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Abstract

The increasing implementation of intermittent renewable energy sources into the power system
brings challenges in terms of grid stability, power quality and security of supply. Traditionally,
rotating reserves and thermal power plants based on fossil fuels have been used to provide
balancing services in the grid, but due to an increased focus on sustainable solutions and
increasingly demanding climate goals, more environmental friendly solutions must be considered.
The main objective of this thesis is to study how battery energy storage can be used to provide
the ancillary services of primary and secondary reserves to the grid, in order to help stabilize the
grid and support integration of large scale offshore wind power.

The system studied in this project consists of an offshore wind farm connected to the grid
onshore via a high voltage direct current (HVDC) transmission system. Battery energy storage is
connected through a DC/DC converter to the DC-link of the HVDC system. The main focus of
the work is related to the battery and the DC/DC converter. A number of battery technologies
and DC/DC converter topologies have been studied. It is found that for the application in this
project the lithium-ion (Li-ion) battery is the optimal choice of battery storage technology. The
optimal DC/DC converter is found to be a galvanically bidirectional converter consisting of a
modular multilevel converter (MMC) on the high voltage side and a two-level voltage source
converter (2L-VSC) on the low voltage side of the medium frequency coupling transformer,
which provides the galvanic isolation.

The scope of the thesis consists of two main parts; a design part and a simulation part. In
the design part, the design of the different components of the system are discussed in terms of
voltage levels, power ratings, number of components, type of components, size and cost. The
battery is designed based on ABB’s EssPro™ Grid battery modules and an optimal design for
the application in this project in terms of series and parallel connections of battery modules,
is proposed. In terms of semiconductor devices for the DC/DC converter, it is found that the
insulated-gate bipolar transistor (IGBT) press-pack devices are preferred over the integrated
gate-commutated thyristor (IGCT) for both the MMC and the 2L-VSC for the converter design
in this project. It is also found that for the galvanic isolation of the DC/DC converter, the optimal
choice is to have a medium frequency transformer with a frequency of 300 Hz and a turns ratio
of 1:3.

In the simulation part of the scope simulation models of the different parts of the system
are developed. The models are implemented in MATLAB and Simulink. The different parts are
modeled and verified separately before the final system is created by connecting the different
parts. Two simulation cases are performed. In the first case a simulation of the DC/DC converter
and the battery is performed. The power flow is controlled to be both positive and negative to
verify that the converter provides bidirectional power flow so that the battery can be charged and
discharged, depending on the state of charge (SOC). A battery SOC model has been included in
the 2L-VSC model in order to verify that the battery is charging and discharging. The results
show that the battery can be charged and discharged and that the proposed DC/DC converter
provides bidirectional power flow.




The second simulation case also includes the simulation model of the HVDC transmission
system, the offshore wind farm and the grid onshore. In this case the power flow of the HVDC
system and the DC/DC converter is controlled so that when the wind power generation increases
above the constant power consumption onshore of 0.82 pu, the battery system will charge, and
when the wind power generation decreases below 0.82 pu, the battery system will discharge,
in order to provide a constant power flow of 0.82 pu to the grid onshore. This is simulated to
verify that the battery storage can provide balancing services in order to stabilize the grid and
support integration of offshore wind power into the power system. The results show that the
battery helps stabilize the grid by providing constant power flow to the onshore grid by charging
in times when the wind power generation is higher than the power consumption onshore, and by
discharging in times when the wind power generation is lower than the power consumption.

At the end of the thesis the results of the second simulation case is compared to the same
simulation case of a similar system, where the battery storage is connected to the onshore
AC-side through an MMC and a transformer. The results show that both DC-side and AC-side
connection of the battery storage are possible, and in both cases the battery storage can stabilize
the grid and support integration of offshore wind power into the power system.
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Sammendrag

@kt implementering av fornybare energikilder som er varierende og ustabile av natur fgrer til
utfordringer i kraftsystemet nar det gjelder nettstabilitet, stremkvalitet og forsyningssikkerhet.
Tradisjonelt sett har kraftproduksjon basert pa fossile energikilder blitt brukt som balansekraft for
a holde nettet stabilt, men pa grunn av gkt fokus pa baerekraftige Igsninger og stadig mer krevende
klimamal, sa ma mer miljgvennlige lgsninger vurderes. Hovedformalet med denne oppgaven er a
studere hvordan batterilagring kan tilby balansetjenester i form av primar- og sekund@rreserver
for & bidra til a stabilisere nettet samt stgtte integrasjon av storskala havvindkraft.

Systemet som studeres i denne oppgaven bestar av en havvindmgllepark som er koblet til

nettet pa land via et overfgringssystem for hgyspent likestrgm (HVDC). Batterilagringen kobles

til pa DC-siden av overfgringssystemet via en likestramsomformer (DC/DC). Hovedfokuset

1 oppgaven er relatert til batteriet og likestrgmsomformeren. En rekke batteriteknologier og

ulike likestremsomformere er studert. For anvendelsen av batterisystemet i denne oppgaven

er det optimale valget av batteriteknologi er a velge litium-ion (Li-ion) batterier. Det optimale

valget av likestramsomformer er a velge en med toveis effektflyt og galvanisk skille som er
bygget opp av en moduler multinivd-omformer (MMC) pa hgyspenningssiden, og en to-niva
spenningskildeomformer (2L-VSC) pa lavspenningssiden av en medium-frekvens koblingstransformator,
som sgrger for galvanisk skille.

Denne oppgaven bestar av to hoveddeler; en designdel og en simuleringsdel. I designdelen
diskuteres utformingen av de forskjellige komponentene i systemet i forhold til spenningsnivaer,
effektverdier, antall komponenter, komponenttyper, stgrrelse og pris. Batteriet er designet basert
pa ABB sine EssPro™ Grid batterimoduler og det blir foreslatt et optimalt design av batteriet med
tanke pa serie- og parallellkoblinger av batterimoduler. Nar det gjelder halvlederkomponenter for
likestrgmsomformeren, sa er det funnet at press-pack IGBTer (insulated gate bipolar transistor)
foretrekkes over IGCTer (integrated gate-commutated thyristor) bade for MMCen og for 2L-VSCen

i omformerdesignet som benyttes i dette prosjektet. Det er ogsa funnet at for det galvaniske skillet

i likestremsomformeren sa er det optimale valget a bruke en medium-frekvens koblingstransformator
med frekvens pa 300 Hz og et viklingsforhold pa 1:3.

I simuleringsdelen av oppgaven blir det utviklet simuleringsmodeller av de forskjellige komponentene
1 systemet. Modellene er implementert 1 MATLAB og Simulink. De forskjellige modellene
blir fgrst simulert og verifisert hver for seg fgr de kobles sammen for a simulere hele systemet.
Det utfgres to simuleringscaser. I den f@grste casen blir systemet av likestremsomformeren og
batteriet simulert for a verifisere toveis strgmflyt gjennom omformeren, slik at batteriet kan
opplades og utlades. Dette gjgres ved a kontrollere effektflyten til & vaere bade positiv og negativ.
En SOC-modell (state of charge) av batteriet er inkludert i 2L-VSC-modellen av systemet for a
kontrollere at batteriet kan opplades og utlades. Resultatene viser at batteriet kan opplades og
utlades, og at den foreslatte modellen av likestrgmomformeren har toveis strgmflyt.

I den andre simuleringscasen er ogsa modellen av overfgringssystemet, havvindparken og

il



nettet pa land tatt med. I denne casen simuleres hele systemet og strgmmen til HVDC-systemet
og likestrgmsomformeren kontrolleres. Nar stremmen i HVDC-systemet er styrt slik at vindkraft-
produksjonen overstiger det antatte konstante forbruket pa land pa 0.82 pu, sa ma batterisystemet
lades opp og nar vindkraftproduksjonen faller under 0.82 pu, sd ma batterisystemet lades ut for
a gi en kontant strgmflyt, og dermed ogsa effektflyt til nettet pa land. Denne casen simuleres
for a verifisere at batterilagring kan brukes for a stabilisere nettet og stgtte integrasjonen
av havvindkraft i kraftsystemet. Resultatene av denne casen viser at batteriet bidrar til a
stabilisere nettet ved a sgrge for konstant effektflyt til nettet pa land ved & lade seg opp nar
vindkraftproduksjonen overstiger forbruket, og ved a lade seg ut nar vindkraftproduksjonen er
lavere enn forbruket.

I slutten av denne masteroppgaven sammenlignes resultatene fra den andre simuleringscasen
mot resultatene for den samme simuleringscasen for et lignende system, der batterisystemet
er koblet til pa AC-siden av overfgringssystemet pa land via en MMC og en transformator.
Resultatene viser at batterilagring er mulig bade ved AC- og DC-tilkobling, og i begge tilfeller
kan batterilagringen bidra til a stabilisere nettet og stgtte integrasjon av havvindkraft.
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Chapter 1

Introduction

The global demand for electricity and energy has grown rapidly over the last decades. In 2014
the global annual electricity production was 23 816 TWh [29]. According to REN21 [30], the
share of electricity produced by renewables was 24.5% in the end of 2016, and the remaining
75.5 % were produced from non-renewables where fossil fuels like oil, natural gas and coal had
the biggest share. At the same time as there is this increasing demand for electricity, there is an
increasing focus on increasing the share of renewable energy sources for electricity production
in order to reduce environmental consequences of power generation.

The Kyoto Protocol is a driving force towards reducing greenhouse gas (GHG) emissions by
having national emission targets and by providing international emissions trading [31]. The
parties of the protocol have committed to reduce GHG emissions by at least 18 % below the 1990
levels in the period from 2013 to 2020. In November 2016, the Paris Agreement was enacted,
and the main aim is to keep the global temperature rise in this century well below 2°C' and to
increase the ability of countries to deal with the impacts of climate change [32].

In Europe, the EU Directives on Renewable Energy is also an important driving force towards a
more sustainable future, and on 30 November 2016, a proposal for a revised Renewable Energy
Directive was published by the Commission [33]. The main goal of this directive is to make sure
that the 2030 targets are met, and to make EU a global leader in renewable energy. The 2030
targets include a goal of at least a 27 % share of renewable energy consumption, which is an
increase from the 20 % goal in the 20-20-20 goals that were enacted in 2009 [34]. To achieve
these goals of an increased share of renewable energy generation, wind power is considered as a
promising solution, and especially offshore wind power is considered as its potential is enormous
since the wind is more stable and blows stronger offshore. According to the Global Wind Energy
Council [35], the potential of offshore wind energy in the United States is four times the energy
demand, and in Europe is as high as seven times the energy demand.

An increased implementation of intermittent renewable energy sources, like wind and solar,
will bring challenges to the power system in terms of uncertainty, security of supply, grid
reliability and stability. Traditionally, rotating reserves and thermal power plants based on fossil
fuels have been used to provide balancing power in the grid. In order to reach the climate
goals described above, more environmental friendly solutions for balancing power have to be
considered. Electrical energy storage (EES) is seen as a promising solution since this type of
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Chapter 1. Introduction

storage technology can support the integration of renewables by providing a number of power
and energy services to the grid [21].

In this project battery energy storage will be used to help stabilizing a grid with large scale
integration of offshore wind power. In case of an imbalance in frequency in the grid, primary
reserves are used to stabilize the frequency and secondary reserves are used to bring the frequency
back to the system frequency [36], which is 50 Hz for this project. These control actions require
quick response times and since quick response time is one of the advantages of battery energy
storage, it is seen as a promising solution compared to using traditional rotating reserves, which
have longer start-up and response times. After the battery system has provided these control
actions and the system frequency is restored, a tertiary control will replace the primary and
secondary, and provide congestion management. This tertiary control can have longer response
times since it does not have to provide balancing power before the secondary control has restored
the frequency, which can take up to 15 minutes [36]. Therefore, traditional rotating reserves
or other power plants can be started to provide these further control actions. This project will
however not study the long term balancing of the grid, but it will look at short time balancing and
how battery energy storage can provide the ancillary services of primary and secondary reserves
to the grid.

1.1 Objective

The objective of this work is to study how battery energy storage can be used to stabilize the
grid and support integration of large scale offshore wind power into the grid. In this project it is
assumed that the battery storage has a capacity of 10 - 20 % of the wind farm capacity in order
to support the grid with ancillary services for a duration of up to 15 minutes. If the wind power
generation decreases and/or the consumption increases, the system frequency will decrease and
the battery must discharge to supply power to grid in order to stabilize and restore the frequency.
In the opposite scenario when the frequency increases, power must be drawn from the grid in
order to stabilize and restore the system frequency, and then the battery must charge to provide
the balancing service.

A one-line diagram of the system used in this project is shown in figure 1.1. It consists of
a 1 GW offshore wind farm which is connected to the grid onshore through a high voltage direct
current (HVDC) transmission system. The HVDC system is built up of two two level (2L)
voltage source converters (VSCs) and 200 km DC subsea transmission cables. Battery energy
storage with a capacity of 180 MW is connected to the system to provide the ancillary services
of primary and secondary reserves. It is connected to the DC-link of the HVDC system through
a galvanically isolated DC/DC converter. The DC/DC converter is built up of a 2L.-VSC and
a modular multilevel converter (MMC) connected by a medium frequency transformer. The
voltage levels of the different components of the system are shown in figure 1.1.
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Figure 1.1: One-line diagram of the system

1.2 Scope and limitations of work

This Master’s Thesis is a continuation of the work done in the specialization project [3]. The
scope of the specialization project was to find an optimal battery storage technology and an
optimal DC/DC converter topology for the project. The scope of the Master’s Thesis include:

e A design part:

Perform an analysis and discuss the design of the different components of the system.
This includes design of the battery system in terms of size, power and voltage levels and
design of the DC/DC converter including choice of semiconductor devices, power and
voltage levels, capacitances and inductanes of the converters, and turns ratio and operating
frequency of the coupling transformer. The design of the HVDC transmission system, the
offshore wind farm and onshore grid are outside the scope of this project since the main
focus is on the battery and the DC/DC converter.

e A simulation part:
Make a simulation model of the system in MATLAB and Simulink and study different
test cases to verify the application of the battery. The test cases include verifying that the
DC/DC converter provides bidirectional power flow so that the battery can be charged and
discharged, depending on the state of charge (SOC), and verifying that the battery can
provide grid support when the power generation of the wind farm varies. As mentioned in
the preface, parts of this project has been done in cooperation with Ida Pria Reite since the
system of her project is similar [19]. In her project the battery system is connected through
a MMC to the AC grid side of the HVDC transmission system as shown in figure 1.2. A
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part of the scope when it comes to the simulations is to compare the simulations of the
battery providing grid support when it is connected to the AC-side compared to when it is
connected to the DC-side.

400 kV 400 kV
~ —
400 kV
Connection to 1 GW — ~ Onshore grid
offshore wind farm
2L-VSC offshore 200 km DC rasmission cables 320kV  2L-VSC onshore Lin

400 KV

MMC

Viat

Figure 1.2: One-line diagram of the system with the battery system connected to the AC-side of the
HVDC transmission system

The limitations of work in this project include:

Design of the components used in the system with connection of the battery system on the
AC-side of the HVDC system is outside the scope of this project. Detailed descriptions
regarding design and modeling of this system can be found in [19].

The design and modeling of the 2L-VSCs used in the HVDC transmission system is
outside the scope.

Detailed study of other components than the battery and the DC/DC converter is left
outside the scope due to limited time. Other topics of the system it could be relevant to
study are the onshore grid, the transformers used in the system, the wind farm construction
and construction of the single wind turbines within the wind farm, protection system in
the grid like AC and DC circuit breakers, etc.

Other storage technologies than battery storage are mentioned, but they are not studied in
detail in this project.

Detailed modeling of the offshore wind farm and the onshore grid is left outside the scope.
As will be seen in the design and modeling chapter, the modeling of these two components
are very simplified.

Simulations to verify that the battery can stabilize the grid in case of faults. For simplicity,
circuit breakers and other fault protection equipment have not been considered in the
design part of this thesis. Nor has it been implemented in the modeling part. Fault handling
and protection is a very important, but also very large topic, and due to the limitation of
time for this project, it has been excluded.

Detailed modeling of the converters that the DC/DC converter is built up of is left outside
the scope. As will be seen later in the design and modeling chapters, there are a number of
different models that can be implemented in order to simulate the MMC. In this project
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both the MMC and the 2L.-VSC are based on average value models where the switches in
the converters are not modeled explicitly since the objective of the simulations is to look
at the overall system and study how the battery can charge and discharge to support and
stabilize the grid. If the objective of the simulations had been to study performances of the
converters in terms of losses, harmonics etc, more detailed models of the converters must
have been used, but this is a totally different objective of the project that is left outside the
scope for this Master’s Thesis.

e Detailed modeling of the battery is also left outside the scope. As will be seen in the
modeling chapter, the modeling of the battery is very simplified consisting only of an
ideal DC voltage source in series with a small resistor. A more detailed representation
should have been implemented in order to study the performance of the battery in terms of
efficiency, lifetime, losses, etc., but this is left outside the scope due to the limited time for
this Master’s Thesis.

1.3 Relation to specialization project

As mentioned in the previous subchapter, this Master’s Thesis is a continuation of the work done
in the specialization project [3]. The main objectives of the specialization project was to study
battery storage technologies and DC/DC converter topologies, and based on a set of criteria for
the application in the project, an optimal battery technology and an optimal DC/DC converter
topology were proposed. This is briefly summarized in chapter 2 in this report along with other
relevant theoretical background for this Master’s Thesis. Appendices E and F provide excerpts
from the battery energy storage chapter and DC/DC converter chapter of the specialization
project.

Chapters 3 and 4 in this thesis describes the structure, operation and control of the 2L-VSC and
the MMC, respectively. These converter topologies were briefly described in the specialization
project. They are important for the project in this thesis since they are considered as the
converters used in the design of the optimal DC/DC converter in this project, and therefore they
are described in detail in chapters 3 and 4.

The tasks of this Master’s Thesis include using the results from the specialization project
to study the battery storage and the DC/DC converter more in detail by defining an optimal
system design for this project. The tasks also include to develop a simulation model of the
system in order to run simulations to verify the application of the battery storage system when it
is connected to the HVDC-link.

1.4 Literature review

The main source for finding relevant literature for this Master’s Thesis has been Oria. It is the
online search engine of the University Library of NTNU, and it searches in all databases that
NTNU has access to. It has been used to find relevant books and research articles on the topics of
this project. In addition, databases such as IEEE and Elsevier have been used to find publications
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regarding specific research topics.

In the advanced search in Oria one can search using the logical search operators AND, OR and
NOT to optimize the search. Key search phrases used to find literature for this project include:

e HVDC AND Battery energy storage

e High voltage DC/DC converters

e HVDC AND offshore wind

e Modular multilevel converter

e Two-level voltage source converter

e MMC AND battery storage

e Design of modular multilevel converter
e Number of submodules AND modular multilevel converter
e Average value modeling AND MMC

e Submodule design AND MMC

e 2L-VSC AND control

e MMC AND control

Since the topics of this project include relatively new technologies and technologies that are fast
developing, especially two things have been kept in mind when looking for references for this
project:

1. To use as new references as possible for converter and battery technologies since those
technologies are quickly developing and being improved.

2. To use references that have many citations since that can indicate a good and reliable
source. However, this can be tricky since it is also desired to use as new references as
possible and since some of the references used in this project are from 2017, they have not
been cited much yet. To find the number of citations, Google Scholar has been used.

Google Scholar has also been used to get BibTex codes for the different books, articles and
papers used in this project. The reference list in the end of this thesis is made based on the
BibTex codes.

The DOE Global Energy Storage Database[37] has been used regarding energy storage. The
manufacturers web sites have been used to find information and characteristics about different
products that they offer such as semiconductor devices, storage solutions and converters. In
addition these web sites have been used to find information about projects that they have
participated in regarding energy storage and/or HVDC transmission. The web sites that have
been used include:

WWw.abb.com

www.alstom.com

WWW.slemens.com

Wwww.gegridsolutions.com



www.abb.com
www.alstom.com
www.siemens.com
www.gegridsolutions.com

1.5 Structure of report

www.mitsubishielectric.com
WWwW.westcode.com
www.toshiba.semicon-storage.com

1.5 Structure of report

The report is written in ISTiEX, and the simulations are performed in MATLAB® and Simulink®.
The scripts and the Simulink models are provided in Appendices C and D, respectively. Sections
are enumerated on the form X.Y.Z, where X is the number of the chapter, Y is the number of the
section and Z is the number of the subsection within section Y. Figures and tables are enumerated
on the form X.Y, where X is the number of the chapter and Y is the number of the figure or table
in chapter X. Equations are enumerated using the same notation, but in round brackets (X.Y).
The references can be found in the Bibliography chapter in the end of this report. They are made
according to the Institute of Electrical and Electronics Engineers (IEEE) citation style, and the
references are shown in square brackets, [X], in the text.

This report consists of ten chapters, including this introduction chapter. The main content
of each of the remaining nine chapters is described below:

Chapter 2

This chapter provides the theoretical background for this thesis. It starts with a brief introduction
to offshore wind power and the challenges related to large scale integration of wind power
into the power system. Further, an introduction to battery energy storage is provided and the
optimal storage technology for this project is decided. Next, there is a section regarding HVDC
transmission systems, and both LCC-HVDC and VSC-HVDC are discussed. A brief introduction
to the most common VSCs is included since the DC/DC converter in this project is built up of the
same type of VSCs that is used for HVDC. The last part of this chapter provides an introduction
to DC/DC converters and the optimal DC/DC topology for this project is decided. As mentioned
in subchapter 1.3, this chapter is based on the specialization project [3].

Chapter 3

Chapter 3 provides a more detailed description of the 2L.-VSC than what is provided in chapter
2. This converter is important in this project since it is used in the HVDC transmission system
and it is used on the low voltage-side of the DC/DC converter. In addition, it forms the building
block of the half-bridge submodule, which is the type of submodules used in the MMC, which is
the other converter that the DC/DC converter consists of. This chapter describes the structure,
operation, modulation techniques and control of the 2L-VSC.

Chapter 4

The MMC is the other important converter topology in this project and as for the 2L.-VSC, this
chapter provides a more detailed description of the converter than what is provided in chapter 2.
The chapter starts with an introduction to distributed batteries in MMCs, which is an important
advantage of the MMC when it comes to battery applications. Further, the structure, operation
and control of the MMC is provided. The last subchapter briefly introduces the modulation
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techniques of this converter.

Chapter 5

This chapter provides the first part of the main scope of this thesis, namely the system design.
The chapter is divided into subchapters based on the different components of the system and in
each subchapter the design of the component is discussed and an optimal design for the project
in this thesis is proposed. The subchapters include HVDC system design, MMC design, 2L.-VSC
design, coupling transformer design and battery design. The design is discussed based on voltage
levels, power rating, size of components, type of components (i.e. which type of semiconductor
switches to use in the converters, etc.), number of different components and cost.

Chapter 6

Chapter 6 is called simulation model and in this chapter the simulation models of the different
parts of the system are described. The models are described in detail with references to the
MATLAB scripts and Simulink models provided in appendices so that the reader also should
be able to built the same simulation models, if desired. Compared to the design described in
chapter 5, the simulation models are simplified models of the different parts of the system. The
simplifications are discussed and argued for in this chapter and the models are implemented and
verified as stand-alone models. In the end of the chapter the models are connected to form the
final model of the whole system.

Chapter 7

The first part of this chapter describes the simulation cases and describes why the cases are
interesting to study. It also discusses assumptions and simplifications that are made. The second
part of this chapter provides the simulation results of the simulation cases.

Chapter 8

This chapter provides the discussion of the thesis. This chapter is also divided into two parts,
where the first part is a summary of the discussions regarding system design, which is discussed
in chapter 5. The report is structured to include this in even though it is discussed in chapter 5.
This is done because it is more structured to provide the discussions in one separate chapter in
case the reader wishes to jump right to the discussions. This chapter also contains discussions
regarding the limitations of the simulation models used.

Chapter 9

In this chapter the simulation results of simulation case 2 in chapter 7 is compared to the results
of the same simulation case of Ida’s simulation model [19]. The difference between the two
simulation models compared in this chapter is that one of them have battery storage connected to
the DC-link of the HVDC system while the other has battery storage connected to the onshore
AC-side of the HVDC system.

Chapter 10
This chapter provides the conclusions of this Master’s Thesis and proposals for further work.

This report also contain six appendices:




1.5 Structure of report

Appendix A
This appendix provides equations regarding harmonic components.

Appendix B

In this appendix Clark’s and Park’s transformations are described in terms of their transformation
matrices. The appendix also includes a figure which shows the relation between the abc, the a/30
and the dq0 reference frames.

Appendix C

In this appendix the MATLAB scripts used in this thesis are provided. The script in C.1 is
used to calculate the system parameters for the design part. The script in C.2 is used to set the
parameters for the simulation model and it is used both for verifying the different simulation
models described in chapter 6 and for the two simulation cases in chapter 7. The script in C.3 is
used to calculate the pu-values of the parameters used for the MMC in the script in C.2. The
function in C.4 is the function used to calculate the parameters and the controller gains of the
2L-VSCs of the HVDC system, and this function is also used in the script in C.2.

Appendix D

Appendix D provides figures of the different parts of the Simulink models used for the simulation
part in this thesis. These are the figures referred to in chapters 6 and 7 where the simulation
models are described.

Appendix E

This appendix provides an excerpt from the battery energy storage chapter in the specialization
project [3]. This is referred to in chapter 2 for more detailed information regarding the different
battery storage technologies and for the discussion regarding the choice of battery storage
technology for the project in this thesis.

Appendix F

Appendix F provides an excerpt from the DC/DC converter chapter in the specialization project
[3]. Dedicated converters and differnet configurations of DAB converters are described more in
detail in this appendix. In addition, the discussion regarding choice of DC/DC converter topology
for the specialization project is provided in the end of the appendix.
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Chapter 2

Background

This chapter provides some background information of the system of this project. It starts with
offshore wind power and challenges with large scale integration of wind power into the grid.
Further, information about battery energy storage systems is provided, since this is seen as a
possible solution to the challenges with large scale integration of wind power. Some information
regarding HVDC transmission systems are included since the transmission system in this project
is a HVDC system. Finally DC/DC converters are discussed since a DC/DC converter is required
in this project in order to connect the battery to the DC-link of the HVDC transmission system.
This chapter is based on the work done in the specialization project [3].

2.1 Offshore wind energy

As mentioned in the introduction, offshore wind energy is a renewable energy source with an
enormous potential as the wind blows stronger and is more stable offshore. A wind turbine can
produce electricity by the conversion of wind power to mechanical power on the rotating shaft of
the turbine, and by further conversion of mechanical power to electricity using a generator [38].
The power output of a wind turbine is calculated using equation 2.1:

P= %pCp()\)AU?’ .1)

where p is the air density, C, is the power coefficient which is dependent on ), the tip speed
ratio, A is the rotor blade area, and U is the wind speed. The theoretical maximum value of C,, is
known as the Betz limit and its value is 59.3 % [38].

According to Global Wind Energy Council (GWEC), the total global installed capacity of
wind power by the end of 2016 was 486 749 MW [39]. Globally, China has installed the largest
share with 168 690 MW of installed capacity. This is more than the total installed capacity of
Europe which was 161 330 MW by the end of 2016. In Europe Germany is the leading country
with a total installed capacity of 50 018 MW.

Although offshore wind power has an enormous potential, it today only represents about
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3 % of the total installed wind power capacity worldwide [35]. The total global installed capacity
of offshore wind power was 14 384 MW by the end of 2016 [39], where UK has the largest share
and accounts for about 36 % of the total installed capacity worldwide. According to IRENA
[40], the operating capacity of global offshore wind power is expected to grow to roughly 400
GW in 2045.

2.2 Challenges with integration of wind power into the power
system

Large scale integration of renewable energy sources (RES) into the power system presents
challenges for grid owners and operators in terms of geographical distribution and transmission
[41]. Existing AC grids were designed for transmission from centralized power plants that were
located near the consumers. Offshore wind power, on the other hand, is a type of RES that
is located far away from both the consumers and the existing AC grid. Therefore, large scale
integration of this type of renewable energy source requires development and reinforcement
of transmission and distribution grids. In addition, with the distributed power generation of
offshore wind power, there is a risk of congested or overloaded transmission and distribution
lines. Therefore, large scale integration of offshore wind power will also require development
and reinforcement when it comes to system operation and balance management.

There must be a continuously maintained balance between generation and consumption in the
power system [42]. The system frequency will change if an imbalance occurs; if the generation
exceeds consumption, the frequency will increase, and if the consumption exceeds generation,
the frequency will decrease. Since wind power is intermittent and fluctuating, a system with
large scale integration of wind power will require a large amount balancing power from available
conventional power plants and/or storage technologies such as electrochemical battery storage,
which will be discussed later in this chapter.

As mentioned, the intermittent fluctuations and variability of the resource is a challenge when
it comes to wind power compared to conventional power plants. In addition, it is challenging
that a wind turbine can only produce power when the wind resource is available [38]. Figure
2.1 shows the variability in system load and wind power generation over a time period of 400
hours in Denmark. It shows that the load has a similar repeating pattern as the load will be quite
similar on a day-to-day and week-to-week basis, but it may be more seasonably variant. The
figure also shows that the wind power generation, on the other hand, fluctuates a lot and it does
not always match with the load. This is due to the intermittent wind resource, and it shows that
energy planning and energy dispatching is hard in a system where wind turbines are integrated.

Other challenges with wind power is that it is not possible to store the wind power for later use
and the wind is not transportable as the conversion from wind energy to electricity has to be done
where the wind is blowing [38]. These challenges are however somehow overcome in modern
power systems as the power lines and cables for power transmission reduce the challenge of
not being able to transport the wind power. In addition, expanded research and use of energy
storage systems reduces the challenge of not being able to store the wind power for later use. On
the other hand, the use of improved and smarter grids in addition to energy storage systems to

12



2.2 Challenges with integration of wind power into the power system

6000 T T T T T T

Load
— Wind

5000

4000 _

< 3000 .
=

2000

1000 A

% 50 100 150 200 250 300 350 400

Hours

Figure 2.1: Wind power generation and load over a 400 hours period in Denmark[1]

overcome the challenges caused by increased implementation of such intermittent renewable
energy sources, will however add to the complexity of the power system.

According to O. Anaya-Lara [43], there are two types of impacts on power system operation
caused by wind generation:

1 System wide impacts: These include variability in forecasting, generation, stability and
system inertia, and balancing of the power system [43]. Inertia will be described further in
the next subsection.

2 Local impacts: These include power quality issues in terms of harmonics, flicker, voltage
steps and dips [43]. Flicker can be seen as a noticeable brightness and it is caused by
voltage disturbances with a small magnitude at low frequencies. Harmonics are AC
currents or voltages at an integer multiple of the fundamental frequency that can affect
components in the power system and reduce the power quality and the efficiency of the
system[38].

2.2.1 Inertia

All types of rotating loads or generators connected to the grid has energy stored in their inertia
that damps frequency changes in the grid that is caused by imbalances between generation and
consumption [44]. For a wind turbine the inertia is defined as its resistance to changes in its
speed of rotation [45]. In a grid with conventional synchronous generators connected to it, the
generators can be controlled to increase or decrease the energy in the system and in that way
stabilize the system in case of a change in frequency [46]. However, for a modern grid with large
scale integration of renewables like wind and solar this might not be the case since photo voltaics
(PVs) and modern wind turbines are connected to the grid through power electronic interfaces
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that decouples them from the grid. In this way the system cannot ’see” the inertia from the wind
turbines or PVs [43]. For a wind turbine this problem can be solved in two ways:

1. Deloading the wind turbine: This is done by not supplying the maximum available power
during normal operation of the wind turbine, leaving a margin so that it can increase the
production in case of a decrease in frequency in the system [46].

2. Emulate synthetic inertia: This is done by adding extra control loops to the control of
the wind turbine to emulate inertia and support frequency control [45, 46]. This control
manipulates the torque of the wind turbine and is able to temporarily slow down the wind
turbine in order to extract kinetic energy which can be stored and used later for frequency
control.

In modern power systems with large scale integration of renewable energy sources that are
connected through power electronic interfaces and interconnections of systems using HVDC,
a key concern is reduction in system inertia [47]. In order to solve this problem, these power
systems will require faster frequency response that can emulate inertia. Similarly to the wind
turbines with power electronic interfaces that can emulate synthetic inertia, control loops can
also be added to the power electronic converters of HVDC transmission systems to provide
synthetic inertia and in that way increase the system inertia [2, 10, 47]. This so-called inertia
emulation control uses the energy stored in the DC-link capacitors of the VSC-HVDC to emulate
inertia. It uses the grid frequency as inputs, and as the output it produces a DC voltage reference
that is used in the voltage control loop. The controller is included in the VSC-HVDC controller
as shown in figure 2.2 and it is based on equation (2.2) [2]. The VSC controller for a 2L-VSC
will be described in more detail in chapter 3.

Vdc 1_|
_ . * 4J_.
Vae t P 1A * ,| Inner | VdI $—|
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Vi control | 4, I:i? . -
[ controller + 4 1 L
| . 6| Slpwmi—
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- v
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+ 4SyscHysc ) PLL| Onshore
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Figure 2.2: Inertia emulation controller included in the control system of a VSC-HVDC [2]
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where
_ 4SyvscHy sc

NC
where Sy s¢ is the rated power of the VSC, C' is the DC-link capacitance of the converter and N
is the number of DC-link capacitors in the converter (i.e in a 3L-NPC converter, N = 2, which
will be shown later in this chapter). V5 is the DC voltage referene which varies with the AC
grid frequency f. Hysc is the inertia constant of the VSC which determines the response of
angular speed to the changes in input power and fj is the nominal frequency.

K, —Vieo (2.3)

Since the DC/DC converter that connects the battery to the DC-link of the HVDC system
in this project is built up of VSCs, i.e. the same type of converters that are used in modern
HVDC systems, it is also possible to include this extra control loop to the converter connecting
the battery. Hence it is possible that battery storage connected to the grid can provide synthetic
inertia and also in that way help stabilizing the grid. This solution will not be discussed further in
the design and modeling chapters, but it is an aspect to consider and it is included as a proposal
for further work of this project in chapter 10.

2.2.2 Voltage dips

One of the local impacts on power system operation caused by grid faults is voltage dips.
Conventional generation can supply reactive power to the grid to restore the voltage level.
However, with large scale integration of wind power, compensation might be needed. In case of
a variable speed wind turbine (VSWT) with power electronic interfaces, the wind turbine can
control reactive power and provide voltage control if the wind turbine stays connected during the
fault [48]. A problem with this type of wind turbine is namely that it is sensitive to over-currents
caused by the voltage dips and it can easily disconnect. In order to ensure safe operation of
electrical grids, technical regulations which include specifications for operation of the grid
have been developed [49]. These technical regulations are known as grid codes and they vary
from country to country depending on the requirements stated from the Transmission System
Operator (TSO) of each country. Depending on the magnitude and duration of the voltage dip,
grid codes require wind turbines to stay connected during the voltage dip, which is know as
Fault-Ride-Through (FRT) capability.

The other type of wind turbine, the fixed speed wind turbine (FSWT), also has a problem
during faults; it accelerates due to the imbalance between the mechanical power from the turbine
and the electrical power that is supplied to the grid, and when the fault is cleared the generator
absorbs reactive power, which is further depressing the voltage level [48]. This problem can be
solved by using power electronic shunt compensators, which reduce the reactive power drawn
from the grid. Integration of battery storage can also be used to supply the grid with reactive
power in case of a voltage dip since the VSCs that are used to connect the battery to the grid can
control active and reactive power independently, as will be shown later in this thesis.
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2.3 Battery energy storage system (BESS)

The use of energy storage has increased over the last years and today there is a total of 168.61
GW of energy storage in operation worldwide [37]. The different types of electrical energy
storage (EES) technologies can be classified based on the form the energy is stored in the system
[21] and figure 2.3 shows an overview over these.

Electrical energy

storage
technologies
|
[ I I I I 1
Mechanical Electrochemical Electrical Termochemical Chemical Thermal
Pumped L L L :
: Rechargable . Sensible/latent
—  hydroelectric batterics I  Capacitors Solar fuels Hydrogen heat storage
storage
Compressed air . .
— cncrgy storage Flow batteries ||— Supercapacitors
Superconducting
—  Flywheels L magnetic energy
storage

Figure 2.3: Electrical energy storage (EES) technologies [3]

According to H. Zhao et. al [26], pumped hydro storage (PHS), flywheel energy storage (FES),
compressed air energy storage (CAES), superconducting magnetic energy storage (SMES),
battery energy storage systems (BESSs) and super-capacitors (SCs) are technologies that are
commonly used for wind power integration support. PHS has been the dominating energy
storage technology due to its many advantages, and today it represents 99 % of the bulk energy
storage in the world [21]. BESSs is of the type electrochemical energy storage, and it has had
increasing growth in installations over the last years [4] as shown in figure 2.4'. The market of
battery technologies are expected to increase in the coming years due to increased research and
development of battery storage technologies as well as incentives from governmental support
[50]. BESS is the type of energy storage technology which will be used in this project.

I'This figure is based on electrochemical storage technologies that are in operation, under construction and

storage projects that have been contracted. Here, electrochemical storage includes electrochemical capacitors and a
variety of conventional batteries and flow batteries
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Figure 2.4: Global project installations of electrochemical energy storage systems [4]

2.3.1 Services that energy storage systems can provide

Energy storage systems can provide a number of services at different levels of the power system.
The services can benefit different stakeholders and have positive impacts on the system in terms
of technical, environmental and economic aspects [51]. Battery storage services can be divided
into five umbrella groups; bulk energy services, ancillary services, transmission infrastructure
services, distribution infrastructure services and customer energy management services [50].
Figure 2.5 2 shows these groups including their subcategories.

The application of the battery storage system in this project is to provide ancillary services
to the grid in terms of primary and secondary reserves. Therefore, only the subcategories under
the ”Ancillary services” group in the figure will be described in this report. Ancillary services are
here defined as “facilities that enhance the security and reliability of the electricity system as well
as servicing the normal production and consumption of electricity” [50]. The other subcategories
are discussed in literature [21, 26, 27, 50, 52].

Regulation:

As mentioned in subchapter 2.2, it is important that there is a continuously maintained balance
between generation and consumption in the power system in order to maintain stability in the
system. If an imbalance occurs, the frequency will deviate from the system nominal frequency,
which is normally 50 or 60 Hz, depending on geographical area [50]. There are regulation
services to help restore the system frequency in case of imbalances in the grid and they are often
categorized according to the time frame they use to provide or take away power in the system.
The definitions of time frames vary according to geographical area. In Norway the primary
control is deployed over a few seconds and up to two minutes, the secondary control over a
period of 2-15 minutes, and the tertiary control over a duration of more than 15 minutes [36].
The primary control use primary reserves and the objective is to stabilize the frequency as fast as

2This figure is based on a figure in the IRENA Battery storage report [50]
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Figure 2.5: Services that battery storage can provide

possible after the imbalance occurs. Therefore it is important that the primary reserve is able
to respond immediately, and a battery with a quick response time is well suited for this service
[50]. The objective of the secondary and tertiary controls are to restore the frequency back to the
system frequency (secondary control) and to replace primary and secondary controls and provide
congestion management (tertiary control) [36]. Battery energy storage systems can be used to
provide the fast acting control of frequency regulation as both primary and secondary reserves,
and this is also the application of the battery storage system in this project. The frequency is
regulated by adjusting the power output to fit the demand fluctuations. If the frequency increases,
there is more generation than consumption in the system, and then the battery can consume
power by charging. If the opposite situation occurs and the frequency decreases, the battery can
discharge and in that way provide power to the grid and increase the generation. These regulating
services are called ramping and load following [21].

Spinning, non-spinning, and supplemental reserves:

A spinning reserve is defined as a generation capacity that is online and that can respond
instantaneously to an unexpected change in generation or demand in the grid [50, 52]. A
non-spinning reserve, on the other hand, is not instantaneously available, but it can respond
within a short time period (typically in less than 10 minutes) to the same types of unexpected
events. The battery system is suited to provide this service of a spinning reserve due to its quick
response time. It can be used as a capacity reserve which can be used to maintain contingency in
the power system in times of unexpected events.

Voltage support:
The voltage level in the grid must comply with the existing grid codes for the area where the
grid is operated. The voltage can be regulated to stay within those boundaries in order to ensure
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continuous electricity flow in the grid [52]. Battery energy storage and its converter to connect it
to the grid can be used to help the system maintain a specific voltage level [26].

Black start:

Black start generation support the power system in case of a grid outage and helps the system to
restore operation and bring the grid back online [52]. A battery storage system can provide this
service of starting a system from shut-down condition.

2.3.2 BESS for this project

A BESS is built up of electrochemical cells that are connected in parallel and series in order to
achieve the desired power and voltage level of the battery system. Electricity is produced from
bi-directional chemical reactions in the cells [21]. In the specialization project [3] a number
of conventional and flow batteries were discussed and compared to a set of requirements in
order to find the optimal storage technology to use in this project. The following conventional
battery technologies were discussed: Lead-acid (LA), Lithium-ion (Li-ion), Sodium-sulfur (NaS),
Nickel-cadmium (NiCd), Nickel-metal hybrid (NiMH) and Sodium nickel chloride (ZEBRA).
In addition, the vanadium redox flow battery (VRB), the zinc bromine flow battery (ZnBr) and
the polysulfide bromine flow battery (PSB) were discussed. The work resulted in table 2.1
which provides different characteristics which are important to consider when choosing a battery
technology for the purpose of this project.

It was found that the optimal choice of battery technology for this project is the Li-ion [3].
That is because among the technologies compared, it has best performances on most the criteria
that were set for the choice of battery technology for the application in this project, namely high
efficiency, quick response time, long lifetime, and relatively low costs. The costs aspect does not
show in the table since some of the references used in this table have references that are quite old
and the Li-ion battery has improved in terms of performances and costs over the last years [23].

Quick response time is important since the battery must be able to provide ancillary services
to the grid in case of a sudden imbalance in the grid. Small size is achieved by having high
specific power and energy and this is an important aspect, especially if the battery is to be
connected offshore where size and weight are critical parameters when it comes to costs [25].
Long lifetime is also an important aspect as it can reduce the need for frequent replacement or
maintenance of the battery, which will add to the cost. The operating conditions of the battery
affect its performance, and hence its lifetime and costs [50]. These conditions include the cycle
lifetime and efficiency, the depth of discharge (DoD) and the operating temperature, and they
are described in Appendix E along with the discussion of choice of battery technology from the
specialization project [3].

The design of the Li-ion battery used in this project is discussed in chapter 5.6.
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Table 2.1: Characteristics of different battery storage technologies [3]

LA Li-ion NaS NiCd NiMH ZEBRA VRB ZnBr PBS

Power rating  0O- 0.05- 0.03-  0.05-

[MW] 20 0.005-50 " 0-40 - - 3 5 1-15
Energy ¢ 150 60- 170

density - 200-400 - . ) 150  25-35 30-65 20-30
Power

. 90-  1500-  140-  80- ]
demsity 00 10,000 180 600 0.5-2 25 2

[W/L]'
Specific
energy 30- 75-200 150- 50-75 70- 94- 10-30  30-50 15-30
Specific
75- 150- 150- } 150- ~
[{’,é’,vlzgl 300 P35 530 300 170 166 100
Unit voltage 1.0- 1.0-
vy 2.0 3.7 2.08 13 13 2.58 1.4 1.8 1.5
Response _ _ 1/4
. 2 ms ms ms ms ms ms
time cycle

Lifetime 200-  1000- 2500-  2000-

[eycles]! 1800 10,000 4500 2500 ) - 12,000+ 2000 -

Daily self-
discharge 0.1- 0.1-0.3 ~0 0.03- 5-20 - very low ~0
1 0.3 0.6 low
[%]
Cycle 70-
efficiency 30 90-97 75-90  60-83 - 90 75-85 65-75 60-75
[%]°
Capital cost 200-  600- 300- 800- ) _ 150- 150- _
[$/kWh]* 400 2500 500 1500 1000 1000
O&M costs
[$/kWh/year]' 50 80 20 70

'Power rating, energy density, power density, specific energy, specific power, unit voltage, lifetime, daily
self-discharge and operation and maintenance cost characteristics found in [21]

2Response time characteristics found in [21, 27]

3Cycle efficiency characteristics found in [21, 51]

4Capital cost characteristics found in [26]
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2.4 HVDC transmission systems

High voltage power transmission is used for electric power transmission over long distances
because the high voltage lowers the current, and that results in lower losses. There are two types
of systems, based on using high voltage alternating current (HVAC) or high voltage direct current
(HVDC) transmission lines or cables. There are many advantages of HVDC compared to HVAC,
including:

e The line construction of a DC-system is simpler and has a smaller footprint than an
AC-system for the same power rating [53].

e In HVAC systems the reactive power flow limits the maximum transmission distance
[54] due to the large cable capacitance, which increases the capacitive component of the
charging current with increasing length of the cable. This is not the case for HVDC since
there are no charging currents in DC-systems and hence no reactive power flow [55].

e The cost of HVDC is lower than the cost of HVAC above the critical distance (i.e the
distance of the transmission system at which the cost of HVAC is equal to that of HVDC).
This distance depends on the technology used in the transmission system. For overhead
lines this distance is around 700-800 km [56]. For long distance submarine cables however,
the critical distance is at around 100 km [55].

e The power transmission capability per conductor is higher for HVDC than for HVAC due
to the fact that there are no skin or proximity effects associated with DC currents [53].

e HVAC systems require synchronous operation for interconnection, but HVDC on the other
hand, can interconnect asynchronous systems and also systems of different frequencies
[55]. Since the HVDC-link can decouple frequencies of the two ends of the link, a variation
in frequency at one end will not be reflected at the other end of the HVDC-link.

In addition to connection of asynchronous systems and connection of systems at different
frequencies, applications of HVDC systems include offshore power transmission, bulk power
transmission over long distances, power delivery to large urban areas, multiterminal HVDC
systems and integration of renewable energy into the power systems [57]. It is also foreseen
that flexible AC transmission systems (FACTS) controllers can be installed in combination with
HVDC systems to realize smart grids [58]. In this project a HVDC transmission system is used
for offshore power transmission over long distances and for integration of renewable energy into
the power system by connecting an offshore wind farm to the grid onshore.

There are two types of HVDC technologies, a mature technology using line-commutated (LCC)
current source converters (CSC), and a newer technology based on voltage source converters
(VSC). Most of the HVDC systems in operation today are based on the LCC technology [53],
and since the commission of the first LCC-HVDC scheme in 1954, more than 100 LCC-HVDC
schemes have been installed worldwide [41]. The first VSC-HVDC scheme was commissioned
in 1999 [41], and this HVDC technology is also known as HVDC light, named by ABB [59], or
HVDC Plus, named by Siemens [60]. The structures of the two technologies are shown in figure
2.6.
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Figure 2.6: HVDC technologies: LCC-HVDC (a) and VSC-HVDC (b) [5]

24.1 LCC-HVDC

The LCC-HVDC utilizes thyristor semiconductors which require a synchronous voltage source
in order to operate [57]. The thyristors conduct current in one direction only, namely when the
thyristor is forward-biased and switched on by the gate signal [41].

The LCC technology has a number of drawbacks, including [6, 41, 58]:

e Reactive power consumption: The LCC always consumes reactive power in all operating
modes since the current is always lagging behind voltage [41]. Hence shunt capacitor
banks or other reactive support devices are required, and this adds to the size, weight and
cost of the converter.

e No black-start capability: The tyhristors in the CSCs can only provide turn-on control
while the turn-of is dependent on the zero-crossing of the current, and hence black-start is
not possible with this type of converter.

e Harmonic filter requirements: Since the converter generates AC and DC harmonics,
harmonic filters are required, and this adds to the size and cost of the converter.

e Requirement of connection to a strong AC grid: In order for the LCC to ensure the
commutation, i.e the transfer of current from one phase to the next between the thyristor
valves, and to avoid operation instability of the converters, the LCC requires connection to
a strong AC grid. An AC grid is considered strong if the value of the short-circuit ratio
(SCR) is higher than 2-3 [41]. If this is not the case, then the AC grid is weak and then
the LCC must be supplemented by reactive power compensation equipment, such as a
static var compensator (SVC) or static synchronous compensator (STATCOM), in order to
ensure commutation when connected to a weak AC grid.

e Commutation failures: A commutation failure is the situation when the commutation
voltage reverses before the current is commutated from one phase to the next. Then the
valve that previously conducted the current will continue to conduct and this creates a
short-circuit on the DC-side, so that power transmission will be prevented during the
commutation fault [41]. The commutation failures are more likely to happen at the inverter
end since they are most likely caused by AC voltage sags, caused by a fault in the AC- side
grid.

e Not possible to use high-voltage extruded cross-bound polyethylene (XLPE) cables
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for LCC-HVDC: This is due to the limitation of commutation failures in LCC in addition
to the fact that reversal of the power flow direction is achieved by changing the polarity
of DC-side voltage and not by current reversal. The reason for this is the use of thyristor
valves in LCC, which can conduct current in one direction only. The XLPE cables are
lighter, cheaper, have a higher transmissible power per conductor and have a smaller
environmental impact compared to the mass-impregnated cable technologies that have to
be used for LCC-HVDC since XLPE cannot be used [41].

24.2 VSC-HVDC

The VSC-HVDC utilizes voltage source semiconductors with both turn-on and turn-off capability
such as the Insulated Gate Bipolar Transistor (IGBT) and the Gate Turn-Off Thyristor (GTO)

[6].

The VSC-HVDC technology has many advantages compared to the LCC-HVDC technology
[41, 53, 57]:

e Black start capability: Since the VSC-HVDC is self-commutated, it can be switched
both on and off in response to the gate signal. Hence both turn-on and turn-off can be
controlled, which makes this converter able to provide black-start capability.

e No commutation failures due to AC disturbances: In VSC-HVDC, commutation
failures will not occur in the event of an AC fault, as it would in the case of LCC-HVDC.

¢ Independent control of active and reactive power: As will be shown later in this section
when discussing the operation of the VSCs, it can be shown that active and reactive power
can be controlled independently due to the decoupling of the direct (d) and quadrature (q)
components of the current in the control system.

e Smaller footprint: According to [41], the VSC-HVDC technology has a 40-60 % smaller
footprint compared to the LCC-HVDC technology. The compact dimensions make it ideal
for use offshore where the reduced size will give a drastic reduce in cost.

e Fast reversal of power flow: Since the power flow can be reversed by controlling the
current direction and not by revering DC voltage polarity, as for LCC-HVDC, VSC-HVDC
provides fast power reversal.

e It can utilize XLPE cables: Since the power reversal does not require reversal of the DC
voltage, XLPE cables can be used for this technology. As mentioned earlier, that reduces
footprint, reduces the costs and increases the power transmission per cable pair [41]
compared to using the mass-impregnated cables that are the only option for LCC-HVDC.

The VSC-HVDC also have some disadvantages compared LCC-HVDC, namely that the converter
losses are higher (about 1.5-2 % per converter for VSC-HVDC compared to 0.6-0.8 % per
converter for LCC-HVDC) and that the converter costs are higher [41]. The converter losses can
be reduced to around 1 % using MMCs, but as will be seen later in this section, that is a more
complex and expensive technology.

Despite the disadvantages, due to the many advantages and to the fact that VSC-HVDC can
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support AC grids with a number of ancillary services and are able to meet the most demanding
grid-code requirements, the VSC-HVDC technology is the preferred solution for future DC grids
[41]. The HVDC transmission system used in this project is also based on the VSC technology.

The converters used for VSC-HVDC can be divided into three categories:

1 Two-level converters (2L):

The structure of the 2L converter is shown in figure 2.7, and as shown it consists six
semiconductor valves, consisting of an IGBT with an anti-parallel diode in this figure,
but other semiconductors can also be used. The 2L-VSC also consists of a DC-side
capacitor and three pairs of series connections of a resistor and an inductor, one for each
phase on the AC-side of the converter. The DC-side capacitor smooths the output voltage
ripple on the DC-side and in this way, regardless of the AC-side currents, the DC-side
voltage will remain approximately constant for a fraction of a fundamental cycle [41]. The
AC-side inductors are used to filter out undesired low-order harmonics [61]. As described
earlier in this chapter, harmonics are AC voltages or currents at an integer multiple of the
fundamental frequency. They are caused by, among others, switch mode inverters, which
is the case here. "Low order harmonics” means that the harmonics appear at low integers
multiples of the fundamental frequency.

(<L

Vc.n:m
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Figure 2.7: Structure of the two-level (2L) converter [6]

This converter can, as the name implies, generate two AC voltage levels, % Ve and _71 Ve
The semiconductor devices (IGBTs in the figure) are series connected in order to achieve
the desired operating voltage. A further explanation of the operation and control of this
converter is provided in chapter 3.

Advantages of this converter is that the structure is simple and it contains few components,
which makes the footprint of the converter smaller and the cost lower compared to
alternative multilevel converters [41, 62]. However, this converter topology suffers from a
number of disadvantages:

e Harmonics: The AC-side voltages will contain harmonic components of multiples
of the switching frequency [41]. This problem can be reduced by increasing
the switching frequency since that will cause the harmonics to appear at higher
frequencies and reduce the low order harmonics. This will however increase another
disadvantage of the 2L-VSC, namely the switching losses.
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e Switching losses: The 2L-VSC suffers from high switching losses caused by the high
frequency hard switched pulse-width modulation (PWM) control [63].

e High voltage stress: High dv/dt is caused by the series connection of IGBTSs [63]
and this will impose stress on the insulation of equipment connected to the AC-side
of the converter[41].

2 Multilevel converters:
The disadvantages of the 2L.-VSC can be reduced by using a multilevel converter. Multilevel
converters can generate more than two voltage levels since they have more than one DC-
link capacitor [41]. The higher number of levels used, the more low-order harmonics are
reduced and the closer the AC output voltage will be to a sinusoidal wave. There are two
main types of multilevel converters:

Diode clamped converters:

The structure of a three-level (3L) diode clamped converter is shown in figure 2.8 (a). This
topology is also called the 3L neutral-point clamped (NPC) converter since the clamping
diodes are connected to the midpoint or neutral point of the DC-link [41]. As the name
implies, this converter can generate three voltage levels, % Ve, 0V and ’71 V4. In each
phase leg of the converter there are two complementary switch pairs (i.e Sy, and S3,, and
So, and Sy, in figure 2.8 (a)), and these must be controlled in a complimentary manner
[48]. Similarly to the 2L.-VSC, the switch in each semiconductor valve consists of a series
connection of switches in order to achieve the desired operating voltage [64].

% V4. is produced by turning on the two series connected upper valves of the converter.
The 0 V voltage level is obtained by switching the two middle valves in each leg so that
the extra diodes are connected. _71 Ve 1s produced by turning on the two series connected
lower valves. The upper DC capacitor charges when the output phase currents are positive
and discharges when they are negative [48].The lower DC capacitors has the opposite
charging/discharging sequence.

Flying capacitor converters:

The structure of a 3L flying capacitor converter (FLC) is shown in figure 2.8 (b). The
structure and operation of this converter is similar to the diode clamped converter, but in
this converter the 0 V voltage step is obtained by applying a DC capacitor in each phase
[64]. These capacitors have no connection to a common DC-link and therefore they are
called flying capacitors [41]. The voltage of these capacitors should be maintained at %

Also in this topology there are two switch pairs in each leg which need to be switched in a
complimentary manner. The O V voltage level can be achieved by two switching states;
when S1 and S3 are on or when S2 and S4 are on [41]. In these two cases the current is
forced through the flying capacitor and the terminal voltage will be O V.

The number of levels in a commercial multilevel converter is generally not very high
due to the increasing number of components of the converter when the number of levels is
increased, and the increasing cost and the complex mechanical design of the converter that
causes [41]. According to D. Krug et. al. [7], the 3L-NPC converter is the most widely
used topology in industry out of the 2L, 3L-NPC, 3L-FLC and 4L-FLC topologies. That
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Va2
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Figure 2.8: (a) 3L-NPC converter (b) 3L-FLC converter [7]

is because it has lower losses, costs, size and weight compared to the other topologies.
According to K. Sharifabadi et. al [41], the only diode clamped converter that has had
significant commercial success is the 3L-NPC, and the 3L-FLC has met limited success
compared to the 3L-NPC. Compared to the 2L converter, the 3L has lower voltage stress,
lower switching losses and lower harmonic content [64].

Cascaded multilevel converters:

Earlier Two-Level (2L) and Three-Level (3L) converters were used in VSC-HVDC
schemes, but today the preferred technology is based on Modular Multilevel Converters
(MMC) due to its many advantages. The MMC is a type of cascaded multilevel converters
which are converters based on series connection of submodules (SMs) [41]. The SMs
contain the VSC-DC capacitors and semiconductor valves, and this is a modular approach
where more SMs are added to increase the number of levels in the converter. Figure 2.9 (a)
shows the structure of the MMC and 2.9 (b) shows the most popular SM for the MMC,
namely the half-bridge SM [8]. There are a number of different types of SMs that could
be used for the MMC, and they will be discussed further in chapter 4 which describes the
structure, operation and control of the MMC more in detail. As seen in figure 2.9 (a), the
three-phase MMC consists of three phase legs with an upper and a lower arm in each leg.
The arms consist of a number of SMs, where each of them is operating as a controllable
voltage source [64].
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Figure 2.9: (a) Structure of the MMC  (b) Half-bridge SM [8]

The MMC has a number of advantages compared to the 2L- and 3L-VSCs. Since the
output waveform can be based on a large number of small voltage steps, the semiconductor
valves in the SMs can be operated at a lower switching frequency and this results in lower
switching losses, lower voltage stress dv/dt and less audible noise [63, 65]. In addition,
with the increasing number of levels, the output waveform will become more sinusoidal
and the harmonic content of the output will be reduced, which reduces the need for filters.
An advantage when it comes to using the MMC for integration of battery storage is that
the SM structure provides modularity and easy scalability and the battery storage cells
can be placed inside each SM [66]. This concept of distributed batteries in MMC will be
described further in chapter 4. The disadvantages of the MMC, on the other hand, are the
complex circuit and its control in addition to a higher cost due to an increased count of
semiconductor components.

2.4.3 HVDC configurations

HVDC transmission systems can have different configurations based on the application. In this
project a point-to-point HVDC system is used, which means that two terminals are interconnected
with a single HVDC-link. This configuration is used for most HVDC-systems [55]. Since there
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are two converters for each line, the DC power flow and voltage can be fully controlled, and
since each line can be operated at a different voltage level, this configuration can be used to
connect existing DC-links into a DC grid [58]. However, disadvantages with this configuration in
a DC grid include high costs and losses due to the large number of converters required. For DC
grids, a meshed configuration is a better solution due to use of fewer converters, which reduces
the losses and costs compared to using point-to-point systems for the same system. In addition,
the meshed configuration has an advantage in terms of security of supply, as the power can flow
in a different path in case of a fault.

2.4.4 Fault handling and protection

In a power system it is important to have protection equipment installed so that faults can be
handled quickly in order to maintain system stability and to comply with grid codes. If faults are
not detected and isolated quickly, they will propagate through the grid and finally the voltage
will collapse and power transmission will be lost. In worse cases, faults can lead to blackouts of
large parts of a power system. Since the HVDC system used in this project is a point-to-point
configuration, the AC-side circuit breakers can be used for protection [58]. In addition the
DC/DC converter is galvanically isolated, so even though the MMC is not built up of full-bridge
SMs which provide fault protection, the DC/DC converter is protected. However, as discussed in
the previous subsection, a meshed configuration is a better solution for a multiterminal DC grid
when it comes to fault protection. If the bigger picture is to be studied in terms of a multiterminal
HVDC system, DC grids fault handling and protection must be taken into consideration.

In DC grids fault propagate rapidly since DC grids have low impedance and are almost inertia-less
[41], meaning that the fault currents increase very quickly to high values and hence the fault
propagates rapidly. Therefore the short circuit currents are high in DC systems and fast switching
actions are required. A number of solutions have been developed:

e Electronic switches: One solution to interrupt the flow of uncontrolled currents into the
DC grid is to connect IGBTs or another electronic switch in series with the DC pole
of the converter [41]. When the switch has been opened, the converter can exchange
reactive power with the AC system. However, this switch introduces additional losses to
the converter.

e Converters: An alternative is to use converters with inherent DC fault current blocking
capability such as full-bridge converters where the fault can be cleared using the AC-side
circuit breakers [41].

e AC-side circuit breakers: The basis for the AC circuit breaker technologies in use today
is the zero crossing of currents and voltages. This is the main challenge of DC circuit
breakers, as there are no zero crossing of voltages and currents in DC systems, and hence
the AC circuit breaker technology cannot be used to turn off large DC currents [67].
However, in a point-to-point HVDC system the AC-side circuit breakers can be employed
to clear DC faults [58]. The AC breaker will disconnect the HVDC-link from the AC
terminals so that the power will no longer be able to flow to the AC-side, and the DC
voltage will be brought down to zero. However, for a multiterminal HVDC system this is
not a good solution as the power flow in the DC grid is interrupted for every DC fault, and
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re-energizing the DC grid after the fault is cleared takes a considerable time [61].

e DC circuit breakers: The increasing use of HVDC technologies for transmission and DC
grids has caused an increased investigation of DC circuit breakers, and a number of DC
breaker solutions have been developed in industry and academia [41, 67, 68]. The DC
current can only be extinguished by inserting a counter electromotive force (EMF) that
exceeds the driving EMF of the DC network [41]. A DC circuit breaker can insert this
voltage in parallel or series and a metal oxide varistor (MOV) can be used to provide this
EMEF. When the inserted EMF exceeds the driving voltage source of the DC grid, the fault
current will decrease.

As shown in this subsection, there are a number of ways protection systems can be included
in a DC grid. When choosing protection equipment it is important to consider is that it can
add size, losses and costs to the total system, so the type of protection equipment should be
chosen carefully considering these aspects in addition to the configuration of the system and the
converter technologies used in the system.

The fault handling and protection concepts discussed in this subsection will not be treated
more in the design or simulation parts of this project, since as discussed in the beginning of this
subsection, the AC-side breakers and the galvanic isolation will be used for protection in this
project. However, these are important aspects to consider when designing a multiterminal DC
grid, which the system used in this project potentially could be a part of in the future. Therefore
these aspects were included in this subsection.

2.5 DC/DC converters

A DC/DC converter is required in order to connect the battery to the DC-link of the HVDC
transmission system. The battery has has a lower DC voltage than the DC-link and the battery
must have bidirectional power flow capability in order for it to be able to charge and discharge
to provide the ancillary services of primary and secondary reserves to the grid. Therefore the
DC/DC converter must be able to step up the battery voltage to the voltage level of the DC-link
when the power flow is from the battery to the DC-link, namely when the battery is discharging
and provides power to the grid, and vice versa when the power flow is reversed. All DC/DC
converters discussed in this chapter provide bidirectional power flow.

DC/DC converters can be classified based on their power rating and voltage ratios as shown
in table 4.1 [25]. The voltage ratio is defined as the ratio between the DC voltage on the high
voltage (HV) side and the DC voltage on the low voltage (LV) side according to equation 2.4:

Vi
‘/ratio = DoAY (24)
Vbe.Lv

The DC/DC converter in this project has a medium voltage ratio. As will be discussed in the
design of the system in chapter 5, the high voltage side of the converter is connected to the
HVDC-link, and hence has the DC-voltage of the HVDC-link, namely 320 kV. The low voltage
side of the converter is connected to the battery, and since the coupling transformer steps down
the voltage with % (as also discussed in chapter 5), the battery voltage is found to be 108.87 kV
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in this project. In terms of power rating the power of the DC/DC converter in this project is
180 MW since the power flow to the battery is through this converter and it was stated in the
objectives of this project that the battery power is supposed to be 10 - 20 % of the total wind
farm power, which is 1 GW.

Table 2.2: Power ratings and voltage ratios for DC/DC converters [25]

High power Ppc transt. > 500 MW
Medium power 50MW < Ppc transt. < 500 MW
Low power 0 MW < Ppc transt. < 50 MW
High voltage ratio Viatio =5
Medium voltage ratio 1.5 < Viatio <5

Low voltage ratio Viatio <15

2.5.1 Galvanic isolation

Galvanic isolation is defined as a prevention of a direct current path between the two ends of the
converter [25] and a coupling transformer is often used to provide the galvanic isolation. The
structure of a front-to-front DC/AC/DC converter without galvanic isolation is shown in figure
2.10 (a). The DC/DC converter consists of a front-to-front connection of two AC/DC converters.
As will be discussed in the next subsections, these converters can be different types of the VSCs
discussed in chapter 3. In case of a fault in the DC-system at one of the converter ends, using
this configuration without galvanic isolation, the fault will be transferred to the other end and
affect the DC system there. The DC/DC converter with galvanic isolation (shown in figure 2.10
(b)), on the other hand, will prevent the fault transfer from the first DC system to the second due
to the fact that the galvanic isolation prevents fault transfer.

(@)

pa—_a=—=ps

(b)

Figure 2.10: (a) DC/DC converter without galvanic isolation
(b) DC/DC converter with galvanic isolation [3]
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In addition to providing galvanic isolation, the coupling transformer provides voltage matching,
noise reduction, improves personnel safety and it ensures correct operation of protection systems
[9]. On the other hand, introducing this extra component makes the converter more complex
and it adds to the cost and size of the converter. Especially if the converter is to be placed
offshore, size and weight are crucial and should be kept to a minimum in order to reduce costs
[25]. In order to reduce the size and weight of the core of the transformer, the transformer can be
designed for a operating frequency that is higher than the grid frequency [69]. Both three-phase
and single-phase transformers can be used for the AC-link, but three-phase is the preferred
solution since it limits the required current rating per phase. High frequency transformers and
the design and modeling of the coupling transformer used in this project will be described further
in chapters 5 and 6.

2.5.2 Front-to-front connected DC/AC/DC converters

A DC/DC converter can be created by connecting two VSCs in a front-to-front configuration as
shown in figure 2.10. The DC/AC inverter and the AC/DC rectifier can be based on different
types of the VSCs discussed in chapter 2.4.2. This type of DC/AC/DC converters can be with
(figure 2.10 (b)) or without (figure 2.10 (a)) galvanic isolation. For converters with lower voltage
ratios the DC/DC converters can be designed without galvanic isolation since the fault transfer
can be inhibited by using very fast control response [25]. This works as long as the valves of the
converter of the DC-system without fault, are rated for maximum voltage difference. However,
for higher voltage ratios it is preferred to use DC/DC converters with galvanic isolation in order
to avoid fault transfer [24, 25].

The DC/AC/DC converter has the same advantages and disadvantages as the VSCs it is made
up of, which is described in subsection 2.4.2. However, if the DC/AC/DC converter is designed
with galvanic isolation, it will provide additional advantages in terms of voltage matching and
fault prevention. On the other hand, this extra component will add complexity, size and cost to
the converter.

2.5.3 Resonant converters

Resonant converters have switching strategies which result in switching at zero-voltage and/or
zero-current [70]. In most cases an LC resonant circuit in the converter is employed to achieve
the soft switching and this control strategy reduces the switching losses. A type of zero-voltage
switching (ZVS) bidirectional DC/DC converter that has gotten attention by researchers in the
recent years is the dual active bridge (DAB)[24, 63].

Dual active bridge (DAB)

The three-phase DAB converter consist of two full-bridge cells that is connected with a transformer
circuit [71, 72]. A single-phase DAB converter (shown in figure 2.11) will be used to explain
the operation of the DAB converter. The converters that this DAB consist of have voltage-fed
structures, and since they have capacitors with stiff voltage characteristics at the terminals, the
converters will act like conventional buck or step-down converters at the input terminals [9].

31



Chapter 2. Background

i B Ip

A
+ QI\IE@JE Qs\lﬁ QﬂIE ) +
Ix

L "“; i
VA ~Ca Vaca “E ;ac,B (3= Vp
i Qz]E QﬂE QE)E QB]E i

Figure 2.11: Single-phase dual active bridge [9]
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The control strategy of the DAB is based on soft switched phase-shift modulation. ZVS is
obtained when the current leaving the leg lags the voltage pole of the leg [9]. This implies that
the zero-crossing of the current occurs after the zero-crossing of the voltage. This soft swithing
modulation is possible over the entire power range when the voltage conversion ratio is equal to
one [9, 73]. The voltage conversion ratio is defined as:
Vi

d= oV (2.5)
where n is the transformer turns ratio and V4 and Vp are the DC-side voltages of the DC/DC
DAB converter. The power flow is controlled by applying an appropriate phase shift between
the AC voltages V,. 4 and V,. g, imposed by the bridges on both sides of the transformer [9, 73].
The leakage inductance of the transformer L, decides the amount of transferable power for a
given frequency [9]. Hence, a high power density converter an be achieved by designing the
transformer with low leakage inductance. Table 2.3 describes the power flow of the converter.

Table 2.3: DAB converter power flow [3]

AC voltage Phase shift Power flow direction
Vac,a leads Ve g Positive A— B
Vac,A lags Vac,B Negative B — A

Due to the soft switching, the DAB has lower switching losses than the hard-switched PWM
converters discussed in chapter 2. However, the conduction losses are higher for the DAB, but
since the switching losses are kept low, the overall losses are lower in the DAB converter [9].
This also implies that the efficiency is higher. Other advantages of the DAB converter is that
it has low device and component stresses [72], limited voltage stress and almost equal current
stress on all the switches on each side of the converter [9].

There are also some disadvantages of this converter. Due to high current ripple in the DC
buses, filtering circuits are required, which increases the size and cost of the converter. Three-
phase DABs also have higher costs and size due to the use of more magnetic devices and
the requirements of higher power [74]. Other disadvantages of the DAB includes loss of the
soft-switching capability in light-load conditions, the converter is highly sensitive to variations
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in phase shift, and as there is no inherent DC current blocking capability for the transformer
windings, good control systems is required to prevent dc saturation [9].

Further information about and comparisons of different types of DAB converters can be found in
Appendix F.

Dual half-bridge (DHB)

Another DC/DC converter topology using ZVS soft switching control is the DHB. This converter
can be used when the voltage on the low voltage side is a few tens of volts and the voltage on the
high voltage side is a few hundreds of volts [9]. Also for this converter topology the single-phase
structure (shown in figure 2.12) will be used to explain the operation of the converter. The
DHB is different from the DAB by the fact that it is made up of two half-bridges instead of
full-bridges, connected by a transformer. In the DAB both full-bridges are voltage-fed, but
in the DHB, one half-bridge is voltage fed while the other is current-fed. As mentioned, the
voltage-fed structure acts like a conventional buck or step-down converter. The current-fed
structure acts like a conventional boost or step-up converter since it has an inductor with stiff
current characteristics at the terminals [9]. Since smooth current with low ripple is desired for
the battery, the current-fed half-bridge (side A on the figure) is placed on the low voltage side for
battery applications.
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Figure 2.12: Single-phase dual half bridge [9]

The operation of the DHB converter is also based on soft switched phase-shift modulation. Also
for this converter the power flow is determined by the inductance, which for the DHB consist
of the leakage inductance of the transformer in addition to the series inductance on side A.
According to H. R. Karshenas [9] the bidirectional power flow can be controlled over the whole
range when the phase shift is controlled in the range -90° to +90°.

Advantages of the DHB include low current ripple on the current-fed side, simple phase-shift
modulation control and a relatively wide range of ZVS operation [9]. In addition, when compared
to the DAB, the switch count is low and the total device rating of active elements is the same as
for a DAB with the same power. A disadvantage of this converter is that there is a large current
ripple in the splitting capacitors on the low voltage side and that there is unbalanced stress in
current between the switches.
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2.5.4 Choice of DC/DC converter technology for this project

In the specialization project [3], two quadrant (2Q) and four quadrant (4Q) dedicated converters,
2L-, 3L- and MMC VSCs, in addtion to DHBs and DABs where discussed and compared to a
set of criteria in order to find the optimal DC/DC converter for this project. The work resulted in
table 2.4 which provides different characteristics for the different converter topologies which are
important to consider when choosing a converter topology for this project. Further information
about the different DC/DC converters can be found in Appendix F.

The criteria that these characteristics were compared to include low converter losses, low
costs, ability to provide fault tolerance and bidirectional power flow, operation at medium voltage
ratio and medium power level. In addition it was mentioned that the complexity of the converter
and its control should be taken into consideration since it on the one hand could improve the
converter in terms of lower losses and better performances, but on the other hand it could add
to the size and cost of the converter. The discussion of the choice of optimal DC/DC converter
topology is provided in Appendix F. The results shows that ideally the best choice would be
to have soft switched DAB converter, but when choosing among the converter topologies that
are in use in industry today it was concluded that the optimal choice is a galvanically isolated
front-to-front connected DC/DC converter based on MMC [3].

In the specialization project [3] it was assumed that the same converter topology would be
used as both the DC/AC inverter and the AC/DC rectifier in the front-to-front connected DC/DC
converter. It is however possible to use two different topologies. Since the optimal DC/DC
converter should provide galvanic isolation, a coupling transformer will be used which also will
be able to provide voltage matching. Hence, the voltage levels of the two converters that make up
the DC/DC converter will differ and it can be discussed whether the MMC is the optimal choice
for the converter with the lowest voltage rating (i.e the converter connected to the battery).

According to G. P. Adam et. al [24], the use of series connected IGBTs is limited to 200
kV. The high voltage side of the DC/DC converter is connected to the DC-link of the HVDC
transmission system with a voltage of 320 kV, hence an MMC, which utilizes series connections
of SMs instead of series connection of single switching devices, will be the best choice of the
DC/AC inverter in the DC/DC converter. The transformer providing galvanic isolation will step
down the voltage on the battery side, and hence the voltage can be stepped down so much that 2L
or 3L converters with series connected IGBTs can be used instead if a small increase in losses
can be accepted for the price of a converter at a much lower cost.

However, if better performances are more important than lower costs and complexity, having a
DC/DC converter made up of two MMCs will definitely be the best choice. In addition, it has
been shown that the MMC has an advantage when it comes to battery connection since it can
provide distributed batteries. This is also a motivation to use a DC/DC converter made up of two
MMCs. A description of the MMC technology including a section on distributed batteries in
MMC:s is provided in chapter 4.

The main objective of this project is to show that a battery connected to the DC-link of an
HVDC transmission system transferring power from an offshore wind farm to the grid onshore
can provide ancillary services of primary and secondary reserves to stabilize the grid. Hence,
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since it is possible that this battery connected AC/DC converter can be a 2L-VSC and for
simplicity when it comes to simulations, a 2L-VSC will be chosen so that the DC/DC converter
will consist of a MMC on the high voltage side and a 2L.-VSC on the low voltage side, connected
by a coupling transformer. The topology chosen for the DC/DC converter in this project is
therefore not the topology that optimally is the best solution, but it is a topology that is much
simpler to implement in terms of simulation models and simulation times. It also used because it
is able to represent the system for the simulation cases of interest in this project and the choice
of this topology compared to the optimal topology does not affect the results much when the
objective is to show that the battery can support the grid and that the DC/DC converter provides
bidirectional power flow for this purpose. The design of the DC/AC/DC converter for this project
is discussed in chapter 5.3.
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Table 2.4: Characteristics of different DC/DC converter topologies [3]

Topology 2Q 4Q 2L 3L MMC DHB DAB
?wﬁchmg 1950(611,  1350[61]" 150[61], : y
requency i _1 115007511 1500[617 89- - Depends

[Hz] I 765071
Converter
1(1000MW) 0.8-
B (11 FOTeR Y
Scalability - - - - Easy - Easy
Complexity . .
Low Low Low Medium High Low Low
of controller
Fault No  No  Ifisolated Ifisolated Ifisolated Yes Yes
tolerance
. Low- Low- Low- . .
Voltage ratio  Low Low High'™ High'* High'* High High
Voltage level . ) )
ORase Vel Low  Low® 42000008  High High  10s-  Depends[24]
[V] xil
100s
Number of 12n*Y i
. . 2XV11 XViIl
valvest¥ 2 4 6 12 DAY Depends
Number of
extra _ 0 0 0 6XX 3xxi Depends""ﬁ 0 Depen dgxi
components™*
Medium Medium,
Costxxiil Low Low * o $15,499%Vor  High Low  Depends™"!
$13,260 [7] v
$16,311
Bidirectional .
YegXxvil Yes Yes Yes Yes Yes Yes
power flow
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INumerical values for switching frequency was not found for the 2Q, 4Q or DHB converter. Based on the
structure of these converters it can be assumed that the 2Q and DHB will have similar characteristics in terms of
switching frequencies and converter losses, and that the 4Q and the DAB converters will have similar characteristics
in terms of switching frequencies and converter losses.

iiSwitching frequency for the 350 MW 2L optimal pulse-width modulation (OPWM) switched converter used in
the Estlink HVDC Light®) Transmission System

liFor the 3L active NPC [61]

VFor the 3L diode NPC [61]

VDifferent switching frequencies for the upper and lower arms for different operating scenarios of the MMC
described in [71]

Vi According to [76] the switching frequency is 20 000 Hz for a power of 1 MW, and for increasing power, the
switching frequency decreases. The paper does not say anything about power levels as high as 200 MW, but for 5
MW the switching frequency is 1000 Hz. According to [71], a switching frequency of 1000 Hz is used for powers
of 15 MW and 1.2 GW

viiTypical losses per converter. This includes both switching losses and conduction losses

viiiClose to 1 % losses per station for converter stations of up to 1000 MW [60]

XLow for 2L/3L/MMC based front-to-front DC/DC converter without galvanic isolation and and higher voltage
ratios for 2L/3L/MMCs with transformer/galvanic isolation if assumed that the 2L and 3L converters with galvanic
isolation can operate at higher voltage ratios similarly to the MMC in [25]

*Higher than for the 2Q converter

i Assuming that it has the same voltage level as the 2L based DAB in [24]

siCharacterized as: voltage level on low voltage side - voltage level on high voltage side. I.e. 10s of volts on the
LV side and 100s of volts on the HV side.

MO, based: up to 200 kV, MMC based: higher than for the 2L based
XVNumber of valves per converter. The front-to-front connection of VSCs and the DHB and DAB converters
consist of two converters per DC/DC converter.

*VFor a three-phase MMC with n half-bridge sub-modules (2 valves per submodule)

“ViFor a three-phase MMC with n full-bridge sub-modules (4 valves per submodule)

“iFor a single-phase DHB

wilig for a single-phase DAB, 6 for a 2L-based DAB, 12n for a MMC based DAB with half-bridge sub-modules,
24n for a MMC based DAB with full-bridge sub-modules, 6+6n for the TAC based DAB, 6+12n for the CTB based
and the hybrid cascaded 2L based DABs and 6+24n for the alternative arm MMC based DAB. n is the number of
sub-modules.

XXNumber of extra diodes or extra capacitors per converter. The front-to-front connection of VSCs and the DHB
and DAB converters consist of two converters per DC/DC converter.

**Extra diodes for the 3L-NPC, the 3L-FLC does not have any extra diodes

“iExtra capacitors for the 3L-FLC, the 3L-NPC does not have any extra capacitors

“iiDepends on the type of sub-module used in the MMC and MMC-based configurations of the DAB.

il According to [71], the power electronics account for a major part of the total cost of the converter. Therefore
the cost to a great extent depends on the number of power electronic components that the converter consists of. For
some of the converter topologies it was possible to find a numerical cost value, so then that is given in this table in
addition to a cost evaluation of low, medium or high costs.

XXiVEor the 3L-NPC from [7]

**VFor the 3L-FLC from [7]

*¥iDepends on the structure of the DAB, but in general the cost of a DAB compared to a similar MMC is lower
due to the fact that the DAB consists of fewer semiconductor components [71]

Vi Byt it can only step up the voltage in one direction and step it down in the other [9]
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Chapter

Two-level voltage source converter (2L-VSC)

3.1 Introduction

According to K. Sharifabadi et. al. [41], the 2L-VSC is the most used VSC for applications
with DC-side voltages up to 1.8 kV. There is a wide variety of applications for this converter
including automotive drive systems, industrial drives, low-voltage grid-connected converters and
home appliances. In addition, the 2L.-VSC is important since it is the basic building block for
cascaded converters. In this project the 2L.-VSC is used in the HVDC transmission system and it
is also used in the front-to-front connected DC/DC converter used to connect the battery system
to the DC-link of the HVDC system. In addition, it forms the building block for the half-bridge
submodules used in the MMC, which is the other converter used in the DC/DC converter. The
MMC is described in chapter 4.

The structure of the converter and its advantages and disadvantages compared to the other
types of VSCs mentioned in this report, was discussed in chapter 2. This chapter will describe
the operation, control and mathematical model of the 2L-VSC. This will further be used in
chapters 5 and 6 to discuss the design of the converter and to develop the simulation model of
the converter.

3.2 Operation

Figure 3.1 shows the operation of a phase leg of the 2L-VSC. In order to maintain safe
operation of the converter, the semiconductor valves of the same phase leg must be operated in a
complementary manner. If they are not, over-currents can occur, which can lead to damages of
the system [48]. Since they operate in a complimentary manner, each of the switching devices
must be rated to fully tolerate the DC link voltage. The relationship between the AC-side and
DC-side voltages is described by equation (3.1) [41]:

V;
Vacph = 8 - %C 3.1)
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VAC,ph
Iy

Figure 3.1: 2L-VSC phase leg operation

Where s = +1 when the upper valve is ON and s = -1 when the lower vale is ON. Depending
on the current direction, the switch (S) or the diode (D) is conducting when a valve is ON.
The operating states of a phase leg of the 2L-VSC are summarized in table 3.1. The different
operating states are switch conduction (S), diode conduction (D), commutation from switch to
diode (C1) and commutation from diode to switch (C2).

Table 3.1: Operating states of a phase leg of the 2L-VSC

Operating S1 S2 D1 D2 VAcC,ph Current
state direction

S 1 0 0 0 o DC to AC

C1 1 0 0 1 Change from % to "/2# DC to AC

D 0 0 0 1 =too DC to AC

C2 1 0 0 1 Change from % to “g—DC DC to AC

D 0 0 1 0 o AC to DC

C2 0 1 1 1 Change from % to # AC to DC

S 0 1 0 0 =tpo AC to DC

C1 0 1 1 0 Change from =< to +'2c AC to DC

The semiconductor devices of each valve are connected in series in order to increase the operating
voltage:

Ve = Nseries - ‘/blocking 3.2)

Where V¢ is the operating voltage on the DC-side of the converter and N5 1S the number of
series connections of semiconductor devices with rated bloking voltage of Vijocking-
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3.3 Mathematical model

3.3 Mathematical model

Figure 3.2 shows the structure of the 2L-VSC and it will be used to develop the mathematical
model of the converter.

K K3 w3 [

Va.corw T
Vo.ccnw ¥y

VC.E":GU

*} K} 3

Figure 3.2: Structure of the two-level converter [6]

Using Kirchhoff’s voltage law (KVL) on the AC-side, the voltages and currents of each phase k
€ a, b, c of the 2L-VSC can be described by [6]:

diy
dt

where V), is the phase voltage, i, is the phase current, R is the filter resistance, L is the filter
inductance and V}, .o, 1S the converter input voltage.

Vk =R- Zk + L + V;c,conv (33)

Using Clake’s and Park’s transformations given in Appendix B, equation (3.3) in the three-phase
reference frame can be expressed in the dq0 reference frame which is synchronously rotating at
a given AC frequency w:

di Vv +V

L dZZ =-R- g+ w- L - iq d,conv d (34)
dig . ; +V
at —R-ig—w-L-ig— Vyconv +Vy ©-2)

Using Kirchhoff’s current law (KCL) on the DC-side, the DC-side current is described by
[6]:

dvdc

lae = €+

+ir, (3.6)

The active power balance between the AC- and DC-sides of the circuit is described by the
power balance equation [6]:

3
P = Q(vd “ig + Vg - lg) = Ve - Tge (3.7)

41



Chapter 3. Two-level voltage source converter (2L-VSC)

The reactive power at the AC-side is described by [77]:

3
Q= §(vq g — Vg - 1) (3.8)

If the d-axis is aligned to the AC voltage vector, v, = 0 and the equations for the active and
reactive power on the AC-side reduce to [6]

P= gvd : id (39)
3 .
Q= Sva-i, (3.10)

Equations (3.9) and (3.10) show that active and reactive power of the converter can be controlled
independently; active power can be controlled by controlling ¢, and reactive power can be
controlled by controlling i,. The angular position of the voltage vector is given by the angle
wt = 6, shown in figure B.1 in Appendix B.

0 = tan~' (%) (3.11)
Up
where u,, and ug are voltage components in the stationary «/30 reference frame, described in
Appendix B. 0 is obtained from the phase-locked loop (PLL) in the controller, which will be
discussed further in the next subchapter.

3.4 Control

Figure 3.3 shows an overview of the 2L-VSC controllers. As shown, the control of the 2L-VSC
consists of an outer control loop where the power or voltage of the converter is controlled to
generate the reference signals iy and ;, which are inputs to the inner controller loop which
controls the current of the converter. Since the voltages and currents are transformed to the
synchronous dq0 reference frame, the signals become signals with balanced sinusoidal conditions
that are perfect synchronized, and hence proportional-integral (PI) controllers can be used in
the control loops to ensure zero steady state error [6]. As seen in equations (3.4) and (3.5), the
model in the synchronous rotating dq0 reference frame is coupled due to the cross-coupling
terms w - L - i, and w - L - 4. The control system requires a decoupled control of ¢; and %4, and
a decoupling of equations (3.4) and (3.5) can be obtained by feed-forward compensation, as
described in [78]. In the Laplace domain the decoupled equations are on the form:

(Ls + R)Iy4(s) = Vig(s) (3.12)
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Idc
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R L - cap
O o———> SR
1 ~
1 —~
Vs Vg ¢ VC
— PLL [—>m, Firing
signals

Uie 1 DC voltage abc
U*dcH controller —| dg PMW
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Figure 3.3: 2L-VSC controllers [10]

In the simulation model, the circuits are modelled using SI units while the controllers are
modelled using pu-values for easy scalability. The system can be represented in pu using the

following equations and base values [78]

Vi
g b
b=,
‘/dcb
e ’
ded Lacy
3
Sb - imlb — ‘/dc,b Idcb
View =2V

(3.13)

(3.14)

(3.15)

(3.16)

Where Z,, is the base impedance, V;}, is the peak of the base phase AC voltage, [, is the peak

of the base AC phase current, Z;.; is the DC-side base impedance, V., is the b

ase DC-side

voltage, /4., is the base DC-side current and S, is the base three-phase power on the AC-side. In

addition the base angular frequency of the AC quantities, wy, is introduced. The S

now be represented as pu-values using the base values and the equation:
X Xs1
pu Xb

In pu-values the filter resistance and inductance are represented as

R

Rpu: Z

[-values can

(3.17)

(3.18)
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and I
Wy
Ly, =— 3.19
P Z (3.19)
And the DC-side capacitance is represented as
1
C-Ziep = 3.20
ded = o (3.20)
Equation (3.12) can now be represented in pu:
Lpy
Viaqpu(s) = Id,q,pu(3>(w_is + Rpu) (3.21)

Using equations (3.6), (3.7) and (3.9), the DC-side dynamics can be represented in pu [79]

1 dvdc ‘/d pU
. = —— lgpu — I 3.22
wpChy  dt de e TR (3:22)

3.4.1 Inner control loop

Figure 3.4 shows a block diagram of the inner current control loop. The AC-side currents
are measured in the circuit and 6 is obtained from the PLL, which is used to synchronize the
converter to the grid voltage at the point of common coupling (PCC) [2] and to track the grid
frequency [80]. The measured AC-side current and 6 are used as inputs to the acb/dq block
(as shown in figure 3.3) which transforms the signal into the dq0 reference frame. The input
to the current controller is this measured current in the dq0 reference frame and the reference
current, obtained from the outer control loop. The PI-controller controls the current to follow its
reference. This controller is tuned using the modulus optimum criteria, which will be described
in the next subsection. The output of the PI-controller is a voltage component that is sent to
the PWM converter, which creates the gate signals that are sent to the converter to control the
switching. PWM modulation is described in chapter 3.5. The PWM converter and the system are
represented by the transfer functions Y(s) and G(s) as shown in the block diagram [78].

Pl-controller, R(s)  PWM converter, Y(s)  System, G(s)

| P Kppu™ Kipu Vg 1 1 lag
dq P S 1+sT, Rpu I+st

pu

Figure 3.4: Inner current controller loop

3.4.2 Modulus optimum

The inner control loop is designed to have fast response and it is tuned according to the modulus
optimum condition [6]. The goal is to achieve a closed loop transfer function which should be
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higher than unity for as high frequencies as possible [6, 78]. In other words, it is desirable to
have a closed loop transfer function that follows the 0 dB-line of the bode plot for as long as
possible (i.e. for as high frequencies as possible). The open loop transfer function of the inner
controller loop is described by equation (3.23).

1+ sT; 1 1 1
Gior=R(s) - Y(s) G(s) = Kppu - . . . 3.23
OF (8)-¥(s) - Gls) PP sT;,  1+48T, Ry, 1457 (3:23)
where %
K= =5 (3.24)
K, p. and K ,,, are the integral and proportional gains of the PI-controller, respectively. 7; is the

time constant of the PI-controller and 7, is the per unit time constant of the system [6]. 7, is
the delay caused by the switches in the converter and in this project digital PWM modulation is
assumed, and hence T, = 1.57T},, = }Ti’ where f, is the switching frequency of the converter
[78]. PWM modulation is described in subchapter 3.5.

The closed loop transfer function of the inner controller can be found using equation
B 1
14

GioL

Gior (3.25)

The modulus optimum tuning criteria says that ”the control system transfer function for the
modulus optimum is achieved by cancelling the largest time constant, while the closed loop gain
should be larger than unity for as high frequencies as possible” [6]. Using this tuning criteria,
the following parameters are obtained [6, 78]:

L
T, =Ty = —= 3.26
Tp ol (3.26)
Toud? L
K, .. L pe 3.27
pp 2-T, wy 2Ty ( )
K R
K, = —22 = 3.28
P Tpu 2-T, ( )

And the obtained open loop and closed loop transfer functions of the system are described by
equations (3.29) and (3.30), respectively [6].

1 1

: 3.29
2T, s-(1+sT,) (3:29)

GioL =

1
2-52.1T242-5-T,+1

Gicr = (3.30)

3.4.3 Outer control loop

As shown in figure 3.3 the outer control loop can control either DC voltage or active power,
creating 7, which is the input current reference to the current controller. To create i; the outer
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controller can control either AC voltage or reactive power. In this project the 2L-VSC will be
connected to the battery side of the DC/DC converter. The battery must be able to charge and
discharge, so the converter must provide bidirectional power flow. Hence, the DC voltage (i.e the
battery voltage) or the active power flow must be controlled in addition to the current. As will
be seen in the simulation model later i; = 0, so this outer control part of the 2L-VSC chapter
will focus on an outer DC voltage controller. Also the 2L.-VSCs used in the HVDC transmission
system in this project are based on controlling the DC-link voltage to maintain a balance between
the DC-link power and the AC power supply, as described by equation (3.7). A block diagram
of the controller is shown in figure 3.5. The PI-controller controls the DC voltage to follow its
reference. The dynamics of the DC-side are represented in pu in equation (3.22). This equation
is non-linear which is a problem when designing a linear PI-controller. Therefore the equation is
linearized around the operatmg point, as shown in [6, 79]. As shown in figure 3.5 a feed-forward
reference is included (Vd 2. [ ). This is because a cascaded control system like this consisting
of two controller loops is hkely to respond slowly, and therefore a feed-forward can be included
to minimize this slow response [6]. In addition, the second order closed loop transfer function of
the inner current controller is approximated by a first order equivalent transfer function as shown
in the figure, where

T,=2T, (3.31)

This is found by equating the error functions of the two transfer functions and it is described
further in [79].

ﬂl * IL,le IL,pu

Pl-controller, R’(s

R

Vie K, +Kivpu 1 | [Vipu Lacp Cruoy Cpy | Ve
de AL 7 s
1+STeq Vdc,pu
Vv de Approximated - J

Y
current controller,Y’(s) System, G’(s)

Figure 3.5: Outer DC voltage controller loop

3.4.4 Symmetrical optimum

In order to ensure stability, the outer control loop must be slower acting than the inner control
loop [2]. The open loop transfer function of the outer DC voltage controller is given by equation
(3.32).

1+ S,-Tiv) 1 V:i,pu Wy - Cpu
Sﬂv 1+ STeq ‘/dc,pu

Guor = R'(s)-Y'(s) - G'(s) = Kpupu - ( ) (332

The tuning of this controller cannot be based on the modulus optimum criteria since the open
loop transfer function has two poles in origo, which can be seen from equation (3.32). Therefore
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the symmetrical optimum design criterion is used which aims at having the crossover frequency
at the maximum of the phase margin [79]. When the phase margin is maximized, the system can
tolerate longer delays without stability loss [6]. The tuning criteria is obtained using the Nyquist
criteria of stability [6]:

|GvoL(jw)| =1 (3.33)

and
LGyorL = —180° 4+ @y (3.34)

where @), is the phase margin. Using the criteria in equation (3.34) it can be found that the open
loop frequency characteristic will have a maximum &, at the crossover frequency wy [6]:

1
Wy = ——== 3.35
d T, T (3.35)
This crossover frequency is symmetric about TL and T%q, so the time constant of the controller is
given by equation (3.36) [6].

1+ sin @y, 9
Tiw=Ty (———5—)=0a" -1, 3.36
e (1—sm®M) ¢ ? ( )

where a is the symmetrical distance between w, and TL_, and w, and TL
v eq

Using the criteria in equation (3.33) the proportional gain of the PI-controller is found to
be [6]:

T, T,
Kpypu = = = = 3.37
P KTy T, - KTy 337)
where
Va
K="= (3.38)
‘/dc,pu
and
T, = L (3.39)
< Wp Cpu '
The integral gain of the PI-controller can be found using equation (3.40):
K v, pU
Kiv,pu = %p (340)

The obtained open loop and closed loop transfer functions are described by equations (3.41) and
(3.42) [6].

1 1+a?-sT,
GuoL = : = 3.41
b T 2T e, ) G4l
1+a?-sT,
Goor = T4 5 (3.42)

L+a?- sTyy+a® - s?T2 +a® - s3T3,
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3.5 Modulation techniques

3.5.1 Control algorithm based on PWM

The purpose of the PWM control is to control the output voltage and the harmonic content in
the voltage and current waveforms. By switching a direct voltage between two discrete voltage
levels, the PWM method is used to synthesize the reference voltage in the output for the 2L-VSC
[41]. For multilevel converters it is switched between a higher number of levels to create the
desired number of levels in the output waveform.

In order to produce a sinusoidal waveform at the desired frequency, a control reference signal at
the desired frequency is compared to a modulation carrier signal [70]. The modulation signal has
a frequency f,,, which establishes the switching frequency of the converter. The reference signal
has the frequency f;, which is the desired fundamental frequency of the output of the converter.
Since the output of the converter will not have a perfect sinusoidal waveform (as discussed in
chapter 2, more levels will provide an output closer to a perfect sinusoidal wave), the output will
contain harmonic components at harmonic frequencies of f;. As mentioned in chapter 2, the
harmonics can affect components in the power system and reduce efficiency and power quality
of the system. Therefore it is desired to move the harmonics to higher frequencies where they
can more easily be filtered out and where their negative effects have less impact on the system
[41]. Total harmonic distortion (THD) is used to characterize the harmonic distortion [38, 41]:

(3.43)

where V] is the RMS value of the fundamental harmonic component and V,, is the harmonic
component of order n. n = 1 represents the fundamental frequency. The equations of the harmonic
components are provided in Appendix A.

The modulation index or amplitude modulation ratio relates the amplitude of the reference
and modulation signals [41, 70]:

~

‘/control

My = —= (3.44)

‘/::arrier

where Vwmml is the peak amplitude of the control reference signal and f/cam-er is the peak
amplitude of the modulation carrier signal. For the 2L-VSC the output signal fluctuates between
%v pc and —%v pc, as described earlier in this chapter. It can be shown that the fundamental
frequency component of the output signal of the converter is described by equation (3.45) [70].

D1 = mav%c (3.45)
where m, is normally a value between zero and one. The performance of a PWM-VSC can
be improved by increasing the frequency of the modulation since the higher number of pulse
number provides a broader spectrum of harmonics that can be eliminated, and the pulse number

is given by equation (3.46) [11]
~ Jsw

S

P (3.46)
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As described before, f, is the modulation signal frequency or the switching frequency of
the converter. It depends on the semiconductor devices used in the converter [11]. f; is the
fundamental frequency of the output of the converter.

The most widely use PWM techniques include sinusoidal pulse-width modulation (SPWM),
selective harmonic elimination (SHE) and space vector modulation (SVM) [11]:

Sinusoidal pulse-width modulation (SPWM):

In this strategy a low-frequency reference signal v.o,1-0; 1S compared to a high-frequency carrier
signal veq,rier [48], as shown in figure 3.6. The switches of the upper and lower valves of the
21L-VSC phase leg are turned on and off in a complimentary manner when the reference and
carrier signals cross. When the reference signal exceeds the carrier signal, the upper switch is
turned on while the lower switch is turned off. The opposite switching sequence occurs when
the carrier signal exceeds the reference signal. For a three-phase 2L converter, three reference
signals are required, one for each phase, but they are all compared to the same high-frequency
carrier signal [11, 48].

Vearrier ¥ control

vAC,leasen

Figure 3.6: SPWM waveforms [11]

Selective harmonic elimination (SHE):
This technique is based eliminating low order harmonics selectively by reversing the phase
voltage a few times during each half cycle [11]. The method explicitly defines the switching
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angles of the phase voltage that are required to eliminate specific harmonics in the output [48].
This control strategy helps improving the quality of output voltage as it reduces the harmonic
content of the output. However, the high order harmonics may increase in magnitude [11]. Space
vector modulation (SVM):

In this control strategy all possible switching combinations of the converter is plotted in the
af-plane [48]. Using equation (3.47) the output voltages of each phase of the converter can
be transformed into the equivalents v, and vg. This is done for all possible combination of
switching pattern. Using equations (3.48) ad (3.49), the space vector diagram can be plotted.

va
Vg, 1 =t =t
= jg 2ﬁ U (3.47)
vg 0 % —% .

[v] = VU2 4+ 02 (3.48)

T i (3.49)

Vo,

As described earlier, PWM modulation is used for calculating the gains of the controllers of
the 2L-VSCs in the HVDC system. The calculations are provided in the MATLAB script
in Appendix C.2. However, as will be seen later in this thesis, the simulation models of the
2L-VSCs in this project are based on average value models of the converter, so the switches are
not modeled explicitly, and hence there is no modeling of the PWM modulation. The output
of the controllers (which use PI-controllers with gains calculated based on PWM modulation)
are creating the reference signal that is sent to the average value model of the switches, so it is
somehow included, but it is not modeled explicitly.

3.5.2 Control algorithm based on square wave operation

According to T. M. Undeland et. al [70], there are two types of three-phase switch-mode voltage
source inverters (VSI); PWM inverters, based on PWM modulation as described in the previous
subsection, and square-wave inverters, based on square wave operation, which will be described
briefly in this subsection.

In the square-wave switching scheme, the inverter controls only the frequency of the output
AC voltage since the input DC voltage is controlled to control the magnitude of the output AC
voltage [70]. Each switching valve of the converter leg is on for half a cycle of the desired output
frequency, and hence the output AC voltage has square-waveform, as shown in figure 3.7.
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Figure 3.7: Square wave AC output

This type of switching scheme is a special case of the SPWM switching when m,, becomes so
large that v.yys-0; Only intersects with veg.rier at the zero-crossings of veoni0 [70]. Hence, this
type of switching scheme can be used to provide a type of soft-switching. This is shown in figure
3.8 were vac,1 is the fundamental frequency component in the inverter output.
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Figure 3.8: Square wave operation

An advantage with this type of operation is that the switches change state only twice per
cycle [70]. At very high power levels this is desired since the switches generally have lower
turn-on and turn-off speeds at these power levels. A disadvantage is that the AC-side voltage
output must be regulated by controlling the DC input voltage and it is not controlled in the
inverter with this type of operation.
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Chapter I

Modular multilevel converter (MMC)

4.1 Introduction

The MMC is a relatively new technology and it was introduced by R. Marquardt [81] in 2002.
As seen in chapter 2, the MMC has some great advantages compared to more traditional
VSC technologies such as the 2L and 3L converters. There has been a rapid adoption of this
technology within industry [41] and a number of HVDC transmission systems using MMCs are
already in operation. The first HVDC transmission project using this technology was the Trans
Bay Cable project [82] in 2010, which was manufactured by Siemens. Other manufacturers
have also commercialized the MMC technology. ABB has introduced the cascaded two-level
converter (CTL) in their existing HVDC Light™ technology [83], Mitsubishi use MMCs in their
SVC-Diamond™ Static Synchronous Compensator [84], and Altsom use MMCs in their HVDC
MaxSine™ technology [85].

This chapter starts with an introduction to the concept of distributed batteries in MMCs, which
was discussed as one of the advantages of this converter topology in chapter 2. After that, the
MMC topology and different types of submodules (SMs) are discussed, before the mathematical
model, operation and control of a three-phase MMC with half-bridge SMs is described.

4.2 Distributed batteries in MMCs

A BESS consists of battery storage units and a power conversion system (PCS) [86]. Using
conventional 2L- or multilevel VSCs as the PCS, the battery units are connected in series to
achieve the desired voltage and the total battery is connected on the DC-side of the converter.
Disadvantages of this configuration include reduced lifetime of the batteries due to overcharging
unless an equalization method is used, and disconnection of an entire string if a fault occurs
in one battery module due to the series connections. These disadvantages negatively impact
the system in terms of cost, efficiency and reliability. In addition, since the energy must be
transferred bidirectionally through the battery, the round trip efficiency of the BESS is the square
of the converter efficiency [86]. Hence, in terms of efficiency an MMC with losses of around
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1 % (see table 2.4) would have much better performances for battery connection than a 2L-VSC
with around 3 % converter losses. Therefore, an MMC with centralized batteries would have
better performances in terms of losses compared to 2L- and multilevel VSC, but it would still
require long battery strings and it would not utilize the modularity of the converter.

As mentioned in chapter 2, an advantage of the MMC for battery storage applications is that
the battery cells can be placed inside the SMs of the MMC instead of having one centralized
battery that the converter is connected to. Figure 4.1 shows how a BESS can be connected to an
MMC with half-bridge SMs. The storage elements can be connected directly to the DC-link (as
shown in figure 4.1 (a)) or they can be connected in a distributed manner in the SMs that the
MMC is built up of (as shown in figure 4.1 (b)). According to G. Wang et. al [12] the latter is the
best option for MMCs used in battery storage applications. Also T. Soong et. al [86] concludes
this. [86] provides a comparison of the performances of an MMC with distributed batteries and
an MMC with centralized batteries. The results show that the MMC with distributed batteries
requires a larger number of semiconductor devices for a given power level, but also that this is
the most efficient, reliable and versatile solution for integration of battery storage.

4 SM1] SMT] ESMlI SM2] SM2] {SM2]
SMlI SM1] 4SMT] SM2] {SM2] {SM?]
C E E E
“{SNT) 5T F‘ 1] SM2] —SM2] {SM2
BI g EMV MV,
Ve
Ul Y — ’
5 i : ﬁ i
B : SMlIﬁ_:ISMll I SVEY EISle
| o i
SMT] {SMT] <{SMT] SM2I SV S5
SMT] SMT] {SMT] SM2] SM2] {SM?)]
SM1 SM2
. . |
C +C Ve [)B
. .
(a) (b)

Figure 4.1: (a) MMC with centralized batteries on the DC-link (b) MMC with distributed batteries in the
SMs [12]

In the MMC with distributed batteries the battery modules can be connected in the SMs in two
ways; they can be connected directly across the capacitor in the SM as shown in figure 4.2 (a), or
they can be connected through a DC/DC converter as shown in figure 4.2 (b). When the battery
is directly connected across the capacitor, the battery is directly exposed to harmonics, and a
large SM capacitance is required to minimize this exposure [86]. Using a DC/DC converter to
connect the battery to the SM, the battery is decoupled from the SM capacitor, and this allows
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for a decrease in SM capacitance. In addition, using this topology provides better conditions for
the battery since it is increasing the battery lifetime.

%1-{ DI s3-| D3
+
L |+ L
T Battery C= Ve +
52{ D2 844 D4 —" _ Battery
(b)

Figure 4.2: (a) MMC half-bridge submodule with battery directly connected across the capacitor (b)
MMC half-bridge submodule with battery connected through a DC/DC converter

As described by equations (4.4), (4.5) and (4.8), the arm currents in the MMC consist of half
the output AC phase current and a circulating current which consist of one third of the DC-link
current of the MMC. The MMC with distributed batteries operates differently than a regular
MMC [86] and since each SM includes battery modules, the power transfer between the legs
does not need to be delivered through the DC-link via the circulating current. Therefore, in case
of an MMC with distributed batteries, the arm current of the MMC only consist of half the output
AC phase current. This reduces the conducting losses of this topology.

For the design and simulations parts of this thesis, centralized batteries will be used since
it was concluded in chapter 2 that the DC/DC converter for this project is designed to have a
2L-VSC at the battery-side of the DC/DC conerter.

4.3 MMC topology

The three-phase MMC consists of three legs and six arms (two per leg), which each consist of a
number of SMs, as shown in figure 4.3. The SMs consist of converters of different structures as
shown in figure 4.4, and each of the SMs operates as a controllable voltage source [64]. In each
arm, the SMs are controlled to generate the phase voltage [8]. The MMC generates staircase
voltage waveforms, where the size of the voltage steps depend on the number of SMs used in
the configuration. The more SMs that are used, the more sinusoidal the shape of the output
waveform will be. In figure 4.3 the three phases are denoted by the superscripts a,b and ¢, and
the upper and lower arms of each phase leg are denoted by the subscripts u and [, respectively.
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DC source/cable

Figure 4.3: Structure of modular multilevel converter [13]
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Figure 4.4: Submodule topologies for MMCs [8]

There are no common DC-link capacitors in the MMC since each SM has its own capacitor
(Dpe shown in the figure is the capacitance of the DC cable). The arm inductances (L, in the
figure) are included to reduce the current ripple in the output.

The different SMs shown in figure 4.4 are the half-bridge (a), the full-bridge (b), the clamp-double
(c), the 3L-FLC (d), the 3L-NPC (e), and the five-level (5L) cross-connected (f). Characteristics
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of the mentioned types of SMs are provided in table 4.1. The most common SMs are the
half-bridge and the full-bridge. An advantage of the full-bridge SM is that it can reverse the
cell capacitor voltage in order to block the switch, and in that way it can handle DC faults by
forcing the fault current to be zero [87]. However, the half-bridge SM is the most popular SM
for the MMC configuration due to the fact that it consists of only two switches which result in
a less complex MMC topology in terms of number of components, and it also provides higher
efficiency and lower switching losses than the other SM topologies [8]. Therefore, the half-bridge
SM will be used in this project, and when describing submodule operation in the next subchapter,
the half-bridge SM is considered.

Table 4.1: Characteristics of different submodules [8]

Submodule (li.uvlgllz, 2: Voltage levels Losses lll)C fa.ult
andling
Half bridge (a) 2 0, v, Low No
Full bridge (b) 4 0, +v. High Yes
Clamp-double (c) 5 0, Vo1, Ve, (Ve1+0e2) Moderate Yes
3L FLC (d) 4 0, Vet, Vo2, (Ve1-Ve2) Low No
3L NPC (e) 4 0,002, (Ve1+ve2) Moderate No
5L cross-connected (f) 6 0, Vo1, Vo2, H(Ve1+0e2) Moderate Yes

4.4 Submodule operation

Figure 4.5 shows the current direction and SM voltage, vy, for the different operating states of
the half-bridge SM and table 4.2 summarizes the characteristics of the different operating states.
Here, the SM current, ig,,, entering the SM from left to right, is defined as the positive current
direction. For the valves in the table, 1 means that the valve is on/active, meaning that either the
switch in that valve is on or that the diode in that valve is conducting. Similarly, O means that the
valve is off/bypassed, meaning that either the switch is off or the diode is blocking the current.
If both valves are on/active at the same time, the capacitor will be shortened. If both valves
are off/bypassed at the same time, the result is a blocked state where current an be conducted
in the freewheeling diodes, dependent on the voltage across and current through the diodes. If
the current is positive in the blocked state, the diode in the upper valve conducts and the SM is
inserted. If the current is negative (so that the lower diode D2 conducts), the SM is bypassed,
and otherwise the reversed biased diodes will chop the current.

The SM voltage of the i SM is defined by equation (4.1) [14]:
USM,i = T - Uoy 4.1)

where

1, when the upper valve is ON and the lower valve is OFF
n; =
0 , when the upper valve is OFF and the lower valve is ON
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Vsm=V,
sM= Ve vem=0

Vsm= Ve vem=0

(d)

Figure 4.5: Operating states of the half-bridge submodule.
(a): Active state with positive current (b): Bypassed state with positive current (c): Active state with
negative current (d): Bypassed state with negative current

Table 4.2: Operating states of the half-bridge submodule

Operating  Upper valve Lower valve VsmMm Current Capacitor
state direction status
Active 1 0 Vo + Charging

Active 1 0 Vo - Discharging
Bypassed 0 1 0 + Bypassed
Bypassed 0 1 0 - Bypassed
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4.5 Mathematical model

4.5 Mathematical model

Each phase k € a, b, c of the three-phase MMC can be described by the equations given in this
subchapter. Figure 4.6 shows phase k of an MMC, and it will be used to derive the mathematical

model of a phase of the MMC.
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Figure 4.6: One phase of the MMC

Currents
Using KCL, the AC-side output current can be defined as [13]:

k

s —

k

u_

i =ik P
Where the subscripts v and [ denote upper and lower arm, respectively.
The currents in the upper and lower arms are defined as [41]:

ik

kY | ik
1, = <= T1
u 2 (&
&
& s | ik
y =——=-+1
l 2 C
Where z’g is the circulating current, defined as [13, 41]:
g i
D)

4.3)

(4.4)

4.5)

(4.6)
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There are 3 upper arms and 3 lower arms. In order for the DC-bus current, Vo to remain
constant, the mean value of the arm currents must add up to i p¢ [41]:

3
> ik =inc (4.7)
i=1

Under balanced AC-side conditions the DC component in the arm currents are given by [41]:

& =i =k = 2 (4.8)
3
Voltages
Looking at figure 4.6 and using KVL on the upper and lower arms give:
V di*
o< — v} — Rif - dit“:vk 4.9)
Yoo g B (4.10)
2 P a " '
Here it is assumed that the DC bus is balanced, i.e:
Vi
UpCw = Vpe = —5- 4.11)

The voltages driving the currents 7, and i, are defined by equations (4.12) and (4.13) [13].

k_ .k

oh = 2L T (4.12)
2

k k
ok = % (4.13)
Using equations (4.3), (4.6), (4.12) and (4.13), adding equations (4.9) and (4.10) results in [41]

L di* K R,

——= =0 — v, — —1i 4.14
2 dt Us T Uk 2 bs ( )

and subtracting equations (4.9) from (4.10) results in [41]

di¥  Vpe
L—=¢ === —o" — R* .
7t 5 v, — Ry (4.15)

It is desirable that the circulating current is pure DC to keep the RMS arm currents and the

converter losses at a minimum [41]. That implies having % = (0, meaning that the right-hand
side of equation (4.15) must be zero. That implies that the voltage driving the circulating current

1S

1% 1%
vk = %C — Rit = %C (4.16)
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Averaged dynamic model
As seen in subchapter 4.4, the SM voltage is equal to the capacitor voltage of the SMs if the SM
is in the active operating state. The sum capacitor voltages are defined by [13]:

N
kX k,SM;
UC,u,l - UC,u,l
=1

(4.17)

Where vfjf Mi is the voltage of SM ¢ in the upper u or lower [ arm of phase k. The sum capacitor
voltage is the sum of all NV such voltages in the upper u or lower [ arm of phase £. If the MMC
includes a control algorithm that ensures that the voltages on the individual SM capacitors of an
arm are equal, the arm voltage of phase £ is defined by equation (4.18) [13] where n,,; is the
insertion index. Such a balancing algorithm is described in figure 4.7. The insertion index has
a value between 0 and 1; if it is O it means that all SMs in the arm are bypassed and if it is 1
it means that all SMs are inserted. The sum of insertion indexes of the upper and lower valve
should equal 1 [88].

(4.18)

where

(4.19)

1. Sort the voltages in arm form
most charged to least charged.

2. Receive from the control system
how many submodules “n” need to
be inserted out of the N submodules
available at a given instant.

3. Determine the current direction of
the arm current

Positive current Negative current

4. Insert “n” submodules with the
least charged capacitors since they
will be charged due to the current
direction.

4. Insert “n” submodules with the
most charged capacitors since they
will be discharged due to the current
direction.

Figure 4.7: MMC balancing algorithm [14]

Equations (4.12) and (4.13) now become [13]:

k k
E_ U U,

® 2

(4.20)
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k k nk . Uk7z + nk . ka;’E
Uf _ v+ vy, ~ 1Yy u’ YCu (4.21)
2 2
And equations (4.14) and (4.15) can now be written as

Ldit _ nf-vg —nh g, R,
—— = : Y T 4.22
2 dt 2 kTl (422

dit Voo vgn Fmh Gy
L—= = — : — — Ri 4.23
it 2 2 e (423)

From equations (4.22) and (4.23) it can be seen that the maximum output voltage can be obtained
when all SMs in the lower arm are inserted and all SMs in the upper arm are bypassed. Using
equations (4.12) and (4.17), that gives [41]

e
phmaz _ % (4.24)

It can also be seen that the minimum output voltage can be obtained when all SMs in the upper
arm are inserted and all SMs in the lower arm are bypassed:

ok
phmin — _ _Cu (4.25)

2
To get v¥F™min = —pkmaz there should be a charge balance between the upper and lower arms

[41]. In order to at the same time maintain having a circulating current that is pure DC (equation
(4.16)), the mean value of the sum capacitor voltages should equal the DC bus voltage:

vere = Voe (4.26)

If the distribution of the sum capacitor voltages is balanced over the N SMs per arm, the mean
value of each SM capacitor voltage is given by [41]

Vol = - = (4.27)

Figure 4.5 shows the operation of the half-bridge SM and equation (4.1) defines the SM voltage.
The capacitor voltage dynamics are given by [14]:

dykSMi
C,u,l . k‘,SMi ~k‘,SM1'
C—t= =y iy (4.28)

Where véiﬂf is the capacitor voltage of the capacitor in SM 7 in the upper u or lower [ arm of

phase £, zﬁlS Mi is the current and nﬁls Mi is the insertion index in that SM. Taking the sum of all

N SMs in an arm and using equations (4.4), (4.5), (4.17) and (4.19), equations (4.29) and (4.30)

can be obtained: .
C dvg, P
N dt - 2 ie) (4:29)
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for the upper arm of phase £, and

O dot® "
= =nk. (=2 4 ) (4.30)

for the lower arm of phase k.

Equations (4.22), (4.23), (4.29) and (4.30) comprise the averaged dynamic model of the MMC.
Equations (4.22) and (4.23) describe the grid current and circulating current dynamics, while
(4.29) and (4.30) describe the upper and lower arm aggregated voltage dynamics.

Energy dynamics
Equations (4.29) and (4.30) can be multiplied by Uéi and vg’f, respectively:

C dvi it duh
kX Cu kX s k\ u
e e nk . (5 + iF) = p7 (4.31)
C dvgy i dw>
kY Cl kS s | -
ver g ey i) = g *32)

Where w** and wf’z are the energy stored in the capacitors of the upper (u) and lower (/) arm
of phase k and are defined by [41]:

C
kX kX
Wy = o (Vur ) (4.33)

The sum energy and energy difference are defined by equations (4.34) and (4.35) [13], respectively:

wh = w4+ wk (4.34)
wh = wk —wf (4.35)

Power is defined as the derivative of the energy, so by taking the derivative of the sum energy
and the energy difference, the power balance equations can be defined [13, 41]:

d k

—ZE =20F . ok F (4.36)
k

CZ”—tA = b if 2k gk (4.37)

From equations (4.22), (4.23), (4.36) and (4.37) it can be seen that the AC-side current zfj can be
used to control the active and reactive powers (similarly to the 2L-VSC), while the circulating
current 7. can be controlled to regulate the energy (sum and difference) and to stabilize the
converter [14]. Control of the MMC will be discussed further in the next subchapter.
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4.6 Control of the MMC

4.6.1 Output AC-current control

This control is based on equation (4.22). Using Clarke’s and Park’s transformations (see
Appendix B) it can be represented in the dq reference frame as [14]:

L di? R L
L di? R L

Where equation (4.38) represents the active current dynamics and equation (4.39) represents the
reactive current dynamics. A Pl-controller is used for the output AC-current control and it is
shown in figure 4.8 for the d-axis and g-axis components.

v+ olig?
S

. K,

lsd,ref O Kp + Tl Vsd

id
S

. K;

i aref @ K, + Tl va

14

Figure 4.8: Block diagram of the output AC-current control of the MMC
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4.6.2 Circulating current control

The circulating current control is based on equation (4.23) and also for this control a PI-controller
is used [14] as shown in figure 4.9. The input to the circulating current control is the output of

icref O K. + I<i

- S

I

Figure 4.9: Block diagram of the circulating current control of the MMC

the energy controller, which is described in the next subsection.

4.6.3 Energy sum and energy difference control

The power balance equations (equations (4.36) and (4.37)) have non-linear terms. These
equations can be made linear by assuming

nk4nfal (4.40)
and assuming that equation (4.26) is valid. Then (4.21) becomes

k k vV,
vy () ;r ")y —[2’0 (4.41)

And hence equations (4.36) and (4.37) can be written as

dwt
%zQ%C-ilj—vf-if (4.42)

dwk V;

% ~ %C ik — gk g (4.43)
The energy sum control is based on equation (4.42) and the energy difference control is based on
equation (4.43). The block diagram of the two controllers and how their output creates the input

to the circulating current controller are shown in figure 4.10 [14].
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Figure 4.10: Block diagram of the energy sum, energy difference and circulating current controllers of
the MMC

4.7 Modulation techniques

This subchapter includes a brief introduction modulation techniques for the MMC. As will be
shown later, the MMC used in the simulations in this project is based on a simplified average value
model, where the switches are not modeled explicitly, and hence the modulation creating signals
to switches is not modeled either. For more information regarding the different modulation
techniques, the reader is suggested to read the literature in the references of the different methods
mentioned in this subchapter.

The modulation techniques presented in chapter 3.5 for the 2L-VSC can also be applied to
MMC:s. There are three categories for PWM modulation methods for multilevel converters [15]:

1 Carrier-based modulation
This is the same types of modulation as described in chapter 3.5 for the 2L-VSC, but
for multilevel converters the multilevel waveform is split in to a number of 2L PWM
waveforms, each having its own carrier [41]. All carrier signals are compared to the same
reference signal. There are two types of carrier-based modulation:

e Phase-shifted carrier (PSC) modulation:
The carrier signals in this type of modulation consist of a number 2. PWM
waveforms which have the same magnitude and are symmetrically phase shifted
[41]. In this type of modulation there are reference signals for the upper and lower
arm of each SM.

e Level-shifted carrier modulation:
In this type of modulation the multilevel the carrier signals have the same magnitude
and frequency, but they are stacked on top of each other so that they have different
offset values [41]. In this type of modulation there is only one reference waveform
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that spans the entire voltage range of all carrier signals.

2 Space vector modulation (SVM)
This technique was described in chapter 3.5 for the 2L-VSC. However, for a multilevel
converter the number of switching states will be largely increased, so this type of modulation
is more complex for an MMC. A detailed description of SVM of an n-level converter is
provided in [15].

3 Nearest-level modulation
The idea of this modulation technique is to sample the reference signal at a high frequency
and approximate it with the nearest level available [41]. The sample frequency must be
high in order to avoid having steps that exceed one level. Figure 4.11 shows the principle
of this technique. For each switching cycle there are two switching states of phase h:
K}, and Kj, + 1 with duty cycles 1 — Dy, and Dy, respectively. The reference voltage is
approximated by the two nearest voltage levels shown 1 the figure [15]:

K VC K + ]. Vc K + D VC
V= (- Dy K¥ee o Bt DVae (Kot Di)Va (4.44)
n—1 n—1 n—1
W, (h=A, B, or C)
Ko+ WVac | S
(n—-1) ; ;
I'”h-
Khvxfr.‘
(n—1)
0 : : /T,
1-Dy, c Dy, %

Figure 4.11: Nearest-level modulation method [15]

It as advantageous to use this type of modulation when the number of SMs is high, since the
other two modulation methods described above will become more complex when the number
of levels of the output increases [15, 89]. This method, on the other hand, does not use carrier
signals, so it is simple to implement even when the number of levels of the converter increases to
a very high value.
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Chapter

System design

Figure 5.1 shows a one-line diagram of the system used in this project. This chapter provides a
discussion regarding design of the different components in the system. A MATLAB script used
to calculate all the parameters of the system based on the equations used to discuss the design of
the components in this chapter, is provided in Appendix C.1. The results for the different parts
of the system are presented in tables in the end of each subchapter.
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Figure 5.1: One-line diagram of the system

2L-VSC onshore
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Chapter 5. System design

5.1 HVDC transmission system

Figure 5.2 shows the one-line diagram of the HVDC transmission system used in this project.
As mentioned in chapter 1, the design of the components of the HVDC transmission system is
outside the scope of this thesis. However, since a HVDC transmission system was given' for the
simulations part of this project, a short description of the system parameters will be discussed in
this subchapter and the simulation model and its operation will be explained in chapter 6.1.

320 kV
400 kV
~~ — 400 kV
f— 1 ~
Onshore grid
200 km DC trasmission cables
2L-VSC offshore 2L-VSC onshore

Figure 5.2: One-line diagram of the HVDC transmission system

The HVDC transmission system connects a 1 GW offshore wind farm to the grid onshore.
Therefore the power rating is set to 1000 MW. The HVDC system is made in a point-to-point
configuration and it consists of two 2L-VSCs and two 200 km DC transmission cables. The DC
voltage of the DC-cables are chosen to be 320 kV since this is the highest voltage level available
for HVDC transmission cables in use in industry today [41]. The AC-side RMS line voltage is
found to be 400 kV using equation (5.1) [56]:

3
Vac iine,rms = \/; Vbe (5.1)

In chapter 2 it was mentioned that the critical distance for subsea transmission cables is at
around 100 km, so for transmission distances longer than this, HVAC is no longer an option and
HVDC transmission will be used. In this project an offshore wind farm is connected to the grid
onshore, so it is clear that subsea cables must be used. In this project it is assumed that HVDC
transmission is the only feasible option, and hence the length of the transmission cables must be
longer than 100 km.

An argument for choosing HVDC and a long transmission distance is that an offshore wind
farm of 1 GW requires a very large footprint and in chapter 2 it was mentioned that the wind
conditions are better offshore. So in order to have a wind farm that operates more stable, it is
desirable to place it quite far offshore and hence HVDC will be the only feasible solution in
terms of losses and cost. For the design and simulations of the HVDC system in this project,
HVDC cables with a length of 200 km are used since that was given in the given model of the
HVDC system.

iIThe model is made in MATLAB and Simulink by Santiago Sanchez Acevedo, Post Doctor at the Department
of Electric Power Engineering, NTNU.
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Table 5.1 provides the parameters of the HVDC transmission system used in this project.

Table 5.1: Parameters of the HVDC transmission system

Parameter Value
Power rating 1000 MW
AC voltage 400 kV
DC voltage 320 kV
Length of transmission line 200 km

5.2 DC/DC converter design

The choice of DC/DC converter for this project was discussed in chapter 2, and chapter 3 and
4 describes the 2L.-VSC and the MMC topologies, respectively. The next subchapters contain
discussions regarding the design of the two converters and the coupling transformer that the
DC/DC converter is built up of. A one-line diagram of the DC/DC converter is shown in figure
5.3.

Connection to DC-link ‘ 320 KV
MMC
M/
400 kV
Medium frequency In
coupling transformer ’
400 kV
n
M~
2L-VSC
Connection to battery system ‘ Viat

Figure 5.3: One-line diagram of the DC/DC converter
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5.3 MMC design

5.3.1 Power rating and voltage levels

Since the MMC is a part of the DC/DC converter and since the DC/DC converter connects the
battery to the DC-link of the HVDC transmission system, the power rating of the converters that
the DC/DC converter is made up of, is decided by the power rating of the battery. This is set to
be 180 MW, and will be described further in subsection 5.6.4. Hence, the power rating of the
MMC is also 180 MW.

When it comes to voltage levels, the MMC is connected to the DC-link. Therefore, the DC-side
of the MMC has the same DC voltage as the DC-link, namely 320 kV. The voltage on the
AC-side of the MMC can be calculated using equation (5.1), and it is found to be 400 kV.

5.3.2 Arm current

The arm current of an MMC can be calculated using equation (5.2).

I » ,
Ly = € 4 2 L0154, (5.2)
3 2
Where 0.15 accounts for the circulating current and is a margin that is included to ensure safe

operation. The DC-side current, /¢, is calculated using equation (5.3):

P
Ins = —— 53
e = P (5.3)
The AC phase-current 7, is defined as[90]:
S
_— 5.4
la = 37 o (5.4)

where 7, is the RMS AC-side phase current, .S is the apparent power and v, is the RMS AC-side
phase voltage:

VAC line,RM S
Vg = T = VAC,phase,RMS (55)

The apparent power can be calculated using equation (5.6)

P

pf
Where pf is the power factor, and for this project it is given to be pf = 0.95. Using the power
and AC and DC voltages found in the subsection above, it can be found that ¢, = 273.48 A and

that Ipc = 562.5 A. Therefore, using equation (5.2) it is found that the arm current that the
semiconductors of the SMs must be able to withstand is /,,.,,, =~ 365.26 A.

S (5.6)
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5.3.3 Semiconductors

The semiconductor devices used in the converters affect the total losses in the system, and in
addition to SM capacitors, the semiconductors in the SMs affect a large part of the total cost of
the MMC due to the large number of required SMs in the converter [41]. Therefore the choice of
semiconductors for the converters is a critical part of the design of the MMC.

Power semiconductor devices consist of a variety of transistors, thyristors and diodes [16].
The three symbols used for these three types of semiconductor devices are shown in figure 5.4.
The diode conducts in the forward direction and blocks in the reverse direction, and it does
not have a gate to control the conduction. This device is often added to power devices that are
designed without the capability to block current in the reverse direction. The transistor conducts
in the forward direction when the collector is positive with respect to the emitter and when a
turn-on signal is applied to the base electrode. The thyristors also have a gate to control the
turn-on and they can be designed to also control the turn-off. Thyristors can be designed to block
in both the forward and reverse direction (symmetrical device) or to block only in the forward
direction (asymmetrical device).

Cathode Emitter Cathode
Gate (turn-on)
Base
Anode Collector Anode
(a) (b) (c)

Figure 5.4: (a) Diode (b) Transistor (c) Thyristor [16]

The choice of semiconductors is dependent on the arm current of the MMC. The semiconductors
used in the SMs of the MMC must be able to withstand the arm current discussed in subsection
5.3.2. When deciding upon a semiconductor device to use in the MMC in this project, the
insulated-gate bipolar transistor (IGBT) and the integrated gate-commutated thyristor IGCT)
will be compared since these devices are discussed in literature as most suitable for MMCs
[41,91]. Asymmetrical IGBTs and IGCTs can be used in VSCs together with an anti-parallel
diode [92], so from now on only asymmetrical devices will be treated.

IGBTs

The IGBT is a type of transistor semiconductor device. It was developed as attempts to combine
the best qualities of the bipolar junction transistor (BJT) and the metal-oxide-semiconductor
field-effect transistor (MOSFET) [70]. The MOSTFET has advantages of fast switching speed,
but it is not suitable for high power applications, as it can only be used for kilowatt power
applications [16]. Another disadvantage is that the on-state conduction losses are higher in
devices rated for higher blocking voltages [70]. BJTs have lower on-state conduction losses, but
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suffers from lower switching speed. Combining these two devices to create the IGBT would
therefore lead to a device with advantages of both high switching speed and low switching losses.

IGCTs

The IGCT is a type of thyristor semiconductor device with both turn-on and turn-off capability
[16] and it is a further development and improvement of the gate turn-off (GTO) thyristor [41].
Disadvantages of the GTO include slow turn off-times, bulky gate drivers, high power required
to control the GTO and costly snubber circuits, which are required due to an in-homogeneous
turn-off transient [16, 93]. Compared to the IGBT, the IGCT has advantages of lower on-state
losses (i.e. conduction losses) and it can be used for applications where higher blocking voltages
and currents are required [91].

According to K. Sharifabadi et. al [41] the IGBT has been the dominating semiconductor
device for MMCs. However, it has been questioned whether it could be replaced by the IGCT.
That is because besides the semiconductor structure and operation, the main difference between
the IGBT and IGCT is in terms of losses. As mentioned above, the IGBT has lower switching
losses than the IGCT, but the IGCT has lower conduction losses than the IGBT. As described
i chapter 2, the MMC can be operated at lower switching frequencies and therefore the main
contribution to the power losses in an MMC is the conduction losses and not the switching losses.
Therefore IGCTs can be preferred over IGBTs in MMCs.

In order to choose the type of semiconductors to be used as the semiconductor valves of the SMs
in the MMC, characteristics of different semiconductor devices from different manufacturers
have been compared. The types of semiconductors that have been compared are the IGCT and
IGBT press-pack devices since the press-pack type of packaging provides safe operation for
high power and high voltage applications [92], which is the application of the semiconductor
devices used in the DC/DC converter in this project. From Toshiba, the injection-enhanced gate
transistor (IEGT) is used for the comparisons, which is their type of IGBT. The comparisons
of semiconductor devices in this subchapter will be used to decide the type of semiconductor
device for the MMC in this subsection and for the 2L.-VSC in subsection 5.5.3. However, for
the 2L-VSC, the choice will be made among the IGBTSs since this converter operates at higher
switching frequencies than the MMC, and hence switching losses account for a large part of
the total losses and therefore the IGBT will be the best choice of semiconductor device. The
results are presented in table 5.2 and figure 5.5. The characteristics are found in data sheets from
the different manufacturers, and they are provided references in the "Manufacturers” column of
the table. The voltage is the blocking voltage of the semiconductor devices which is found as
the collector emitter voltage Vg for the IGBTSs and as the maximum repetitive voltage in the
forward direction V) for the IGCTs. The current is given as the DC collector current I for
the IGBTs and as the maximum controllable turn-off current /7cgas for the IGCTs.
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Table 5.2: Characteristics of different semiconductor devices

Semiconductor Voltage [V] Current [A] Manufacturers
IGBT 2500 360 Westcode [94]
IGBT 2500 750 Westcode [94]
IGBT 2500 1000 ABB [95]
IGBT 2500 1200 Westcode [94]
IGBT 2500 1300 ABB [95]
IGBT 2500 2000 ABB [95]
IGBT 3300 1200 Toshiba [906]
IGBT 4500 160 Westcode [94]
IGBT 4500 340 Westcode [94]
IGBT 4500 600 Westcode [94]
IGBT 4500 750 Toshiba [96]
IGBT 4500 800 Westcode [94]
IGBT 4500 900 Westcode [94]
IGBT 4500 1200 Toshiba [96]
IGBT 4500 1300 ABB [95]
IGBT 4500 1500 Toshiba [96]
IGBT 4500 1600 Westcode [94]
IGBT 4500 1800 Westcode [94]
IGBT 4500 2000 ABB [95]
IGBT 4500 2100 Toshiba [96]
IGBT 4500 3000 ABB [95]
IGBT 6500 258 Westcode [94]
IGBT 6500 600 Westcode [94]
IGBT 6500 900 Westcode [94]
IGBT 6500 1290 Westcode [94]
IGCT 4500 3600 ABB [97]
IGCT 4500 4000 ABB [97]
IGCT 4500 5000 ABB [97]
IGCT 6500 400 Mitsubishi Electric [98]
IGCT 6500 800 Mitsubishi Electric [98]
IGCT 6500 1500 Mitsubishi Electric [98]
IGCT 6500 3800 ABB [97]
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Comparison of different IGBTs and IGCTs
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Figure 5.5: Comparison of different types of press-pack IGBTs and IGCTs

The criteria for the choice of type of semiconductor device to use in the converter is that the
rated current of the device must be higher than the arm current of the MMC for the choice of
semiconductor device for the MMC, and higher than the phase current for half a period for the
choice of semiconductor for the 2L.-VSC. A higher current capability of the semiconductor device
implies a larger diameter of the device [16]. Cost is also related to the current capability and a
semiconductor device with higher current capability will require a larger chip area and it will be
more costly. Therefore the choice of semiconductor device in terms of current capability should
be chosen as close to the arm current for the MMC, and phase current for the 2L-VSC, as possible.

The number of SMs in each arm of the MMC are decided by the chosen blocking voltage
of the semiconductor switch used in the SMs, as shown by equation (5.7). More SMs are
required to be series connected in the MMC in order to achieve the desired voltage level of the
converter if semiconductors with lower blocking voltages are used in the design. This implies
increased cost of the converter. On the other hand, if semiconductors with a higher blocking
voltage are used, fewer SMs are required per arm of the MMC. But in this case the voltage steps
of the AC-output of the converter will be larger since the higher number of SMs used, the more
close to a perfect sinusoidal wave the AC-output will be. Therefore the choice of semiconductor
device in terms of blocking voltage must be a trade-off between cost and performance of the
converter.

The results in table 5.2 and figure 5.5 show that most of the available IGCTs are rated for
high voltages and high currents. In subsection 5.3.2 the arm current of the MMC used in the
DC/DC converter in this project was calculated to be [,,,,, =~ 365A. Hence, as seen from the
table, an option if an IGCT is going to be chosen is to use Mitsubishi Electric’s IGCT with
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Vorv = 6500 and Irgom = 400A in order to minimize over-dimensioning of the current
capability and keeping it as close to the arm current as possible. On the other hand, an option if
an IGBT is going to be chosen is to use Westcode’s press-pack IGBT with Vp = 4500V and
I = 600A.

When it comes to rated current of the chosen semiconductor, it is obvious that the IGCT
should be chosen. However, the rated voltage should also be considered, and if an IGCT is to
be chosen, as seen from table 5.2 and figure 5.5, an IGCT with rated voltage of 6.6 kV is the
only option unless it is desired to increase the rated current to 3.6 - 5.0 kA. According to F.
Filsecker [92], IGBTs are preferred over IGCTs in very high voltage applications because they
have lower gate driving power requirements and for high voltage applications many devices need
to be connected in series in order to achieve the desired voltage of the converter. In addition,
the press-pack IGBT offers advantages like simple series and parallel connection, short circuit
current limitation and short-circuit turn-off capability.

The IGBT is more used in industry and it is more mature than the IGCT technology. A number
of manufacturers offer IGBTs at different rated voltages and currents, while the variety of IGCTs
commercially available is smaller and this technology is offered by fewer manufacturers. This is
another motivation for choosing the IGBT instead of the IGCT for this project.

Another motivation for choosing the press-pack IGBT instead of the IGCT when it comes to
voltage is that, as seen from table 5.2 and figure 5.5, lower rated voltages with lower rated currents
is possible if this type of semiconductor is chosen. As seen from the figure, semiconductors of
mainly three blocking voltage levels are produced in industry; 2.5 kV, 4.5 kV and 6.5 kV. As
discussed earlier, in terms of achieving a more perfect sinusoidal output waveform, connecting
a high number of SMs consisting of semiconductors of lower rated voltage is preferred. On
the other hand, this would increase the total converter cost since more semiconductor devices
are required. Having fewer SMs connected, but with semiconductor devices at higher rated
voltages, would decrease the cost, but also decrease the output waveform quality. The type of
semiconductor in terms of voltage rating is therefore chosen as a trade-off between performances
and cost of the converter. The choice of semiconductor used for the MMC in this project is
therefore the IGBT from Westcode with Vo = 4500V and I~ = 600A in order to chose a rated
voltage that could be a trade-off between performance and cost of the converter considering the
three voltage levels discussed above. Based on this choice of rated voltage, the IGBT is the only
option. In addition, the IGBT is chosen due to its advantages mentioned above.

5.3.4 Number of submodules

As found in chapter 4, the optimal choice of type of SMs for the MMC was the half-bridge type.
Therefore this type will be chosen for this project, and the other types will not be investigated
further in this project.

The number of SMs per arm of the MMC can be decided by equation (5.7):

Vi
Nsatarm = be (5.7)

fsafetymargin . ‘/blocking
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Based on the choice of modulation technique for operation of the MMC, some over-voltages are
expected to occur and therefore a safety margin is included to make sure that the MMC has enough
SMs to ensure safe operation. In case of hard-switched PWM the MMC is normally designed
with a safety margin of % = 33% in industry, while the margin can be smaller for modulation
methods where less over-voltages can be assumed, i.e using soft-switched modulation schemes.
Since hard-switched PWM is used for this project, fs,fetymargin = 0.67 is assumed so that the
safety margin is 33%. Vijocking 1S the blocking voltage of the switches in the semiconductor
valves and this can be found in data sheets from the manufacturer providing the semiconductors
used in the converter. Vp¢ 1s the DC-side voltage of the MMC.

In the previous subsection the press-pack IGBT from Westcode with Vg =4500 V and [ =
600 A [94] was chosen as the semiconductor device to be used for the MMC in this project.
It consists of one IGBT and one diode in anti-parallel, so for each half-bridge SM, two such
semiconductor valves are required. However, since the semiconductor valves of the SM operate
in a complimentary manner and only one of them are ON at a time, one semiconductor valve
must be able to handle the full current through it and voltage across it. The current it must
handle is the arm current found in subsection 5.3.2 to be I,,,, = 365.26 A. The number of SMs
connected in series per arm of the MMC can be found to be N ~ 107 using equation (6.14) with
Vibloking = 4500 V and Ve = 320 kV. The total number of SMs in the MMC can be calculated
using equation (5.8)

NSM,tot = Narm - NSM,arm (58)

where N, is the number arms in the MMC, which is 6 for the three-phase MMC used in this
project. This gives a total of Ngpr¢o¢ = 642 SMs in the MMC used in this project when it is
designed for the voltage level and power rating provided in table 5.3, and when the specific type
of semiconductor device also provided in this table, is used.

5.3.5 Submodule capacitance

The SM capacitors are one of the most important components of the MMC since it is the voltage
across these capacitors that is inserted or bypassed in the operation of the MMC, and each time a
SM is inserted, it is these capacitors that absorb the charge pulses generated by the arm current
[41]. Therefore it is important that they are reliable and that a suited capacitance is chosen. A
too high capacitance increases the cost of the MMC since the SM cost is a large part of the total
cost of the MMC due to the high number of SMs in the converter. A too low SM capacitance
will cause a high voltage ripple. According to K. Sharifabadi et. al [41] there are two steps of
choosing the SM capacitance:

1. An initial value of the SM capacitance is chosen within an interval where the total stored
energy in all SM capacitors of the converter is 30 - 40 kJ/MVA.

2. The cost of the SM capacitors is optimized against the cost of power semiconductor
devices (which also contributes to a large part of the total MMC cost) and it is compared
to capacitor voltage ripples for different capacitances. The capacitance is decided as a
trade-off between acceptable voltage ripple and total MMC cost.

The topic of SM capacitance will not be treated further in this chapter. In chapter 6 the simulation
model of the MMC used for the simulations in this project is discussed. The capacitance used in
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that model is based on a CIGRE test grid [99], which will be discussed in chapter 6.2.

5.3.6 Arm inductance

According to K. Sharifabadi et. al [41] the arm inductance of the MMC can be dimensioned in
three different ways, depending on how the converter is designed and how DC-side short-circuits
are handled.

1. If the SMs are equipped with separate power modules with diodes or if it is equipped with
bypass thyristors, the current coming from the AC-side which is fed into the fault on the
DC-side does not need to be limited in order to protect the anti-parallel diodes of the SMs.
In this case the inductance can be chosen in the order of 0.05 pu.

2. If the SMs are not equipped as described above, the SMs must be protected against the
high currents that are fed into the fault on the DC-side. The magnitude of the current must
be limited by the arm inductors in order to protect the antiparallel diodes in the SMs. In
this case the inductance is typically chosen in the order of 0.10-0.15 pu.

3. Another design option to increase the current capability on the AC-side by increasing

the sum of capacitor voltages per arm véi , beyond the DC-side voltage Vpc. The arm
inductance will have to be increased compared to the first case in order to design the
converter in the way explained in this case.

The topic of arm inductance will not be treated further in this chapter. In chapter 6 the simulation
model of the MMC used for the simulations in this project is discussed and as will be shown
there, the arm inductance used in the simulations is calculated to be L = 0.1496pu. According to
the descriptions of the second case above this can be reasonable to assume since the SMs are not
equipped with protection for DC-side short-circuits in the simulation model. The arm inductance
used in that model is based on a CIGRE test grid [99], which will be discussed in chapter 6.2.

Table 5.3 provides the parameters of the MMC designed for this project.

Table 5.3: Parameters of the MMC

Parameter Value
Power rating 180 MW
AC voltage 400 kV
DC voltage 320 kV
Arm current 365.26 A
Type of semiconductor device TO600TB45A press-pack IGBT [94]
Blocking voltage of IGBTs 4.5kV
DC collector current 600 A
Number of submodules per arm 107
Total number of submodules 642
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5.4 Coupling transformer design

As mentioned in chapter 2, a front-to-front coupled DC/DC converter with galvanic isolation
is the best choice of DC/DC converter for this project. A coupling transformer will be used to
provide the galvanic isolation.

According to W. Shen et. al [100], the magnetic components are among the bulkiest components
in switch-mode converters. By increasing the operating frequency, the size of the magnetic
components can be reduced. However, higher frequencies cause higher switching losses in the
converter and increase the losses in the core and the windings of the transformer. In addition,
leakage inductances and parasitic winding capacitances in the transformer can cause current and
voltage spikes at high frequencies. This is undesirable as that will lead to increased switching and
snubber losses and reduce the overall converter efficiency. Therefore, the operating frequency of
the transformer should be chosen based on a trade-off between component size and losses .

The use of a coupling transformer at a higher operating frequency also provides other advantages.
In addition to reduced size of the transformer, the use of a medium frequency transformer in an
MMC based DC/DC converter is beneficial for the converter design as it leads to size reduction
of the passive elements, such as arm reactors and cell capacitors [24]. The size of the transformer
is related to the operating frequency by equation (5.9) [101]:

EMF =4.44fNBA (5.9)

where EMF is the value of the electromotive force (EMF) induced in the transformer windings,
f is the operating frequency, N is the number of turns, B is the flux density and A is the cross
sectional area of the core. This equation shows that the size of the transformer is inversely
proportional to the operating frequency.

According to G. P. Adam et. al. [24] the operating frequency of the transformer should be
constrained to <1 kHz for a multiterminal HVDC network with operating pole-to-pole voltages
of up to 800 kV. That is because the size and weight reduction obtained by increasing the
frequency is limited by the increased switching losses. In addition, the increased % obtained by
increasing the operating frequency makes transformer design more challenging. The operating
voltage of the DC-link is 320 kV, corresponding to a voltage of around 400 kV on the AC side of
the converter (using equation 5.1), which will be the voltage applied to the primary windings
of the transformer. Therefore, an operating frequency of the converter lower than 1 kHz can be
reasonable to assume.

The AC voltage at the secondary windings of the transformer can be calculated using equation
(5.10):

V;)m'mary (5 . 10)

‘/;econdary = n

Where 1:n is the turns ratio of the transformer.
The active power to be transferred to/from the DC-link through the DC/DC converter is dependent

on the power of the battery, and as mentioned earlier in this chapter, it is found to be 180 MW.
Since a power factor of pf = 0.95 is used in this project, using equation (5.6) to calculate the
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apparent power, it will be found that a medium frequency transformer with a power rating of
around 190 MVA will be required in this project.

In order to choose an operating frequency and a turns ratio for the transformer in this project,
characteristics of different transformers found in papers are compared. The characteristics
are provided in table 5.4 and the papers that they are taken from are presented in the column
“Reference”.

Table 5.4: Medium and high frequency transformer design

Power Vprimary  Vsecondary Turnsratio  Frequency  Reference
30 MW 25kV 15kV 5:3 350 Hz [65]

30 kW 280-325V max 10 kV 1:11 79-200 kHz [100]
6.7 kVA 3800V 400 V 19:2 3 kHz [102]
166 kW 2000 V 400 V 5:1 20 kHz [103]

25 kW 2400 V 400 V 6:1 4 kHz [104]

1000 MVA 400 kV 350 kV 8:7 500 Hz [24]
600 MVA 330 kV 400 kV 33:40 250 Hz [105]
63 MVA 55kV 110 kV 1:2 250 Hz [106]
1.6 MVA 1.5kV 13.5kV 31:375 500 Hz [107, 108]
0.8 MVA 0.6-0.7 kV 13.5kV 16:375 500 Hz [107, 108]

According to the results provided in table 5.4, it seems like higher operating frequencies are used
for lower voltage levels and power ratings. As discussed above, the converter to be used in this
project has a power rating of around 190 MVA and it needs to step down the MMC AC-side
voltage of 400 kV to the AC-side voltage of the 2L.-VSC that corresponds to the desired battery
voltage. When comparing this to the projects in the table, it can be reasonable to assume an
operating frequency between 250 and 500 Hz. Therefore, an operating frequency of 300 Hz will
be used for the transformer in this project.

When it comes to turns ratio, it looks like quite small ratios are used for the projects in table 5.4
with similar voltage and power ratings as for this project. When choosing a turns ratio it is also
important to consider that the whole system is connected and that the design of one component
affects the design of another component in the system. l.e, if a large turns ratio is chosen for the
transformer, that implies a higher current in the battery since the battery voltage will decrease
with an increasing turns ratio of the transformer, while the power rating is constant at 180
MW or 190 MVA for the battery and the DC/DC converter (and the converters and transformer
that it is made of). A high battery current will imply that the semiconductors switches in the
2L.-VSC connected to the battery, must be able to withstand a high current. As discussed
earlier, semiconductor devices that can withstand higher currents require a larger conducting
area, and this increases the cost of the semiconductor device. An option is to parallel connect
semiconductor switches in order to increase the current capability, but again this would increase
the cost as more semiconductor switches would be required. Another option is to decrease the
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turns ratio of the transformer so that the battery voltage will be higher and the battery current
lower, implying that semiconductor devices with a lower current capability (and with a lower
cost) can be applied. Since quite low turns ratios are used in the projects in table 5.4, a low
turns ratio of 1:3 is chosen for this project. In order to make sure that the turns ratio chosen
is low enough, equations (5.4), (5.5) (where Vac jine = Vsecondary) and (5.10) can be used to
calculate the AC-side phase current of the 2L-VSC for chosen turns ratio. By comparing this to
the maximum current capabilities of the discussed semiconductor devices in the MMC design
part in table 5.3, it can be found that a number of these semiconductor devices can be used in the
2L-VSC connected to the battery if the turns ratio is 1:3.

When it comes to the parameters used to represent the winding losses of the transformer in this
project, assuming an equal impedance on the primary side representing the losses in both the
primary and secondary windings, the resistance and inductance are set to Ry = 0.005 pu and Ly
= (.15 pu. These values are chosen since they are close to values used in transformers in industry
today [109]. Also A. Hassanpoor [110] has used these parameters for a transformer connected to
an MMC with Vo =400 kV, Vpe =320 kV and P = 1 GW. This also motivates the choice of
using these parameters since the HVDC system in this paper has an MMC rated for the same
voltages as the MMC in this project.

Table 5.5 presents the parameters of the coupling transformer for this project.

Table 5.5: Parameters of the transformer

Parameter Value
Apparent power rating 190 MVA
Voltage on primary winding 400 kV
Voltage on secondary winding 133.33kV
Turns ratio 1:3
Operating frequency 300 Hz
Resistance pu-value, Rr 0.005 pu
Inductance pu-value, Ly 0.15 pu

5.5 2L-VSC design

5.5.1 Power rating and voltage levels

The AC-side voltage level of the 2L.-VSC depends on the turns ratio of the transformer. As
found in the subchapter above, the AC voltage on the secondary side of the transformer is 133.33
kV and therefore this will be the line voltage at the AC-side of the 2L-VSC. Similarly to the
calculations earlier in this chapter, the DC-side voltage of the converter can be found using
equation (5.1). This gives Vpeo = 108.87kV for this converter. The power rating is still 180 MW
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since this converter is also a part of the DC/DC converter connecting the 180 MW battery to the
DC-link of the HVDC transmission system.

5.5.2 Current

The AC-side phase current of the 2L-VSC can be found using equation (5.4) and (5.5). Using
(5.5) the AC phase voltage is calculated to be V¢ phase, rmrs = 76.98kV and inserting this
into (5.4), the phase current is found to be i, = 820.45A. The DC-side current is found using
equation (5.3) and it is Ipc = 1653.4A. For the semiconductors used in the 2L-VSC it is 7, that
must be lower than the rated current of the semiconductor device used. In the MMC, the SMs
that are series connected in each arm to achieve the desired voltage level of the converter, but for
the 2L-VSC it is the semiconductor switches that are series connected in each valve to achieve
the desired voltage level. Next subsection will discuss the choice of semiconductors for this
converter.

5.5.3 Choice of semiconductors

As mentioned in subsection 5.3.3, the choice of semiconductors for the 2L-VSC will be among
the IGBT press pack devices in table 5.2. The voltage and current ratings of these IGBT
semiconductor devices are shown graphically in figure 5.6.

For the 2L.-VSC, the number of series connected semiconductor switches in each valve is
decided by the blocking voltage of the semiconductor, as shown by equation (3.2). Since the
2L-VSC also is based on hard-switched PWM modulation, the same safety margin of 33 %
which was used when calculating the number of SMs in each arm of the MMC, is included in this
case, so equation (3.2) becomes (5.11). By using semiconductors with lower blocking voltages,
more se