grid fault
scenarios, and fundamental control scheme of the potentially used configurations of
the MMCC solutions for the STATCOM application. Then, specifications and the
component sizing of each type of practical 80 MVar / 33 kV scaled MMCC-
STATCOM are carefully designed. The total cost and volume are compared based
on the total amount of power semiconductor chip area and total energy stored in the
passive components.

2.1. TYPICAL OFFSHORE WIND POWER PLANT AND SYSTEM
FAULT SCENARIOS [J1]

2.1.1. SYSTEM CONFIGURATION [19]

Figure 2-1 shows the system configuration of a typical offshore wind power plant
and an MMCC-based STATCOM. The generated active power from the offshore
wind farm needs to be provided to the Point of Common Coupling (PCC) as Bus A
(400 kV in this case) by an HVAC transmission system (220 kV in this case) with
long distance submarine cables. Reactive power induced by the submarine cable is
typically compensated by the full-scale converters of wind turbines, the shunt
reactor, and the STATCOM connected to Bus B via a delta-star transformer. Other
power generators and loads besides the wind power plant may also be connected to
Bus A.
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Offshore

wind farm HVAC transmission system External grid

»
»

Ll |

Bus D (33 kV) Bus B(220 kV) Bus A (400 kV)
Submarine cable

,,,,,,,,,

- (33kV)

7 .
. /Shunt | 3 MMCC
Shoreline reactor 3 STATCOM Fa‘ult

Figure 2-1 A typical offshore wind power plant with an MMCC-STATCOM and shunt
reactor [19].

2.1.2. REACTIVE CURRET REQUIREMENT

In order to compensate reactive power arisen by long-distance submarine cable and
satisfy the grid codes, a STATCOM may be installed in offshore wind power plant.
In addition, as mentioned in section 1.1.4, the offshore wind power plant has to keep
the operation regarding the voltage sag under grid fault, and in the case of some
countries it should be able to inject additional reactive current to support the
recovery of the grid voltage sag. The reactive current reference is only defined as
positive-sequence component because today’s grid codes do not require negative-
sequence current to compensate for the asymmetrical grid fault voltage recovery.

2.1.3. GRID FAULT SCENARIOS [19]

Table 2-1 shows the representative grid fault voltage phasors and vectors
corresponding to the three-phase-to-ground fault, single-phase-to-ground fault,
phase-to-phase short-circuit fault and two-phase-to-ground fault [20], [21]. Here,
Vsu_pus Vsv pu, @nd Vs pu are each phase voltage standardized on Bus A by the rated
voltage. It is assumed that the short-circuit faults happen somewhere on a feeder
with the line impedance Zg to Bus A (PCC) in Figure 2-1. The line impedance from
the PCC to the grid with a higher voltage level is Zs. A voltage dip severity D is
determined by the ratio of the Zs and Z¢ with positive-, negative- and zero-sequence
impedances. In order to simplify the grid fault scenarios, the dip severity D is
considered as a real part only. More details are explained and classified in [22], [23].
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Table 2-1 Phasor diagram and vector definitions of different grid fault scenarios
on PCC (Bus A) [19]

Fault types Phgzgirn(iitli%%rsm Vector definitions
@) } Vsu,pu =D
Three-phase- Vonps Ve Vep pu = _1 D— jﬁ D
to-ground v 2 2
Sv_pu, . 1 \/§
fault ; % =_D4j—
» Sw_pu 2 ] 2
(b) Vsw_pu Vsu,pu =D
Single-phase- Y . Vey pu = — 1 _jﬁ
to-ground s 2 72
fault Vsy py V. - _ 1 + ﬁ
Sw_pu 2 ] 2
(C) k.‘ VSu_pu =1
Phase-to- Va Ny Voum Voo = — = — 'ED
Sv_pu ]
phase short- Vo A7 2 72
circuit fault v __1 +j V3 D
» Sw_pu 2 2
@ d Vowpu =1
Two-phase- Vo Voupu Ve, ou lD —j ﬁ D
to-ground Voo - 2 2
fault v 1D .\/?_’D
» Sw_pu 5 +J 7
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In this thesis, three asymmetrical grid-fault scenarios are chosen to be studied as
shown in Table 2-1 (b), (c) and (d), where the asymmetrical grid fault voltage on Bus
A propagated to Bus B, the Bus A and Bus B voltages do not appear significant
different due to the used neutral point grounded wye-wye-delta transformer TR1.
However, the voltage on Bus B shows different characteristics, when it is propagated
to Bus C, which is seen by the STATCOM due to the used delta-wye transformer
TR2. Table 2-2 shows the asymmetrical grid fault scenarios on Bus C corresponding
to each grid fault. The V,{, V4, and V0 are positive-, negative and zero-sequence
component of the voltage on dg domain, respectively, which are defined as scenarios
used in this thesis.

Table 2-2 Sequence voltage amplitude definition of different grid fault scenarios on Bus C
[19]. (The Vs is the rated voltage on Bus C.)

Fault types Each sequence voltage vector
) D + 2
: Vi [ 3°3 l
Single-phase- Vil=vlp 1 /D 1
to-ground ‘ g (_ _ _)
fault 14 l6 6 "\24/3 23 J
0
D + 1
Pha(sce)-to- de 2 2
phase short- Vdg =Vs|_ D 1. (_ V3D _ E)
circuit fault 14 4 4 4 4
0
(d) [ 2p L
Two-phase- Vaa 3P0 +3
to-ground Vag|=Vs| D A ( D + 1 )
fault Vo 676"/ 273 23 |
0
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2.2. COMPARISON OF KEY DEVICES FOR EACH TYPE OF
THE MMCC-BASED STATCOM [J1]

An 80 MVar / 33 kV case study for a practical STATCOM application is chosen in
this thesis. Figure 2-2 shows the potentially used circuit configurations for the
STATCOM based on MMCC. The MMCC with Single Star Bridge Cells (SSBC)
has a star connection constructed by H-bridge converters. The MMCC with Single
Delta Bridge Cells (SDBC) has a delta connection constructed by H-bridge
converters. The MMCC with Double Star Chopper Cells (DSCC) and Double Star B
ridge Cells have two star connections constructed by chopper converters and H-
bridge converters, respectively. The difference of the connection type and cell
configuration in the MMCC solutions show different cell counts and rated cell
current when the output voltage and current of the MMCC solutions are designed to
have the same value.
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Figure 2-2 Circuit configurations of the MMCC family for a STATCOM application [19].
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Table 2-3 shows the specifications, the cell numbers and key components for the
specific application. The design procedure is given from next page.

Table 2-3 The MMCC specifications for the case study [19]

Circuit type of
MMCC SSBC SDBC DSCC DSBC
Rated power Q, +80 MVA
Rati?)lltlgg e—t\(zllne 33 kVrms (Source angular frequency w; : 27:x50 rad/s)
Rated DC-link
voltage each cell 2600 Vdc
VC,dc
Nominal output AC 1450 Vrms AC 725 Vrms AC 1450 Vrms
voltage each cell DC 0 Vdc DC 1300 Vdc DC 0 Vdc
Equivalent
switching 10 kHz (with Phase Shift PWM)
frequency feq sw
Number of total 39 69 156 78
cells Neeir (13 cells/cluster) (23 cells/cluster ) (26 series/arm) (13 series/arm)
Number of total
switching devices 156 276 312 312
NSW
Rated output
current of each 1400 Arms 808 Arms 700 Arms 700 Arms
cell I,
Carrier ffrceq”ency 380 Hz 215 Hz 190 Hz 190 Hz
Total energy
stored in 15kJ 15kJ 15 kJ 15kJ
interconnection (Le=26mH) (Le=7.8mH) (Le=52mH) (Le=5.2mH)
inductor E_
Total energy
stored in 1.6 MJ 1.6 MJ 6.3 MJ 1.6 MJ
dc-link capacitor (Ck=12mF) (Cxk=7.0mF) (Ck=12mF) (Cx=6.0mF)
Ec
IGBT module MBN1500FH45F MBN900D45A MBNB800H45E2 MBNB800H45E2
(4500V/1500A) (4500V/900A) (4500V/800A ) (4500V/800A )
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2.2.1. BASIC STRUCTURE AND POWER SEMICONDUCTOR
DEVICES [19]

The rated DC-link voltage Vc 4 of each converter cell in the four types of MMCC
solutions are designed to be the same at 2600 Vdc where the widely used 4.5 kV
IGBT modules are selected for each converter cell in this thesis. The nominal output
AC voltage of each converter cell in the SSBC, SDBC and DSBC is designed at
1450 Vrms with the nominal modulation factor a, = 0.8. The margin of the
modulation factor (0.2) is determined by the voltage drop of the output impedance,
current control dynamics, pulse width limitation due to dead time, and also in order
to achieve modular redundancy. However, the circuit configuration of the converter
cell for the DSCC is a chopper converter, which cannot output negative voltage.
Because +/- output voltage is also required for the DSCC based STATCOM, the
output voltage in each chopper converter cell is superimposed with the half value of
the rated DC-voltage (i.e. 1300 Vdc ). When the above design guideline is followed,
the nominal output AC voltage of each converter cell in the DSCC becomes 725
Vrms AC with the nominal modulation factor for the AC component o, = 0.8.

Table 2-4 The key equations for the design of the MMCC solutions [19].

SSBC SDBC DSCC DSBC
The cell NG 3v2Y, NG 26V,
converter counts IS Vel VD% VDY
Neell Ve ac anVe,ac @, Veac anVeac
Rated output
current of each Qr o o
cell I, V3V, 3V, 23V,
The 2 2 2
Z Z 27
interconnection pus 3Zpuls puls
inductance Lq wsQr wsQy wsQ,
The DC—Iink V2aQ, V20, N3 V340,
capacitance of
each cell C, ZﬁwSAVC.puVC,chs 6wsAVe Ve acVs ZﬁwsAVc.pch,chs 4\/§wsAVC.pch,chs
Total energy 2
stored in dc-link L L L
capacitor E¢ 20, AV pu s AV py W 20, AV py w5

Vs: Rated line-to-line Voltage, a,: Nominal modulation factor, V. q.: Rated DC-link voltage each cell, Q;:
Rated reactive power, Z,,: Normalized impedance, ws: Source angular frequency, «: modulation index of
each cell converter, AV, ,: Normalized DC-link capacitor voltage ripple.
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The cell converter counts Nce of the MMCC solutions with SSBC, SDBC, DSCC
and DSBC are expressed by the equations in Table 2-4, respectively, where Vs is the
rated line to line voltage at Bus C, an is the nominal modulation factor for the AC
component, and Vcgc is the rated DC-link voltage. Ncei of each MMCC solution is
determined by the ratio between grid voltage and the dc-link capacitor voltage of
each cell converter, the difference of connection type of each MMCC such as star,
delta, or double star, and the difference of the cell converter configuration such as
H-bridge or chopper converter. Then, total number of switching devices Nsy for each
MMCC topology is derived by each cell converter configuration and Nce.

The rated output currents I, in each cell among the MMCC solutions are also
expressed by the equations in Table 2-4, respectively. The current ratings of the
IGBT modules in each of the cell converter among the MMCC solutions are selected
depending on the I.. It is worth to note that the Nsyw and N among the MMCC
solutions are different. However, the equivalent total power semiconductor chip area
calculated by the total IGBT module counts, the current capacity of each IGBT
module and the rated voltage of each IGBT module, which strongly influence the
total cost of the STATCOM, seems approximately to have the same values.

2.2.2. MODULATION TYPE AND FREQUENCIES FOR PWM [19]

Phase-shift PWM modulation is chosen because of the advantage that the electro-
thermal stresses of the IGBT modules and capacitors are equally distributed among
the cells in the same cluster (or arm). The equivalent switching frequency of the
MMCC feq sw iS designed to be the same at 10 kHz. In this thesis, the carrier
frequency f. of the MMCC solutions with SSBC and SDBC are 380 Hz and 215 Hz,
respectively. The carrier frequency f. of the MMCC solutions with DSCC and
DSBC are the same being 190 Hz. It is noted that f. of each MMCC solution should
not be an integer multiple of the fundamental frequency in order to avoid diverging
the capacitor voltages among the cells, when f; is below several hundred Hz [24],
[25].

2.2.3. INTERCONNECTION INDUCTANCE [19]

In this case study, the Ly is designed as 6 % of the normalized impedance Z,, based
on 33 kV and 80 MVA operating condition of converter. In this design rule, the Lac
of the MMCC solutions with SSBC, SDBC, DSCC and DSBC are calculated by the
equations in Table 2-4. The total energy stored in the whole interconnection inductor
E. has the same value among the MMCC solutions in this designed case, which in
practical will strongly influence the total volume of the STATCOM.
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2.2.4, DC-LINK CAPACITANCE [19]

The DC-link capacitance of each cell Cy is designed as the capacitor voltage ripple
scaled by the rated DC-link voltage Vcqc (2600 V). The voltage ripple AVcpu is
designed to be 10% below the nominal rated operation. The relationship between the
voltage ripple and the capacitance Cx of the MMCC solutions with SSBC, SDBC,
DSCC and DSBC are also expressed by the equations given in Table 2-4 based on an
averaging model, respectively [26], [27]. Here, « is a modulation factor of a cell,
which is set to be « =1 and it is assumed to be the largest voltage ripple in this case
study. The total energy stored in all dc-link capacitors Ec among the MMCC
solutions can be expressed as

NCE
Ec =L, V2 g 2.1)

After Neeni, Cx and I, as shown in Table 2-4, are substituted for (2.1), the Ec among
the MMCC solutions are updated to the formulation as shown in Table 2-4. It is
noted that Ec for SSBC, SDBC and DSBC is the same. However, the E; of the
DSCC is 4 times larger than the others because of the used chopper cells. As an
example, where Ec of the DSCC are compared with the DSBC, both the Ncen and the
Cx of the DSCC become twice higher than the DSBC because of the used chopper
cells with the output voltage including the superimposed half value of the rated dc-
voltage Ve It should be noted that the Ec depends greatly on the total size of the
MMCC converter.
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2.3. CONTROL STRATEGY FOR THE MMCC-BASED
STATCOMS

The modulation scheme for the MMCC with SSBC, SDBC, DSCC and DSBC are
selected to be the widely-used Phase Shift PWM, because of the advantage that the
electro-thermal stresses of the power devices and capacitors are equally distributed
among the cells in the same cluster (or arm) [28].

Figure 2-3 shows the overall control block for the MMCC STATCOM solutions,
which consist of output current control block, Phase Locked Loop (PLL) block,
overall voltage control block for the dc-link capacitor in cell converters, and the dc-
link capacitor voltage balancing control block for each cell converter. Here, the
reference of positive-sequence reactive current Igfq_ref is given from the central
control of the wind power plant under normal operation. In this result, the
STATCOM has two operating modes which are inductive operation in the case of
I, rer < 0and capacitive operation in the case of I, > 0. When a grid fault
happens, the additional amount of I qrey May be required due to a recent published
grid code of Transmission System Operators (TSOs) [17]. The Is g, and Isg ,r
are set to be zero value according to the mentioned recent grid codes. The detail of
each control block is described below.

IS,d,ref- =0, Is‘q,ref- =0 24'

Reactive current reference: lsger Vuacrref Output voltage
—> Vy, acr ref reference of each
Veave—p| Overall o Vwacrref DC-link cell converter
,ave + ’
voltage Isqref N Culitrzlrﬁ 1/x capacitor voltage —F——»
control " 3 3 balancing control Neell
Ve ave ref —p block control
3 block
isuy sy, Is w—————FP - De-link capacitor voltage each cell converter

Vs Vs Vsw - Cluster (or arm) current
3 0,1 -6,
PLL
2

Figure 2-3 Overall control block for the MMCC STATCOM solutions.
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2.3.1. OUTPUT CURRENT CONTROL BLOCK

Figure 2-4 shows the output current control block for the MMCC-STATCOM
solutions. This control function controls the positive- and negative-sequence output
current Isg*, Isg*, lsda, lsq of the MMCC-STATCOM solutions on dq frame to the
reference values lsqrer*, Isgret ) Isdret”, lsgret”, Dy @ dual-frame control scheme with a
sequence decoupling using a notch filter [29, 30, 31].

| uvw/ | FNF !
dg” (2fy) 3 !
$  NF:Noteh Filter | |
0 3 i
S ! y |
|S,u: |S,v: |S,w : ) ‘.
— I i
I S
) | | In case of
Isgref =0 | ' SSBC,
0 L0 | DSCCand
v R | DSBC,
uvw/ NF - ! dqil i Vuacr,ref W,
" > g _‘}’ o acr,ref Vw,acr,ref
dg 2f,) Tluvw [ e Ve,
NF: Notch Filter iNote: In case i In case of
Loi2p {of SDBC, qis{ SDBC,
sqref = ishifted p/_6, U Vavacr.ref Vw,
! and ar:np“tUdei acr,ref Vwu,acr,ref
uvw/ NF |2 j1s to be |
> a1 o H»Vsa", Vsq" Imultiplied by !
VS,uy VS,V) VS,W [ } 1
0 —e [ I
3 A 2
uvw/ NF . ;
e —pLV VS,d s Vsy
dg (2fy) ‘

Figure 2-4 Output current control block diagram for the STATCOMSs used in the thesis.
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2.3.2. PHASE LOCKED LOOP (PLL) BLOCK

The frequency and phase angle of the grid voltage is detected by the PLL block [31],
[32]. The standard position of the phase angle is set to be along the d-axis of the
positive-sequence grid voltage.

2.3.3. OVERALL VOLTAGE CONTROL BLOCK

The average value vcae Of all dc-link capacitor voltages in the MMCC is controlled
to the designed value vyt by using positive-sequence active current, where the
reference value isqrer” i produced by the overall voltage control block as shown in
Figure 2-5. This control scheme is the same among the four types of the MMCC.

. +
Is,q,ref

+
Vc,ref—b(?—b Pl —»
Vc,ave_

Figure 2-5 Overall voltage control block diagram for dc-capacitors.
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2.3.4. DC-LINK CAPACITOR VOLTAGE BALANCING CONTROL
BLOCK

As a common issue among all MMCC types, the dc-link capacitor voltage in each
cell converter has to be kept within the designed value by activating the dc-link
capacitor voltage balancing control, which strategy is shown in Figure 2-6 [33, 34,
35, 36, 26, 37, 38, 39]. The control strategy could be separated into the following
three functions.

Grid
Active power|
|

MMCC

1 Overall voltage control I
S

hd

P

Cluster- (or leg-)
balancing control Cluster—hj\ or leg-u Cluster—\ior leg-v Cluster—vi or leg-w

b pe pe
Arm-balancing control v v v L4 v v

(for DSCC and DSBC)  Upperarm  Lowerarm Upperarm  Lowerarm Upperarm  Lower arm
& S U

z \;A ‘ (R S

individial ¥ % % |

balancing control Cell ul Cell u2 ---- Cell ux|

DC-link capacitor voltage
balancing control

Figure 2-6 Power flow of the dc-link capacitor voltage control for the MMCC solutions.

Cluster- (or leg-) balancing control function: The average values of the dc-link
capacitor voltage among clusters or legs are equalized by this function. Especially,
when asymmetrical voltage sag by the grid fault happens, the dc-link capacitor
voltage between cluster (or leg) becomes principally unbalanced. In order to
suppress the voltage unbalance between the phases, zero-sequence AC voltage for
SSBC [35, 36], zero-sequence AC current for SDBC [26], circulating DC current for
DSCC and DSBC [37, 38, 39] are injected, respectively.

Arm-balancing control function: This function is applied for the DSCC and DSBC,
which equalizes the average value of the dc-link voltage in each arm. The third
harmonic circulating current injection method is chosen in this thesis, which can
perfectly operate both symmetrical and asymmetrical output conditions [39].

Individual balancing control function: The dc-link capacitor voltage difference of
each cell converter in a cluster or arm is balanced by this function. This function
slightly varies the on-state duration of the IGBT in cell converters in a cluster or arm
according to the dc-link voltage differences of the cell converters.
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In this thesis, the capacitor voltage control method is selected [36] for SSBC, [26]
for SDBC, [39] for DSCC and DSBC, where the control block diagrams are
depicted in Figure 2-7, Figure 2-8 and, Figure 2-9, respectively. Special focus is on
the Cluster- (or leg-) balancing control function, which function is influent to

Asymmetrical Low Voltage Ride Through operation.

Vu,acr ref

X Vuxref
>

>3 »>
Vy, acrref LNy % Vicref
v, k X Vi ref
wacrref ;@
DC-link capacitor voltage balancing control
Cluster balancing control block Zero-sequence voltage reference xpox xt
V. aphase v
Cu,ave -phase 2 2 2 s
hd 10 op Sqrt(AV, > +AV 7 (3 r\“)
A
+ - transfor tan AV /AV.) J2usin( 0+ ) X
Vewave > m mation @
+ AV, ) ¥
Veave
! EP x| x| x|l
lsg"s log =¥ tan™(isg" /isg") 1T 71T 71
X - XV
Average V, 1BC,ux
Cux.ave V, X,
Vo —#  value Cuave A s
X | calculation Ux |4—> Vouae Vowave
- X V|BC,VK
Average Xy Vomae Vevave
Vo —1¥1 value Vewae
X | calculation x > Vevae - Viscwx
X Vewave -
Average >V +
» Vewxave Vi
Vo ——»  value Coave
X calculation 1x *> Vewae iy sy s
Capacitor voltage average - Ve ave Individual balancing
value calculation block z 13 control block

Capacitor voltage average value calculation block: The dc-link capacitor voltage ripple is
eliminated in this block. Then, the average values of the dc-link capacitor voltage in each
cluster and in all cell capacitors are calculated, respectively.

Cluster balancing control block: The zero-sequence AC voltage reference for cluster
balancing control is produced from the voltage difference between the dc-link capacitor

averaging voltages in each cluster.

Individual balancing control: In order to balance the dc-link capacitor voltage in each
cluster, the superimposed voltage reference for each cell converter is calculated.

Figure 2-7 DC-link capacitor voltage balancing control block for MMCC-SSBC [36].
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Vavaerret X Voxref
Viw, acr ref 4+ D X Vire
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DC-link capacitor voltage balancing control
Cluster balancing control block X «
Veuave Zero-sequence current reference
A
+71 -
+4 .
Vewave >
+
Veae sin(6+/6)
sin(0— m/2)
sin(6— 7n/6)
7 Vouave v
Vew —P X Vevae — %} Viscw
x — Veuae Veuave ¥
Capacit v Vevae —
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X value Vouwsae 7 block
calculation % Veuxave i —»
X .
lw  —» X V,
1BC,wx
> Vewae [F—
lwu
Vo —F )
X —» Vcae

Capacitor voltage average value calculation block: The dc-link capacitor voltage ripple is
eliminated in this block. Then, the average values of the dc-link capacitor voltage in each
cluster and in all cell capacitors are calculated, respectively.

Cluster balancing control block: The zero-sequence AC current reference for cluster
balancing control is produced from voltage difference between the dc-link capacitor averaging

voltages in each cluster.

Individual balancing control: In order to balance the dc-link capacitor voltage in each
cluster, the superimposed voltage reference for each cell converter is calculated.

Figure 2-8 DC-link capacitor voltage balancing control block for MMCC-SDBC [26].
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Figure 2-9 DC-link capacitor voltage balancing control block for MMCC-DSCC and DSBC

[39].

29



CONTROL AND OPTIMIZATION OF MODULAR MULTILEVEL CASCADED STATCOM CONVERTERS FOR OFFSHORE
WIND APPLICATION

2.4. THERMAL MODELING FOR THE POWER DEVICES [19]

The electrical losses and junction temperatures on each power semiconductor
module are studied by doing thermal simulation function in PLECS. The electrical
losses of the power semiconductor modules consist of the conduction loss of the
IGBTS, turn on / off loss of the IGBTS, conduction loss of the Diodes, and recovery
loss of the Diodes in the power modules. The electrical loss parameters are
depending on the flowing currents, applied voltages and junction temperatures
which are selected from the datasheets for the power modules. The thermal network
between the power semiconductor chip and heatsink for power module are modeled
by Foster RC network as shown in Figure 2-10. The thermal parameter, absolute
maximum junction temperature Tj.max Of each IGBT module and the information of
power semiconductor chip used in each power module is summarized in Table 2-5
[40]. It is informed that the Tj.max for the SSBC is higher than other power modules
because the generation of power semiconductor chip is newer. In this result, the
rated current of the power module is increased 25% while keeping the total power
semiconductor chip area. Here, ps is power loss of the IGBT chip; pp is power loss
of Diode chip; Ts j is junction temperature of IGBT; Tp j is junction temperature of
Diode; T, is the case temperature in the power semiconductor module; T is heat sink
temperature; Rs(j-cn), m(j-cn), Rs(j-cn) and =m(j-cn) are the thermal parameters for
the Foster RC network of the power semiconductor module (n:1-4). The heat sink
temperature based on liquid cooling system is considered to have a constant value at
60 °C in this simulation study as the temperature of the heatsink is normally
controlled to be much lower and more stable compared with the junction
temperature in a properly designed converter system. Also 60 °C is considered to be
a worst case for the overall system.

@

| IGBT chip to case Ren| | Diode chip to cas
1 thermal impedance thermal impedanc
|

@

Figure 2-10 Thermal network model between power semiconductor chip and heat sink on
each cell converter [19].
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Table 2-5 Thermal parameter of each IGBT module (Hitachi) for the MMCC-STATCOM.

SSBC SDBC DScC |  DSBC
Model MBN1500FH45F | MBNOOOD45A MBNBSO0OH45E2
(4500V/1500A) | (4500V/900A ) ( 4500V/800A )
Generation F-version D-version E-version
Technology Trench IGBT Planer IGBT Planer IGBT
Tj-max 150°C 125°C 125°C
Rs(-c1) [xwg 5.59x103 5.24x103 8.05x103
Rs(j-c2) [kw] 1.38x103 1.61x103 2.47%x10°3
Rs(j-c3) [kiw] 1.28x103 1.56x103 2.39x10°8
Rs(j-c4) [kiw] 2.45x10 8.64x10°° 1.31x10*
Rb(-c1) [k/w] 8.66x107° 1.05x102 1.61x1072
Rb(-c2) [k/w] 7.55x10 3.18x10°3 4,91x108
Rb(-c3) [k/w] 1.84x103 3.13x10°8 4,76%x10°3
Rb(-c4) [k/w] 2.46x10 1.71x10* 2.61x10*
75(j-c1), (-c1) [SeC] 1.83x101 1.63x101 1.63x101
73(-c2), (j-c2) [SeC] 3.34x102 2.71x107? 2.71x102
75(-c3), D(j-c3) [SeC] 6.04x1073 6.12x103 6.11x10°3
75(j-c4), D(j-c4) [S€C] 1.67x103 8.66x10* 8.61x10*

2.5. SUMMARY

This chapter has given the system configuration of a typical offshore wind power
plant, its reactive power requirement, specified grid fault scenarios, the output
current control scheme, and dc-link capacitor voltage control method of the
potentially used four types of MMCCs. Then, specifications and the component
sizing of each type of practical 80 MVar / 33 kV scaled MMCC-STATCOM are
carefully designed and compared. The equivalent total power semiconductor chip
area and the total energy stored in the interconnection inductor, which strongly
influence the total cost and total volume of the STATCOM, tunes out to have
approximately the same values. However, the total energy stored Ec in the dc-link
capacitors for DSCC is 4 times larger than the other MMCCs with SSBC, SDBC
and DSBC. It should be noted that the Ec depends greatly on the total volume of the
STATCOM. The above specifications and design will be used in the following
chapters.
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CHAPTER 3. THEORETICAL
OPERATION OF MMCC FAMILY
UNDER ASYMMETRICAL REACTIVE
POWER COMPENSATION [J1]

In this chapter, the mathematical formulation for the STATCOM based on the
MMCC solutions under asymmetrical compensation operation is developed. This
analysis contributes to the understanding of the limitation of the asymmetrical
compensation capability of the MMCC solutions. The asymmetrical three-phase
systems are solved by using vector representation as the method seems to be the
most elegant to use according to previous works [41, 42, 43].

3.1. DEFINITION OF THE GRID FAULT VOLTAGE AND
CURRENT ON BUS C [19]

The grid voltages and currents on Bus C as mentioned in Figure 2-1 are defined as

Vsy = Vst sin(wst) + Vs~ sin(wst + ¢yy)
{vs_,, =V sin (wst - 2?”) + Vg sin (a)st + ¢y + Z?n) (3.1)
(vsw = Vs sin (a)St + 2?71) + Vg sin (wst + ppn — %ﬂ)
isy = IF sin(wst + ¢ip) + I sin(wst + i)
isy = I§ sin(wst + ¢y — 21/3) + I5 sin(wst + P + 21/3) (3.2)
isw = I§ sin(wst + ¢y + 21/3) + I5 sin(wst + ¢y, — 27/3)

where V¢t is the amplitude of positive-sequence voltage, Vo and ¢,, are the

amplitude and phase angle of negative-sequence voltage, I§ and ¢;, are the

amplitude and phase angle of positive-sequence current, Ig and ¢;, are the

amplitude and phase angle of negative-sequence current, respectively. After a dq

transformation of (3.1) and (3.2), the grid voltage VSqu, stdq can be expressed as
flomn ~ e s 63
Vsaq = Vsa tJVsq

The Vi'y, V', Vs, and Vs, are detected by a dual-frame dq transformation scheme
in an actual current controller as shown in Figure 2-4. It is noted that the V¥, has a
zero value because the standard phase is set to be the d-axis of the positive-sequence
grid voltage due to the PLL.
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Similarly, the grid current I'_;jdq, igdq on Bus C can be expressed as
[, =13, +jI3
{S,dq sd TJlsq (3.4)

I5aq = Isq +jl5q

The I, I, Is, and Ig, are supplied by the STATCOM. These reference values
I$grer IS greps Isarer and Ig g, o Can be defined as

(I$q =S grer =0
+ g+
fsa = Isarer (3.5)
lls,d = IS,d,ref
Isq = Isqrer

where IS, . is set to be zero because of reactive power compensation operation.
The I, ,.r is given from the central controller of the wind power plant under
normal operation. In this result, the STATCOM has two operating modes, which are
inductive operation in the case of I, ..., < 0 and capacitive operation in the case of
I$,rer > 0. When a grid fault happens, an additional amount of I, .. may be
required due to a recent published grid code of Transmission System Operators
(TSOs) [17]. The Ig4.er and Ig, .. are set to be zero value according to the
mentioned recent grid codes.

3.2. MMCC-SSBC WITH ZERO-SEQUENCE AC VOLTAGE [19]

When the zero-sequence AC voltage with the same frequency as the phase-cluster
current is injected, the zero-sequence voltage and the cluster current formulate the
different active power between the clusters in the MMCC-SSBC. This phenomenon
is used for the dc-link capacitor voltage balancing control between the phase-
clusters under asymmetrical grid fault conditions, which value is solved as follows.

Each phase-cluster voltage of the MMCC-SSBC including the Back Electromotive
Forces of the interconnection inductor Lac can be expressed as

VS,un VS,u
VS,vn = VS,‘U + VO (36)
VS,wn VS,W

where Vs, Vs, and Vs, are the grid voltage on Bus C, V° is the zero-sequence
voltage of the MMCC-SSBC, which is the voltage difference between point n and M
as shown in Figure 2-2 (a). The V° is defined as

V® = xsspc + j¥ssac 3.7
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where the xssac is real part of the V0, the ysssc is imaginary part of the V°. The
Vs Vs and Vg, can be expressed as

VS,u VSqu + Vsjdq
Vso | = VsJ,raq e~i2m/3 4 VSqu el2m/3
Vs I'/Squeﬂ”/3 + VSque_jZ"/e’

(Vs + Vsa) +1(Vsq) ]

1 1. V3 .\ [ V3 V3.1
(_EVSJ,rd - EVS,d - TVs,q> +J <_7V5Td +—Vsu __VS,q>|
[
|

2 2
1 1. V3. .\ (V3 V3.1
(_ EVsTd - EVS,d + TVs,q> +J (7 Vsia — TVS,d - EVs,q>
3.8)
The grid currents I, Is, I, at Bus C can be expressed as
Is I3 + I5aq
[.S_v — I.;;dqe_jzn/3 + I'gdqejZn/3
Isw I'SJ’_dqejZ”/3 + I'Sque‘jz"/3
(Usa) +i(Isq +I54)
V3 1._ V3 ,_ . 1 V3, _ 1,
= (? Iq = 3150 — 7154) +J (_EISJTq + 5 Isa — gls,q) (3.9)
V3 1,_ V3, _ . 1 V3 ._ 1,
(=38 =3lsa+ i) +i (=550 =5 sa =~ 3154)

The instantaneous active powers pu, pv, pw Of each phase-cluster of the MMCC-
SSBC including the Lac can be expressed as

Pu
by| =
Pw

where Vs’ﬁun is the complex conjugate of the V;.,,,. By using (3.10), the VO in order to
make pu = pv = Pw, can be solved by

%m[vsiun ) jS,u]
%m[V;vn ' jS,v] j (3.10)
im[V;wn ) iS,w]
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Vo = VSTd (IS_.dIS_.d ~Isalsq — IS+.qIS_.q) + VSTdISJr.q (I;q + IS_,q) + VSTqI;qIS_,d
(I;qISJr.q - Is_,dls_,d - IS_,qIS_,q)
jVSJ.rd (Is_,dls_.q + IS_.dIS_.q — I;.qls_.d) + VSqugtq (IS_,q — I;q) - Vstdlgqls_,d

(I$alsq = I5alsa = I5q15q)

(3.11)
Each phase-cluster converter output voltage V,,,, V,,., V., can be expressed as
V,"m VS un VLu
Von VS vn | (3-12)
an VS wn

where V., V., and V., are the Back Electromotive Forces of the L. The
V. V., and V, ,, can be expressed as

VL,u iS,u
VL,v = ijLac IS,v
VL,W IS,W

Isq +Isq = Jlsa

1 V3, 1, (3 1, ,V3,_

= —wgLqe (—;qu + 5 Isa — gls,q) +Jj (—71521 +71s5a +7ls,q) (3.13)
1 V3, 1, (V3 1, V3,._

(=350 =550 = 3150) +3 (5 Ka + 3150 =5 sa)
where the resistance of Lac is neglected because the resistance is much smaller than
the total impedance given by the inductance. Then the maximum phase-cluster peak
voltage Vmax pu between the three-phases normalized by the rated peak phase grid

voltage ,/2/3Vs can be expressed as

_ max(Vunl VonlViwnl)

v, = (3.14)
max_pu \EVS

The maximum phase-cluster r.m.s current Imax pu between the three phases is
normalized by the rated phase current v21,. of the STATCOM can be expressed as

_ max(iyl,liylliw])

Inax_pu = TR (3.15)

Figure 3-1 shows with line graphs calculated result of the normalized maximum
phase-cluster peak voltage and r.m.s current of the MMCC-SSBC under different
types of grid fault scenarios as a function of the voltage dip severity D by using
(3.14) and (3.15). The l4" is set to be the rated phase current value as v2I,.. The grid
voltage is given by the mentioned Table 2-2. The normalized inductance of the Ly is
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set to be 6% with reference to the model mentioned in Table 2-3. In the case of a
single-phase fault, the maximum-phase-cluster peak voltage reaches the voltage
saturated level of the designed STATCOM when D = 0.45. On the other hand, the
maximum-phase-cluster r.m.s. current does not increase as a function of grid fault
conditions. The marks in Figure 3-1 shows the simulation results by using PLECS
software, which conditions are given in Chapter 4.1. The calculated values
correspond reasonably well with the PLECS simulations based on the given
STATCOM configuration.
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Figure 3-1 Maximum-phase-cluster output of the MMCC-SSBC corresponding to various grid
fault scenarios [19].
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3.3. MMCC-SDBC WITH ZERO-SEQUENCE AC CURRENT [19]

When the zero-sequence AC current with the same frequency as the cluster output
voltage is injected, the zero-sequence current and the cluster output voltage will
formulate different active powers between the clusters in the MMCC-SDBC. This
phenomenon is used for the dc-link capacitor voltage balancing control among the
phase-clusters under asymmetrical grid fault conditions, which values are solved as
follows.

For the configuration of MMCC-SDBC, the phase-cluster current I,.,,, I,,,,, I,,,,can be
expressed as

346772 + [54,e7™2 |+ 1°

w| = 7=
i i+ jst/6 4 j— ,—j51/6
I$qqe’ / + I5qqe™’ /

iuv 1 j;:dqejn/S + jST.dqe_jn/G
V3

Iwu

[ I5q , I5q | Isa ISq  Isq _ Isa)]
<xSDBC_ﬁ+T—+_ '\ Yspse + = +7_ﬁ§

V3IE, I V31
= <xSDBC + 3S'q S3q> +j <ySDBC + 3Sd> (3.16)

| SDBC — \/— W3 2 J | YspBc 2 2 23/

where [° is the zero-sequence current circulating in the MMCC-SDBC. The I° can
be expressed as

I° = Xppc + jYspae (3.17)

where xspac is real part of the I°, the yspsc is imaginary part of the [°. Each line-to-
line voltage Vs,p Vsywr Vswu Of the MMCC-SDBC including the Back
Electromotive Forces of the Lac can be expressed as

Vs,uw Vitaqe™® + Vgqe /0
Vsva =3 ]'/Sque—jn/z + Vsjdqejn/z
VS,Wu Vs‘t'dqejsn'/ﬁ + VSque—jSTI/G

2
V3{=Vsg +j(=Vs'a + Vsa)}
{(VSq @VSTd - @Vstd) +J (VSJ.rd - VSTd - ‘/§V5Tq)}

[ 2 (V3Vy + V3V +V3Viy) + i (Vily — Vs + ﬁvsjq)}]
| | (3.18)
[ ]
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The zero-sequence current circulating in the MMCC-SDBC I° in order to make the
instantaneous active powers between the phase-clusters to have the same value can
be expressed as follows [23]:

jo = 15+’q (VS_rd VS?d — VS?d VSTd B VSTq VSTq) + IS_,q VSTd (VSTd - sta) - [S_,d VsJ,ra VSTq
‘/§(Vsjd VSTd - VSTd VSTd + VSTq VSTq)
B, (VsaVsy + VeuaVey + ViaVsy) + IsaVsa(Vsly + Vsu) — I5VsaVs,
+j Sq\"S,d"Ss,q S,avs,q S,avs,q S,davs,d\'s,d S,d 5,q7S5d"S,q
V3(VsaVeu = Vit Vit + Vsa VSTq)

(3.19)
Each phase-cluster converter output voltage V,,,, V.., V,,,, of the MMCC-SDBC can
be expressed as
Vu]] Vs,uv I./L,uv
Vow | = [Vsow | = | Viow (3.20)
un VS,wu VL,wu

where V, ., Vi and V, ,,, are the Back Electromotive Forces of the La. The
Vw0 Vi ow and V, ,,, can be expressed as

VL,uv IS,uv
VL,vw = jwsLgc IS,vw
VL.Wu IS,wu

[ Iq  Isq 15d> ( I§,  Isq 1;d>‘
+ =4 == Xsppe + —= — —= — ==
(ySDBC 2 2 2\/— SDBC 2\/— 2\/§ 2

V3l V3, I,
= —wslqc (ySDBC+ 35 )"‘J( XspBc — A4 q)

3 3

Isq Isq Is_a> ( Sa Lsq 15d>
-2 )y s lsa_Jsa
_(}’SDBC 2 2 3 J\ —Xspac W3 243

(3.21)

where the resistance of Lac is neglected. The maximum-phase-cluster peak voltage
and r.m.s. current of the MMCC-SDBC can be calculated in the same way as the
MMCC-SSBC

Figure 3-2 shows with line graphs the normalized maximum-phase-cluster peak
voltage and r.m.s. current of the MMCC-SDBC under different types of grid fault
scenarios in respect to the voltage dip severity D. The Ig* is set to be the rated phase
current value as v2I,.. The grid voltage is given in Table 2-2. The normalized
inductance of Ly is set to be 6% with reference to the model mentioned in Table 2-3.
It is noted that the maximum-phase-cluster peak voltage does not increase at
different grid fault conditions. The maximum-phase-cluster r.m.s. current increases
rapidly when D < 0.5 under the phase-to-phase short-circuit fault and two-phase-to-
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ground fault, and reach the over current level (1.25) decided by the maximum
junction temperature of the IGBT model, which will be discussed in more detail in
the next chapter. When D approaches 0 under these faults, the current approaches to
infinity value while the denominator of the (3.19) is close to zero. When D is zero
under these fault voltages, there is no solution to the zero-sequence current, and it is
claimed to be the major problem of the MMCC-SDBC for the STATCOM
application [34], [43]. The marks in Figure 3-2 indicate the simulation results using
the PLECS software and the conditions are given in the Chapter 4.1. The calculated
values correspond reasonably well with the PLECS simulation results based on the
practical scaled STATCOM model.
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Figure 3-2 The Maximum-phase-cluster output of the MMCC-SDBC corresponding to
various grid fault scenarios [19].
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3.4. MMCC-DSCC WITH CIRCULATING DC CURRENT [19]

The DSCC has two neutral points P and N in each single star connection as shown in
Figure 2-2 (c). The differential voltage Ven between P and N is normally 50 % of the
rated dc-link voltage of each converter cell in the DSCC in order to output the AC
voltage using the chopper converter cells. When the circulating dc current is injected
in each leg of the DSCC, the circulating current and the Vpy formulate the
independent active power between the legs in the MMCC-DSCC. This phenomenon
is used for the dc-link capacitor voltage balancing control among the legs under
asymmetrical grid fault conditions, which value is solved in the following.

The instantaneous active power in the o0 frame ps «, ps,s Pso of the MMCC-DSCC
arising by asymmetrical reactive power supply can be expressed as

1 1
Ps.a ! T2 2 ;ER[VSu 15”]]
[ps,ﬁ] =20 B _Bliqvg, s | (322)
Ps,0
\/% \/% % Em[vs,w ' IS,W]J

where Vs, Vs, and Vs, are the same as, the I, Is, and I, are the same as (3.9).
It is noted that the ps,and ps g are the instantaneous active power imbalances
among the phases. The ps, shows the instantaneous active power of the three-phase
MMCC-DSCC. Normally, each converter cell of the MMCC-DSCC has injected a
dc-bias voltage with 50% of modulation factor in order to output AC (+/-) voltage
using chopper cells where the dc-bias voltage appears to be the differential voltage
Ven between the P and N terminal. The Vpy can be expressed as

2
Ven = 2\/; Ve@mgn (3.23)

where amgn is the ratio between the maximum converter output voltage and rated
grid voltage and it is used as design margin. The circulating currents of each of the
leg iz, izv, izw Can be expressed as

lvu + lvl

lz u
lzw lwu + lwl

Based on (3.22) and (3.23), the circulating currents to cancel out the instantaneous
active power imbalance among the phases arises due to the asymmetrical reactive
power output operation that can be expressed as

iuu + iul
(3.24)

Iil- {2 J[P” (329

2
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The AC component of each arm output voltages Vey acs Vev.acs Vew.acs Vavac
Viv.ac and Vyw qc €an be expressed as

-VPU,ac_ -_VS,u_ -VL,uu-

I./PV,a.c _VS,'U VL,vu

I.(PW,ac — _.VS,W _ V.L,wu (326)
VUN,ac VS,u VL,ul

VVN,ac VS,v VL,vl

-VWN,ac- L VS,W E -VL,wl-

where V, v Vivw Viww Vi Vi and V,,,, are the Back Electromotive Forces of
the Lac. The V. vy Vivws Viwus » Vs Vi @nd V,,, can be expressed as

VL,ul I'/L,v.u iS,u I./L,u

. . . WsLqc . 1 .

VL,vl = - VL,vu =] Sz IS,v = 2 VL,V (327)
VL,wl VL,wu IS,W VL,W

where the resistance of the La is neglected. The V, ,,V,, and V,,, were given in
(3.13). The maximum arm output peak voltage Vmax pu between the arm-converters
normalized by the rated grid voltage /2/3Vs can be expressed as

Vinax pu = Vpy + max(|VpU_aC|, |VPV,ac|' |V};W,ac|! |VUN,ac|' |VVN,ac|! |VWN,ac|)(3.28)
3V

Each arm output r.m.s. current iuu,rms, ivu,rms, iwu,rmsy iul,rms, ivl,rms and iwl,rms can be
expressed as

2
[ |ISu| lzu
2

iuu,rms lul rms
lpwrms | = | lwtrms | ’ |IS"| LZ" | (3.29)
iwu,rms lwl rms
i iz
| S;V') +( =N
The maximum arm output r.m.s current Imaxfpu normalized by the rated arm current
1/21I,. of the STATCOM can be expressed as

Imax ou — max(iuu,rms]nijr;,rmsriwu,rms) (330)

Figure 3-3 shows with line graphs the calculated result of the normalized maximum
arm output peak voltage and r.m.s. current of the MMCC-DSCC under different
types of grid fault scenarios regarding the voltage dip severity D by using (3.28) and
(3.30). The I4* is set to be the rated phase current value as v21,.. The grid voltage is
given by the mentioned Table 2-2. The normalized inductance of Lx is set to be 6%,
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the amgn 1S set to be 1.127 with reference to the practical scale model as mentioned
Table 2-3. It is noted that the maximum arm output peak voltage and r.m.s current
do not increase significantly under different grid fault conditions. The marks in
Figure 3-3 plot the simulation result using the PLECS software, where the
simulation conditions are given in Chapter 4.1. The calculated values correspond
reasonably well with the PLECS simulation values based on the practical scaled
STATCOM model.

2.0 f Single-phase fault
= 18% 3 2 2
>
S 16}
3514t Phase-to-phase fault
€ g 1.2 | Two-phase-to-ground fault
< o 1.0 }
g g 08 r Note: The circulating dc
g S 0.6 | current and V), as dc value
?Eé 0.4 }|Line: Mathematical model {)Oflthe_capad‘tml"_‘)"age
i alancing control is
0.2 |-[Mark: PLECS model considered in this graph.

0.0 .
00 01 02 03 04 05 06 07 08 09 1
Voltage dip severity: D [p.u.]

(a) Maximum arm output peak voltage

20 | ]
- 18 Single-phase fault
EL 16 | Phase-to-phase fault
3 -;' 14 | Two-phase-to-ground fault
ESq2
© e PN Iy & &
ggl0 Y
2508t
£z Note: The circulating dc
é 06 1 - - current and V,, as dc value
S 0.4 } |Line: Mathematical model | for the capacitor voltage
Mark: PLECS model balancing control is
02 r - considered in this graph.
0.0 * *

00 01 02 03 04 05 06 07 08 09 1
Voltage dip severity: D [p.u.]

(b) Maximum arm output r.m.s. current
Figure 3-3 Maximum arm output of the MMCC-DSCC corresponding to various grid fault
scenario [19].
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3.5. MMCC-DSBC WITH CIRCULATING DC CURRENT [19]

The operation principle of the MMCC-DSBC is almost the same as the MMCC-
DSCC. The only difference is the amplitude of the Ven. In the case of the MMCC-
DSBC, each of the arms is able to supply AC (+/-) voltage without the Vpy because
of the used H-Bridge converter cells. However, due to the voltage balancing control,
the Ve is required, which can be expressed as

Ven = apsscVen (3.31)

where apsac is the amplitude ratio of the differential voltage between terminal P and
N of the DSCC to the DSBC. The injectable apssc is normally less than 20% in
order to avoid the voltage saturation when the DSBC is designed practically. The
maximum value of the apssc considering the grid fault condition can be expressed as

2 . . . . . .
gvsamgn - maX(|VPU,ac|v |VPV,ac|t |VPW,ac|x |VUN,ac|: |VVN,ac|: |VWN,ac|)

Apspc =
2
\[: Vsamgn

where Vpy ae, Vov aes Vew.aer Vun ae» Vo ac @and Vigy o Were mentioned in (3.26). It is
noted that the circulating dc current of the DSBC becomes larger than the DSCC
because the Vey' for the DSBC becomes smaller than the DSCC. The maximum arm
output voltage and current can be solved in the same way as the MMCC-DSCC.

(3.32)

Figure 3-4 with line graphs show the calculated result of the normalized maximum
arm output peak voltage and r.m.s. current of the MMCC-DSBC under the different
types of grid fault scenarios in respect to the voltage dip severity D. The I4" is set to
be the rated phase current value as v21,.. The grid voltage is given in Table 2-2. The
normalized inductance of Lqc is set to 6%, the amgn is set to be 1.127 with reference
to the practical scaled model given in Table 2-3. The marks are the practical scaled
simulation results, which test conditions will be shown in the next chapter. It is
noted that the maximum arm peak voltage tracks 1 p.u. by the injected ¥’py as being
the designed maximum value. The maximum arm r.m.s. current increases moderate
in respect to D, but reaches the over current level (1.07), which is decided by the
over junction temperature of the IGBT module, which is discussed in next chapter.
The arm current becomes larger than the DSCC because of a lower V’pn. The over
current level becomes lower than the SDBC because the current distribution
between the IGBT modules in a converter cell increases by the injected dc voltage
and current for the capacitor voltage balancing method. The marks in Figure 3-4
show the simulation results using PLECS software, which conditions are given in
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Chapter 4.1 next chapter. The calculated values correspond reasonably well with the
PLECS simulation results based on a practical scale STATCOM model.
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Figure 3-4 Maximum arm output of the MMCC-DSBC corresponding to various grid fault
scenario [19].

a4



CHAPTER 3. THEORETICAL OPERATION OF MMCC FAMILY UNDER ASYMMETRICAL REACTIVE POWER
COMPENSATION [J1]

3.6. SUMMARY

In this chapter, the asymmetrical three-phase systems for the MMCC-based
STATCOMs are analyzed and solved based on vector representation. Because of
different cluster- (or leg-) balancing control principles, the performance limitation
and circuit behavior between the MMCC solutions are different under asymmetrical
compensation. The SSBC with a zero-sequence voltage injection method shows a
voltage stress increase when the voltage dip severity is serious. The SDBC, DSCC,
and DSBC with zero-sequence current or circulating current injection increase the
current with different levels under asymmetrical grid fault conditions. It is noted that
the current of the DSCC increases by only a few % with the most serious grid fault
condition. In the case of the SDBC, when the voltage dip severity approaches the
most serious condition, the current will approach to an infinity value. In the case of
DSBC, the current amplitude increases by maximum 60% under the most serious
grid fault condition. These results show the possibility to compromise the reactive
power compensation capability with different degrees in fault ride through mode.
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CHAPTER 4. PERFORMANCE
BENCHMARK OF THE MMCC
SOLUTIONS [J1]

In this chapter, the electro-thermal stresses of the actual power modules used in each
type of the MMCC with practical controls are analyzed in detail. The asymmetrical
reactive power capacity focusing on the MMCC solutions is compared under
different scenarios of grid faults, with the consideration of device temperature limits
and voltage saturation. The most attractive MMCC solution for the STATCOM
application is suggested based on the obtained results.

4.1. ELECTRICAL AND THERMAL SIMULATION MODELING
[19]

The LVRT capability of a STATCOM, which is based on the MMCC with SSBC,
SDBC, DSCC and DSBC is simulated by using the software PLECS. Three types of
grid fault voltages are studied in Chapter 2.1, then the voltage vector as shown in
Table 2-2 is applied directly on Bus C in Figure 2-1. The specifications of the
MMCC with SSBC, SDBC, DSCC and DSBC are assembled based on the
parameters given in Table 2-3. The reactive current reference is set to rated 1 p.u. of
the positive-sequence as the recent grid codes do not require negative sequence
current to compensate for the asymmetrical grid voltage. The control scheme of each
type of MMCC has been described in Chapter 2.3. The thermal model for the power
devices have been discussed in Chapter 2.4.
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4.2. ELECTRICAL AND THERMAL SIMULATIONS OF THE
MMCC-SSBC [19]

Figure 4-1 shows the key waveforms of the MMCC-SSBC under single-phase-to-
ground fault with a dip severity D of 0.5 p.u.. It can be seen that the peak value of
the voltage reference increases by maximum 22% maximum on the w-phase cluster
under the single-phase-to-ground fault in order to able inject zero-sequence voltage
to balance the DC-link capacitor voltages of the converter cells. Here, the zero-
sequence voltage reference v'zero Of each cell converter is equivalent to (4.1) when
all capacitor voltages are balanced, where v*u1, Vi1, and vy are the cell converter
output voltage reference of ul, v1, and wl cell, respectively.
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Figure 4-1 Key waveforms of the MMCC-SSBC under single-phase fault with a dip severity
D of 0.5 p.u [19].
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Figure 4-2 shows the junction temperatures of four IGBTs and diodes in each cell of
ul, vi, and wl under the same simulation conditions. The peak junction temperature
of the IGBT and Diode are the same, 115°C and 109°C respectively among the
different cluster cells. The temperatures are below the limit of 128 °C when
considering a 15 % margin for the IGBT modules where the absolute maximum
rating of the junction temperature is defined by the manufacturers (see Table 2-5).

Temperature limitation: 128°C (150°Cx0.85)
2

130
o 120 'ISBT:'lM;QC peak | 'ISBT:' 115°C peak || 1GBT: 114°C peak
® 110/ I A AR AR
= ;
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p= 801~
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S 701
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Time[sec] Time[sec] Time[sec]
(a) ul-cell (b) vi-cell (c) wl-cell

Figure 4-2 Thermal distribution of the MMCC-SSBC under single-phase fault with dip
severity D of 0.5 p.u. [19]
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Figure 4-3 shows the maximum peak voltage command and the peak junction
temperature of the IGBT and Diode among the cells in respect to the dip severity D
under various grid fault scenarios. It can be seen that the peak voltage command
saturates with a single-phase-to-ground fault at D = 0.5 p.u.. The maximum peak
junction temperature of the IGBT and Diode are approximately 115 °C and 109 °C,
respectively, regardless of the grid conditions.
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Figure 4-3 Electrical-thermal simulations of the MMCC-SSBC at different dip severities [19].
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4.3. ELECTRICAL AND THERMAL SIMULATIONS OF THE
MMCC-SDBC [19]

Figure 4-4 shows the simulated key waveforms of the MMCC-SDBC under phase-
to-phase fault with a dip severity D = 0.4 p.u. as an example. It can be noted that the
peak value of the cluster current increases by maximum 52% at the v and w cluster
under the phase-to-phase fault in order to inject zero-sequence current izro to balance
the DC-link capacitor voltages of the converter cells. Here, the injected zero-
sequence current is equivalent to (4.2).
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Figure 4-4 Key waveforms of the MMCC-SDBC under phase-to-phase fault with a dip
severity D of 0.4 p.u. [19]
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Figure 4-5 shows the junction temperatures of four IGBTs and diodes in the cells ul,
vl and wl under the same condition. The peak junction temperatures increase to
maximum 121°C and 114°C at the diodes and IGBTs of the v1 and w1 cells. These
temperatures are above the limit of 106°C by considering a 15 % margin for the
IGBT modules with the absolute maximum rating of the junction temperature which

is defined by the manufacturer (see Table 2-5).

Temperature limitation: 106°C (125°Cx0.85)
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Figure 4-5 Thermal distribution of the MMCC-SDBC under phase-to-phase fault with a dip

severity D of 0.4 p.u [19].
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Figure 4-6 shows the maximum peak voltage command and peak junction
temperature among the cells for different dip severities D under various grid fault
scenarios. It can be seen that the peak voltage command does not saturate in various
grid fault scenarios. The peak junction temperatures increase quickly with phase-to-
phase fault and two-phase-to-ground fault conditions and reach an upper
temperature limit of 106°C when the voltage dip is 0.55 and 0.45 p.u., respectively.
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Figure 4-6 Electrical-thermal simulations of the MMCC-SDBC at different dip severities [19].
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4.4. ELECTRICAL AND THERMAL SIMULATIONS OF THE
MMCC-DSCC [19]

Figure 4-7 shows the simulated key waveforms of the MMCC-DSCC under the
phase-to-phase fault with a dip severity D = 0 p.u.. It can be noted that the arm
currents (i.e. iuy, lul, Iv, iw, iwu, @and iw ) contain both half value of the output phase
current and the circulating DC current iz, izy and iz for the dc-link capacitor voltage
balancing under asymmetrical grid fault conditions. Here, the circulating current is
equivalent to

iuu + iuI H ivu + ivI H iwu + iWI

iZu = 2 ' IZv = 2 ' IZW =T (43)

It is noted that the r.m.s. value of the arm current increases by only a few % under
the phase-to-phase fault.
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Figure 4-7 Key waveforms of the MMCC-DSCC under phase-to-phase fault with a dip
severity D of 0 p.u. [19]

53



CONTROL AND OPTIMIZATION OF MODULAR MULTILEVEL CASCADED STATCOM CONVERTERS FOR OFFSHORE
WIND APPLICATION

Figure 4-8 shows the junction temperatures of IGBTs and diodes in the chopper
converter cells uul, vul, wul, ull, vi1 and wll under the same condition. The
junction temperatures are widely distributed among the arms compared with the
other MMCC types because the chopper converter cells are used with different
modulation index among the arms. The peak junction temperature increases to
maximum 104 °C at the diodes of ul cells. This temperature is below the limit of
106°C by considering a 15 % margin for the IGBT modules by using the absolute
maximum rating of the junction temperature defined by the manufacturer (see Table
2-5).
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Figure 4-8 Thermal distribution of the MMCC-DSCC under phase-to-phase fault with a dip
severity D of 0 p.u. [19]
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Figure 4-9 shows the maximum peak voltage command value and peak junction
temperature among the arms regarding the voltage dip severity D under various grid
fault scenarios. It can be noted that the peak voltage command does not saturate in
the various grid fault scenarios. The peak junction temperature does not reach the
temperature limitation in the various grid fault scenarios.
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Figure 4-9 Electrical-thermal simulations of the MMCC-DSCC at different dip severities [19].
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4.5. ELECTRICAL AND THERMAL SIMULATIONS OF THE
MMCC-DSBC [19]

Figure 4-10 shows the simulated key waveforms of the MMCC-DSBC under the
single-phase-to-ground fault with a dip severity D = 0.4 p.u.. It can be noted that the
arm currents and PWM output voltage of each arm contain the dc component as well
as the DSCC. However, the amplitude of the PWM output voltage with dc-
component is smaller than the DSCC because of avoiding the voltage saturation of
each cell output voltage command. In this result, the circulating DC current
increases for the capacitor voltage balancing control.
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Figure 4-10 Key waveforms of the MMCC-DSBC under single-phase-to-ground fault with a
dip severity D of 0.4 p.u [19].
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Figure 4-11 shows the junction temperatures of IGBTs and diodes in the H-bridge
converter cells uul, vul, wul, ull, vi1 and wll under the same conditions. The
junction temperatures are widely distributed among the arms compared with the

MMCC-DSBC because in addition to different circulating curre

nt among phases, the

H-bridge converter cells are used with different modulation index among the arms.

The peak junction temperature increases to maximum 104 °C

at the diodes of uul

cells. This temperature is below the limit of 106°C by considering a 15 % margin for
the IGBT modules with the absolute maximum rating of junction temperature, which

is defined by the manufacturer (see Table 2-5).
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Figure 4-11 Thermal distribution of the MMCC-DSBC under single-phase-to-ground fault

with a dip severity D of 0.4 p.u. [19]

57



CONTROL AND OPTIMIZATION OF MODULAR MULTILEVEL CASCADED STATCOM CONVERTERS FOR OFFSHORE
WIND APPLICATION

Figure 4-12 shows the maximum peak voltage command value and peak junction
temperature among the arms regarding dip severity D under various grid fault
scenarios. It can be noted that the peak voltage command keeps the same value
under various grid fault conditions with the different voltage dip severity because
the V’py is injected maximum value to minimize the amplitude of the circulating DC
current. The peak junction temperatures exceed the limit in value, when D is lower
than 0.6. However, the slope is moderate compared with the SDBC.
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Figure 4-12 Electrical-thermal simulations of the MMCC-DSBC at different dip severities
[19].
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4.6. PERFORMANCE COMPARISON BETWEEN THE MMCC
FAMILY [19]

Figure 4-13 (a) shows the reactive current compensation capability for the MMCC
solutions with SSBC, SDBC, DSCC and DSBC in order to enable a proper voltage-
balancing between the cell converters under the different dip severity D with various
grid faults. The compensation capability limits of the MMCC family are determined
by the modulation index saturation point and the maximum junction temperature.
Figure 4-13 (b) and (c) show the peak voltage command and peak junction
temperature of the IGBT modules in the whole converter cells corresponding to the
operating conditions giving Figure 4-13 (a). The peak voltage command and junction
temperature are normalized by instantaneous dc-link voltage for each cell converter
and the temperature limitation value is decided by the manufacturer as mentioned in
the 4.2, 4.3 and 4.4. The MMCC family can continue to supply the rated reactive
current when the dip severity of the grid voltage is higher than 0.7 p.u., but the
reactive current compensation capability shows different characteristics for a dip
severity lower than 0.7 p.u. as discussed below.

1) The MMCC-SSBC: It reveals that the SSBC can supply the rated reactive
current under phase-to-phase fault and two-phase-to-ground fault condition
regardless of the dip severity. However, the reactive current capability decreases
steeply at a voltage dip severity of 0.4 p.u. for single-phase-to-ground fault and it
cannot operate anymore even if the current derating is activated because of the
saturation of peak voltage command by the zero-sequence AC voltage injection. It
seems that this characteristic is a problem in practical use.

2) The MMCC-SDBC: The SDBC can supply the reactive current by a few
percentages of reactive current derating under single-phase-to-ground fault to avoid
over junction temperature by a slightly increased zero-sequence AC current. The
SDBC can also keep the operation under phase-to-phase short circuit fault and two-
phase-to-ground fault by larger reactive current derating, which characteristics seem
to be better than the SSBC. However, the required zero-sequence current is
dramatically increased toward infinity when the voltage dip severity approaches zero
under the phase-to-phase short circuit fault and two-phase-to-ground fault, as
mentioned theoretically in Chapter 3.3.

3) The MMCC-DSCC: The DSCC is injecting circulating DC current among the
legs, which have two degrees of freedom and can balance the DC-link capacitor
voltages under asymmetrical grid fault conditions. The amplitude of the circulating
DC current becomes smaller than the zero-sequence AC current for the SDBC,
which has only one degree of freedom. In this result, the DSCC can supply the
reactive current under all grid fault scenarios without reactive current derating in this
case.
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Figure 4-13 Reactive current compensation capability of the MMCCs for different dip
severities [19].
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4) The MMCC-DSBC: The dc-link capacitor voltage balancing method for the
DSBC is similar to the DSCC. However, the amplitude of the circulating DC current
on the DSBC will have a larger value compared with the DSCC in compensation for
lower injectable DC voltage capability between terminal P and N. The DSBC can
keep the operation under all grid fault scenarios with a maximum of 35% current
derating to avoid an over junction temperature, which characteristics is worse than
the DSCC, but much better than the SSBC and SDBC.

Table 4-1 summarizes asymmetrical Low Voltage Ride Through capability as well
as the key component sizes of the MMCC solutions for the STATCOM application,
which are obtained from Figure 4-13 and Table 2-3, respectively.

Table 4-1 Performance comparison between the MMCC-STATCOM solutions.

SSBC SDBC DSCC DSBC

Total power semiconductor chip area [p.u.] 1 1 1 1
(Total device counts [p.u.]) 1) 1.7) (2) (2)

Total energy stored in interconnection inductor [p.u.] 1 1 1 1
(Total device counts [p.u.]) 1) (1) (2) (2)

Total energy stored in dc-link capacitor [p.u.] 1 1 4 1
(Total device counts [p.u.]) 1) 1.7) (4) (2)
Asymmetrical Low Voltage Ride Through Capability + + +++ ++
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4.7. SUMMARY

This paper investigates the asymmetrical Low Voltage Ride Through (LVRT)
capability of a practical 80 MVar / 33 kV scale MMCC based STATCOM having
potentially used four configurations which are called the SSBC, SDBC, DSCC, and
DSBC in large scale offshore wind power plants.

The practical designed SSBC and SDBC are not able to handle Low Voltage Ride
Through operating conditions under some of the grid faults because of the dc-link
capacitor voltage control. The DSCC can keep the operation in all grid fault
scenarios for the whole voltage dip severity without any current derating. However,
the total volume of the MMCC-DSCC seems larger than other MMCC solutions
because the total energy stored in the capacitors becomes larger by using chopper
converter cells. The DSBC can keep the operation in all grid fault scenarios for the
whole dip severity with a maximum of 35% current derating in this case study. The
total cost and volume of the DSBC seems similar to SSBC and SDBC because of
similar total power semiconductor chip area and total energy stored of the passive
components. The present result suggests that the DSBC is the most attractive
solution for the STATCOM application of the MMCC family.
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CHAPTER 5. A DC-LINK CAPACITOR
VOLTAGE RIPPLE REDUCTION
METHOD FOR AN MMCC-SDBC [JZ]

This chapter proposes a capacitor voltage ripple reduction method by using third
harmonic zero-sequence current for a Modular Multilevel Cascade Converter
(MMCC) with Single Delta Bridge Cells (SDBC). A practical case study on an 80
MVar/ 33 kV MMCC-SDBC based STATCOM is used to demonstrate the method.
The impact of the third harmonic zero-sequence current level of the capacitor ripple
reduction and the electro-thermal stresses on IGBT modules are investigated. An
optimal parameter of the current level is obtained by compromising the above two
performance factors. The required capacitance as well as capacitor bank volume are
reduced by 20 % by applying the proposed method.

5.1. INTRODUCTION [44]

A common disadvantage of each MMCC topology is the dc-link capacitor voltage
ripple having a second-order at the grid frequency in each cell converter. To
suppress the capacitor voltage ripple below a certain value, the capacitor size
becomes larger. In addition, when the carrier frequency of each cell converter for a
PWM is designed to be lower than a few hundred Hz, the capacitor voltage ripple
significantly increases due to the impact of the harmonic components of the carrier
frequency, which is the practical case [24], [25].

Several capacitor voltage ripple reduction methods for an MMCC with Double Star
Chopper Cells (DSCC) have been presented [27, 45, 46, 47, 48, 49, 50]. These
methods reduce the voltage ripple by injecting a circulating current with second-
order at the grid frequency. It is noted that these papers do not consider the impact
of the carrier frequency to the capacitor voltage ripple, as stated previously and this
influence cannot ignore where the carrier frequency is lower than a few hundred Hz.

On the other hand, any voltage ripple reduction methods for other MMCC solutions
with Single Star Bridge Cells (SSBC) and Single Delta Bridge Cells (SDBC) have
not been proposed. Here, the SSBC and SDBC could inject zero-sequence voltage
and zero-sequence current, respectively, instead of the circulating current, so there is
a possibility to suppress the capacitor voltage ripple using these zero-sequence
components in both the SSBC and SDBC.

In this chapter, the capacitor voltage ripple reduction method for one type of MMCC
such as a Single Delta Bridge Cells (SDBC) is proposed. Firstly, the capacitor
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voltage ripple reduction effect by using the proposed third harmonic zero-sequence
current injection method is analyzed considering the impact of the low carrier
frequency. Secondly, the electrical losses and junction temperatures of each power
semiconductor switch regarding the amplitude of the injected third harmonic zero-
sequence current are simulated based on the case study model. Third, the optimum
third-harmonic zero-sequence current to reduce the capacitor voltage ripple is
presented. Finally, the capacitor bank is designed for each case considering the
required capacitance and reliability. The capacitor bank volume reduction effect by
applying the proposed method is finally discussed.

5.2. THE THEORETICAL BEHAVIOR OF THE DC-LINK
CAPACITOR VOLTAGE [44]

Table 5-1 shows the detailed specification of the MMCC-SDBC for this case study.
Phase-shift PWM modulation is chosen because of the advantage that the principal
electro-thermal stresses of the IGBT modules and capacitors are equally distributed
among the cells in the same cluster.

Here, the dc-link capacitor voltage of each cell-converter in the MMCC-SDBC with

the conventional condition and the proposed voltage ripple reduction method is
analyzed theoretically.

Table 5-1 The detailed specification of the MMCC-SDBC [44].

Rated power Q, +80 MVA
Nominal grid voltage Vs 33kVrms
Nominal cell DC-side voltage Vres 2600 Vdc
Nominal cell AC-side voltage vy 1450 Vrms
Equivalent switching frequency feq sw 10.35 kHz
Rated line current I, 808 Arms
Carrier frequency f. 225 Hz

Grid frequency fy 50 Hz
Interconnection inductor L. 7.8 mH (6%)
Dc-link capacitance each cell Cy 7.0 mF

IGBT module (rated 4500 VV/ 900 A) | MBN900D45A
Expected lifetime 20 years or more
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5.2.1. CONVENTIONAL OPERATION [44]

Figure 5-1 shows with a solid line the conventional operation waveforms of the ul-
cell converter as an example. When the MMCC-SDBC is in steady state and each
dc-link capacitor voltage is balanced, the output voltage reference of each cell in the
u-phase cluster en_y is given by

€n y = M,sing, +e, ,
Zﬁﬁ/siwsLacH\/E) (5.1)
) (Ncell /3)\/Cref

with the modulation factor: M,, the phase angle of the u-phase cluster voltage: én,
each cell output voltage of the zero-sequence component: em ;, the nominal grid
voltage: Vs, the grid frequency: a, the inductance of each phase-cluster AC
inductor: La, the phase current at the PCC: 1, the total cell number: Neen, the dc-link
voltage reference of each cell converter: Vcrr. The em_ has zero value in this
condition. It is noted that the polarity of the voltage drop of the AC inductor depends
on leading/lagging of the STATCOM output current.

M

The ec_u1 is the carrier signal of the ul-cell converter. The ¢ v is the phase delay of
the ec_u1 from the en_u, which has a zero value in Figure 5-1. Each phase delay ¢ un
of the other cell converters in the u-phase cluster is given by

=2 n-1 +¢c u_ini (52)
n=1,2-++ N, /3 Ncell /3 o

¢c_un

with the number of the optional cell in the u-phase cluster: n, the initial phase of the
ul-cell: ¢ u ini. As an example, in case of the ul-cell, the phase delay ¢ .1 was set to
be O withn=1and ¢ y ini = 0.

65



CONTROL AND OPTIMIZATION OF MODULAR MULTILEVEL CASCADED STATCOM CONVERTERS FOR OFFSHORE
WIND APPLICATION

S ANA V
swow [[ ][ JJonlor[] T[] ]
e [ [lorfml [ 1
swe |1 [ ool [ 1[ |
o T ol [] [T

-~ ~~_&—With zero-sequence

+1put Nﬂt (Mi3=0.54)
iuv 0 e = - = - < S
_/,/’/@ithout zero-sequence \

“Lpu s current (Mi=0) <

+1lpu{ & v

en ol LRl Las

1 pul § [j y U
4 -;

Veret e T

Veut Note: Harmonic components are neglected
in this model waveform.

Figure 5-1 The PWM waveforms and current in the ul-cell for the MMCC-SDBC circuit [44].

The switching functions SWa_u1, SWh_u1, SWe_ w1 and SWy 1 define the on/off states of
the power semiconductor switches Sa u1, S u1, Scu1 and Sq u1, respectively, which is
determined by the PS-PWM of the en u1 and the ec y1 by neglecting the dead time

duration.

The ul-cell output current, as well as u-phase cluster current iy, is defined as

i, = \E 15in(0, + oy )+ 10 (5.3)

where gy is the power factor of the MMCC-SDBC, i is the zero-sequence current.
It is noted that the zero-sequence current izro is controlled to zero value where all

capacitor voltages are balanced.

The dc-link capacitor current icy1 of the ul-cell is given by using the switching
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functions as follows:
iCUl = _iuv(SWa SWC ul) (54)

By integrating (5.4), the dc-link capacitor voltage v, of the ul-cell is expressed by
(5.5) with the initial value of veur: Vet ini.

1. 2 IM
Veu :_Ejlcmdt +VCu17ini :_\/; CSIn(Za) t+¢ )

4o,

W1 J\fl sinlw t+¢m 7co{nﬂjs|n[ 5 {M sinw,t+M, sm[Swt ¢.13+%]HCOS(nWJ*n¢cm*ch,im

(5.5)

Figure 5-2(a) plots the vcy1 based on the analytic ac model (5.5) and the simulations,
respectively, under with ¢c w1 = - 3.11 rad, Vcu ini = 2480 V as an example. The
analytic ac model corresponds reasonably well with the simulation result.
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S = ¥
> 32
X~ >
£ L
=
8'g
2 2 24001 The voltage oscillation: )
[ 2300 Simulation 226 V, Calculation 227 V__
0 0.01 0.02 0.03 0.04

Time [sec]

Note: Ma = 0.827 p.u., Mag = 0 p.u. ¢c_u1 = -3.11 rad, Vc_ini = 2480 V
(a) Conventional operation as the Mizz = 0 p.u.

2900
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=< An analytic model in (5.8)
S 3 27004 y
< > Y o pecmoego - mm—ARIs e~ = - - - oo
£ L 26001
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gg2s00l N
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Note: Ma = 0.827, Ma3 = 0.0702 p.u. ¢c_u1 =-3.11 rad, Vc_ini = 2477 V
(b) Proposed operation with Mizz = 0.5 p.u.

Figure 5-2 The ul-cell capacitor voltage waveforms [44].
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5.2.2. PROPOSED CAPACITOR VOLTAGE RIPPLE REDUCTION
METHOD [43]

Figure 5-1 shows with a solid line the conventional example. The izro is normally
controlled to be zero value where all capacitor voltages are balanced. However, it is
possible to output an optional value. A third harmonic zero-sequence current which
has the same angle and amplitude among the three phase clusters to be able to
reduce the dc-link capacitor voltage ripple is considered in the next.

The izro is defined as

izero = \/%IM iz3 Sin(sem +¢i23) (56)

where Miz is the amplitude ratio of the i.ero at the output phase r.m.s. current I, ¢z is
the phase difference from &h.

In order to inject the izro, €ach cell converter requires additional output voltage. The
additional output-voltage reference en _ is given by

_ . T i _ \/EmeaclMizz
emz = Moz sin (36, + 5+ iz3), Moz = e (.7)

With regard to (5.1), (5.3), (5.4), (5.6) and (5.7), the vcy1 injected by the izro can be
written as (5.8).

= \P”\/Iia{sin(&omt + Py )— M, sin(2e,t + ¢, )+ %sin(ﬁlwmt + ¢i23)}

@ \3 40,C

2 IM . Vil 1. Ve M;, Vg
+\f3[m"‘é{sm(2a}mt¢u3 +Ef¢pf j*gs'n(“a)mt*‘/ﬁ.zs +E+¢pf jffcos(&omt +2j}

m
+\Elf{sin(wt+¢ )+ My, sin(Bo,t + ¢ )}iico D7 Nsin| 2ZIM sine t+ M. sin| 3o t—g + %

3 C m pf iz3 m z3 ~ nr 2 2 a m a3 m 1z3 2
COS(nC()Ct - n¢c_u1bt +V0Jl_ini (58)

The Mizz and ¢z are considered to reduce the dc-link capacitor voltage by using
(5.8). For the sake of simplicity, only the first term in (5.8) is in focus here. It is
noted that the third and fourth term in (5.8) is the harmonic component associated
with the carrier frequency f.. Because the Maz is much smaller than M, the second
term in (5.8) is much smaller than the first term. It is obvious that, when g3 IS s,
the ripple of vcu by the double frequency of the fy can be suppressed in response to
the Mjz.
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Figure 5-2 (b) shows the vc, based on the analytic model (5.8) and the simulations,
respectively, under which ¢c w1 = - 3.11 rad, Ve ini = 2477 V and used in an
example. These waveforms correspond reasonably well. The error of the voltage
ripple amplitude of the vcu is 3%.

5.2.3. DC-LINK CAPACITOR VOLTAGE RIPPLE [43]

The capacitor voltage ripple Avci of the ul-cell is calculated with numeric
calculations using equation (5.9) substituted (5.5) or (5.8), which period is the least
common multiples among fgy and f.

AV, = maX(VCul)_ min (VCul) (5.9)

Figure 5-3 shows with a dot line the plot of the capacitor voltage ripple in respect to
the Miz based on the analytical model (5.9) with ¢ w1 = -3.11 rad. The other
condition is the same as Figure 5-2. The circle shows the Avc, based on the
simulation with the same condition of the dot line. These results correspond
reasonably well with the maximum error of the Avcu = 3.7% at Mz = 0.6. The
capacitor voltage ripple of the other cells can also be calculated by using the same
equation (5.8) with different ¢ w. The maximum and minimum capacitor voltage
ripple Ave_max and Ave_min in respect to the ¢ yn are plotted by solid lines, respectively.
As an example, the capacitor voltage ripple is reduced by 24 % by injecting the Mz
of 0.5 p.u.
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Figure 5-3 The ul-cell capacitor voltage oscillation in respect to the amplitude ratio Mizs [44].
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5.3. POWER SEMICONDUCTOR LOSSES AND JUNCTION
TEMPERATURES [43]

The electrical and thermal simulations of the IGBT modules in the MMCC-SDBC
regarding the Mi;z are implemented by using the simulation software PLECS. The
specification of the MMCC - SDBC is shown in Figure 2-2 (b) and Table 5-1. The
reactive current reference iq,rer is Set to be the rated 1 p.u. The third harmonic current
reference is* can be defined by (5.10), which current is controlled by using the block
diagram as shown in Figure 2-8.

% iz,re +i2,re .
33 = Mi,3 ,% sin(36, + ¢pr) (5.10)

The power loss and junction temperature of each power module are also simulated
by using PLECS. The simulation model used is mentioned in Chapter 2.4.

Figure 5-4 shows the total semiconductor losses and electrical efficiency of the
MMCC-SDBC with respect to the Mizs. It is noted that the total semiconductor
losses increase when Mz is above 0.3 p.u., because the r.m.s. value of each cluster
current increases. However, the total semiconductor losses are slightly reduced when
Miz is below 0.3 because of the Ve - I characteristics of the used bipolar devices.
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N [ 99%
i - 98%
B 97%
i 96%
[ 95%
[ 94%
[ 93%
M 92%
[ 91%
F90%

Total semiconductor loss: Py [KW]
[96] & :Aousioly3

0 0102 03040506070809 1
The amplitude of third harmonic
zero-sequence current: Mz [p.u.]

Diode sw. loss HESEM Djode con. lossEEEE  |GBT sw. loss
EZEE  |GBT con. loss —®— Efficiency

Figure 5-4 The total semiconductor losses of the 80 MVVar MMCC-SDBC [44].
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Figure 5-5 shows the instant peak and average junction temperature of the IGBT and
Diode, where the maximum thermal stress among the 276 modules with respect to
Miz are shown. It is noted that the average junction temperature exhibits similar
trends as the total losses. On the other hand, the peak junction temperature increases
as a function of the Mis because the peak value of the phase-cluster current
increases regarding of the M.
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L L L

Junction temperatures [*C]
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o (3] 8

©
o o

The amplitude of third harmonic zero-sequence current: Mz [p.u.]

Figure 5-5 The junction temperature of an IGBT and Diode, which is chosen to be the
maximum in all switches of the MMCC-SDBC [44].

Figure 5-6 shows the total semiconductor losses and the capacitor voltage ripple
regarding the M3 standardized at the zero value of the Mi;s. The Miz is selected to
be 0.4 p.u. where the capacitor voltage ripple could be reduced to a maximum
without any total power semiconductor loss increase compared with the
conventional method ( Mz =0).
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Figure 5-6 The total semiconductor loss and the capacitor voltage ripple as a function of Mizz

at rated 80 MVar operation [44].

71



CONTROL AND OPTIMIZATION OF MODULAR MULTILEVEL CASCADED STATCOM CONVERTERS FOR OFFSHORE
WIND APPLICATION

Figure 5-7 shows the electrical and thermal simulation waveforms with Mi,;3 = 0 (the
conventional operation) and Mi;z = 0.4 (the proposed operation), respectively. The
output phase currents for these cases are controlled adequately. It is noted that the
total harmonic distortion of the output phase current with conventional Mz = 0 and
proposed Mi;z = 0.4 are almost the same, which are 0.35% and 0.4%, respectively.
The maximum peak modulation factors of each converter cell with Mi;z = 0 and 0.4
are 0.80 pu and 0.76 pu, respectively. In other words, the modulation factor could be
reduced 0.04 pu by injecting third harmonic zero-sequence current with Mi;z = 0.4.
The peak value of the cluster current for the proposed case increases by 40 %
because of the third harmonic zero-sequence current injected. In this result, the peak
junction temperature of the power module in ul-cell increases 2 K. The other
junction temperatures in the other cell converters have similar values because of the
selected Phase Shift PWM modulation technique. The capacitor voltage ripple for
the proposed case is decreased by 20 %. These waveforms show no evidence of
abnormalities.
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Figure 5-7 Key simulation waveforms of the MMCC-SDBC operating at rated 80 MVar and
Miz = 0, 0.4 [44].
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5.4. CAPACITOR BANK DESIGN [43]

The final purpose of the proposed capacitor voltage ripple reduction method is to
reduce the entire capacitor bank size. Surely, the required capacitance is reduced by
applying the proposed method, but the current through the capacitor bank is changed
by the injected third harmonic zero-sequence current. The capacitor bank size
depends not only on the required capacitance but also on the current ripple through
the capacitor bank [51], [52]. In order to clarify the capacitor bank size reduction
effect of the proposed method, the capacitor bank is designed in this section.

5.4.1. CAPACITOR BANK STRUCTURE [43]

Table 5-2 shows the target specification of the capacitor bank for the MMCC-SDBC
having the specification given by Table 5-1. The type of the dc-link capacitor is
selected to be metalized polypropylene film capacitor (MPPF-Cap), which is
commonly chosen for the medium and high voltage class MMCC solutions because
of high reliability [53], [5]. The capacitance of the dc-link capacitor bank with the
conventional operation and the proposed method are set to be 7 mF and 5.4 mF,
respectively, where the capacitor voltage ripples are suppressed to be less than 10%.

Table 5-2 Target specification of the capacitor bank in an MMCC-SDBC model [44].

Conventional method  Proposed method
Metallized polypropylene

Capacitor type film capacitor
Rated dc voltage 2600 Vdc
Capacitance 7 mF or more 5.4 mF or more
Expected life time 20 years or more
Ambient temperature 60 °C

Figure 5-8 shows the proposed dc-link capacitor bank structure. The capacitor bank
is constructed by series and parallel connection of an MPPF-Cap. Table 5-3 shows
the capacitor bank specification of both the conventional and the proposed case. The
capacitor bank is selected to use 560 pF, 1300 Vdc, Type 947C MPPF-Cap from
Cornell Dubilier [54]. In order to overcome the applied dc voltage to the capacitor
bank, the series connection number is designed to be 2 for both cases. For providing
the capacitor bank with the required capacitance, the parallel counts of the
conventional and the proposed case are designed to be 25 and 20, respectively. It is
noted that the capacitor bank volume is reduced by 20% by applying the proposed
method in this case study.
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Figure 5-8 The capacitor bank structure for a cell [44].

Table 5-3 The capacitor bank specification [44].

Conventional case Proposed case
560 pF, 1300 Vdc, 85 °C, Type 947C
Used capacitor Polypropylene Film DC-Link Capacitors
from Cornell Dubilier (MPPF)
Series connection
. 2 2
count: m
Parallel con.nectlon 25 20
counts: n
Total count: mxn 50 40
Total capacitance 7.00 mF 5.60 mF
Rated voltage 2600 Vdc
Total capacitor volume 0.111 m3 0.089 m®

5.4.2. THERMAL STRESS OF EACH MPPF-CAP. [43]

The hot spot temperatures of the dc-link capacitors under the conventional and
proposed condition are calculated, which have to be kept below the rated
temperature determined by the manufacturer. Figure 5-9 and Figure 5-10 show the
current waveforms through the dc-link capacitor bank of the u-1 cell and an FFT
analysis with or without the proposed method. The simulation conditions are the
same as shown in Figure 5-7. By applying the proposed method, the main current
ripple component as the double fundamental frequency is reduced by 33% and
distributed to higher frequency components. The r.m.s. values of the current through
the capacitor bank in the conventional and the proposed case are 473 Arms and 426
Arms, respectively.
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Figure 5-9 The current through the capacitor bank for the conventional case [44].
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Figure 5-10 The current through the capacitor bank using the proposed method [44].
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In order to simplify the calculations, it is assumed that the current through each
individual capacitors in the capacitor bank is balanced. The power loss of each
capacitor is given by

Pioss = Zf ESR(f)- Ig(f) (5.11)

where ESR(f) is the Equivalent Series Resistance of the capacitor regarding the
frequency f, Ic is the r.m.s. current through each capacitor in respect to f. The core
temperature of the capacitor is given by

Te =Ty + Pross " Ren (5.12)

where T, is the ambient temperature around the capacitor and it is assumed to be
60 °C in this case, R is the thermal resistance of the capacitor at 3 K/W in this case.

Table 5-4 shows the Pioss and T of the individual capacitor between the conventional
and proposed case. The power loss and hot spot temperature of the proposed
capacitor case become slightly higher than the conventional case in order to be
reduced a parallel number of the capacitors. However, because the ESR of the film
capacitors have a small value, the core temperatures of the used capacitor for both
cases become lower than its absolute temperature of 85 °C.

Table 5-4 Power loss and hot spot temperature of each capacitor [44].
Conventional case Proposed case
Power loss 1.11W 1.36 W
Hot spot temperature 63.3°C 64.1°C
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5.4.3. EXPECTED LIFETIME OF THE CAPACITOR BANK [43]

Generally, MPPF-Caps have very long lifetime under controlled operating
conditions including the applied dc-voltage, the core temperature of the capacitor
and the humidity compared with Aluminum Electrolytic Capacitors, which have
wear out failure modes. For such kind of components, it is important to estimate the
reliability by using its lifetime model. In this chapter, the lifetime of the capacitor
bank under the conventional and proposed case is estimated by using the provided
information from the capacitor manufacturer.

A widely used capacitor lifetime model applicable for film capacitor is as follows
[55]:

-n To-T
L=LgyX (VKO) X 2 K (5.13)
where L is the lifetime under the thermal and electrical stress T and V, L, is the
lifetime under the reference temperature To and the nominal voltage Vo. The
coefficients k and n are temperature dependent constants and the voltage stress
constant, respectively. The parameters Lo, To, n, and k for the used capacitor are
obtained from the provided lifetime curve fitting as, 200000, 66 °C, 19.4, and 3.9,
respectively.

Actually, there is a probability on a lifetime of individual capacitors, which is taken
into considered as given below [56]. It is assumed that the variation of the lifetime
obeys the normal distribution. The cumulative distribution function (CDF) for the
normal distribution can be calculated by

F(t) = %{1 +erf (:T’%)} (5.14)

where u is the mean of the distribution, o is the standard deviation, erf is the error
function. The u is determined by the expected lifetime calculated by (5.13). The ois
determined by considering £10% variation with a 95% confidence interval (CI).

It is assumed that all the considered devices are connected in series in the reliability
model, i.e., any capacitor in the capacitor bank failure will lead to system failure.
Then the capacitor bank wear-out failure Fcg(t) can be calculated by

Fep(t) =1 -T1(1 = Fy(t) (5.15)

where Fi(t) is the CDF of an individual capacitor used in constructing the capacitor
bank.

Figure 5-11 shows the probability curves of wear-out failures of the capacitor bank
for the conventional and the proposed case. It is noted that the lifetime Bs is to fail
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5% of the total amount of capacitor bank for the conventional and proposed case,
which are 31.0 years and 27.2 years, respectively. The expected lifetime of the
proposed case is slightly shorter than the conventional case, because of the slightly
higher capacitor temperature due to reduced capacitor number. The Bs of both cases
satisfy the target which is expected to be longer than 20 years, as mentioned in Table
5-2.
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Figure 5-11 Probability curves of wear-out failure for the capacitor banks [J2].
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5.5. SUMMARY

In this chapter, a capacitor voltage ripple reduction method for an MMCC-SDBC by
injecting a third harmonic zero-sequence current is proposed. The capacitor voltage
ripple is analyzed, considering the impact of the harmonics by the practical low
carrier frequency. The electrical loss and junction temperature of each power
semiconductor switch regarding the amplitude of the zero-sequence current M,z are
analyzed. In the case study, the capacitor voltage ripple maximum is reduced by
23 % at Mi;z = 0.4 p.u without increasing the total power semiconductor losses for
the proposed method. The capacitor bank volume is also reduced 20 % by applying
the proposed method.
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CHAPTER 6. CONCLUSIONS

The main conclusions of this study are addressed in this chapter.

6.1. SUMMARY OF THESIS

The Modular Multilevel Cascade Converter (MMCC) has become a promising
solution for medium voltage class STATCOM applications since it was presented in
the middle of the 1990s. However, there are still open questions in the point of view
of practical use, arisen from its unique architecture having galvanic isolated dc-link
capacitors for each converter cell, and they are qualified in this study based on a
practical case study on an 80 MVar / 33 kV scale STATCOM used in a large scale
offshore wind power plant. Following have been studied:

(1) Asymmetrical Reactive Power Capability of Modular Multilevel Cascade
Converter (MMCC) based STATCOMs

This study clarifies the performances of four configurations of the MMCC family
with SSBC, SDBC, DSCC, and DSBC for the STATCOM in large scale offshore
wind power plants, with special focus on the asymmetrical Low Voltage Ride
Through (LVRT) capability under grid faults. From Chapter 2 to Chapter 4, the
sizing of the key components, number of cells, electro-thermal analysis,
mathematical analysis under asymmetrical reactive power output condition
considering the dc-link capacitor voltage balancing control, and reactive current
capability of an practical 80 MVar / 33 kV scale MMCC based STATCOM are
presented.

The practical designed SSBC and SDBC have limitations in the Low Voltage Ride
Through operation under some of the grid fault conditions because of the dc-link
capacitor voltage control. The DSCC can keep the operation in all grid fault
scenarios for the whole voltage dip severity without any current derating. However,
the total volume of the MMCC-DSCC seems larger than other MMCC solutions,
because the total energy stored in the capacitors becomes larger for using chopper
converter cells. The DSBC can keep the operation in all grid fault scenarios for the
whole dip severity with a maximum of 35% current derating in this case. The total
cost and volume of the DSBC seems similar to SSBC and SDBC because of the
same total power semiconductor chip area and total energy stored of the passive
components. The present result suggests that the DSBC could be the most attractive
solution for the STATCOM application for the MMCC family.
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(2) A DC-link Capacitor Voltage Ripple Reduction Method for a Modular
Multilevel Cascade Converter

A common disadvantage of each MMCC topology compared with the conventional
topology is that a dc-link capacitor voltage ripple of second-order of the grid
frequency exists in each cell converter. This study proposes a capacitor voltage
ripple reduction method for one type of MMCC as a Single Delta Bridge Cells
(SDBC) by injecting the third harmonic zero-sequence current. In Chapter 5, an
analytic model of the dc-link capacitor voltage, the electrical loss and junction
temperature of each power semiconductor switch, the optimum third-harmonic zero-
sequence current level, and the capacitor bank design are presented and also
considering the reliability. The capacitor voltage ripple could be reduced by 23 %
without increasing the total power semiconductor losses for the proposed method.
The capacitor bank volume is also reduced 20 % by applying the proposed method.

6.2. CONTRIBUTIONS

The major contributions of this Ph. D. study are described below;

(1) Asymmetrical Reactive Power Capability of Modular Multilevel Cascade
Converter (MMCC) based STATCOMs

v' The mathematical formulation for the STATCOM based on the potentially
used four types of the MMCC solutions under asymmetrical compensation
operation is developed, which contributes to quantitative understanding of the
performance limitation and circuit behavior under the asymmetrical
compensation.

v Specifications and the component sizing of each type of practical 80 MVar / 33
kV scaled MMCC-STATCOM are carefully designed and compared. After that,
the electro-thermal stresses of the actual power modules used in each type of
the MMCC with practical controls are analyzed in detail. The asymmetrical
reactive power capacity focusing on the MMCC solutions is compared under
different scenarios of grid faults, with the consideration of the device
temperature limits and voltage saturations. Based on the obtained result, the
most attractive MMCC solution for the STATCOM application is achieved,
which is the MMCC-DSBC.
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(2) A DC-link Capacitor Voltage Ripple Reduction Method for a Modular

Multilevel Cascade Converter

A dc-link capacitor voltage ripple reduction method by using third harmonic
zero-sequence current for one type of MMCC with Single Delta Bridge Cells
(SDBC) is proposed.

The analytic model of the capacitor voltage considering the proposed third
harmonic zero-sequence current injection and the impact of the low carrier
frequency is developed, which quantitatively contribute to show the capacitor
voltage ripple reduction effect.

The optimum third-harmonic zero-sequence current to reduce the capacitor
voltage ripple is determined by compromising the power semiconductor loss
and the capacitor voltage ripple.

The capacitor bank of each case is designed considering the required
capacitance and reliability, to clarify the capacitor bank volume reduction
effect by applying the proposed method. The required capacitance as well as
the capacitor bank volume is reduced by 20 % by applying the proposed
method.

6.3. FUTURE WORK

Some future interesting topics from the point of view of the author derived from this
Ph.D. study are noted as follows;

>

In order to validate the obtained result in this thesis experimentally, the
practical test system is built.

The development of the total system simulation model is an interesting topic, in
order to design the optimum size of the STATCOM of the offshore wind power
plant.

Total system reliability calculation of the whole offshore wind power plant
including wind turbines and the STATCOM are interesting topics.

The investigation of asymmetrical reactive current injection capability of the
MMCC based STATCOM under grid fault conditions by both positive- and
negative-sequence reactive current injection becomes also an interesting topic,
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which is the most advanced requirement emerging in an European country
specified as an optional code.

An impact analysis of the asymmetrical reactive current injection by the
MMCC-based STATCOM to the faulty grid on the offshore wind farm area is
an interesting topic because some types of wind turbines have a limitation to
keep the operation under serious faulty grid voltages, which may need to be
improved.

A dc-link capacitor voltage ripple reduction method of an MMCC with Single
Star Bridge Cells (SSBC) has not been proposed yet. There is a possibility to
reduce the dc-link capacitor voltage by using zero-sequence voltage as well as
zero-sequence current of the MMCC-SDBC.
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