MODULAR MULTILEVEL MATRIX
CONVERTER FOR FRACTIONAL
FREQUENCY TRANSMISSION IN
OFFSHORE WIND POWER
INTEGRATION

by
LUO, JIAJIE

A thesis submitted to
The University of Birmingham
for the degree of

DOCTOR OF PHILOSOPHY

Department of EESE,
School of Engineering
The University of Birmingham

Apr 2019



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



ABSTRACT

Offshore wind power plays an important role in reducing carbon emission and the reliability
on fossil fuel. The traditional high voltage AC transmission suffers from the disadvantage of
high charging reactive current and therefore the maximum transmission distance is very
limited. Fractional frequency transmission (FFT) is proposed to overcome this difficulty.
With the offshore side operating at one third of the onshore grid frequency, the reactive
current demand of FFT is greatly decreased. Modular multilevel matrix converter (M3C) is
the core component of the FFT. With the advantages of easy scalability, excellent
controllability and low loss, M®C is considered to be the future-generation AC/AC converter
for offshore wind transmission and other high power applications. To start with, the operating
principle and the control strategy of the MC are presented. It is proven that M®C is capable as

the frequency changer for FFT.

Although M3C FFT has various technical advantages, it is necessary to look into economic
aspects to evaluate its feasibility in offshore wind power industry. A cost analysis of M*C
FFT as well as a cost comparison with modular multilevel converter (MMC) high voltage DC
(HVDC) transmission is presented. A cost model is developed considering capital cost and
time-related costs including unavailability cost, operation and maintenance cost and power
loss cost for different components in offshore wind power systems. Cost elements taking up
large proportions of the total cost are identified and the cost-effective transmission distance
ranges for the two technologies are calculated. Also, sensitivity analysis is conducted to

investigate the influence of various parameters on the cost comparison.

It is shown that M®C FFT is a competitive candidate for offshore wind power transmission

particularly at medium distance. Hence, there is need of a model to study its small signal



stability and its influence on existing power systems. A small signal model of M3C is
proposed for FFT system which considers the dynamics of AC currents from both sides, the
sub-module capacitor voltage with DC and ripple components and the control system. In
addition, a small signal analysis is presented to investigate the effect of controller parameters
and sub-module capacitance on the small signal stability of the system. The small signal

model is easy to implement and benefits system stability study and controller design.

Harmonic analysis is crucial from the stability point of view. In M?C, two frequencies from
both AC sides couple and produce a complex harmonic profile due to the interactions between
the arm quantities and the fast-switching sub-modules. A harmonic analysis method is
proposed to determine how the harmonic components at various frequencies are generated in
M3C. The harmonic components are quantified and factors that have large impact on the
harmonic magnitude are discussed. The influences of different types of harmonics on the
converter and external AC systems are analysed. Analyses are conducted on sub-module
capacitors and arm inductors to give a guideline on their value selection to limit the harmonic

level. A zero-sequence current mitigation controller is implemented and tested for M>C.

Time domain simulations are carried out in the electromagnetic simulation tool Real Time
Digital Simulator (RTDS) in order to validate the correctness and accuracy of the M>C control

strategy, the proposed small signal model and the harmonic analysis.
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CHAPTER 1 INTRODUCTION

This chapter is to provide a background introduction of the doctoral research. The
development of renewable energy sources is introduced and the focus is on offshore wind
power. Transmission technologies are discussed with an emphasis on the relatively new
technology fractional frequency transmission (FFT). The key component of the technology is
modular multilevel matrix converter (MC), whose development history is introduced. The
research motivations and objectives of the study are given. And how the thesis is organised is

outlined at the end of the chapter.

1.1 Research Background and Motivations

1.1.1 Renewable Sources and the Role of Offshore Wind Power

Under the pressure of carbon emission reduction and fossil fuel depletion, countries across the
world are developing renewable energy with their great effort. A roadmap for 139 countries to
use 100% renewable energy including wind, water and solar in all energy sectors by 2050 was
published in 2017 [1]. According to this roadmap, 1.5°C global warming would be avoided
and 24.3 million long-term job positions would be created. It was estimated that wind energy
would take up more than one third of the production. In 2017, 70% of the generation growth
is from renewable sources [2]. Renewable energy can be replenished constantly with natural
processes such as sunlight, wind and water movement. Mainstream types include wind power,
hydropower, solar power, geothermal power and bio energy [3]. The global capacity growth
of different types of renewable energy in recent years is plotted in Fig. 1.1 [2]. As it is shown,

hydropower has the largest percentage but its growth is not very rapid. Wind power ranks



second with a dramatic increase in the recent ten years. Following is solar power which also
has great potential. Technologies like biofuel take up small shares but they have specific
promising applications, e.g., ethanol production for transportation. The historic datasheet for
the growth of renewable power in the UK [4] and worldwide [2], including wind, solar and
hydro between 2010 and 2017 is given in Table 1.1. As can be seen, solar and wind have
significant growth in the UK, while hydro power remains almost unchanged. The increase of
solar power in the UK peaks at 2015 and slows down afterward. Worldwide, the growth of
solar has an increasing trend, and growth of hydro remains rapid. The wind power growing
trend rises before 2016 and dips down slightly after that. At the moment, most renewable
energy capacity is from grid-connected and large-scale projects, while small distributed
projects are also becoming increasingly popular. One advantage of distributed projects is that
they can benefit remote and developing areas where grid integration is difficult. In terms of
wind power installation, over 50 GW of wind power was installed in 2017, making a total

capacity of 539 GW worldwide. Undoubtedly, it is a very promising renewable energy source.
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Table 1.1 Renewable Power Growth UK and Worldwide 2010-2017

UK Renewable Worldwide Renewable

Year Power Growth (MW) Power Growth (MW)
Wind Solar Hydro Wind Solar Hydro
2010 999 69 7 30,618 16,635 34,119
2011 1,175 905 32 39,294 30,651 30,650
2012 2,434 753 14 49,629 27,928 33,016
2013 2,252 1,184 16 31,909 38,679 44,512
2014 1,792 2,591 21 47,637 37,259 38,358
2015 1,232 4,073 48 67,610 49,984 34,818
2016 1,814 2,306 58 50,429 72,528 37,793
2017 3,465 703 26 46,712 93,752 22,448

Wind power can be divided into onshore wind and offshore wind. Early wind farms usually
located onshore due to technical limitations, economic consideration and conveniences of
installation and maintenance. However, with constant development for several decades, on
one hand, constructing an offshore wind farm is no longer an engineering difficulty. On the
other, it becomes increasingly difficult to find an ideal location on land that does not affect
local residents and at the same time has high and stable wind speed. As a result, offshore wind
is drawing more and more attention with advantages of rich resource and more

straightforward space planning for large projects. Fig 1.2 shows the offshore wind power



installation capacity in Europe [5]. As can be seen, a rocketing trend can be observed both on
the annual and the cumulative amount, particularly in the past ten years. It is anticipated that
the offshore wind power sector would make prominent contribution to the net growth of
renewable energy in the upcoming years. United Kingdom, Germany, Denmark, Netherlands
and Belgium are the top five countries in terms of installation capacity in Europe. Beyond
Europe, China is also expanding its offshore wind farms rapidly. In UK alone, there are 33
offshore wind farms operating and there are another eight under construction, which are
estimated to add 4.5 GW over the following years. In 2017, UK offshore wind produced
electricity of 20.8 TWh, which is the amount of 20% of the UK household need. In
environmental aspect, 8.6 million tonnes of CO, emission was reduced thanks to the offshore
wind power [6]. To sum up, offshore wind power plays an increasingly important role in

power systems and de-carbonization process.
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With those promising merits of offshore wind power, on the other hand, it also brings
challenges to the existing power systems. The first problem is due to its intermittency. In
unexpected high wind conditions, it is likely that power systems cannot absorb the excess
amount of wind energy. For instance on October 8, 2018, Scotland became so windy that over
60 wind farms were paid £4.8m to shut down their wind turbines [7]. It reflected a fact that
renewable energy development cannot be rushed over and energy storage devices need to
keep up with the pace. The development of electric vehicles provides a great opportunity to
offshore wind power [8]. As electric vehicles can be regarded as a source of energy storage
and can be complementary to offshore wind power. If they can be well managed without
impeding the functionalities of the users, it would be one of the most promising solutions to

reduce carbon emission and to maximise the usage of renewable energy.

Secondly, replacing synchronous machines with converter connected renewable sources like
wind or solar will reduce the total inertia of the existing power system [9]. As a result, the
system stability would suffer and more research is needed in this area. Among academia,
some control methods have been proposed [10, 11]. One of the ideas is to adopt a novel
control method for the grid connected inverter so that it mimics the behaviour of a traditional
synchronous generator. More prototypes and projects are required before they could serve the

power system against the inertia problem.

Regarding the future trend, bid price of renewable energy has been decreasing for the past
years and it is anticipated that the same trend would remain in the future years. The reasons
can be concluded as technology innovation and scale effect. The trend of the wind turbine is
to become larger both in size and in power rating. 10MW machines have been announced
with a rotor diameter of over 150 m. According to [12], existing offshore wind farms have an

average water depth of 27.5m and an average distance of 41km from the grid connection



point. Such a distance can be covered by the traditional AC transmission. But with the
saturation of near-coast wind power development, future wind farms would inevitably move
further offshore and that would certainly raise challenges for transmission technologies. In the

next subsection, different technologies are introduced and their pros and cons are compared.

1.1.2 Fractional Frequency Transmission and Other Transmission

Technologies

As is mentioned in the previous section, most offshore wind projects nowadays are at short
distance (less than 100 km). In fact, all offshore wind farms currently operating in the UK
adopts the traditional high voltage AC (HVAC) transmission [13]. In terms of the
transmission technology, there is minor difference compared to onshore wind power
transmission. HVAC is a mature technology and therefore it is a natural idea to transfer the
technology to the offshore sector at the first place. Standardised products are available so that
the overall project cost can be kept to the minimum level. However, the capacitive charging
current constrains the active power capacity of the cable and this shortcoming is enlarged as
the distance grows. Even with reactive compensation, it is generally regarded that HVAC
cannot be applied to long distance transmission. Usually, the maximum transmission distance

of HVAC is regarded as around 100 km [14, 15].

On the contrary, high voltage DC (HVDC) transmission is an ideal candidate for long
distance transmission since it does not have charging current effect. The rectifier station
converts the AC power to DC and then it is transmitted at DC until being converted back to
AC again by the inverter station. HVDC can be categorised into Line Commutated Converter
(LCC) and Voltage Source Converter (VSC). There is also a type of capacitor commutated

converter proposed in order to cope with the commutation failure problem in LCC HVDC. A



capacitor is connected in series between the converter transformer and thyristor valves [16].
However, thyristor-based HVDC has a major economic drawback of large ac-filter banks.
Even for capacitor commutated converter, filters rated up to 0.24 pu are still required [17]. In
addition, it is very challenging for thyristor-based HVDC to satisfy the increasingly stringent
grid codes of offshore wind farm connection and on fault ride through. As a result, for
offshore wind power transmission, VSC is favoured over LCC or CCC because of better
controllability and no reactive compensation needed at the terminals [18]. Although many
researchers are working on it, one constraint of HVDC nowadays is the DC circuit breaker,
which is tricky to design and costly to manufacture, making it troublesome for DC fault

clearance and grid forming of HVDC [19].

Fractional frequency transmission, sometimes known by the name Low Frequency AC
Transmission, was proposed in [20]. It uses a fraction of the grid frequency, mostly one third,
for the low frequency AC system. For the application of offshore wind power, it enjoys the
merit of no offshore converter station. In addition, the gearbox ratio or number of poles of
generator can be reduced, leading to a simpler and lighter design of the wind turbine. The
onshore converter station needs an AC/AC converter to triple the frequency back to the
network frequency for grid integration. And the detailed operating principle and control

strategy will be discussed in Chapter 3.

Table 1.2 concludes the main pros and cons of the technologies discussed above. The trend of
offshore wind development is to push wind farms further offshore. But it is preferred not to
locate the offshore site too remote due to maintenance inconvenience and economic
considerations. Also the scale of the offshore wind farms is expected to grow larger and

offshore grids are expected to be built which has merits of improving reliability and shared



infrastructure etc. Having strengths at medium distance transmission and the ability to form

grids easily, FFT is competitive for offshore wind power transmission.

Table 1.2 Summary of transmission technologies: advantages and disadvantages

Technology Advantages Disadvantages

High voltage AC * High charging current

* Mature and easy to implement
transmission * Normally <100 km

* Suitable for point to point * DC circuit breaker limits
High voltage DC

long distance transmission grid forming and fault ride
transmission

* Isolation of two AC systems through

* Low charging current,
Fractional frequency * Bulkier offshore
* Can simplify wind turbine design
transmission transformer
* Easy to form grids

1.1.3 Introduction of Modular Multilevel Matrix Converter

The core device of the FFT system (FFTS) is the frequency changer, which acts as an
interface between the fractional frequency system and the network system. The performance
of the FFTS is largely determined by the frequency changer. Before insulated-gate bipolar
transistor (IGBT) devices got popular, the thyristor based device cycloconverter used to be
adopted during early-stage research [21, 22]. It is an AC/AC converter which has been used
for motor driving purposes. Nevertheless, later research proved that it was not suitable for
offshore wind power applications because of the shortcomings of unsatisfactory

controllability, heavy harmonics and poor capability for fault ride through [23]. Contrarily,




M3C shows strengths in this area. It was first introduced in [24] in 2001. There are nine arms
connecting the three phases of the first AC system to the three phases of the second system.
Fig. 1.3 is a simplified schematic diagram of M3C connecting two AC systems. Note that the
current direction is only for illustrative purpose as MC is capable of bidirectional operation
with the adoption of full bridge sub-modules. It is evolved from matrix converter, so the
topology is similar, which is a three-by-three matrix. However, each arm of the M3C is form
of a number of IGBT-based full bridge sub-modules and an arm reactor. To give more
contexts, a photo of sub-modules forming a multilevel converter [25] and a photo of IGBT

module [26] are provided as Fig. 1.4 and Fig. 1.5.
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Fig. 1.3 A simple schematic diagram of M>C connecting two AC systems.

M3C is considered as the future AC/AC converter for high voltage and high power
applications. Hence, it is particularly suitable for offshore wind power transmission. It is
attractive with the advantages of low harmonic level and switching loss, flexible scalability
and controllable power factor [27]. A more detailed review of M3C will be given in the next

chapter.



Fig. 1.5 A photo of IGBT module with four IGBTSs (half of H-bridge) [26].

1.1.4 Research Motivations

It is a widespread consensus around the world to develop renewable energy to meet the
challenge of fossil fuel depletion and environmental crisis. Among various types of renewable

sources, offshore wind power is popular because of rich resource and the suitability for large-
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scale development as it is away from population centre. Offshore wind farm projects are
booming in Europe and it is anticipated that there will be a huge demand of offshore wind
power integration in the developing areas in the future. As has been discussed, M*C FFT has
advantages over other kinds of transmission technologies. However, unlike HVDC which has
been a popular research topic, the relatively new technology MC FFT has not received
enough attention in the literature yet. Hence, to start with, Chapter 3 aims at giving a detailed
introduction of the configuration, operating principle and the control strategy of M3C. An
overall picture is presented and the knowledge and the test system lay a foundation for

following chapters.

With multiple technical advantages, M°C FFT is a promising solution for offshore wind
power transmission. However, the offshore wind industry is very cost-driven. The adoption of
a technology largely relies on its economic capability. Although a number of researches can
be found in the literature about M>C control methods, the economic aspect of MC FFT is still
not clear. Consequently, it is necessary to carry out a detailed cost analysis of M°C FFT. This

part of work is presented in Chapter 4.

After the economic strength of M®C FFT is identified, the attention is paid to the technical
aspect of M3C. M3C is the key component of the FFTS and it is broadly considered as the
future AC/AC converter for high voltage and high power applications. However, a small
signal model of M3C is not yet available in the literature, making the system stability study
difficult. Therefore, the doctoral study looks at developing a small signal model of the MC,
which provides simple interfaces with the external AC systems on both sides and also the
control system of the M3C. After the model is developed, it is important to conduct small

signal stability analysis to investigate the influences of the controller parameters and the
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circuit elements. Guidelines are given on controller and circuit parameters selection. Chapter

5 covers the small signal modelling and analysis of M*C.

Due to the lack of a DC link, electrical quantities at different frequencies from two AC
systems couple in M3C, resulting in a complex harmonic condition. With the interaction
between the arm current and the switching function, capacitor voltage ripple is induced in the
sub-modules. Harmonic currents of the M®C have different frequencies and their behaviours
are different. In addition, harmonics can lead to stability issues and adversely affect system
components and therefore its analysis is of great importance. Nevertheless, a harmonic
analysis of M>C cannot be found in the literature yet to the best knowledge of the author.
Motivated by the significance and the great need of the harmonic analysis, Chapter 6 carries
out a detailed harmonic analysis of the M3C focusing on its generation, influence and

quantification. Effective measures are also proposed to mitigate M*C harmonics.

1.2 Research Objectives and Contributions

1.2.1 Research Objectives

The objectives of the doctoral study are to:

« Provide knowledge on M3C structure, operating principle and control method, and develop a

test system for EMT simulation study to validate its performance as an AC/AC converter.

« Develop a cost analysis model of M°C FFT for offshore wind power transmission, to study
prominent cost components and determine economical transmission distance compared to the

multilevel HVDC counterpart.
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« Develop a small signal model of M3C for offshore wind power transmission, which is easy
to implement, helpful on controller parameters and sub-module capacitance selections and

also beneficial to system stability study.

« Carry out a harmonic analysis of M°C for FFT providing mathematical analysis, affecting
factors and influences discussion, and harmonic mitigation solutions, which is beneficial to

device modelling and control method development.
1.2.2 Research Contributions

The contributions of the doctoral thesis are summarised as follows:

« A novel cost analysis model is developed to investigate the economic aspects of MC FFT.
Both capital cost and long-term costs are considered and an economic comparison between

MMC HVDC and M3C FFT are provided with sensitivity analysis.

« To fill in the gap of the literature, a small signal model of the M>C is developed followed by
a small signal analysis. The influences of the controller parameters and component values on

small signal stability are analysed.

« A harmonic analysis method for M>C is proposed. The unclear harmonic condition for M*C
is revealed from generation to influences. Also, the harmonic components are classified,
quantified and can be mitigated by the proposed component selection guidelines and zero-

sequence current mitigation controller.

1.3 Outline

Chapter 2 is a literature review of the research. Offshore wind power systems are reviewed

focusing on the economic aspect. The fundamentals of small signal study are given together
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with current studies on small signal modelling of multilevel converters. M*C is discussed in

terms of its applications and existing control methods.

Chapter 3 thoroughly discusses the operating principle and the control strategy of the MC.
Control strategy is discussed hierarchically in terms of sub-module level, arm level and
converter level. A test system of M®C is developed for time domain simulations and it

validates the performance of the M>C and its controllers.

Chapter 4 studies the cost analysis and comparison between MMC and M3C for offshore
wind power application. The total cost decomposition of an offshore wind power system is
discussed and the prominent components are highlighted. Cost comparison and economical
breakeven distance are discussed through case studies. Sensitivity analysis is carried out to

investigate the impact of parameter changes on the cost analysis.

Chapter 5 proposes a small signal model of M®C for FFT. Interaction between the arm
current and the switching function is first studied. Then the dynamics of AC currents, sub-
module capacitor voltage with DC and ripple components and the control system are
considered and included in the small signal model. Small signal analysis is carried out to
study the impact of controller parameters and sub-module capacitance on the small signal

stability of the M®C FFT system.

Chapter 6 provides a detailed harmonic analysis of the M*C. Analytical formulas are derived
and arm current harmonics at different frequencies are classified and discussed. Factors that
have large impact on harmonics are presented. The influences of each type of the harmonic
components on the converter and the external AC systems are analysed in a detailed manner.
Suppression methods of M3C harmonics are proposed, including a proper selection of

elements values and a zero-sequence current mitigation controller.
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Chapter 7 gives a conclusion of the thesis. The outcomes of the research are summarised and

the possible future work is proposed.

The chapters of this thesis are internally related. Literature review in Chapter 2 introduces the
background and provides fundamental knowledge of the research. Chapter 3 presents the
operating principle as well as the control strategy of MC, laying a foundation for the
following chapters. On the economic side, Chapter 4 focuses on the cost analysis of M>C.
While on the technical side, Chapter 5 proposes a small signal model of M3C and conduct
stability analysis, and Chapter 6 investigates the harmonic aspect of M3C and presents
mitigation solutions. Overall, the thesis aims to provide a comprehensive profile of the novel

AC/AC converter M*C for offshore wind power application.

15



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

In this chapter, a literature review of the relevant subjects of the research is presented. Firstly,
relevant previous studies on economic analysis of offshore wind power systems are reviewed
and common analysis methods are discussed. Secondly, background knowledge of small
signal analysis and various modelling approaches of converters are presented in preparation
for the small signal modelling work in Chapter 5. Finally, relevant papers of M3C in the

literature are reviewed on topics of its applications and various control strategies.

2.2 Economic Analysis of Offshore Wind Power Systems

A number of economic analyses of offshore wind power are available in the literature already,
focusing on different purposes. The International Renewable Energy Agency (IRENA)
publishes reports on offshore wind power generation cost [28]. It aims to provide more
transparent cost data to the public domain so that researchers, stake holders and key decision
makers can have a clear view of the actual costs of renewable energy today. [28] collected and
showed the global capacity factors for wind power, which had increased by 56% for the past
three decades. Based on the analysis of the commissioned wind projects in 12 countries
including the US, Denmark, Germany, UK and China, it predicted that the cost for offshore
wind power had a reducing trend in the future due to three main drivers: advanced technology
innovation, competitive procurement and increasingly mature project management
experience. [29] reviewed available cost data in bibliography of offshore wind farm

components, including wind turbine, cables, substations etc. They were helpful for
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profitability studies or optimal economic analysis. But for some components, a regression
curve was estimated from available empirical data and what technology was adopted was not

taken into consideration.

Also, there are papers investigating the economic impact of combining different technologies
with wind power systems. [30] carried out a cost-benefit analysis of using energy storage in
wind power connection in Dutch power system. An economic despatch model was used
taking account of CO; savings for three types of large-scale energy storage methods. It was
found that energy storage was more effective on saving the operation cost when the wind farm
capacity was large. However, the significant investment cost made the installed energy
storage unit very difficult to breakeven and therefore a more cost-effective energy storage
technology was expected to make the scenario more attractive. When the penetration level of
wind power is high, the fluctuation of wind power may lead to a situation that wind power
output is greater than the load or the transmission capability. An idea has been proposed to
cope with such a problem, which is to utilize the wind power to produce hydrogen. In [31], an
economic analysis of hydrogen production was presented in the microgrid context. According
to the case study it was calculated that the cost of hydrogen was 17.65 $/kg and the payback
period of the infrastructure was around 15 years. The results were greatly depended on the
initial infrastructure investment, the wind power selling price and the hydrogen selling price.
Hence, the conclusion may vary when price data change but the feasibility should increase
with the technology development. [32] investigated the cost effectiveness of wind power for
hydrogen production. The cost of hydrogen was calculated in different scenarios and it was
found that the nominal power of the hydrogen production equipment played an important role
in the cost analysis. When the nominal power was too small, energy storage system might be

required to store the excessive wind power, making the price uncompetitive. When the
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nominal power was too large, the utilization factor of the equipment might be poor depending

on the actual wind power profile.

Besides, there are papers investigating the opportunity of combining multiple kinds of
renewable energy. An optimal cost analysis was presented in [33] considering a wind-solar
system for irrigation application. Wind power and solar power can sometimes be
complementary and a hybrid renewable system can help the situation when no solar power
can be produced at night or in a cloudy day or the situation when there is sufficient sunlight
but very low wind speed. The total net present cost was set to be the objective function and
the configuration of wind-solar capacities was optimised. Apart from solar, a wind-wave
hybrid system was studied in [34]. Offshore wind and waves have great energy potential
among the renewables and in the European coasts alone, 350 GW wind power and 320 GW
wave power are available. Economic study showed offshore wind and wave power had plenty
of synergies and there would be huge saving from combined wind-wave systems [35]. Grid
integration infrastructure could be shared as well as the operation and maintenance. The

hybrid system could also have common substructures or foundations.

In [36], a comparative economic analysis was carried out to achieve a certain nominal wind
power generation. Three alternatives were: twenty low power (5 kW) turbines, five medium
power (20 kW) turbines and one high power (100 kW) turbine. Result showed that the high
power turbine was the optimal choice in terms of emission and life cycle electricity price of
25 years. The global warming impact was calculated to be 17.8 gCO,/kWh, which was about
60% and 30% less than the medium and the low power turbine. The wind electricity price was
0.21 $/kWh which was the cheapest among the three choices. The conclusion agreed with the
development trend of wind turbine in the industry, where single large volume high power

turbine was preferred. [37] presented a benefit evaluation of wind generators. The purpose
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was to select suitable capacity and hub height for commercial wind generators to maximise

economic benefits. Weibull and Rayleigh distribution functions were used to model wind

power density. Four commonly used methods for economic analysis were discussed, and the

key points were concluded in Table 2.1.

Table 2.1 A brief summary of different economic-analysis methods

Economic-analysis methods

Characteristics

Payback period method

* Determine the time (often in years) required to
recoup the initial investment
* Calculated by the capital cost divided by the average

annual profit

Cost of energy method

* Determine the cost to generate one unit of energy
* From a generating perspective and often compared to

other energy sources

Discounted cash flow method

* Determine the present value of money paid or
received in the future

* Emphasise the time value of money

Life cycle costing method

* Determine the most cost-effective candidate among
all choices that are technically suitable
* Include initial investments and all future costs, also

consider time value of money
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In [38], the authors applied an index ‘Energy Return on Investment’ to global available wind
energy study. With high economic constraint as the energy return index > 10, it was found
that several countries’ wind resource potentials were lower than previously established and
were below what are needed to achieve 100% renewable energy target. A comprehensive
review of techno-economic analysis methods for hybrid renewable energy system was
provided in [39]. 31 computer tools and 20 arithmetical models were discussed and compared,
giving useful references for researchers. Apart from introducing useful cost analysis methods,
[36, 37] also pointed out that there were several salient differences between onshore wind
farms and offshore wind farms regarding economic analysis. In 2017, many onshore wind
projects commissioned had fallen within the price range of fossil fuel electricity [40], but
offshore wind still has a relatively high cost of energy. Compared with onshore wind, offshore
harsh marine environment leads to more complicated planning, construction, installation and
maintenance. All these factors result in higher wind farm costs. Besides, due to the remote
location, projects also have higher grid connection costs. For offshore wind power
transmission, technical difficulties urge the use of more advanced technologies, and

undoubtedly their costs would affect the economic analysis.

According to [41], the average capacity of offshore wind projects commissioned in 2016 was
380 MW and the average transmission distance to land was about 45 km. Such distance is still
within the feasible range of HVAC transmission but future offshore wind farms will
inevitably move further offshore. For long distance transmission, HVDC (usually refers to
VSC HVDC when it comes to offshore transmission applications) is a popular option with
various technical advantages. In the economic aspect, [42] presented a cost appraisal of
HVDC in comparison to HVAC for offshore wind integration in Great Britain. The reactive

compensation requirement was computed for wind farms with various capacities and
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distances according to the UK Grid Code. As VSC HVDC does not have reactive power
requirement, it was shown that the cost of reactive compensation equipment was a main
shortcoming of HVAC. It was pointed out that capital and loss costs played a key role in the
comparison. For HVDC, the capital cost was significantly higher mainly due to the expensive
offshore converter station, while HVAC had larger energy loss especially at a long distance.
Based on the specific case study it was calculated that the crossover distance between two
technologies was between 120 km and 160 km for a 1 GW offshore wind farm. Another
research [18] also focused on HVDC connection of offshore wind farms. The economic
analysis was more detailed in terms of methodology taking into account the initial
expenditure, operation and maintenance (O&M) and the energy not supplied cost. Analyses
were carried out on transmission distance, DC converter reliability and converter losses. Case
study showed that HVDC could be the cheaper option when capacity was 100 MW and
transmission distance was longer than 90 km. However, the AC transmission method was
limited to only two voltage levels: 150 kV and 400 kV. And the maximum capacity of the
wind farm considered was 500 MW, which was insufficient for large-scale offshore wind

farms in the future.

In terms of FFT for offshore wind power transmission, some but not enough attention has
been paid to the economic analysis. An economic comparison was given in [43] between FFT,
HVAC and HVDC in order to identify the most cost-efficient technology under different
power capacities and transmission distances. An improvement was that AC transmission was
considered in 132 kV, 220 kV and 400 kV and a non-linear and discontinuous cost function
was Yyielded. However, the AC/AC converter station cost was estimated from a Line
Commutated Converter HVDC station, which was too simple and could be inaccurate. And

no detailed information was given on cost modelling of the AC/AC converter station, such as
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O&M and loss costs. [44] presented an economic analysis of FFT and HVDC considering
capital cost, power loss, and reliability. It was shown that FFT was the economical choice for
wind farm with a capacity of 200 MW at 100 km. Nevertheless, the AC/AC converter
considered in this paper was cycloconverter. It has heavy harmonics and poor controllability
as discussed in Section 1.13 and it is not likely to be used for offshore wind power
transmission. Also, costs for the filters and reactive power compensation were not included,

which brought discrepancies to the results.

To conclude, some cost analyses of offshore wind power systems exist in the literature, and
they focus on different aspects, such as providing useful data, investigating the impact of
different technologies on offshore wind power, combining multiple renewable sources,
determining transmission methods under different circumstances etc. Some cost-analysis
methods are commonly used in the literature. Payback period method was used when
breakeven time period was a concern before implementing a project. For instance, the
decision makers would want to know how long it would take to recoup the investment back
when installing energy storage or hydrogen production equipment to assist offshore wind
farm. Cost of energy method is popular when carrying out economic analysis of different
types of renewable energies and comparing their costs, pros and cons and future trend.
Discounted cash flow method is often seen in accounting context. It emphasises the time
value of money and represents the preference of companies that a payment is preferred to be
made in the future rather than today, and an income is preferred to be received today rather
than future. If the time value is considered in the cost of energy method, sometimes an
improved version calculating levelized cost of energy (LCOE) is adopted in the literature. If
several technologies can satisfy the same need in the technical aspect and the most cost-

effective option needs to be identified, life cycle costing method would be adopted. After the
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review, it is found that economic analysis is of significance in the offshore wind power
industry. Some technologies may have great performance, excellent controllability or
promising potential to help power systems during fault conditions. However, if they are not
economical, or at least they are not economical enough nowadays, it would not be very likely
that the technologies would be implemented into reality. Therefore, FFT as a relatively new
technology is in great need of a thorough economic analysis. Data are necessary from reliable
data sources, and they should be converted to the same common reference. The cost of the
M3C needs to be precisely modelled, and then substituted into a suitable economic-analysis

method. These issues will be taken care of in Chapter 4.

2.3 Fundamentals of Small Signal Analysis and Multilevel

Converter Modelling

2.3.1 Fundamentals of Small Signal Analysis

A power system or any dynamic system can be represented by a state space model which is

formed of a number of nonlinear differential equations:

X =Ax + Bu (2.1)
where X is a set of state variables, u is a group of input variables and A and B are state matrix
and control matrix respectively. The number of state variables is defined as the order of the
system. As long as they can describe the system dynamics completely, state variables can be

chosen in more than one way. The output of the system can be computed as:

y =Cx + Du (2.2)

23



Outpurs are expressed as functions of the state variables and input variables. To carry out
small signal analysis, the differential equations need to be linearized at equilibrium points.
Those points can be got when all the derivatives are equal to zero, and they are referred to the

initial state of the system. After linearization, Equations (2.1) and (2.2) become:

Ax =A Ax+ B Au
(2.3)
Ay =CAx+ D Au
in which A, B, C, D are defined as the state matrix, control matrix, output matrix and

feedforward matrix of the system [45]. Apply Laplace transform to the first line of (2.3), the

characteristic equation of the matrix A can be calculated as:

det(sl —A) =0 (2.4)
where the values of s satisfying (2.4) are the eigenvalues of the matrix. According to
Lyapunov’s theory, the system is small signal stable when all eigenvalues have negative real
parts. When one or more eigenvalues have real parts with positive values, the system is small
signal unstable. And when the real part equals to zero, the stability cannot be determined
based on the criteria merely. In reality, a power system is always subjected to small
disturbances, so it is important for the system to remain small signal stable. The small signal
stability can be affected by the initial operating states and various controllers within the

system [46]. Express the eigenvalues into real and imaginary parts:

A=ctjw (2.5)
The real part determines the damping and the imaginary part indicates the oscillation
frequency. A concept of damping ratio is defined to represent the rate of decay. These two

characteristics can be expressed by (2.6) and (2.7). When the damping ratio is less than 5%,
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the mode is regarded as poor damped and the system may be subjected to small signal

instability.

f=w/2rn (2.6)

Y e 27)

2.3.2 Small Signal Modelling of Converters

Converters have been widely involved in power systems for different applications, for
example Static Synchronous Compensator (AC/DC converter) [47], wind energy converter
system (AC/DC/AC back-to-back converter) [48, 49], HVDC system (AC/DC/AC converter)
[50], FFTS (AC/AC converter) [20] etc. A back-to-back converter was modelled in [51], the
DC link was modelled by a capacitor and one order was used to considered the active power
balance between the rectifier and the inverter. The converter was used in the doubly-fed
induction generator (DFIG), a vector control was adopted for the rotor side converter to
control the torque of the wind turbine and the DFIG side reactive power, and for the grid side
converter, to control the DC link voltage and terminal reactive power. In [52], a feedback
control strategy was designed according to small signal model for multilevel Static
Synchronous Compensator. The purpose of the controller was to balance the capacitor
voltages between individual sub-modules. Nevertheless, neither capacitor voltage ripple nor
circulating current was considered in the small signal model. [21] proposed a small signal
model of an FFTS with cycloconverter. It was found that the cycloconverter had a negative
effect on the damping of the system. A simple feedback PI controller was added to overcome
the insufficient damping problem. However, the key component AC/AC converter was simply

modelled as a first order time delay, so the detailed dynamics of the semiconductor switches
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were neglected and the potential interaction between the converter and the connected AC
systems could not be studied. A VSC based HVDC was modelled in [53] to study the
influence of HVDC on power system small signal stability. The topology was a single
machine infinite bus system equipped with a HVYDC. The eigenvalue analysis showed that the
open loop system was unstable and a damping controller was designed using the speed
deviation as the control input. The performance of the controller was examined by both small
signal analysis and time domain simulation. However, the decoupling control of HVDC is so
commonly used that it should be included in the small signal model or the designed controller

should also be compared with the decoupling control to examine its performance.

Furthermore, some work has been available on MMC HVDC in terms of small signal
modelling. [54] pointed out that when the internal dynamics of the MMC was neglected, its
small signal model was similar to VSC configurations with two or three levels. Such average
model facilitated large power system studies but it was based on the assumption that the
internal damping of MMC was enough. [55] improved the small signal model of MMC by
including the internal energy dynamics. It considered the DC component of the internal
circulating current but it assumed that the energy unbalance controller could ensure zero
fundamental frequency circulating current at steady state and it had no influence on the
dynamics of the rest of the system. In fact, when the system experienced small disturbances,
circulating current and arm energy were coupled so the influence of the circulating current
controller needed to be considered. Such issue was resolved by [56], where the authors
modelled the second order circulating current and the circulating current suppression control.
The model also included the capacitor voltage oscillation at double system frequency in DQ
frame. For multilevel converter such as MMC, there are a great number of sub-modules and

each sub-module capacitor can be one order in the detailed model. However, the sub-module
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number can get to several hundred so it is not mathematically efficient to consider all the
dynamics within a single sub-module. The small signal model should be consisted of a

reasonable number of state variables meanwhile maintaining sufficient accuracy.

After the review, it can be found that different kinds of converters have some common ground
when it comes to small signal modelling. For the AC/AC converter M>C, the average DC
voltage of the capacitors needs to be maintained. But the situation is more complex as there
are nine arms in an M>C and each arm contains multiple sub-modules. MMC has capacitor
voltage oscillations at double system frequency. But the capacitor voltage ripple of the M3C is
different from that in MMC and it is determined by the AC system frequencies from both
sides. MMC and M3C share some similarities as they are both multilevel converters.
However, the operation of the M3C is fundamentally different from its AC/DC/AC
counterpart. Ina MMC HVDC system, both sides are isolated by the DC link so two systems
can be regarded as no coupling. In modelling, many papers only consider one side (either
rectifier or inverter) due to symmetric reason. However there is no DC link in the M3C, and as
a result of which, quantities from two AC systems at different frequencies couple together in
the converter. This situation is unique and therefore it is of significance to develop a small

signal model of M>C to understand its dynamics and its impact on the power systems.
2.4 Control and Applications of Modular Multilevel Matrix

Converter

The concept of M3C was first introduced in 2001 [24]. The authors presented a matrix
configuration of nine switches that had four-quadrant operation ability. The configuration

resembled the traditional matrix converter except that matrix converter contained only
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switches to determine the on or off of the both side it connected, while M*C adopted IGBT
based full bridge sub-modules. Each sub-module could produce three voltage levels during
operation. It was proposed that the input and output voltages could be controlled by space
vector modulation (SVM) and simulation result was presented based on a MC with two sub-

modules in each arm.

After that M®C has been proposed for various applications, mainly in wind power integration
[57, 58] and motor driving [59, 60], and sometimes in power quality enhancement as a unified
power quality conditioner (UPQC) [61]. In the future, it is possible that M*C could be used in
the transport sector, for example in railway systems [62]. As railway has experience in
running the system at fractional frequency. And with the bidirectional ability of the full bridge
sub-modules and the good controllability of M>C, it is likely that the regenerative braking
energy could be increased and well-managed for railway vehicles [63]. In [64], a decoupled
current control method of M3C was presented for medium voltage motor drives with
regenerative braking. The control method was able to regulate the output torque and balance
the DC average capacitor voltage. A three-phase 400 V, 15 kW experiment system was
developed to verify the performance. [60] focused on optimising the phase reactor of the M*C
to reduce its size and weight. The reactor was necessary for the current control of the MC. A
zigzag winding was implemented to achieve that no magnetic flux was introduced in any of
the nine arms by the three-phase supply or the motor currents. The effectiveness was proven
by experimental results in a downscaled motor drive system. For offshore wind transmission,
different from motor driving applications, the sub-module number is high to reach a high
voltage rating, and the frequencies on both AC sides are controlled to be constant. This

research focuses on offshore wind FFTS application.
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In [65], @ SVM based control was used on M3C to realise wide frequency range operation.
Simulation and experiments showed that the M3C could stably operate without additional
circulating current control under different conditions, including low frequency conversion and
identical frequency conversion. However, the evaluated M>C only had three sub-modules in
each arm. In addition, SVM is not recommended to be used at high voltage level since the
increasing number of sub-modules induces an exponential growth of the space vectors,
making it time-consuming to compute and difficult to analyse. A widely used control method
was developed in [66]. A concept of double abc — a0 transformation was used to realise
fully decoupled current control. But some variables after two transformations were not DC
components even at steady state but with a mixture of frequency components, which was not
good for controller design or small signal modelling. In [67], this method was further
improved for FFTS by introducing the cross synchronous rotating frames, so that DC values
are dealt with at most time in current loops. But the control method was complicated to be
implemented with a number of transformations and controllers. When the sub-module level of
M3C increases, the total number of the sub-modules in all nine arms can be significant and
therefore impose a challenge to control communication network and centralised control
structure. In [68], a distributed control architecture for M*C was proposed, featuring in a time-
dimension decoupling strategy which separates the fast current control loop and the slow
voltage control loop to reduce communication data. Good performance on both steady state
and dynamic operation was verified by experimental results on an MC prototype with eased

communication burden.

Plenty of researches have been carried out to improve the performance of M>C in different
aspects. As IGBT semiconductor is limited mainly by its current rating capability, [69]

introduced a control strategy to damp the peak arm current of the M3C by 14.6% to 21.6%,
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giving potential for reducing cost and the converter footprint. In order to save components and
reduce the number of switching, [70] worked on an alternative AC/AC multilevel converter
topology. It was validated by simulation and experimental results that the sparse topology
could also help on circulating current suppression. Authors from [71] looked into M®C under
fault conditions, featuring in an optimised branch current control when one or more arms of
the M>C were lost during faults. A nonlinear optimisation model was developed to optimise
the branch current structure after the branch fault. Experimental results showed that the M*C
could convert from full arms to a reduced topology without shutting down the whole
converter. In some other applications besides offshore wind power integration, M3C may be
required to operate at a frequency ratio near one, which is known as challenging with large
voltage oscillations on capacitors. A vector control of M®C was proposed in [72] aiming at
operating it over a wider range of frequencies. With delicate transformation, filtering and
energy balancing among arms, it was tested by a downscaled laboratory prototype that the
M3C was able to function well even when the input frequency is close to output frequency.
The downside of this method is extra component rating for common mode voltage and
circulating currents. In [57], the operation of M®*C under unbalanced grid conditions was
investigated. A feedforward control strategy was proposed to compensate the imbalanced
energy between arms induced by negative-sequence quantities. Simulation results showed that
with the proposed control method, M3C could cope with unbalanced grid conditions caused
by single phase faults. With an increasing penetration level of offshore wind power, frequency
support becomes a crucial issue for offshore wind farms in compliance with grid code. [73]
investigated a frequency support control of M3C to cope with frequency drop conditions.
However, since the energy used is from the floating capacitors, the frequency support

capability is limited.
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Based on the review it was found that plenty of research work has been carried out on M3C
control method development. However, harmonic analysis of M®C was rarely seen in the
literature. Based on the ideal assumption that only components at AC system frequencies
existed in the arm current, paper [74] derived the current expression of sub-module
capacitance of M®C. But the attention was paid to the sub-module capacitance selection and
harmonic analysis was not provided for the M>C. Authors of [75] verified the performance of
M3C as the frequency changer in FFTS and provided an analysis. A mathematical model was
presented on one sub-converter, but no discussion was given on the harmonics and the
capacitor voltage ripples were not taken into consideration. From the stability point of view,
harmonic analysis of M>C is of significant importance for FFTS, as offshore wind power is
often connected to weak AC systems which are prone to stability issues. Harmonic instability
and resonance have been found in research and in reality when power electronic devices with

high switching frequencies interact with other components in power systems [76, 77].

In the BorWinl offshore wind farm in Germany, harmonic interaction occurred and was
reported in [78]. The incident caused the whole HVDC system to shut down and wind energy
could not be delivered to the grid. Except for preventing economic loss, harmonic analysis is
also crucial to avoid device damage. Although MMC and M3C are both multilevel converter
and share some similarities, the harmonic situation of M®*C (AC/AC converter) is different
from that of MMC (AC/DC/AC converter), due to fundamentally different operation principle
and the lack of a DC link. In M3C FFTS, quantities at two frequencies intertwine in the
converter and interact with the switching devices, resulting in a complicated frequency profile.
For MMC HVDC, it was found that the circulating currents were in even orders, mainly in
second order [79]. The capacitor voltage was also in second order and in negative sequence

for MMC and the harmonic current only circulated within the converter. But for M*C, the
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harmonic situation is still not clear and needs to be fully investigated, which is the main focus

of Chapter 6.
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CHAPTER 3 OPERATING PRINCIPLE
AND CONTROL STRATEGY OF THE
M3C

3.1 Introduction

The aim of this chapter is to provide a detailed discussion on the configuration, operating
principle and the control strategy of the M3C. The control strategy is introduced hierarchically
in terms of the sub-module level, arm level and converter level controls. A time domain
simulation system is developed to validate the performance of the M3C as an AC/AC
converter. The knowledge presented in this chapter lays a foundation for the following
chapters, particularly the small signal modelling of M®C in Chapter 5 and the harmonic

analysis of M°C in Chapter 6.
3.2 Operating Principle of the M*C for FFT

An offshore wind FFTS is shown in Fig. 3.1, where the grid frequency is set to be 60 Hz. The
offshore wind generator produces power at 20 Hz, and the voltage is raised by the offshore
step-up transformer before the power is transmitted at the fractional frequency to the onshore
station. The MC station triples the frequency back to 60 Hz and the power is delivered into

the main grid.
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Step—up AC Cable
Transformer

Fig. 3.1 Illustrative diagram of an offshore wind FFTS.

The schematic diagram of the M>C is shown in Fig. 3.2. It is a three-phase to three-phase
AC/AC converter with a total of nine arms. The subscripts a, b, ¢ represent quantities at the
generator side for voltage and current while subscripts u, v, w represent quantities at the
system side. Voltage and current directions are shown in Fig. 3.2. In each of the nine arms,

there are N IGBT based full bridge sub-modules and an arm reactor.
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Fig. 3.2 Schematic diagram of a MC.
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Quantities at the generator side frequency (20 Hz) and those at system side frequency (60 Hz)
couple in the M®C. At balanced steady state, AC side phase current spreads equally into three
arms that are connected to it [75, 80]. Take arm current i,,, for instance, it contains one third
of the phase current i, and one third of the phase current i,,. It can be mathematically

expressed as:

lgu = Igsin(wit + B) + I, sin(wst + B3) (3.1)
where 1, I, w4, w3, B, and S5 are the magnitudes (equal to one third of the AC system phase
currents magnitudes), angular frequencies and phase angles of the 20 Hz and 60 Hz currents

in the arm. Similarly, the arm switching function is formed of components at 20 Hz and 60 Hz

and it can be given by Equation (3.2), where :—“ and f—“ are the modulation ratios at 20 Hz
DC DC

and 60 Hz. E,, E,, a; and as are the magnitudes and phase angles of the modulation

voltages. Up is the total arm DC voltage.

Sau = UE—[‘:CSin(a)lt + ay) + UE—;‘CSin(w3t + as) 3.2

3.3 Control Method of the M*C for FFT

This section discusses the control strategy of the M>C adopted in this study, which is
introduced at sub-module level, arm level and converter level. Operation modes of the full
bridge sub-module are introduced first, followed by the arm level modulation strategy. Then

the transformation technique and the decoupling control of the M3C are presented.

3.3.1 Switching Modes of Full Bridge Sub-Module

35



S1

S2

Fig. 3.3 Schematic diagram of a full bridge sub-module.

A schematic diagram of a full bridge sub-module is plotted in Fig. 3.3. In this topology, each
sub-module consists of four switch units and a capacitor. And each switch unit has an IGBT
and a freewheeling diode. The on and off combination of the switch units determines the
operation mode of the sub-module. To be specific, when S; and S, are switched on and S,
and S5 are switched off, the capacitor is positively inserted. Similarly, when S, and S5 are
switched on and S; and S, are switched off, the capacitor is negatively inserted. The bypass
mode can be implement by two ways: either switching on S; and S5 or switchingon S, and S,.
The sub-module would be in block mode if all the switch units are off but this is not the case
at normal operation. The operation modes of the full bridge sub-module are summarised as
Table 3.1. Each sub-module can output three voltage states: +Vdc, 0 V and —Vdc. When an
arm is formed of N sub-modules, 2N+1 levels of output voltage are possible. As the terminal

voltage can be regulated by the switching, M>C is therefore a kind of voltage source converter.
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Table 3.1 Full bridge sub-module operation modes

IGBT switches on IGBT switches off Sub-module output mode
S1and S4 Sz and Ss +Vdc inserted
S, and S3 S1and S4 -Vdc inserted
Siand S3 S;and Sy Bypass
S;and S, S;and S; Bypass
N/A S1t0S4 Block

3.3.2 Control Method at Arm Level

The output of the vector control is the voltage reference in DQ frame. After Park inverse

transformation the voltage reference of each arm is ready for modulation. In this study the

nearest level modulation (NLM) [81] is adopted to convert the voltage reference to the

switching states of the sub-modules. Fig. 3.4 shows the control diagram of NLM taking arm

au for example. The arm voltage reference vg,,.5 is divided by the measured DC average

capacitor voltage of the arm to determine how many sub-modules should be switched on. But

the value after division should be approximated to the nearest integer level and limited by the

maximum sub-module number. The output NORD,,, is the inserted sub-module number for

arm au, where a negative value indicates that the sub-modules are negatively inserted.
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Fig. 3.4 Schematic diagram of NLM.

The voltage balancing technique of the sub-modules within an arm is the same as [79] and the

principle is described as follows:

« If the arm current direction is to charge the sub-module capacitors, the sub-modules with the

lowest capacitor voltages will be inserted first.

« If the arm current direction is to discharge the sub-module capacitors, the sub-modules with

the highest capacitor voltages will be inserted first.
3.3.3 Control Method at Converter Level

One challenge of M®C control is the mixture of two frequencies in the converter. In this
subsection, it is illustrated that how components at 20 Hz and 60 Hz are extracted and the
decoupling control is achieved for M®C. The control objective is to use the D axis of the 20
Hz side to regulate transmitted active power and the D axis of the 60 Hz side to maintain

capacitor voltage balance, and to regulate reactive power on both Q axes.

Based on Fig. 3.2, the Kirchhoff’s law equations for the nine arms of the M>C are expressed
in the following equations, where an additional resistor R is added to represent the internal

converter losses:
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uazvau+<R+L%>-iau+uu
dy .
ua=va,,+(R+L%)-Lav+uv
dy .
ua—vaw+<R+LE>-Law+uw
dy .
ub—vbu+(R+LE>-lbu+uu
ay .
ub—vbv+<R+LE)-va+uv
dy .
ub—vbw+(R+L—)'lbW+uW
dt
dy .
uC=v6u+<R+La>-Lcu+uu
dy .
U, vc,,+(R+La)-Lw+uv

| &

uC=v6W+<R+Ldt>-iCW+uW

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

Uyy and iy, (x = a,b,c; y =u,v,w) are referred to the arm voltage and arm current

consisting of 20 Hz and 60 Hz components. Divide the above nine equations into three sets

(3.3) — (3.5), (3.6) — (3.8) and (3.9) — (3.11), representing three clusters a, b, c. Apply

ABC — a0 transformation to three sets of equations respectively. Considering that AC

systems at both sides are balanced, the zero term of u,, u, and u,, does not exist, and the

three equations can be expressed as:

dy .
uc=v00+<R+LE)'LCO

(3.12)

(3.13)

(3.14)

where v, and i, (x = a, b, c) are the zero voltage and current components for cluster a, b, c.

In (3.12) - (3.14), the 20 Hz components are decoupled from the 60 Hz ones. Apply ABC —
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DQ transformation to (3.12) - (3.14), the DQ components can be calculated and they can be

used for the vector control on the 20 Hz side:

d
Eaz0 = Uazo — (R + La) *laz0 + w1 Llgp (3.15)

d
Eq20 = Ugao — (R + Ld_t) g0 — W1L1g20 (3.16)

PI controllers can be applied and E;;, and E,,, are the output voltage references from the
vector control. Similarly, the 60 Hz components can be decoupled using the same approach.
Or after the first ABC — af30 transformation, apply af3 — DQ transformation to three sets of
equations in alpha/beta frame. The following equations are derived for clusters a, b, ¢

respectively:

d
Ugeo = Vaa + (R + La) lgd — a)3Liaq (317)
d .
Ugeo = Vaq + (R + LE) lgq T w3lisg (3.18)
dy . :
Ugeo = Vpa + (R + La) Ipg — W3Lipg (3.19)
d -
q60 = qu + (R + La) lbq + w3led (320)
d
Ud60 = Vcd + (R + LE) i cd — (1)3Licq (321)
dy . .
Uq60 = ch + (R + L&) ' lcq + w3LlCd (322)

At symmetrical state, three clusters are balanced [82] s0 V44, Vpaq and V44 can be uniformly
denoted as Eggo and Egeo and iqqq, ipaq and icqq Can be uniformly denoted as I0 and /6.

Hence, the voltage relation on the 60 Hz side can be represented as:
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d
Ege0 = —Uaso — (R + La) *lge0 + w3Llge (3.23)

d
Eq60 = _Uq60 - (R + Ld_t) " Iq60 - a)3L1d60 (324)

Again PI controllers are applied to balance capacitor voltage for the 60 Hz side and E 4, and
E 460 are the output voltage references from the vector control. The schematic diagram of the
M3C control strategy is plotted in Fig. 3.5 to visualise the control methods at sub-module

level, arm level and converter level as discussed in this section.
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Fig. 3.5 Overall control diagram of the M>C.
3.4 Simulation Results of the M*C

To examine the control strategy discussed in the previous section, a detailed model of MC is
developed in RTDS for EMT simulations. In terms of power system simulation software,

some commonly-used tools include Matlab/Simulink, PowerFactory, PSCAD and RTDS.
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They have similarities but each of the software has its advantages. Matlab/Simulink is able to
perform power system simulations but it is not confined in power system application but also
capable of a wide range of system simulations in engineering domain. It has strong flexibility
as it can be supported by Matlab scripts and user-defined S functions. PowerFactory is
specialised at load flow calculation, short circuit analysis and reliability study etc. PSCAD is
well known by its suitability for simulating electromagnetic transient responses of power
systems. It is also popular for controller design especially with power electronic components.
The above three software can be installed and run on PCs. But as the system grows, or
detailed behaviour of power electronics needs to be studied, the simulation speed of the
abovementioned software can be relatively slow and therefore they could become inefficient.
To cope with this issue, RTDS is an ideal tool as it provides real time digital simulations. The
power system basic component models are similar between PSCAD and RTDS, where the
main difference is that RTDS adopts additional hardware to accelerate simulations [83] while
PSCAD largely relies on the computational capability of the PC. In this thesis, RTDS is
adopted for M®C EMT simulations due to its time-efficiency when the simulation system

contains a large number of power electronic components.

The topology of the simulation system is as shown in Fig. 3.2 with the AC system modelled
as a voltage source behind a Thevenin impedance. The power flow direction is from the 20 Hz
side to the 60 Hz side. And each arm of the M3C contains 40 sub-modules. Full details of the
system parameters can be found in Appendix A. And a further explanation of the simulation
model is given in Appendix B. The M3C test system built in this chapter will further serve the
small signal modelling in Chapter 5 and the harmonic analysis in Chapter 6. The tuning of
controller parameters in Appendix A is subject to certain rules. Increasing the proportional

gain has the effect of proportionally increasing the control output for the same level of input
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error. Therefore, bigger proportional gain pushes the closed-loop system to react more quickly,
and also help reduce but not eliminate steady state error. However, that would lead to a higher
overshoot and push the poles of the system to the right half panel, which are unfavourable for
system stability. The inclusion of the integral gain helps reduce steady state error. But for an
integrator, when the error changes sign, it may take a while to cancel out the integration and
change sign for the output, so it can slow the controller reaction. Integral controller is rarely
used alone as it creates an open-loop pole on the original point and delays the output signal by
90 degrees, which is adverse for system stability. Sometimes a derivative term would be
added to the controller. With this term, the control output could react when the error signal
starts to ramp but the magnitude of the error is still small. It brings an open-loop zero to the
system, and has not effect on steady state error. For the down side, it is very sensitive to

system noise. In this thesis, PI controller is adopted.
3.4.1 Terminal Voltage and Current

In the time domain simulation, Fig. 3.6 (a) to Fig. 3.6 (d) show the sinusoidal voltage and
current waveforms at the 20 Hz and 60 Hz AC sides respectively. As can be seen, voltage
waveforms at both sides are ideal sinusoidal, while the current waveforms are sinusoidal but
subjected to a slight distortion. The reason of the distortion will be discussed in Chapter 6 and
solutions will be presented. Harmonics will be investigated in Chapter 6. Besides that, the
control method performs well and two AC systems with different operating frequencies are
able to be connected by the M3C. The voltage and current profiles within the M*C are

analysed in the next subsection.
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Fig. 3.6 AC side voltage and current waveforms of M*C.
3.4.2 Arm Voltage and Current

The original arm voltages and currents are shown in the subplots (a) from Fig. 3.7 to Fig. 3.10.
To be specific, Fig. 3.7 (a) shows the arm voltages of arm au, av, aw, Fig. 3.8 (a) shows the
arm voltages of arm au, bu, cu, Fig. 3.9 (a) shows the arm currents of arm au, av, aw and Fig.
3.10 (a) shows the arm current of arm au, bu, cu. As can be seen, they are waveforms with a
superposition of 20 Hz and 60 Hz sinusoidal components. Subsection 3.3.3 discusses how the
20 Hz and the 60 Hz components are isolated from the arm quantities and it can be validated
by the time domain simulation. For instance from equations set (3.3) — (3.11) to equations set
(3.12) — (3.14), 20Hz components have been isolated. They are further transformed into DC
values (at steady state) using DQ transformation, to Equations (3.15) and (3.16). On the 20 Hz
side, take cluster a for example, applying ABC — a0 transformation to the arm voltages of
arm au, av, aw and extract the zero component, v,, only contains 20 Hz component.
Similarly v, and v, are calculated and the three voltage variables that contain 20 Hz
component are plotted in Fig. 3.7 (b). When ABC — DQ transformation is further applied, the

three voltage variables are transformed into DQ components and it can be seen in Fig. 3.7 (c)
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that the DQ components are DC values at steady state. Using the same approach, the DQ
components of the arm currents are calculated and they are fed into the 20 Hz side vector
controller. On the 60 Hz side, after the ABC — aff0 transformation is applied to the arm
voltages of arm au, av, aw, the 60 Hz voltages are extracted as the alpha and beta components
since the 20 Hz voltage only exists in the zero component. Therefore, it can be seen in Fig.
3.8 (b) that the alpha and beta components are sinusoidal waveforms at 60 Hz. Then aff — DQ
transformation is applied to convert the alpha and beta components into DQ frame so that DC
values are acquired for control purpose. The transformation of the arm currents is the same so
it is not repeated again. However as the arm currents contain a small amount of harmonic
components, the DQ components after transformation are not purely constant. A filter can be
applied to the current signal to improve the controller performance. For instance in Fig. 3.10

(c), a first order low pass filter is applied with a time constant of 0.005s.
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(a) M3C arm voltages: arm au, av, aw.
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Fig. 3.7 MC arm voltages of the 20 Hz side and components after transformation.
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Fig. 3.8 M3C arm voltages of the 60 Hz side and components after transformation.

0.6 T T T T T T T T T

iau
iav
iaw

0.4

kA)

02

Arm Current(

06 I I I I I I I I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

time(s)

(a) M3C arm currents: arm au, av, aw.

48



Arm Current
Zero Components(kA)

(b) Zero components (20 Hz) of M3C arm current after ABC - o0 transformation.

Arm Current DQ (kA)

0.5 T T T T T

ia0
ib0
icO

-0.5 | 1 | 1 | 1 | | 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
time(s)

0.2

(c) DQ components of M®C arm current after ABC - DQ transformation.

Fig. 3.9 M>C arm currents of the 20 Hz side and components after transformation.
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Fig. 3.10 M3C arm currents of the 60 Hz side and components after transformation.

In addition, the 20 Hz arm voltage components of au, av and aw are extracted and plotted in
Fig. 3.11 (a). As can be seen, three curves are overlapped, indicating that the arm voltages are
balanced at the 20 Hz side. Similarly, the 60 Hz arm voltage components of au, bu and cu are
plotted in 3.11 (b) and the arm voltages are also balanced at the 60 Hz side. For the arm
currents, same process is conducted and the current waveforms are of very minor difference,
indicating that the AC side phase current spreads equally into the three arms connected to it.
These results show that the assumptions of balanced arm voltages and balanced arm currents

are valid. Overall, the performance of the M>C as a frequency changer is satisfactory.
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Fig. 3.11 20 Hz and 60 Hz components of arm voltages and currents.

3.5 Power Flow Reversal

With the adoption of full bridge sub-modules, M®C has bidirectional four-quadrant operation
capability. In this section, a power flow reversal test case is designed to investigate the
transient performance of the M>C. During start-up or wind farm fault period, it is likely that
the grid side provides active power to support the fractional frequency side. In this case, the
reversal starts at t = 0.2 s and the power command is to reverse the active power flow in one

second. Fig. 3.12 to Fig. 3.16 show the simulation results.

The reference and measured active power on the 20 Hz side are plotted together in Fig 3.12. It
is shown that two curves are almost overlapped, proving that the controller performance is
satisfactory and the actual active power is able to track the power reference at a rapid rate. Fig
3.13 shows the current signals of the inner loop of the vector control, where the D axis current
has the same varying trend of the active power and the Q axis current remains static to be zero
as it is decoupled from the D axis controller. If required, the reactive demand can be adjusted

to provide reactive power support from the M>C to both sides of the AC systems. But under
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normal operation, the reactive power is regulated to be zero to maximise the capacity factor of

the transmission system.
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Fig. 3.12 Measured active power and its reference during power flow reversal.
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Fig. 3.13 DQ components of 20 Hz arm current during power flow reversal.

Also, the 20 Hz and 60 Hz sides AC currents are plotted in Fig. 3.14 and Fig. 3.15
respectively. They share a similar trend that the three-phase currents gradually drop to zero
first as the magnitude of the power decreases, and then currents go up again as the magnitude
of the power increases. In addition, Fig. 3.16 shows the DC component of the capacitor
voltage, whose reference is set to be 1.5 kV. As can be seen, after the power flow reversal
begins, the capacitor voltage drops about 3.3% to 1.45 kV. It remains that level until the

reversal finishes and it recovers to the normal voltage level. At steady state, the active power
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flowing in the M3C equals to the active power flowing out so the sub-module capacitor
voltage is balanced. However during the transient period in this case, the input active power
from the 20 Hz side keeps dropping and therefore resulting in a decrease of the capacitor
voltage. When the 60 Hz side controller detects the capacitor voltage drop, it takes action and
reduces the 60 Hz D axis current coming out from the converter. This prevents a continuous
drop of the capacitor voltage and when the power reversal finishes, the capacitor voltage is
regulated to the reference value again. To sum up, the performance of the M>C is satisfactory

and the designed controllers work well.
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Fig. 3.15 AC system current of the 60 Hz side during power flow reversal.
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3.6 Summary

In this chapter, the configuration, operating principle and the control strategy of the M3C for
FFTS have been discussed in details. It has been shown that voltages and currents at
frequencies of the AC systems from both sides couple in the M3C, and what transformation
process should be carried out to extract the 20 Hz components and the 60 Hz components.
The control method has been presented in a detailed manner including sub-module level, arm
level and converter level. A time domain simulation test system has been developed to
examine the operating principle and the discussed control strategy. Performance has been
validated both at steady state and at transient state when a power flow reversal was conducted.
It has been proven that the M3C works well and is capable of acting as the frequency changer

in an FFTS.
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CHAPTER 4 COST ANALYSIS AND
COMPARISON BETWEEN MMC AND
M*C FOR OFFSHORE WIND POWER

TRANSMISSION

4.1 Introduction

4.1.1 Background

After extensive exploitation in recent years, the development of near-coast wind farm is
nearly saturated. Development of wind power systems is moving further offshore where richer
wind resource is available and large-scale project planning is easier. It has been discussed in
previous chapters that M®C FFT is a promising option for offshore wind power transmission
at medium distance. For long distance transmission, MMC HVDC is a popular candidate.
According to [41], the average capacity of offshore wind farm commissioned in Europe in
2016 was 380 MW and the average distance to land was about 45 km. Such figures present a
great opportunity for FFTS development. Therefore, it is vital to carry out a cost analysis of
M3C FFT and a cost comparison with MMC HVDC. Current researches either do not model
the cost of M3C properly, or consider only the initial investment and neglect the long-term
costs. However, the life time of offshore wind power systems are often designed between
twenty to twenty five years. The overall value of the long-terms costs can be considerable and
has a great effect on the analysis and decision making. In this chapter, a cost model is
developed to include capital cost and time-related costs to provide a precise cost profile of the
technology. The overall cost is classified into elements and those take up large percentages in

the total cost are emphasised. Cost comparison between M*C FFT and MMC HVDC is
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presented. Economical crossover distance of the two technologies is analysed at different
power ratings. Also, sensitivity analyses are carried out on discount rate, wind farm capacity
factor, wind energy price and turbine generator type to gain in-depth understanding into their

impact on the cost comparison.
4.1.2 Cost Breakdown of Offshore Wind Power System

On one hand, the overall cost of an offshore wind farm can be formed of the costs of system
components, which are wind turbine for generation, transformer for voltage stepping up,
undersea cable for power transmission and converter station for frequency changing. On the
other, the overall cost can also be divided by the nature of the costs, which are caused before
operation or during operation. They include capital cost, unavailability cost, O&M cost and

power loss cost. The latter classification can be expressed mathematically as:

Csys = Ccap_sys + Cya sys T Com sys + Cpr_sys (4.1)
in which Ceyp sys is capital cost, Cyy g IS unavailability cost, Cop sys is O&M cost and
Cpy sys Is defined as power loss cost of the offshore wind power system and they will be
introduced in later sections respectively. Except the capital cost, the other three costs are long-
term costs that are introduced during the operation and through the life time of the system. To
consider the time effect of the money, Equation (4.2) is used to convert the time-related costs

throughout the wind farm life time to net present cost (NPC) [84]:

1+0)" -1 (4.2)
Cnpe = Cannual W

in which C,pnuar 1S the annual value of the long-term cost, n is the offshore wind system life
time (20 — 25 years) and i is the discount rate. Table 4.1 shows the detailed cost breakdown of

an offshore wind power project in two dimensions which has been discussed above.
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Table 4.1 Cost breakdown of an offshore wind power project

Wind Turbine Transformer c Cable 8; Converter Station
Total Cost (TC) = Platform ompensation
Cost (WTC) Cost(TPC) Cost (CCC) Cost (CSC)
Wind Turbine Transformer Coriazlnesiion Converter Station
Capital Cost (CC) Capital Cost Platform Capital CapFi)taI Cost Capital Cost
(WTCC) Cost (TPCC) (CCCO) (CSCC)
A Wind Turbine Transformer Cable &. Converter Station
Unavailability N Platform Compensation -
Unavailability Cost o o Unavailability Cost
Cost (UC) (WTUC) Unavailability Cost | Unavailability Cost (CSUC)
(TPUC) (CUC)
. Wind Turbine Transformer Cable &. Converter Station
Operation & . . Compensation .
. Operation & Platform Operation . Operation &
Maintenance Cost . . Operation & .
(OMC) Maintenance Cost | & Maintenance Maintenance Cost Maintenance Cost
(WTOMC) Cost (TPOMC) (CCOMC) (CSOMCQ)
. . Transformer Cable & .
Power Loss Wind Turbine Platform Power Compensation Converter Station
Power Loss Cost Loss Cost Power Loss Cost Power Loss Cost
Cost (PLC
(PLC) (WTPLC) (TPPLC) (CCPLO) (CSPLC)
4.2 Capital Cost

In this section, the capital costs of different components in the offshore wind power system

are discussed and analysed. Relevant data are collected and presented in graphs and tables.

When it comes to wind turbine generators, permanent magnet synchronous generator (PMSG)

and doubly-fed induction generator (DFIG) are the two most popular types in the wind energy

market nowadays [40]. Generally, the capital cost of a wind power generator introduces in the

process of manufacture, transport, installation and also includes foundation construction.

58




Because of confidential reasons, the cost data of wind turbine generators are scarce in the
public domain and they may vary from supplier to supplier and from project to project.
Estimated by the National Renewable Energy Laboratory (NREL), the generator cost of
offshore wind turbine is approximated to be £1m/MW [85]. But it is an average number and
does not consider the difference between various types of wind turbine generators. According
to [86], the reference costs of specific wind turbine generators are given, with PMSG at about
£1.55m/MW and DFIG at about £1.8m/MW. Thanks to technology development and
commercial competition, a decreasing trend of the wind turbine price is anticipated. Except
that there is a concern for PMSG, as its cost is greatly affected by the expensive rare earth
magnets whose price is fluctuating along time. In [87], the cost breakdown of a DFIG is

presented and it is shown as in Fig. 4.1.
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[ IBlades 16%
-Generator 16%
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I:loo ntrol Systems 6%
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Gearbox 17%

Tower and hub 17%

Fig. 4.1 Cost components of a DFIG wind turbine generator.

As can be seen, gearbox, tower and hub are some of the main cost components. The research
shows that when the wind turbine generator works at the low frequency, the gearbox can be

simplified and the switch ratio is reduced to one third so the cost on gearbox can be
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decreased. In addition, simplified structure of the gearbox leads to a lighter weight of the wind
tower and the hub. It is estimated that the cost of DFIG can be saved by 5.2% [88]. This
advantage is not taken into consideration in this research when the wind turbine generator
type is PMSG, as most PMSGs available nowadays are direct-driven and does not include a
gearbox. However, it may be useful to point out that the novel high power PMSG (8 - 10
MW) also employs a one-level gearbox [89]. Consequently, saving could apply to PMSG as

well.

For the capital costs of the offshore transformer station and the converter stations, average
costs are given in a Northseagrid report [90] and are listed in Table 4.2. At the same nominal
power, transformer at the fractional frequency tends to be bulker and more expensive.
Calculation result in [91] shows that the transformer would be about 75% more expensive for
FFTS. For an onshore converter station, capital cost includes the cost of land, building
construction, cost of valves etc. Considering that MMC can use half bridge sub-modules
while M3C needs to use full bridge sub-modules, the valve cost is higher for the onshore M*C
station. [92] shows that when using full bridge converter, the overall converter station cost is
20% higher than a half bridge converter station. For MMC HVDC, 6 arms are placed in the
offshore rectifier station and the other 6 arms are placed in the onshore inverter station. For
M3C FFT, there is no offshore station and all 9 arms are located onshore. Taking that into
consideration, the capital expenditure of the M3C converter station is approximately 1.8 times

as the price of the MMC HVDC onshore converter station.

The mathematical equation to calculate the capital cost of the cable is given as:

CCAP_cab = Neap *leab * Ceab (4-3)
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in which n.,, is the number of submarine cable sets, .., is refined as the transmission
distance (km) and c.,, IS the submarine cable price (Em/km). For standardisation reason,
cables are available only at certain voltage levels. In this research, 132 kV, 220 kV and 400
kV are considered for AC and 150 kV and 300 kV are considered for DC. Capital costs of
cables are extracted from [43] and are listed in Table 4.2. Selection of undersea cable is
determined by the power capacity of the wind power system and transmission distance. For
HVAC cables, the maximum transmitted active power decreases as the distance increases,
since the charging current would take up more and more rating of the cable. FFT is meant to
address the main disadvantage of HVAC. Operating at one third of the frequency, the required
charging current is greatly reduced and therefore the transmission capability is increased. For
instance, [93] shows that FFTS is capable of transmitting 500 — 600 MW power to a distance
of 300 — 400 km at a voltage level of 220 kV with the help of reactive power compensation.
This capability can satisfy most requirements of offshore wind power systems in terms of
distance, and higher voltage level can further improve the transmitting capacity. For reactive
compensation, different costs are given when compensation methods are different, such as:
single compensation from one end, compensation from both ends with equally split capacity,
compensation from both ends with different capacities for two ends, and three compensation
locations at both ends and the midpoint. In this research, it is adopted that the reactive power
compensation is provided from both ends with same capacity. Compensation costs are
available in [94] and they are plotted with transmission distance in Fig. 4.2 considering three
voltage levels. It can be viewed that the costs are nearly linearly dependent on distance, so

first-order linear cost functions are calculated to determine compensation cost.
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Table 4.2 Summary of capital costs of offshore wind power system components

Component Capital Cost
DFIG £1.8m/MW
DFIG at fractional frequency £1.7m/MW
PMSG £1.55m/MW
Offshore transformer (plus platform) £0.129m/MW
Offshore transformer FFT (plus platform) £0.194m/MW
Offshore Converter Station £0.254m/MW
Onshore Converter Station £0.107m/MW
Onshore M>C Station £0.171m/MW
AC Cable (FFT)
132 kV (0-300 MW) £0.86m/km
220 kV (300-600 MW) £1.00m/km
400kV (600-1000 MW) £2.15m/km
DC Cable
+150 kV (0-500 MW) £0.785m/km
+300 kV (500-1000 MW) £1.015m/km




4.3 Unavailability Cost

Unavailability cost is determined by the amount of energy not delivered to the power system
resulting from the unavailability of an offshore wind power system. Based on the IEC
Standard 61400 [95], the unavailability of a system is defined as the ratio between the total
unavailable time of the system and the time length of the studied period. It is mathematically
expressed as Equation (4.4) on an annual base, in which UA, is the unavailability rate of the
offshore wind power system, t;4 sy is refined as the overall unavailable time of the offshore
wind power system within one year (in hours) and T, is the overall time of one year which

equals to 8760 hours.

(4.4)

tUA_sys

Udgys = x 100%

year

The unavailability cost equals to the total amount of energy not supplied multiplied by the

unit energy price:
CUA_sys = UAsys ' Prated CF - Epwind ' Tyear (4-5)

in which Cy 4 sy is defined as the unavailability cost of the system, P, is defined as the
nominal power rating of the offshore wind power system (MW), CF is defined as the capacity
factor of the system and EP,,;,,q is defined as the offshore wind energy price (E/MWh). It
should be pointed out that unavailability only takes into account the unscheduled down time
and excludes planned maintenance time out of the calculation. Also, it is presumed that only
one fault could happen in the system at a time. That is to say, when one component suffers

from a fault, the system would stop operating so there would not be another fault happen on
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the rest components. As a consequence, the total unavailability of the system can be

calculated as the sum of unavailability of each single component:
UAsys = UAyt + UAran + UAcap + UAcon (4.6)

where UA¢, UA¢ran, UAcqp and UA.,, are the unavailability of the turbine, transformer,

submarine cable and converter respectively.

In a wind turbine, most unavailable time is from the gearbox, rotor blade, generator, and
converter power electronic devices [96]. The data of wind turbine annual failure rate and
downtime (in day) are collected from [96, 97] and they are summarised as in Table 4.3. The

unavailable time in a year can be calculated by multiplying failure rate and downtime.

Table 4.3 Unavailability of components in a wind turbine

Failure Rate (per year) PMSG DFIG Downtime(/days)
Gearbox / 0.185 42
Generator 0.046 0.123 32
Rotor Blade 0.16 0.16 42
Converter Electronics 0.593 0.106 2

It can be seen from Table 4.3 that for PMSG, the failure rate of power electronics is higher
than that of DFIG. But its advantage is that it does not have gearbox and therefore there is no
gearbox failure time. The reason of higher converter failure rate is that PMSG employs a fully
rated converter that is more prone to faults with higher power rating and larger size than the
partially rated converter employed by DFIG. As has been discussed in Section 4.2, the

structure of the gearbox can be simplified to a great extent for wind turbine generators
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working at the low frequency. Accordingly, the gearbox failure rate would also drop and it is

presumed that the reduction of the failure rate is also one third of the original.

Fractional frequency has been adopted for more than one century in railway systems in a
number of countries [98]. Therefore, the technology of transformers at fractional frequency is
mature and it is considered that they operate as reliably as the transformers at normal grid
frequency. The failure rates and downtime of the cables and transformer are available in [90]
and they are listed in Table 4.4. For the sake of simplicity, the unavailability of multilevel
converters is assumed to be linearly dependent on the power electronic sub-module number.
But onshore and offshore converter stations should be considered separately. For onshore
converter station, unavailability data are extracted from a thorough GIGRE survey of the
reliability of a large number of HVDC systems all over the world [99]. For offshore converter
station, data for the past three years on existing offshore wind farm projects are collected and
an average unavailability rate is calculated [100]. In total, the components unavailability in

offshore wind power systems is given in Table 4.5.

Table 4.4 Reliability of transformers and cables

Component Failure Rate(per year) Downtime(/hours)
Transformer 0.024 2160
AC Cable(/100km) 0.1114 1440
DC Cable(/100km) 0.1114 1440
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Table 4.5 Unavailability of offshore wind components

Symbol Quantity Value (%)

UA,¢ Unavailability of wind turbine /

UApusc Unavailability of PMSG 2.57

UApric Unavailability of DFIG at grid frequency 5.11

UApricrr Unavailability of DFIG at fractional frequency 3.69

UAtran Unavailability of transformer 0.59

UAcap Unavailability of cable per 100km 0.18

UAcon Unavailability of converter station /

UA Unavailability of MMC HVDC onshore | 0.35[99]
mme-on converter station

UA Unavailability of MMC HVDC offshore | 0.8 [100]
mimc_off converter station

UA,3c Unavailability of M°C onshore converter station | 0.52

4.4 Operation & Maintenance Cost

For offshore wind power systems, the O&M costs can be produced from multiple activities
[101]. Labour, replaced components, vessel expenses, rent, accounting costs and insurance are
common sources of O&M costs. The challenge is that the actual data for O&M costs of
existing offshore wind farm projects are not available in the public domain. And actual O&M
costs are varied from case to case depending on the geographical condition and the location of
the offshore wind power system. O&M costs may be different as the maintenance frequency,
availability of skilful workers and ships, and weather and sea condition are varied in each

offshore wind power system. Since average statistics may not be representative, in economic
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studies, the O&M cost for each component on an annual base can be estimated as a ratio of

the capital cost [42, 102]. This O&M cost ratio kg, IS defined as:

Cc
kO&M == —O&M_Com X 100%

CCAP_com

(4.7)

where cogum com 1S the annual expenditure of O&M on the component and Cczp com IS the
capital cost of the component. Various components have different O&M cost ratios, for
instance, the offshore wind turbine needs more O&M while the transformer needs less
maintenance as it is more mature in terms of technology and has no rotating mechanical part.
Also, a converter station located offshore has a higher O&M ratio than the one locating
onshore. References [85, 90] present the O&M cost ratios for various components in offshore

wind power systems, which are listed in Table 4.6.

Table 4.6 O&M ratio for different components

Component O&M Ratio(/ year)
Wind Turbine 3.4%
Offshore Converter Station 2%
Onshore Converter Station 0.7%
Submarine Cable 2.5%
Offshore Transformer 0.15%

4.5 Power Loss Cost

The economic effect of power loss is considered in this section. The overall power loss of the

offshore wind power system is calculated as the sum of power loss from each of the
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components and it is converted to power loss cost based on the offshore wind energy price. It

can be mathematically expressed as:

CPL_com = PLcom " Pratea " Tratea " EPwina (4-8)

in which Cpy, com is the power loss cost, PL,,, is the power loss ratio (%) of the component,
Tratea 1S the operation time of the system annually. In offshore wind power systems, power
loss is normally in the forms of mechanical loss, iron loss, copper loss and converter power
electronic loss. Comparing two types of wind turbines, according to [103], power loss of
PMSG is mainly converter electronic loss due to the efficiency of the two or three levels
converter is not very high, and PMSG adopts fully rated back-to-back converter. For DFIG,
mechanical loss particularly gearbox loss takes up large proportion of the overall wind turbine
loss. DFIG operating at the fractional frequency has lower gearbox loss and it is approximated
to be one third of the original. A detailed calculation of the power loss for the two kinds of

wind turbines is available in [103]. The result is shown in Table 4.7.

For transformers, power losses are mainly brought by the heating current in the windings and
the magnetizing current in the core. According to [104], the efficiency of transformers is
found to be high and the average power loss ratio is 0.8%. Hence, the difference of the
transformer power loss ratio between operating at the fractional frequency and at grid
frequency is neglected for simplicity and only negligible discrepancy would be brought. It can
be confirmed by comparing the power loss ratio to those of other elements in the offshore

wind power system in Table 4.7.

The power loss ratios are different for AC cable and DC cable. For DC cable, the primary
source of the power loss is the active current flowing through the cable, while for AC cable,

both the active current and the reactive current which is produced by cable capacitance
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contribute to the power loss. Therefore, the loss of AC cable is larger than that of DC cable.

[15, 94] present calculation details of the power loss for AC and DC cables. Results show that

AC cable has a power loss ratio between 3-5% depending on the voltage level when length is

100 km. And DC cable only has 0.5-2.5% at the same length.

For converter, switching loss and conduction loss are two main sources of power loss. MMC

HVDC adopts half bridge sub-modules, the total converter loss per converter station

nowadays is about 1% of the rated power. For M®C, sub-modules are full bridge so power loss

is higher. Based on the analysis in [105], the switching loss for full bridge and half bridge

valve are the same, while the conduction loss for full bridge valve is double than half bridge

valve. As a result, the power loss of the MC is calculated to be 1.95%.

Table 4.7 Power loss for different components

Component Power Loss (%)
PMSG 6.4
DFIG 5.0
DFIG at fractional frequency 3.0
Transformer 0.8
AC Cable (per 100 km) 3.0-50
DC Cable (per 100 km) 05-25
Offshore Converter Station 1.0
Onshore Converter Station 1.0
Onshore M*C Station 1.95
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4.6 Case Studies of Cost Analysis and Comparison

4.6.1 Cost Constituents of MMC HVDC and M°C FFT

Previous sections present the cost breakdown of the overall cost of offshore wind power

systems. Capital cost, unavailability cost, O&M cost and power loss cost are discussed and

necessary cost data are provided. In this subsection, quantitative analysis of offshore wind

power systems costs for MMC HVDC and M®C FFT are presented. Elements that have large

influences on the total cost are indicated. In this case, the power rating is chosen as 500 MW,

the transmission length is set to be 100 km, the wind turbine type is selected to be PMSG and

the system life time is deigned to be 20 years. Other parameters required to compute the cost

components are listed in Table 4.8 and they can be referred to [84, 106, 107]. The cost

constituents for offshore wind power systems based on the two technologies are plotted in

Fig. 4.3.
Table 4.8 Parameters for economic analysis case study

Symbol Explanation Value
CF Capacity factor 40% [106]
Trated Rated operation time 2500hrs [106]
i Discount rate 5% [84]
EP,ina Offshore wind energy price £50/MWh [107]
n Project life 20 years
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(17.1%)

PMSG Capital(51.8%)

PMSG Capital(52%)

Fig. 4.3 Cost constituents for MMC HVDC (top) and M>C FFT (bottom) offshore wind power

systems.
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As can be seen, there are some similarities between the two technologies. For example, no
matter which transmission technology is adopted, about 50% of the total project cost is spent
on the capital expenditure of the wind turbines, which is the biggest cost contributor. Ranking
second is the O&M cost, which is about and less than 20%. The amount is the total value for
20 years converted to net present cost, and the same rule applies to all the other long-term
costs, including unavailability cost and power loss cost. Both technologies result in a power
loss cost of less than 10% and the smallest proportion is taken up by the unavailability cost.
On the other hand, there are some differences between the two technologies. For M3C FFT,
the undersea cable and the offshore transformer station are more expensive. But there is a
huge saving compared to MMC HVDC on converter station capital cost. To conclude, the
total cost of offshore wind power systems is greatly driven by capital costs, among which the
wind turbines are the most costly so it is important to carry out research on how to cut the
wind turbine capital cost down to make offshore wind power more competitive. In the next
two subsections, focus is paid on comparing the two technologies and determining the

economical transmission distance for each of the technology.
4.6.2 Economical Transmission Distance: Case Study 1

In this case study, the economical transmission distances for the two technologies are
determined when the rated capacity of the offshore wind power system is 500 MW. The
crossover point is indicated and an analysis of the cost difference is provided. Fig. 4.4 plots
the total costs of the two technologies against the transmission distance. As can be seen, the
crossover point lies at distance L = 109 km, before which the M3C FFT option is of lower cost
while a transmission distance longer than that results in MMC HVDC being the cheaper

choice. To analyse the reason behind, two points are selected which are slightly shorter and
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longer than the crossover distance (L = 100 km and L = 120 km) and the cost differences are
plotted at each point in Fig. 4.5, regarding capital, unavailability, O&M and power loss costs.
Note that delta in the figure represents MMC HVDC minus M3C FFT, so a positive value

means that MMC HVDC is more expensive.
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Fig. 4.4 Total cost against transmission distance at 500 MW.
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Fig. 4.5 Cost differences around the crossover point (L = 100 km and L = 120 km).

When the distance is short, the converter stations play a more significant role in the total cost.
At the distance L = 100 km, MMC HVDC has a higher capital cost on converter station due to
the extra offshore rectifier station, while the AC cable and the offshore transformer station for
M3C FFT are more expensive. Combining both factors results in a very small cost difference
on capital cost. The biggest positive cost difference comes from O&M, again due to the

offshore converter station. The M3C station locates onshore and is therefore much easier for
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O&M, as it does not depend on the weather and sea condition or the availability of the
vessels. However the main disadvantage comes to the higher power loss of the AC cable
compared to the DC cable. To conclude, the cost difference of capital, unavailability and
O&M costs are positive and the cost difference of power loss cost is negative, leading to a
positive cost difference of total cost. Nevertheless, as the transmission distance becomes
longer at L = 120 km, the shortcoming of the AC cable becomes more prominent, as its
capital, O&M and power loss costs all increase. The growth is so large that it compensates for
the advantages on unavailability and onshore M3C converter station. Hence, the total cost
difference at this distance reduces to negative and M3C FFT is less cost-effective than MMC

HVDC at long distance transmission.
4.6.3 Economical Transmission Distance: Case Study 2

In case study 2, the rated capacity of the offshore wind power system is considered to be
larger at 1 GW, while all the other parameters remain the same. The focus is to discover how
the power rating affects the economical transmission distance crossover point. Again the total

costs of the two technologies against the transmission distance are plotted.
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Fig. 4.6 Total cost against transmission distance at 1 GW.
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In Fig. 4.6, it can be observed that when the power rating doubles, the total cost also increases
to about two times of the original. However, it is interesting that the crossover distance
reduces to only 63 km in this case. The reason is that in the high power rating case, the AC
cable becomes dominant as its price is way too expensive when comparing to the DC cable.
The economic advantage developed from other savings is rapidly cancelled out with the
growth of the distance. At a distance as short as 63 km, the traditional HVAC technology may
be taken into consideration since it is a capable choice with the support of the reactive power
compensation and does not have costs on converter station and has lower costs on the
offshore transformer. If that is the case, there may be no economical distance range for M*C
FFT. Based on the result, conclusion can be drawn that increasing the rated capacity of the
offshore wind power system has a negative effect on the economic competitiveness of M*C
FFT. Apart from the economic consideration, M®C FFT still has the technical advantages on
offshore grid forming and better fault handling ability. But attention should be paid to AC
submarine cable technology in order to cut down the high price and make M3C FFT more

competitive for large capacity transmission.
4.6.4 Sensitivity Analysis

Undoubtedly, the industry of offshore wind power is far from being mature and dramatic
changes are still happening. As a consequence, it is essential to carry out sensitivity analysis
to gain insights into the economic analysis and determine how parameter changes would
influence the economical transmission distance. In this subsection, a) discount rate (i), b)
energy price (EP,nq), C) capacity factor (CF), d) wind power project life time (n) and e) the
wind turbine generator type are considered in the sensitivity analysis. Results are plotted in

Fig. 4.7 when capacity is chosen to be 500 MW which is the same as in case one.
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Fig. 4.7 Sensitivity analysis on economical distance and wind turbine type.

The value of discount rate is affected by the social inflation rate, risk of the capital investment

and the profit return capability of the project. Discount rate only causes influence on costs that

happen in the future. A larger discount rate would emphasise the capital cost and weaken the

effect of the long-term costs (unavailability, O&M and power loss costs). This trend

magnifies the disadvantage of the AC undersea cable so a larger discount rate negatively

affects M3C FFT. Hence, Fig. 4.7 (a) shows that the crossover distance point moves down as

discount rate grows.

Besides, similar trend can be found as energy price increases. As discussed in Sections 4.3

and 4.5, energy price influences the unavailability cost and power loss cost. But unavailability

cost takes up the smallest proportion in the cost constituents and is less dominant than the
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power loss cost. A more important factor is that higher power loss is induced for longer
transmission distance but cost difference of unavailability is not sensitive with length
changes. With the same amount of AC cable power loss, a higher energy price means higher

power loss cost. Therefore, a decreasing trend can be seen in Fig. 4.7 (b).

In terms of capacity factor, it linearly affects unavailability cost according to Equation (4.5). It
iIs known that near the crossover distance the unavailability cost of MMC HVDC is higher
than that of M®C FFT. From this perspective it seems that higher capacity factor would be
advantageous to M>C FFT. However, higher capacity factor results from higher wind power
captured or longer annual operation time of the system, which means the delivered power as
well as the power loss on AC cable also enhances. This factor is more significant and

therefore Fig. 4.7 (c) shows a descending trend as capacity factor grows.

Regarding the wind project life time, longevity means more long-term costs and same capital
cost. Because of the offshore converter station, the unavailability cost of MMC HVDC is
more expensive than M3C FFT, as well as the O&M expense. On the contrary, the power loss
cost is lower and overall, the annual long-term costs are slightly higher for MMC HVDC
around the crossover point. As a consequence, longer offshore wind power system life time is
beneficial to M3C FFT. From another angle, same as capacity factor, the project life time only
relates to long-term costs. The difference is that higher capacity factor emphasises capital cost
while longer project life time emphasises long-term costs. So an opposite trend can be seen in

the sensitivity analysis plots.

Finally, the other type of wind turbine is considered. DFIG is adopted in the offshore wind
power systems and the total cost against distance is re-plotted in Fig. 4.7 (e). From previous

sections, it is indicated that there are multiple benefits for DFIG working at the fractional
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frequency. And as can be observed, the crossover distance is now pushed way further to
nearly 300 km. The root reason is that the percentage of the capital cost of wind turbine is so
large that the saving is enormous in the cost difference analysis. Besides the saving on capital

cost, DFIG also has reduction in unavailability, O&M and power loss costs.

4.7 Summary

This chapter has presented a detailed cost analysis and comparison between MMC and M*C
for offshore wind power transmission. Both technologies have their pros and cons and it is of
significant importance to figure out which one is more cost-effective and under what
circumstances. It is also vital to study the impact of various parameters on the analysis result.
The economic-analysis method has been introduced as well as the cost decomposition of the
total cost. Capital cost, unavailability cost, O&M cost and power loss cost have been
discussed in details respectively. The cost analysis has shown that regardless of the
transmission method, almost half of the overall cost is spent on wind turbine initial
investment. Taking up around 20% of the total cost, O&M cost is the second largest decisive
element in the analysis. Results from the first case have shown that MC FFT is a very
promising choice for offshore wind power transmission at several hundred MW rating and at
medium transmission distance. It has been found that three major factors that hampering it
from being cost-effective are: costly submarine AC cable, more power loss compared to DC
cable and larger offshore transformer station. For MMC HVDC, the offshore rectifier station
is the main negative factor. It has expensive capital cost, higher unavailability rate, difficult
maintenance compared to onshore station and extra power loss. However, a magnificent merit
is the DC cable, with lower price, no reactive power compensation need and less power loss,

making MMC HVDC the optimal solution for long distance transmission.
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One constraint of the study is that the outcome of the cost analysis relies on the parameters.
Consequently, sensitivity analysis has been carried out to provide insights to the impacts of
parameter variation on the economical transmission distance. It has been found that discount
rate, capacity factor and offshore wind energy price all have descending trend when the
parameter increases, while longer wind power system life time results in farther crossover
distance between the two technologies. Some parameters are more sensitive than others in
terms of the impact on economical transmission distance range. Energy price and capacity
factor have larger influence but discount rate and project life time are less decisive. In
addition, DFIG has found to be very suitable for M3C FFT, the economic advantage can be

maximised and the cost-effective range is extended to almost 300 km.
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CHAPTER 5 SMALL SIGNAL MODEL
OF M*C FOR FRACTIONAL
FREQUENCY TRANSMISSION SYSTEM

5.1 Introduction

Offshore wind power develops rapidly in recent years. Its penetration keeps growing and the
market witnesses increasing investments and a decrease of product prices [5]. In 2018, Europe
added an additional capacity of 2.6 GW and the accumulated offshore wind capacity has
reached 18.5 GW. Away from the population centre, offshore wind is advantageous not only
because of not taking up city land, but also due to higher wind speed and suitability for large-
scale exploitation. Traditional HVAC is merely capable of short distance offshore
transmission nowadays, but after years of exploitation, the development of near-coast wind
power is close to saturation, pushing the future offshore wind farms further offshore. But
offshore wind farms may not be too far away from the coast, as construction and maintenance
would become rather difficult and expensive. In that case the project profit return ability is
doubtful and the payback of the investment is not optimistic. The FFT is proposed to
overcome the HVAC cable shortcoming. And based on the economic analysis in Chapter 4, it
has been found that M3C FFT is a cost-effective technology for medium distance offshore

wind power transmission, which is likely to cover most future offshore wind farms.

The core component of a FFTS is the frequency changer, or the AC/AC converter M3C. In
M3C, there is no DC link so quantities at two frequencies from both AC sides couple together
in nine arms of the converter. Such operation is not common and therefore it is of significant

importance to gain understanding of dynamics of the M3C and its impact on the power grids.
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However, to the best knowledge of the author, a small signal model of M>C does not exist in
the literature yet. The main contribution of this chapter is to develop a small signal model of
the M3C for FFTS which can be used for power system small signal stability study as well as
controller design. Quantities at frequencies of both AC sides mingling in the M>C are isolated
and decoupled. The model is developed in DQ frame and it can be interlinked simply with the
external AC systems and the control system. It is shown that the model is with a reduced
number of variables but maintains satisfactory accuracy. Also, a small signal analysis is

conducted when controller parameters or sub-module capacitance varies.

5.2 Arm Voltage and Current Relations

Ua iﬂ‘ —
ub b s | L
e ol L.
Uc =
Iau
AC System 1 at 20 Hz
(Generator Side) armau

L
1 R
T L
Full Bridge Sub-module  ju iv

Uu Uv
AC System 2 at 60 Hz
(System Side)

Fig. 5.1 Schematic diagram of a M*C.

Fig. 5.1 depicts a M*C connecting two AC systems. The fundamental operating principle of
M3C has been introduced in Subsection 3.2. The quantities of the fractional frequency side are

denoted by the subscripts a, b, ¢ and the quantities of the grid side are denoted by u, v, w. An
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arm resistor is added to represent the internal converter losses. Recall the equations of arm
current and arm switching function as (5.1) and (5.2). At steady state, the phase current is
equally spread into the three arms connected to that phase. For example, the 20 Hz
components of the arm currents i, i,, and i, have the same amplitude and it equals to one
third of the phase current i,. Similarly, the 60 Hz components of the arm currents i,,,, i,, and

i, have the same amplitude and it equals to one third of the phase current i,,.
lgu = Igsin(wit + B) + I, sin(wst + B3) (5.1)

Squ = ——sin(wit + a;) + —sin(wst + a3) 62
UDC UDC

In the model, current harmonics are not taken into consideration due to the reasons below:

1) By carefully selecting the values of circuit components, for example capacitances and arm
inductances, the magnitudes of the current harmonics can be kept to a negligible level [108,

109].

2) The small signal model focuses on the external characteristics of the M®C. For circulating
currents flowing within the converter, their influence on the outer AC systems can be

neglected.

3) Under AC system unbalance, current harmonics may be salient. But such situation is out of

the scope of this study.

Considering a single sub-module in an arm, the switching signal S, (=1, 0, -1) determines
the operation mode of the i™ sub-module. When the switching signal equals to 1, the sub-
module is positively inserted with the capacitor voltage u,.. Contrarily, —u 4. will be inserted

if the signal is -1. And the sub-module will be bypassed if the signal is 0. Refer i,,,, to the
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arm current and C is the sub-module capacitance. The current equation of one sub-module and

one arm can be given by (5.3) and (5.4):

s . duge (5.3)
armi tarm — dt
> d
. Ug
Sarmi larm =N C dtc
i=1 (5.4
dudc

N igm =NC

Under normal operation, sub-modules are inserted in the same direction. Therefore, the
magnitude of n is the inserted number of sub-modules, with n > 0 indicating that sub-modules
are positively inserted and n < 0 indicating that sub-modules are negatively inserted. Define

the arm switching function S,,.,, = n/N, Equation (5.4) becomes:

. dug (5.5)
Sarm larm = C dtc

Equation (5.5) gives the current relation of a M®C arm, and the voltage relation can be

expressed by the following Equation (5.6), where u,,., represents the arm voltage:
Ugrm = N Sgrm Uac (5.6)

Within an arm, the sub-module voltage balancing method is the same for MMC HVDC [79],
which has been widely researched and tested [110, 111]. In this study, it is assumed that the
sub-modules voltage balancing control performs satisfactorily. Equation (5.5) and (5.6)
assume that the sub-module voltages are balanced at steady state. Also, the focus of this
research is to develop a compact and manageable M*C small signal model. But multilevel
converters for transmission applications contain up to several hundred sub-modules, making it
mathematically inefficient to consider dynamics on every single sub-module for a small signal

model.
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5.3 Small Signal Model of M3C

5.3.1 Dynamics of the Capacitor Voltage

The ABC quantities are transformed into DQ components using Park transformation. The

transformation matrix is denoted as T:

2 2
o | cos(wt)  cos(wt — §n) cos(wt + §n)
r=3 2 2 (5.7)

—sin(wt) —sin(wt — §n) —sin(wt + §n)
When frequency equals to 20 Hz, w = w;, and when frequency is 60 Hz, w = w3. The
dynamic phasors of the quantities in DQ frame can be expressed as a function of the
magnitude and the phase angle in ABC frame. For example:

Ego0 = Egsinay

Eq20 = —Eqcosaq
. (5.8)
Lazo = Igsinpy

lgz0 = —Igcospy

Substitute (5.1) and (5.2) into (5.5), the DC component of the capacitor voltage is extracted

and expressed as:

E,I

u

(5.9)

. E,l,
€ Uge.o = 7= cos(ay = B) + T cos(as — )

u
DC UDC

Express the right side of Equation (5.9) with DQ components and rearrange the equation, the

differential equation of U, o can be given by:

(5.10)

Ugeo = 77— (Eq20lq20 T Eazolazo + Egeolqe0 + Easolaso)
2Upe - C
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Similarly, the 40 Hz components of the capacitor voltage (transformed into DQ frame) are
modelled by the following Equation (5.11) and (5.12). Detailed derivation can be found in

Appendix C.

. 1 (5.11)
Uac az = 201Uq¢ g2 — m (EqZOIqZO - EdZOIdZO)
D

. 1 (5.12)
Uac_qz = —2w1Uac a2 + 577 (Eazolq20 + Eq20laz0)

2Upc - C
Only the 40 Hz capacitor voltage ripple is considered and higher order components are
neglected in this model, as the 40 Hz component has the largest magnitude and dominates in
voltage ripples. It is going to be further discussed and verified by the time domain simulation
in Section 5.4. In situations where higher order voltage ripples are preferable to be included,

similar approach can be applied to model ripples (at 80, 120 Hz...) easily. But in this model:
Uge = Uge o + Uge 2 sSin(RQw,t + 605) (5.13)

where Uy , and 6, are the magnitude and the phase angle of the 40 Hz capacitor voltage

ripple.

5.3.2 Dynamics of the AC Current

Substitute (5.2) and (5.13) into (5.6), the 20 Hz and 60 Hz arm voltages can be calculated as:

UDC 2UDC

Eu Udc_O

NE_ U NU,. ,E
{Uarmzoa = a—dc‘)sin(wlt +a;) + Mcos((ult +6, —a;)
k Uarm_eou = U sin(wst + as)
DC

(5.14)

Rewriting (5.14) in DQ components yields:
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(U _ MWaco Use aaEoro + Uge 4oE
arm_20d _U—DC d20 +m( dac.q2Eq20 T Uac_az2Eaz0)

C
i NUae o N (5.15)

Uarm_ZOq = U—DCEqZO - TDC (Udc_dquzo - Udc_qZEdZO)

Uaco
( Uasrm 60a = U—C_Edso

DC
Ugc o (5.16)

Uarm_60q = U q60
DC

Apply Kirchhoff’s law to M3C, equations at 20 Hz and 60 Hz can be given by:

{ o = Uarm_20a + L *tau 20 + R lau 20
0= Uarm_eou +L- lau'_60 +R- iau_60 + ey, (517)

Again transform voltage equations into DQ coordinate. The differential equations of the AC

currents are given as:

. 1 R 1
lazo = I Uazo — Zldzo + wylgo0 — I Uarm_ 204
o R 1 (5.18)
quo = Zquo - zlqzo — wylgzo — Zuarm_ZOq
. 1
lygo =— I Uaso — zldeo + w3lge0 — I Uarm_60a
. (5.19)
Ige0 =— I Ugeo — Zlqso — w3lgeo — I Uarm_60q

To combine, the M>C itself can be modelled with the state and input variables below:
Xm3c = [Uac 0» Udc a2 Udc g2 1az0: 1q20, laso, Iq60]

Umsc = [Eazo, Eq20, Ea60) Eqe0r @1, W3, Ugz0, Ug20, Ugsos quo]
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5.3.3 Control System for the M°C

The control method of the M>C in this study adopts the widely used vector control. The
generator side of the MC is responsible for controlling active power and the system side of
the M3C s responsible for controlling capacitor voltage. The Q axis of the outer loop can be
used to control voltage or reactive power. For the sake of simplicity, the Q axis current
reference is set to zero to maximise the active power transmitting capability. The control

diagram is as shown in Fig. 5.2.

PZO'ref
PZOmea P]j_ UdZO
-0

1420 PIL, ;.? F—Ea20
1q201’ef [qzoL'rwlL
q20
I320 — PI3 Eq20
Ua!c_() 1d20 " CUJ_L
) PI
deref 4 Ud60
Liso Pl —'; F—Easo
[q60‘ref 1q60 . (,U3L
Ug60
Igs0 Pl Eq60

lie0 - w3l

Fig. 5.2 Vector control topology of the M>C.

As the vector control algorithm has been well documented in the literature [47, 51]. The

differential equations are given here directly:
X = P20_ref — Promea (5.20)

Xy = kp1Pao ref — Kp1Promea + kirX1 — Iazo (5.21)
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X3 = IqZO_ref - quo (5.22)

X4 =Ugco— Udc_ref (5.23)
X5 = kp4Udc_o - kp4Udc_ref + KiaXs — laso (5.24)
Xe = lgeorer — Ig60 (5.25)

The PLL provides angle references and its dynamics should be included. The modelling
method is the same as proposed in [112]. Four variables are added to model two PLLs at both
20 Hz and 60 Hz sides. x; and xg are the time integration of the Q axis voltages. And x,;

represents the output of the PLL.

X7 = Ugao (5.26)
xpilZO = _kp—plquZO - ki—pllx7 (5.27)
.X:S == Uq60 (528)
xpil60 = _kp—plqu60 - ki—plle (5.29)
0 w
20 Hz: 0
Xprzo
Ug20 P| s F— 8
0 w3z o
60 Hz:
Xpuso
Ug60 PI 1/s [ B

Fig. 5.3 Control diagram of PLL at 20 Hz and 60 Hz.
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The measurement and calculation delay is modelled by a first order low pass filter for the
power signal. It also filters the high frequency fluctuation. The differential equation is given
by the following Equation (5.30), where P, is the power transmitted from the 20 Hz side,
which is a function related to Ugz¢ laz0, Ugzo0 @Nd Ig20. Poomeq 1S the measured power at the
20 Hz side, and T,,,,, is the first order time constant.

P20 Promea (5.30)

Tmea Tmea

Pzomea =
In total, the combined control system has the following state and input variables:
Xeert = [X1, X2, X3, X4, X5, X6, X7, Xp1120, X8 Xpl160r P2omeal (5.31)

Uctri

(5.32)
= [Udc(,: Id20: IqZOr Id60: 1q60: UdZO' UqZO: Ud60' Uq60' PZOref' IqZOreff Udcref' Iq60ref]

5.3.4 Combined System for the Small Signal Model

To get the small signal model of the complete system, the abovementioned two systems: the
M3C system and its control system are merged. In the first system, E 5o, Eq20, Eqeo and Eggg
are the outputs from the vector control in the second system. And w, and w5 are the outputs
from the PLLs. Ugzo, Ugz0, Uaeo and Ugeo provide interfaces with the 20 Hz and 60 Hz side
AC systems respectively. The block diagram of the combined system is plotted in Fig 5.4

where variable flows indicate how sub-systems are interconnected.
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Fig. 5.4 State-space model of the combined M>C system.
The combined model can be expressed in the form of:
x =AXx + Bu (5.33)

where the expression of the matrix A and B is given as:
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The small signal model can be derived by linearizing (5.33). The final model is of 18 orders
and all the state variables are listed in (5.34) with an explanation given in Table 5.1. Input

variables are listed in (5.35) and the explanation can be found in Table 5.2.
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Ax = [AUgc 0, AUqc_g2, AUgc g2, Alazo, Al gz, Algso, Algeo,

Axq, Axy, Axg, Axy, Axs, Axg, Ax7, AXpii20, AXg, AXpiie0, AP gmeal

Au = [AUdZOr AUqZO' AUd60» AUq60» APZOrefr AIq20refr AUdcref' AIq60ref]

(5.34)

(5.35)
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Table 5.1 Explanation of the state variables

) State
Sub-system Meaning _
variable

DC component Uac o
Sub-module capacitor voltage 40 Hz ripple D component Uac a2
40 Hz ripple Q component Udc q2

M3C 20 Hz current D component Li20

20 Hz current Q component Ig20

Arm current

60 Hz current D component Lis0

60 Hz current Q component Ly60

20 Hz side outer loop controller X1

Vector control outer loop

60 Hz side outer loop controller X4

20 Hz side inner loop on D axis Xy

20 Hz side inner loop on Q axis X3

Vector control inner loop
60 Hz side inner loop on D axis X5
Control 60 Hz side inner loop on Q axis Xe
system
20 Hz side PLL intermediate
. X7
PLL AC system 1 variable
Output of 20 Hz side PLL Xpli20
60 Hz side PLL intermediate
. Xg
PLL AC system 2 variable

Output of 60 Hz side PLL Xpli60
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Table 5.2 Explanation of the input variables

Sub-system Meaning Input variable

AC system 1 voltage D axis component Uazo
External AC AC system 1 voltage Q axis component Uq20
Systems AC system 2 voltage D axis component Ugeo
AC system 2 voltage Q axis component Ugeo

20 Hz D axis reference input: active power Pyorer

Vector control 20 Hz Q axis reference input: reactive current Ly20ref

reference inputs 60 Hz D axis reference input: capacitor voltage Udcrer

60 Hz Q axis reference input: reactive current Lyeores

5.4 Model Verification and Stability Analysis

To validate the proposed small signal model, the combined model discussed in Section 5.3 is
implemented in MATLAB/Simulink. Also, a non-linear detailed model of M>C is developed

in RTDS for EMT simulation, which has been introduced in Chapter 3.

In RTDS, The actual measured sub-module voltage is plotted in Fig. 5.5, together with the
sub-module voltage added up only by the DC component and the 40 Hz ripple. It can be seen
from the figure that the 40 Hz component takes up the largest magnitude of the ripples and
two curves match closely. Thus, the discrepancy brought by neglecting high order capacitor
voltage ripples is acceptable. If required, the proposed approach is capable of modelling high

order ripple components.
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Fig. 5.5 Measured sub-module capacitor voltage versus capacitor voltage with only DC

component and the 40 Hz ripple.

The switching frequency mainly affects the harmonics of the converter, and harmonics has a
range of negative influences on stability, which will be thoroughly studied in Chapter 6. The
higher the switching frequency, the more sinusoidal the output waveform would be. If the
switching frequency is too low, the size of associated components such as the inductors,
transformers and capacitors would increase to maintain an acceptable level of harmonics.
However, higher switching frequency would lead to higher switching loss of the converter
and therefore lower efficiency. As a trade-off, switching frequency is normally chosen at kHz

level.
5.4.1 Dynamic Response of Step Change on Active Power Reference

At the initial state, 30 MW of active power is transmitted from the 20 Hz side to the 60 Hz
side. Att = 0.4 s, a step change of P, is applied from 30 MW to 32 MW. The dynamic
response of the developed small signal model is compared to that of the detailed time domain
simulation. Results from the small signal model and the time domain simulation are plotted
together in Fig. 5.6. As is shown, the active power at 20 Hz side (Fig. 5.6 (a)) and the

capacitor voltage (Fig. 5.6 (b)) show great consistency. For AC current waveforms (Fig. 5.6 (c)
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- Fig. 5.6 (f)), overall there is a good agreement, except that the detailed simulation model
contains high frequency fluctuations while the theoretical small signal model only represent
their mean values. The step change dynamic response validates the proposed small signal
model for M3C. The PI control parameters are shown in Appendix A, and tuning of PI
controller has been covered in Section 3.4. Pl parameters are chosen based on two main
considerations: Steady state and transient performance and stability. Pl parameters should be
chosen so that the system has negligible steady state error, small overshoot and short settling
time. For example in Fig. 5.6, the active power is able to reach the new reference within 0.1s,
without obvious overshoot and with negligible steady state error. Also, the Pl parameters
should be within certain ranges to ensure system stability. Otherwise, the system would be

subject to instability or become oscillatory during transient period.

34 T T T T

P20 RTDS
P20 small signal model | |

32 -
30

29 - b

MW

28 | | | | I I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

time/s

(a) Active power at 20 Hz side.
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98



0.28 T T T

1d60 RTDS
0.27 - 1d60 small signal model | 7|

0.26 [ ﬂ'““

l UHIHHHII
L mlnlllumnllnHnnlhlmllnmm“
”””””U”lH””””Ml”|’””””””m[

kA

0.25

0.2

=

0.23

0.22 ! ! ! | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

time/s

(e) D axis arm current of 60 Hz side.

0.1 T T T T T
1g60 RTDS
1960 small signal model
0.05 n
< 0 A hAn i A st o ndhhalnashophshnaldds P T T TP I T TR T T N L NN TE TR T TTN T |
~ VVVWWVW\JVW\JVVWWWWWWUWWWWVWWWVWWUWWWUWWU\/WVWWUWWWWU\/VVWVW\JVWVWW
-0.05 - b
201 I | 1 | | | I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

time/s
(F) Q axis arm current of 60 Hz side.

Fig. 5.6 Step change response of the small signal model (red line) and detailed EMT model

(blue line).
5.4.2 Influence of the Outer Loop Controller

The developed small signal model is helpful on the selection of controller parameters. In this
subsection, the outer loop PI controller parameter k;; is studied. The root locus of the related
modes is plotted in Fig. 5.7. As k;; increases, the eigenvalues move towards the right half of
the complex plane and the modes eventually become unstable. In RTDS, a step change of k;,

from 15 to 150 is applied at t = 0.25s. Since this controller is responsible for controlling the
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active power at the 20 Hz side, the waveform of the measured P, is shown in Fig. 5.8. As can
be observed, the system loses its stability and the active power begins to oscillate with a
period of 0.0047s. According to the eigenvalue analysis, the oscillation period of this mode is
calculated as 2m/w = 0.0048s, which highly agrees with the simulation result. Therefore, the
effectiveness of the proposed model is again validated. It is shown that the increasing outer
loop integral gain has a negative effect on the small signal stability and therefore it should be

limited within a certain range.
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Fig. 5.7 Root locus of the related eigenvalues when k_il increases.
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Fig. 5.8 Active power at 20 Hz side when step change is applied to k_il.
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5.4.3 Influence of the PLL

In this subsection, the control parameters of the PLL are analysed. If the eigenvalue of a mode
is denoted as 1 = o + jw, the damping ratio of the mode is defined as ¢ = —o/Vo? + w?2.
When the damping ratio is less than 5%, the mode is regarded as poorly damped. Fig. 5.9
plots the damping ratio of the mode related to PLL as the proportional gain grows from 0 to 2.
It is shown that the damping ratio increases and then remains at 1. This mode has poor
damping when k,,; < 0.06. In addition, the root locus is plotted in Fig. 5.10 when k,,;,
varies from 0 to 20 and k;,;, varies from 1 to 20. When k,,;, raises, the eigenvalues firstly
move towards and then get onto the real axis. After that, one eigenvalue moves further away
from the imaginary axis while the other gets closer to the right half pane. As a result, if k,;
adopts a large value, the system may be vulnerable to small signal instability. For the integral
gain of PLL k;y;;, the mode trajectory in the root locus plot is more straightforward. As the
integral gain increases, the eigenvalue gets more negative and therefore the small signal

stability enhances.

.
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Fig. 5.9 Damping ratio as PLL proportional gain grows.
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Fig. 5.10 Root locus when kp_pll (a) and ki_pll (b) increase.

5.4.4 Analysis of the Sub-module Capacitor Mode

The small signal stability of the mode related to the capacitor voltage ripple is analysed in this
subsection. The damping ratio is shown against the sub-module capacitance. As is shown in
Fig. 5.11, a larger value of the capacitor would result in poorer damping of the mode. In other

small signal studies for instance for two-level VSC or MMC, capacitor ripples are often
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omitted and it is assumed that the capacitor voltage is DC [113, 114]. However, the M*C
model proposed in this thesis takes into account the sub-module voltage ripples. Therefore, it
is able to identify the possible poorly damped mode and the small signal analysis can help

select the sub-module capacitance.
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o

Fig. 5.11 Damping ratio of the mode related to capacitor ripple as sub-module capacitance

increases.

5.5 Summary

As M®C FFTS is one of the promising candidates for offshore wind power integration, there is
need of a model to study its influence on the existing power systems. This chapter has
developed a small signal model of M>C providing easy interfaces with both the external AC
systems and the control system. The dynamics of AC currents and the DC and ripple
components on sub-module capacitor voltage have been considered. The control system
includes dynamics of the outer and inner loop Pl controllers, PLL controller and the
measurement delay. The model provides insights to controller parameters and sub-module
capacitance selection. It has been found that increasing the integral gain of the D axis outer

loop control has an adverse effect and can induce power oscillation, while a larger integral
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gain of the PLL improves the small signal stability. The choice of the proportional gain of the
PLL should be within a certain range as the damping ratio can be poor when a very small gain
is chosen but a very large gain pushes the related eigenvalue too close to the right-hand
complex plane. Also, it has been found that the sub-module capacitance plays an important
role in the capacitor ripple voltage mode. Damping ratio decreases as capacitance grows.
Time domain simulation of a detailed EMT M®C model has confirmed the correctness of the
small signal model. The model is easy to implement and is beneficial to system stability study
and controller design. But like any other small signal models, it has the limitation that the
analysis only applies to small perturbation situations and is not suitable for large disturbance

studies.
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CHAPTER 6 HARMONIC ANALYSIS OF
M*C FOR OFFSHORE WIND POWER
APPLICATION

6.1 Introduction

FFT is proven to be a promising technology for offshore wind power application and M3C is
the key component connecting the fractional frequency system to the normal frequency grid
system. From the stability point of view, harmonic analysis is crucial for offshore wind power
application. Locating in remote areas, offshore wind farm is often connected to a weak AC
system and is prone to stability issues. It has been known that resonance and harmonic
instability phenomena can occur when fast-switching devices interact with each other.
Harmonic interaction has been recorded in an offshore wind farm system, leading to system
shut-down and economic loss. With the fast-switching power electronics, oscillating voltage
is induced on sub-module capacitors. Further interaction between the ripples and fundamental
guantities at both generator side frequency and grid side frequency results in a complicated
harmonic profile. Harmonic analysis is also crucial to prevent device damage and economic
loss. Ina MMC HVDC system, it is shown that circulating currents are in even orders, mainly
in second order and they are confined within the converter. Besides, both the second order
capacitor voltage and arm voltage are in negative sequence. However, the harmonic situation
for a M3C FFTS is still not clear. Undoubtedly, MMC and M3C have similarities and they are
often compared as counterparts. Nevertheless, without a DC link in M3C, two frequencies
intertwine in the converter, and hence the harmonic situation is fundamentally different from

that in MMC. A detailed analysis of the harmonics is of significant importance. However,
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although plenty of work on M>C control has been carried out, limited attention has been paid

to the harmonic analysis of M>C.

In this chapter, a harmonic analysis method for M®C is proposed. This method analyses how
the harmonic components are generated. To begin with, the arm voltage and current relations
are discussed. Then current harmonics at multiple frequencies are quantified. Based on the
analysis, they are classified into three types. It is indicated that some current harmonics
circulate within arms, some behave as positive-sequence fundamental current and the others
are zero-sequence and can flow into AC systems. In addition, factors that have large impacts
on harmonic magnitude are studied. Also, the influences of the harmonic components on M>C
itself and AC systems are discussed in a detailed manner. Analyses are conducted on sub-
module capacitance and arm inductance selection. A zero-sequence current mitigation
controller is implemented and tested for M®C. The theoretical analysis is validated by the
simulation results. The analysis provides insights to M®C modelling and can serve for the

development of new control methods.
6.2 Mathematical Model of M3C

Similar to traditional HVAC transmission, a schematic diagram of an offshore wind FFTS is
displayed in Fig. 6.1. The grid side frequency is chosen to be 60 Hz and the offshore wind
farm generates power at 1/3 of the system frequency, which is 20 Hz. The voltage is stepped
up by the transformers and then the wind power is transmitted onshore at fractional frequency.
The M3C station which locates onshore triples the frequency and delivers the power into the

main grid.
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Fig. 6.1 The configuration of an offshore wind FFTS.
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6.2.1 Arm Voltage and Current Expressions

Frequencies from the generator side w, and the system side w5 couple in M3C. At balanced
steady state, the phase current is equally spread in three arms [74, 75]. For example, the arm
current i, contains one third of the phase current i,, one third of the phase current i,,. When

considering harmonics, the arm currents can be expressed as:

i — li + li + lharmonlcs
arm = 320 3 60 arm (61)

where i,, and ig, are the phase currents of the fractional frequency side and the grid side.

jharmonics js the arm harmonics which will be discussed later in this section. When the

harmonic current is insignificant, arm currents for all nine arms can be given as:

lqu % I, sin(w,t + ,81) + I, sin(wst + B3)

lgw = 5 Iz sin(wyt + 1) + I, sin(wst + B3 — 120)

Wl =

(6.2)

[N

lew = 31q sin(w,t + B; + 120) + 35 I sin(wst + B3 + 120)
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where 1,, I,,, B; and B5 are the magnitudes and phase angles of the generator side and system
side current respectively. Also, the arm switching functions can be given by:

Sau = mgsin(w;t + ay) — my sin(wst + a3)
Say = mgsin(w,t + a;) — my sin(wst + a3 — 120)

(6.3)
Sew = Mg sin(wqt + a; + 120) — my, sin(wst + az + 120)
where m,, m,,, @; and a5 are the generator side and system side voltage modulation ratios

and angles. For the sake of convenience, recall the arm voltage and current equations from

Chapter 5 here:

du
Sarm larm = C dtl:ic (6-4)
Ugrm = N Sgrm Ugc (65)

6.2.2 Capacitor Voltage Ripples

Apply (6.4) to a specific arm for example the arm au, the sub-module capacitor voltage can be

expressed as:

1 .
Ugc_au = JE Sau lau (6.6)

Substitute i,,, from (6.2) and S,,, from (6.3) into (6.6), the expression of the capacitor voltage
in arm au can be derived. The expressions of the rest eight arms can be acquired in the same
manner. The arm current and the switching function both contain fundamental frequency
components at AC system frequencies w, and ws. According to trigonometric product-to-sum

identity, the capacitor voltage frequency spectrum contains 2w, , 2ws, (w3 + ;) and 0 Hz
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components. In this study, the system frequency is considered to be 60 Hz. In this case, beside
the DC component, the capacitor voltage has ripples of 40 Hz (also 80 Hz and 120 Hz). It is
interesting that these frequencies are different from frequencies at either side of the ac
systems. The 40 Hz voltage ripple has the largest magnitude compared to components at other
frequencies. This has been discussed and verified by the time domain simulation in the last
chapter. The constituent terms at 40 Hz are analysed and the full expressions are calculated

and shown as:
Udcpe = K1l—Malg sin(6,) + myl, sin(6;) — myl, sin(65)]
Udcypao = K1[—Malq sin(01) + mgl, sin(6, — 120) — my, 1, sin(6; — 120)]
Udcpae = K1l—Malq sin(0,) + myl, sin(6; + 120) — myl, sin(6; + 120)]
Udcp a0 = K1l—Malq sin(8; + 120) + myl,, sin(6, + 120) — my, 1, sin(6; + 120)]
Udcppao = K1[—Maly sin(0; + 120) + mgl, sin(6,) — myl, sin(63)] 6.7)
Udcpao = Kil—Malq sin(8y + 120) + m,1, sin(6, — 120) — my, I, sin(6; — 120)]
Udcoie = Kil—mglg sin(8; — 120) +mg1, sin(6, — 120) — myl, sin(6; — 120)]
Udc,yo = K1[—Malg sin(0; — 120) + mgyl, sin(8, + 120) — myl, sin(6; + 120)]
Udcppae = Kil—Mglg sin(6; — 120) + m, 1, sin(8,) — myl, sin(63)]

Whel’e kl = ) 01 = Zwlt + aq + Bl’ 92 = Za)lt + 33 — aq; 93 = Za)lt + as — ﬁl

1
126(1)1

As can be seen from (6.7), the 40 Hz component of the capacitor voltage consists of three

terms. For each term, the magnitude is the same for all nine arms while there can be a phase
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shift between nine arms. When the high order components are neglected, the capacitor voltage

can be expressed as the sum of the dc component and the 40 Hz component:

Uge = Ugeo + udc_40 (68)

6.3 Arm Current Harmonics

The purpose of this section is to analyse the arm currents of the M3C at various frequencies.
In order to derive the expression of the arm currents, arm voltages are derived first. Then
together with KVL equations, the arm currents are acquired so that the harmonics can be

analysed.

In (6.3), switching function is of 20 Hz and 60 Hz. And in (6.8), capacitor voltage is of DC
and 40 Hz. Substitute (6.3) and (6.8) into (6.5), components at different frequencies appear in
arm voltage, which are shown in Table 6.1. As can be seen, arm voltage contains components
at 20 Hz, 60 Hz and 100 Hz. How each component is generated is shown in the second
column in Table 6.1. For instance, switching function at 60 Hz and capacitor voltage at 40 Hz
gives arm voltage at 100 Hz and 20 Hz. The terms (20 + DC) and (60 + DC) are in positive
sequence and they relate to the positive-sequence fundamental currents. These two terms do

not belong to the scope of harmonics and therefore will not be analysed.

Table 6.1 Arm frequency components

Frequency (/Hz) Components (/Hz)
20 (20 + DC); (40 - 20); (60 - 40)
60 (60 + DC); (20 + 40)
100 (60 + 40)
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According to KVL, equations at 20 Hz, 60 Hz and 100 Hz can be written as:

diau 20
€a = Ugrm_auz0 t L dt_

di
0= Ugrm auseo +L 6&%60 t ey (6.9)

di
0= Ugrm_au 100 + L%loo

As KVL does not alter frequency, the frequency components of the arm current remain the
same as the ones of the arm voltage as Table 6.1 shows. Combine (6.3), (6.5) and (6.7) — (6.9),

current harmonics at 20 Hz, 60 Hz and 100 Hz can be calculated.
6.3.1 Components at 100 Hz

The expression of the arm currents at 100 Hz is shown in (6.10). ws is referred to the
frequency at 100 Hz. The arm currents at 100 Hz are formed of three terms. For each term, the
magnitude is the same for all nine arms. Adding Up 4,100, lav100 @Nd igw100, the three terms
cancel out, which means that the arm currents at 100 Hz will not flow into phase a and exist
only in the arm. Same rule applies to phase b and c, and therefore the arm currents at 100 Hz
are isolated from the generator side AC system. In terms of the system side, the same
procedure is carried out. Likewise, i,,,100, ipu100 @Nd isy100 @dd up to zero (same for phase v
and w) so no current at 100 Hz will flow into the system side. In conclusion, the natures of
these currents are circulating currents which only circulate within the converter. They take up

the current rating of the semiconductor devices and should be suppressed during operation.
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lau100 = K2 [mumala Sin(04) —my,mgl, sin(05) + m‘lzila Sin(96)]

ialeO = kz [mumala Sin(94 - 120) _mumalu Sin(05 + 120)

+ mil, sin(6 + 120)]

law100 = kz2[mymgl, sin(8, + 120) — m,m,I,, sin(8s — 120)

+ m2l, sin(6s — 120)]

ipuioo = ka[mymgl, sin(6, + 120) —m,m,1, sin(65 + 120)

+ m2l, sin(6, + 120)]
(6.10)

ibvi00 = ka[mymgl, sin(8,) —mymgl, sin(6s — 120) + m21, sin(6, — 120)]

Ibwioo = Kz[mMyumegl, sin(0, — 120) —my,mgl, sin(0s) + m21, sin(6y)]

icuro0 = ko[mymgl, sin(8, — 120) —m,m,l, sin(6s — 120)

+ m2I, sin(6s — 120)]
ev100 = ka[mymgl, sin(8, + 120) —my,mgl, sin(0s) + m21, sin(6,)]
lewi00 = Kz[mymegl, sin(8,) —mymgl, sin(0s + 120) + m21, sin(6 + 120)]
where:

_ N
T 24LCwqws’

2 94=0)5t+a3+a1+’81,95=(l)5t+a3+ﬂ3_a1, 96=a)5t+20(3—,31

6.3.2 Components at 60 Hz

According to Table 6.1, there are two sources of the 60 Hz arm currents. The first one is
fundamental current and does not need to be analysed. The expression of the second

component is calculated and shown in (6.11). As is shown, the first of the three terms of the
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arm currents at 60 Hz has the same magnitude and phase angle for all nine arms of M3C. As a
result, it behaves as zero-sequence current for AC systems at both sides and it flows into both
systems with equal magnitude if no countermeasure was implemented. This current is
undesirable since it causes current distortion and can bring further instability issues like
harmonic interaction and resonance. For the rest two terms, they cancel out at the fractional
frequency side and are of positive sequence at the system side. They behave like the
fundamental current and can be regulated by the current controller in vector control. The
positive-sequence components are not problematic and strictly speaking, they do not belong

to the harmonic scope.
lqueo, = k3[-mil, sin(8;) + mZlL, sin(6g) — mgmyl, sin( 6)]
iqve0, = k3[—mZl, sin(8,) + mZl, sin(8g — 120) — mgmy I, sin( 6 — 120)]
lqweo, = k3[—mal, sin(67) + mal, sin(6g + 120) — mymyl, sin( 6y + 120)]
ipuso, = k3[-mil, sin(6;) + mZ1L, sin(8g) — mgmyl, sin( 6)]
ippeo, = kz[—mZl, sin(6;) + mil, sin(8g — 120) — mymy, I, sin( 69 — 120)] (6.11)
ipweo, = ks[—mal, sin(8;) + mZl, sin(6g + 120) — mom, I, sin( 6y + 120)]
icuso, = k3[—mil, sin(0;) + mzl, sin(8g) — mgmyl, sin( 65)]
icve0, = ka[—mal, sin(67) + mZl, sin(6g — 120) — mymy 1, sin( 8y — 120)]

icweo 2 = k3[—m&l, sin(8;) + malL, sin(Og + 120) — mgmy, I, sin( 6y + 120)]

N

where: k; = EYTYI

;67=(J)3t+2a1+ﬁ1; 98=w3t+ﬁ3; 99=a)3t+0(1+0(3—,31
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6.3.3 Components at 20 Hz

The harmonic currents at 20 Hz are analysed by carrying out the same calculations to the
second and the third terms of 20 Hz in Table 6.1. Results are concluded in Table 6.2. Detailed
equations are expressed as (6.12) and (6.13). The first term of the component (40-20) Hz and
the second and third terms of the component (60-40) Hz behave like the positive-sequence
fundamental current. The second and third terms of the component (40-20) Hz and the first

term of the component (60-40) Hz only exist in the arms and do not flow into AC systems.

Table 6.2 20 Hz arm current

Frequency (/Hz) Generator Side System Side

(40 - 20) Terml Positive sequence Cancelled out
Term2&3 Cancelled out Cancelled out

(60 - 40) Terml Cancelled out Cancelled out
Term2&3 Positive sequence Cancelled out

The expressions of the 20 Hz arm currents are calculated and shown as:

iau202 = k4[mczlla Sin(elo) - m(zllu sin(611) + memyl, sin( 912)]
lqvz0, = ka[mZl, sin(6,0) — mal, sin(6y, — 120) + mgmy, I, sin( 6, — 120)] (6.12)

iqwz0, = ka[m@l, sin(610) — m2l, sin(61, + 120) + mgmy, I, sin( 6,, + 120)]
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ibu202 = k4[m6211a Sin(910 - 120) - mczllu Sin(911 - 120)

+ momyl, sin(6;, — 120)]

ib‘UZOZ = k4[m(211a Sin(910 - 120) - m(zllu Sin(911 + 120)

+ momyl, sin( 6, + 120)]
lpw20, = k4 [m(211a sin(019 — 120) — mZ 1L, sin(6;1) + mgmyl, sin( 612)]

icu202 = k4_[m¢211a SiTl(@lO + 120) - ‘mé[u Siﬂ(@ll + 120)

+ mymy 1, sin( 61, + 120)]
icv20, = ka[mal, sin(019 + 120) — mZ 1, sin(6y1) + mgmyl, sin( 6;,)]

iCWZO_Z = k4[m‘211a Sin(@lo + 120) - m(zllu Siﬂ(@ll - 120)

+ mymyl, sin( 6,, — 120)]

N

where: k, = m;

010 = Wit + f1;6011 = w1t + B3 —2aq; O =wit+az — 1 —ay

iau203 = k4 [_mumala Sin(913) + mumalu Sin(014) - mlzlla Sin( 915)]
iav20_3 =k, [_mumala Sin(613 —120) + m,mgly, Sin(914) - mlzlla sin( 915)]
iqw20.3 = ka[-myumgl, sin(015 + 120) + mymg1, sin(61,4) — mil, sin( 6;5)] (6.13)

Ibuzo, = ka[-mymgl, sin(0,3 — 120) + m,m, 1, sin(6,4 — 120)

—m2l, sin(6;5 — 120)]
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Ibv2o, = ka[-mymgl, sin(05 + 120) + mymgl, sin(6,4 — 120)

—m2l, sin(0;5 — 120)]

lbwz20, = ka[-mymgl, sin(0;3) + mymgl, sin(6,4 — 120)

—m2l, sin(0;5 — 120)]

icu203 = k4[_muma1a Sin(913 + 120) + mumalu Sin(014 + 120)

—m2l, sin(0;5 + 120)]

lev2o, = ka[-mymegl, sin(0y3) + mymgl, sin(6y4 + 120)

—m2l, sin(0;5 + 120)]

iCW20_3 = k4 [_mumala Sin(913 - 120) + mumalu Sin(914 + 120)

—m2l, sin( 0;5 + 120)]

Where 013 = (l)lt + as — a1 — ﬁl’ 914 = (,l)lt + as — ’83 + aq; 915 = (l)lt + ﬁl

To sum up, the components of the arm currents analysed above can be classified into three
types. The first type only circulates within the M*C and does not flow into AC systems. The
second type does not cancel out at terminals and therefore goes into AC systems as zero-
sequence current. The third type acts like positive-sequence fundamental current. The
affecting factors of harmonic magnitude and influences of these harmonics on M>C itself and

also AC systems connected to it are discussed in the following section.

116



6.4 Affecting Factors and Influences of the Harmonic

Components

As Equations (6.10) — (6.13) show, the magnitude of these harmonic components depends on
the sub-module capacitance, the inductance, the frequency of the AC system etc. The smaller
the capacitance or the inductance, the larger the harmonics magnitude would be. If the AC
system frequency is very small, in theory the harmonic components become infinity and the
system could not function properly. Thus, the working frequency of the FFTS cannot be too
low. In addition, current harmonics are related to capacitor voltage ripples. Effective ripple
control is beneficial to harmonic suppression. Some of the current components coincide with

the system frequency and are easy to omit.

Based on the analysis in Section 6.3, it is indicated that there will be zero-sequence current
flowing into the AC systems at both sides if no countermeasure was conducted. This can be
problematic as wind farm is prone to stability problems [115]. Attention should also be paid
to the system side, because offshore wind farms are often situated in remote areas, where the
strength of the AC network is weak [116]. Among three types of currents discussed in the last
section, the components in positive sequence are not harmful since they can be regulated by
the close-loop current controller. Circulating current and zero-sequence current can adversely

influence the converter and AC systems in the following aspects:

* Both circulating and zero-sequence currents take up current rating of the power electronic
devices. They raise thermal issues and degrade the semiconductors. For multilevel converters,
high voltage can be achieved by stacking up sub-modules but current ability limits the power
rating. In terms of an offshore wind power transmission project, converter capital cost and

power loss cost are therefore increased.
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* The zero-sequence currents can flow into the AC network, which bring additional losses in
devices including transformers and AC motors and raise the component temperature. The

aging of devices is accelerated and power loss also leads to low efficiency.

* The harmonic currents flowing in the AC system can further cause instability problems.
Large magnitude of zero-sequence current may trip the zero-sequence protection. When wind
energy has high penetration, unexpected disconnection of a large wind power source would
have a significant effect on power system stability. Besides, harmonic interaction or
resonance may happen. Torsional oscillation can be triggered in generators with the existence

of injected harmonic currents which results in shaft fatigue or even shaft failure [117, 118].

When the three phases of a transformer are manufactured to be close enough, the transformer
is regarded as symmetric. And as transformer is not rotating, the positive-sequence and
negative-sequence impedances of the transformer are the same. However, the zero-sequence
impedance of a transformer depends on the winding connections and consequently affects
zero-sequence current [45]. Fig. 6.2 and Fig. 6.3 show the zero-sequence equivalent circuit of

Y/A connection and Y/y connection with grounding respectively, where Z; represents the

grounding impedance and Z, is the sum of primary side and secondary side leakage
impedances per phase. For Y/A connection, the primary side provides a path for zero-
sequence current. Zero-sequence current is inducted in the secondary side but it can only
circulate within the delta winding and no zero-sequence current would occur on the external
circuit connected to the secondary side of the transformer. Seen from the secondary side, delta
winding does not provide a path for zero-sequence current so the equivalent impedance is
infinite (open circuit). Contrarily, the zero-sequence current can flow through the transformer

for the Y/y connection.
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Fig. 6.2 Equivalent circuit of Y/A connected three-phase transformer on zero-sequence.

o

|
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Side Side

Fig. 6.3 Equivalent circuit of Y/y connected three-phase transformer on zero-sequence.

The transformer connection in an offshore wind power system based on real projects is shown
in Fig. 6.1, with more details available in [119, 120]. The step-up transformer at the wind
generator side usually includes delta connection, as a result of which, the zero-sequence
currents could not reach the wind generator. Thus, it can be assumed that the wind farm side
stability will not suffer from it. However, for the system side, due to protection considerations
at high voltage level (several hundred kV), transformers are normally in Y/y connection with
grounding. Y/y transformer enjoys the advantages of fewer turns for winding, lower
insulation level, no phase displacement and therefore is cheaper and suitable for high voltage
applications [121]. Further action should be taken when the harmonic magnitude is large.
Besides FFT, another topology (As shown in Fig 6.4) to connect medium voltage high power

wind turbine using M*C is proposed in [122, 123]. In this application, maximum power point
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tracking can be achieved and good dynamic performance was validated. However, in terms of
harmonics, zero-sequence currents can impede the wind generator and also the electrical

network, so further measures should be taken.

Undoubtedly, sub-module capacitance and arm inductance should be carefully selected to
limit the harmonics. Besides, one option could be adopting delta winding for the grid-
connecting transformer to cut off the path of the zero-sequence currents. However, in that
case the benefits of the Y/y transformer would no longer exist. Another solution is to leave
the transformer unchanged, but adopt a closed-loop controller to suppress the zero-sequence
currents using the controllability of the M*C. The control algorithm will be discussed and the

effectiveness will be verified in Section 6.6.

Blades Gearbox Generator Electrical
& Rotor (Optional) Network

Fig. 6.4 Topology to connect a high power wind turbine via M>C.

6.5 Simulation Validation and Analysis

To validate the theoretical analysis, a M>C connecting two AC systems at 20 Hz and 60 Hz is
simulated in RTDS (introduced in Chapter 3). Each arm has forty sub-modules. System at 20
Hz transmits power to 60 Hz side. Simulation parameters are provided in Appendix A. The
M3C simulated in RTDS is a detailed model and the simulation time step is set to 3 s to
guarantee the accuracy of the simulation results. The assumptions can be verified and the

theoretical analysis can be compared to simulation results. The control method adopted is the
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vector control with inner current loops and outer loops for active/reactive power control or
capacitor voltage balancing control. Details of the control system have been discussed in
Chapter 3. Note that in this chapter, the capacitor voltage for the control input should be the
filtered version to avoid influence of the controller on the quantified analysis. Otherwise the
controller would try to control the capacitor voltage ripple as well and cause discrepancy to
the comparison. A low pass filter is applied to the active power signal for the same

consideration.

Firstly, the harmonics at 20 Hz side is studied. Y/A connection is selected for the step-up
transformer connecting the M3C and the generator side, which can be shown in Fig. 6.1. The
frequency spectrums of both sides of the transformer are plotted in Fig 6.5. It can be observed
in Fig 6.5 (a) that the 60 Hz harmonic current does flow into the 20 Hz side AC system. But
due to the delta connection of the transformer, it is isolated from the generator side (See Fig
6.5 (b)) and has no effect on wind generators. Besides, two sets of capacitance values are
chosen as 0.01 F and 0.005 F respectively. It can be observed that when the capacitance is

halved, the harmonic current magnitude doubles. Results validate the analysis in Section 6.3.

Fundamental (20Hz) = 100%

__10 ;
N I C-0.01F
\GJ/ 8r I C=0.005F | |
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(a) M3C side star connection current frequency spectrum.
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(b) Generator side delta connection current frequency spectrum.

Fig. 6.5 Frequency spectrum of currents at 20 Hz Side.

On the system side, the line currents are measured and decomposed into positive-sequence
currents and zero-sequence current. Fig. 6.6 shows that the positive-sequence currents peak at
0.68 kA while the zero-sequence current peaks at 0.013 kA. The amplitude of the zero-
sequence current is 2% of the base currents. And it agrees with the current frequency

spectrum (left bar at 60Hz, Fig. 6.5 (a)).
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(a) Positive Sequence Currents at 60 Hz.
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(b) Zero-Sequence Current at 60 Hz.

Fig. 6.6 Currents at 60 Hz Side.

. . 1. 1.
Arm harmonic current can be calculated as (iz, — Fla— 3 iy ). As an example, the

frequency spectrum of harmonic current in arm au is plotted in Fig 6.7. As is expected, the
arm harmonic current contains 20 Hz (circulating), 60 Hz (zero-sequence) and 100 Hz
(circulating) components. There is also a small amount of 140 Hz component. It can be
studied using the same method and including the higher order voltage ripples. When the
capacitance is halved, similarly, harmonic magnitudes double. Again, the simulation result

validates the theoretical analysis.

002 T T T T T T T
I C=0.01F

0.015 | I C=0.005F | -

0.01 - .

Current(kA)

0.005 I ‘ -
0 ' ' ' L
0 20 40 60 80 100 120 140

frequency(Hz)

Fig. 6.7 Frequency spectrum of arm current harmonics.
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To compare the analytical formulas with the simulation model, the calculated value (red) of
the 40 Hz capacitor voltage ripple is plotted together with the measured ripple at 40 Hz in
time domain simulation (black) in Fig 6.8. As can be seen, there is a good match between the
two curves and therefore the calculated value has high accuracy. In addition, the calculated
values of harmonic currents are compared with the measured values in simulation and the
results are shown in Table 6.3. It can be seen that the difference is only 0.001-0.002 kA.
However, the values of harmonic currents are small so the discrepancy in percentage can be
around 20%. Hence, the current magnitude calculation is less accurate than the ripple voltage.
Specifically, the calculated 60 Hz zero-sequence current is larger since theoretical analysis
neglects resistance, with the presence of which, the actual current has a smaller value. For the
100 Hz and 20 Hz harmonic currents, the calculated values are smaller as is expected, because
theoretical analysis does not include the higher orders of the capacitor voltage ripple that can
also lead to harmonic currents at 100 Hz and 20 Hz. For example, the 80 Hz voltage ripple
interacts with the 20 Hz component in switching function and produces 100 Hz harmonics (80

+ 20), or interacts with the 60 Hz component and produces 20 Hz harmonics (80 - 60).

0.05 T T T T T T T

Vdc40 Simulation
Vdc40 Calculated

WAy

o 0.02 0.04 0.06 0.08 0.1 012 014 016  0.18 0.2
time(s)

Capacitor Voltage 40Hz(kV)

Fig. 6.8 Capacitor voltage 40 Hz — simulation result (black) and calculation value (red).
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Table 6.3 Quantification comparison with simulation results

Harmonic Component

Calculation Value (kA)

Simulation Value (kA)

Discrepancy (%)

60 Hz 0.014 0.012 16.7
100 Hz 0.007 0.009 22.2
20 Hz 0.004 0.005 20.0

6.6 Suppression of M3C Harmonics

M3C harmonics can be controlled using hardware or software solutions. Based on the
discussion in Section 6.4, it is known that sub-module capacitance and arm inductance are
affecting factors of the harmonics. So, proper values of the elements can be selected to limit
the harmonics within a certain range. A detailed analysis is conducted in this section to
provide instructions for capacitor and inductor values selection for the purpose of limiting
harmonics. Also, delta connection could be an option for the grid-connecting transformer on
the offshore side to deal with zero-sequence harmonic currents. The above measures are
regarded as hardware methods to suppress M3C harmonics. On the other hand, an effective
zero-sequence current mitigation control algorithm is proposed and tested for M®C in
Subsection 6.6.2, which is indicated as a software method for harmonic suppression. In this
section, an index of revised total harmonic distortion (rTHD) is proposed for three-phase
systems which can consider the sequence of the quantities. For this index, zero-sequence
current is regarded as harmonic and a more accurate description of the harmonic condition of

M3C is provided.
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6.6.1 Proper Selection of Sub-Module Capacitance and Arm Inductance

At steady-state operation, it is normally considered that the voltage deviation should be kept
within 10% of the DC sub-module capacitor voltage [32]. In Fig. 6.9, the capacitor voltage
ripple is plotted against the sub-module capacitance for the test system. As can be seen,
capacitance should be 3 mF or above in this case so that the maximum voltage ripple
requirement is satisfied. In addition, the voltage ripple is plotted against the reciprocal of the
capacitance. As is shown in Fig. 6.10, it is very closed to a perfect straight line, and therefore
the time domain simulation confirms the analytical formula, which indicates that the capacitor

voltage ripple is inversely proportional to sub-module capacitance.
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Fig. 6.9 Percentage voltage ripple versus sub-module capacitance.
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Fig. 6.10 Percentage voltage ripple versus 1/C.
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The traditional current THD is defined as (6.14), where subscript 1 indicates the current at
fundamental frequency and subscript 2, 3 and 4 refer to currents at second, third and fourth
order etc. A suitable value should be selected for arm inductance to limit the THD within a
certain level. But as is known, there is a zero-sequence harmonic component at 60 Hz and the
traditional THD cannot distinguish it from the fundamental positive-sequence current.
Therefore, there is need to propose a rTHD index to overcome this difficulty and take the 60
Hz zero-sequence harmonic current into consideration. It is proposed and defined as (6.15),

where 17 is the fundamental positive-sequence current for a three-phase system.

2 2 2 eee
THD, = \/12 + I3+ 15+ (6.14)
I
J(Il—lf)2+1§+1§+lf+'-' (6.15)
rTHD; = .
11

When there is no zero-sequence or negative-sequence current at fundamental frequency, the
values of THD and rTHD are the same. Otherwise, the value of rTHD would be always larger
than that of THD. Both indexes are plotted with sub-module capacitance fixed at 5 mF and
various arm inductances in Fig 6.11. For instance, if THD needs to be limited lower than 8%,
an arm inductance larger than 10.6 mL is required. However, when rTHD is considered, a
minimum of 11.5 mL is needed. When zero-sequence or negative-sequence quantity exists at
fundamental frequency, THD could underestimate the distortion level of the current (or the
voltage) or even provide misleading information. For instance, if the zero-sequence harmonic
component is suppressed, according to the definition of THD, the numerator would remain
the same and the denominator would decrease, resulting in a higher THD level, which

indicates that the harmonic situation becomes worse but it is not the case. The proposed rTHD
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is useful under such a circumstance and can provide a more accurate description of the system

harmonic distortion level.
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Fig. 6.11 THD and rTHD at different arm inductor values.
6.6.2 Zero-Sequence Current Mitigation Control

In this subsection, a zero-sequence current mitigation controller is proposed for M*C and the
control diagram is shown in Fig. 6.12. The principle is to use the M3C to generate a
compensating zero-sequence voltage v, based on the measured zero-sequence current. The
control purpose is to reduce the undesirable zero-sequence current down to zero. 85 is the
angle of the zero-sequence current and more details on the PLL for measuring it can be found
in [124]. Considering that the zero-sequence harmonic currents are the same for all nine arms,

only one controller is enough for all the arms in the M3C to fulfil the control target.
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Fig. 6.12 Control diagram of the proposed zero-sequence current mitigation controller.
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In terms of controller parameters determination, gains cannot be too large for the mitigation
controller. The reason is that the zero-sequence current mitigation control is an auxiliary
control and it should not affect the primary vector control. If large gains are used, when the
controller is switched on, there would be a large zero-sequence voltage demand during the
transient period. This zero-sequence voltage is superposed to the voltage reference from
vector control and may cause saturation of the converter. For illustrative purpose, a very small
sub-module capacitance is used (1 mF) to verify the effectiveness of the controller. Other
parameters remain unchanged as in the last section. Controller parameters are available in the
Appendix A. Note that besides 60 Hz, 180 Hz is also a prominent frequency that has zero-
sequence current, so another controller is implemented based on the same principle. As can be
seen in Fig. 6.13 (a), the AC current waveforms at both sides are of poor quality and have a
high rTHD of 9.77% at 20 Hz side and 13.81% at 60 Hz side. Fig. 6.13 (b) shows the current
waveforms after the mitigation control is implemented. A significant improvement can be
seen and the rTHDs are greatly reduced to 3.13% and 3.98% respectively. The zero-sequence
current is plotted in Fig. 6.14 with the controller switched on at the beginning of the

simulation. It can be seen that with small gains, it may take seconds to fully drop the zero-
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sequence current, but at steady state, the zero-sequence current can be suppressed to a

negligible level and the effectiveness of the controller is verified.
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(@) Line currents at 20 Hz side before controller implemented.
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(b) Line currents at 20 Hz side after controller implemented.
160a before |
160b before

160c before

0.1
time(s)

(c) Line currents at 60 Hz side before controller implemented.
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(d) Line currents at 60 Hz side after controller implemented.

Fig. 6.13 Line currents at 20 Hz and 60 Hz sides before and after the zero-sequence current

mitigation controller implementation.

— T T T
2
=
C
(0] -
=
>
@)
O
(0] i
&
o
| . -
(0]
N

| | 1

15 20 25 30

time(s)
Fig. 6.14 Mitigation of zero-sequence current with controller switched on at the start of

simulation.

6.7 Summary

As M3C is the core device in the FFTS, its harmonics have a considerable influence on the
overall system performance. This chapter has conducted a detailed harmonic analysis for M>C.
Owing to the interaction between the switching function and the arm current at multiple

frequencies, capacitor voltage ripples are induced on top of the DC voltage component. In
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addition, it has been indicated that these ripples affect the arm voltages and further the arm
currents. Also, it has been found that the arm currents contain harmonic components at 20 Hz,
60 Hz and 100 Hz and they have been analysed respectively. The expressions of currents for
all nine arms have been derived so that each component can be quantified. It has been found
that several factors have large impact on the current harmonic magnitude, including
capacitance, inductance and system operating frequency. The analysis has also revealed the
nature of all the terms of the harmonic components. Some terms flow into AC systems at both
sides, some terms are cancelled out and only exist in the arms, and the others have similar
characteristics as the fundamental currents. Positive-sequence components can be regulated
by the current controller and are not problematic. Zero-sequence components can cause
instability problems, bringing risks of tripping zero-sequence protection, harmonics
interaction and torsional oscillation. Both zero-sequence and circulating components take up
current rating of the converter and have negative economic impact. They also bring extra
losses, raise thermal issues and adversely affect the operation of other devices. Delta
connection provides an isolation on zero-sequence currents. In other cases, the harmonic
currents can flow into the system or the generator and can cause a series of problems. The
quantified calculation has been compared with simulation results in RTDS and good matches
have validated the theoretical analysis. Instructions on sub-module capacitance and arm
inductance have been given to limit the capacitor voltage ripple and harmonic currents within
a certain range. The index of rTHD has been proposed to provide a more precise description
of M3C harmonic level. A zero-sequence current mitigation control has been implemented and
tested. Although the analysis has been carried out for FFT in this chapter, the procedure is

general and can be beneficial to M*C modelling and control method development.
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CHAPTER 7 CONCLUSIONS AND
FUTURE WORK

7.1 Conclusions

For the sake of reducing carbon emission and the usage of fossil fuel energy, countries
worldwide are developing renewable energy with their great effort. In the past two decades,
projects of wind power have been blooming and the development of offshore wind power is
particularly dramatic. Offshore wind power enjoys the merits of high and rich resource,
suitability for large-scale exploitation and low social impact on populated areas. In the
literature there are three mainstream types of transmission technologies for offshore wind
farm. HVAC is a mature and economical option for short distance offshore wind power
system integration. It is adopted by most wind farms nowadays to reduce risk and improve the
profit-return ability of the expensive offshore wind projects. However, the transmission
distance of HVAC is limited by the capacitive charging current and therefore it cannot fulfil
the requirement of future offshore wind power development. HVDC is a suitable choice for
long distance transmission and it has been employed by several offshore projects in Germany.
Besides, FFT can mitigate the charging current disadvantage of HVAC and is known as a
promising candidate for offshore wind power application. Chapter 1 has presented a
comparison between the three technologies and highlight the relatively new technology FFT.
A brief introduction of M3C has been given. Research motivations, objectives and

contributions have also been presented.

M3C is considered as the next-generation AC/AC converter for high power applications and it
is the core component for FFT. It is favoured with the merits of satisfactory controllability,

flexible scalability and low loss. Chapter 2 has reviewed relevant research in the literature,
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providing an overall picture and necessary information for the following chapters. Existing
economic analysis of offshore wind power systems has been reviewed, with four popular
economic-analysis methods presented and discussed. The principle of small signal analysis
has been provided, so does an amount of existing work on converter small signal modelling.
The applications and various control strategies of M®C have been discussed to present a

complete image of the multilevel AC/AC converter.

Chapter 3 has thoroughly discussed the configuration, operating principle and the control
strategy of the M*C, building up the fundamental knowledge base for the M*C small signal
modelling and harmonic analysis. Sub-module level, arm level and converter level controls
have been discussed to give a complete description of the M>C control strategy. The test
system used in the doctoral study has been developed according to the principle and control

method. The performance of the M3C has been verified as the frequency changer.

The offshore wind power industry is money-driven and stake holders pay more attention to
risk and profit rather than the novelty of the technology. If a technology is proven to be not
economical for offshore wind power application, the significance of related research work
would be impeded as the outcome is not very likely to make contribution to an actual project
in reality. Therefore, this thesis first investigates the economic aspects of the MC FFT. In
Chapter 4, a cost model has been developed taking into account both the capital cost and the
time-related costs including unavailability cost, O&M cost and power loss cost. A cost
analysis has been presented to identify the major cost elements of the offshore wind power
system. It has been found that the capital cost of the wind turbines is the most costly and the
overall O&M cost throughout the whole project ranks second in the cost constituents. A
detailed cost comparison has been presented between M3C FFT and MMC HVDC. The

economical transmission distance range has been indicated for both technologies under
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different power ratings of the offshore wind power system. It has been found that M*C FFT is
economically advantageous over MMC HVDC at medium transmission distance. Sensitivity
analysis has shown that energy price and capacity factor have larger impact on the cost
comparison while discount rate and project life time are less sensitive. It has been found that
DFIG can maximise the economic strength of M®*C FFT and it is still the more cost-effective

transmission technology even at a distance about 300 km.

Besides economic analysis, this thesis has also looked into the technical aspects of MC. In
Chapter 5, a small signal model of M>C has been developed. As M3C FFT is a competitive
solution for offshore wind power transmission, there is great need of a model to investigate its
impact on existing power systems. The proposed small signal model is easy to implement and
can contribute to system stability analysis with simple interfaces with external AC systems
and control system. It has considered the dynamics of AC currents and sub-module capacitor
voltage with DC and ripple components. Besides the vector control, the dynamics of PLL
control and the measurement unit have been included. The small signal model can provide
useful advice on controller parameters and sub-module capacitance selection. It has been
found that a large integral gain of the D axis outer loop control is not recommended as it can
cause power oscillation, making the system unstable. Contrarily, increasing integral gain of
the PLL improves the small signal stability. The selection of the proportional gain of PLL
should be careful since it has been found that a small gain does not provide sufficient
damping while a very large gain moves the related eigenvalue towards the unstable half of the
complex plane. Also, it has been found that the analysis of the capacitor ripple voltage modes
is necessary as they can have poor damping if the sub-module capacitance is chosen
inappropriately. The small signal model is beneficial to system stability study and controller

design.
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Harmonic analysis of M>C is of significant importance from the stability point of view and is
also important to prevent device damage and economic loss. Without a DC link, quantities at
two frequencies intertwine in M>C, and further interaction with the switching function induces
sub-module capacitor voltage ripples and complex harmonic profile. It has been found that 20
Hz, 60 Hz and 100 Hz harmonic components exist in the arm currents and they have been
analysed respectively. The expressions of harmonic currents for all nine arms have been
calculated so that the analysis can be quantified. Besides, the impact of each harmonic term
has been discussed. It has been found that some terms are cancelled out at both ends of the
AC systems and circulate only within the converter. Circulating currents take up current
rating of the converter and have negative impact on the converter. Some terms are zero-
sequence and can flow into AC systems, bringing instability problems and may trip the zero-
sequence protection. The other terms are positive-sequence components which behave just as
fundamental currents. They are not within the scope of harmonics and can be regulated by the
decoupling current controller. It has been found that the current harmonic magnitude is
affected by sub-module capacitance, phase reactance and system operating frequencies.
Solutions to suppress M3C harmonics have been provided including a proper selection of
circuit element values and a zero-sequence current mitigation controller. The procedure used
in the analysis is general for other applications apart from FFT. It is helpful for M®C
modelling and control method development. All theoretical analysis has been validated by

RTDS time domain simulations.

7.2 Future Work

A list of possible future work is discussed as follows:
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* In Chapter 4, the economic analysis is carried out based on a point-to-point topology
connecting the offshore wind farm to the onshore grid. As the development of offshore wind
power, offshore grids are very likely to be developed. It would be interesting to analyse the
economic aspects when a more complex topology is adopted, that is to say, AC or DC
offshore grids. Furthermore, a hybrid system may be formed and taken into consideration.
Besides, the cost model can be refined. For the sake of simplicity, the current analysis
assumes that the O&M cost is identical each year through the project life time. However, in
reality the O&M cost may be lower for the first few years, and increases as equipment aging.

More study could be carried out to consider this trend into the model.

* The prerequisite of power system small signal analysis is the small signal models of all the
components in the system. In chapter 5, a small signal model of M3C has been developed,
with simple interfaces with external AC systems and control system. The next step could be
investigating how a M*C FFT system would affect the small signal stability of an existing
power system. The impact on the oscillation modes and damping could be analysed. Also, the
case can be considered as the renewable offshore wind power replacing traditional fossil fuel
power. The total inertial of the system would be lower and the controllability from the
synchronous generators would decrease. It would be interesting to investigate the stability of

such a system with a high penetration of offshore wind power integrated by M3C FFT.

 Chapter 6 has presented a harmonic analysis of MZ3C at three-phase balanced state. One
deficiency is that the analysis is supported only by simulations and no hardware experiment
has been done. When conditions permit, a prototype of M3C should be developed. Besides,
the converter could be slightly three-phase unbalanced for instance due to sub-module
discrepancy. The system would also be unbalanced during the fault period. It would be

possible to further look into the harmonic profile under three-phase unbalance circumstance.
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If required, a controller might need to be developed to take care of the issue brought by

unbalanced situation.
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APPENDIX A

Table A.1 Circuit and control parameters

Symbol Quantity Value
fi Fractional frequency 20 Hz
f3 System frequency 60 Hz
Vi Rated AC system voltage 33 kV
N Sub-module number each arm 40
L Inductance 15 mL
C Sub-module capacitance 5 mF
R Arm resistance 0.25Q
Udcref Capacitor voltage reference 1.5kVv
Pyores Active power reference 20 Hz 30 MV
Lgref Q axis current reference 0 kA
kp1 Proportional gain of PI controller 1 0.025
ki1 Integral gain of PI controller 1 1
ko2 Proportional gain of PI controller 2 100
ki, Integral gain of PI controller 2 20
kps, Proportional gain of PI controller 3 100
kis Integral gain of PI controller 3 20
ko4 Proportional gain of PI controller 4 0.5
kiy Integral gain of PI controller 4 10
kps Proportional gain of PI controller 5 50
kis Integral gain of PI controller 5 50
kpe Proportional gain of PI controller 6 50
kic Integral gain of PI controller 6 50
kppui PLL proportional gain 5
kipu PLL integral gain 100
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Trmea First order time constant of measurement 0.01s
kpz1 Mitigation controller proportional gain 1 1.0
ki, Mitigation controller integral gain 1.2
kyzo Mitigation controller proportional gain 2 0.2
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APPENDIX B

This appendix gives an explanation of the simulation system of M®C in RTDS.

Transformation

Transformation

Inverse

Analysis

WSET
ACTIVATE 3
15e-3 L
L
WSET VALUE
4

Fig. B.1 Time domain simulation system layout in RTDS.
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Fig. B.2 Corresponding schematic diagram of the M>C simulation system.

The M3C simulated in RTDS is a detailed model for electromagnetic transient phenomena
study. The system layout is shown in Fig. B.1 where there are four small signal boxes (VB1 —
VB4) and several control and analysis blocks on the left of the figure. Fig. B.2 is a
corresponding schematic diagram of the time domain simulation system. AC systems on both
sides are placed in the small signal box VB1, and nine arms of the M>C are symmetrically
allocated in VB2, VB3 and VB4 respectively. Each arm is formed of forty full bridge sub-
module. The offshore generator side AC system is at 20 Hz and the grid side is at 60 Hz. The
active power flow direction is from the 20 Hz side to the 60 Hz side. A small simulation time
step of 3 microseconds is used to accurately simulate the switching dynamics of power

electronics.

154



In the ‘Transformation’ block, signals are transformed from time-varying to time-invariant
using Clarke transformation and Park transformation. An example of the signal
transformation implemented in time domain simulation is shown in Fig. B.3. Time-invariant
signals are favoured for control purpose and the signals after transformation are fed into the
DQ decoupling controllers. The controllers locate in the ‘Control’ block. Fig. B.4 is the NLM
implementation in RTDS which is introduced in Section 3.3. Fig. B.5 shows the
implementation of the decoupling control in time domain simulation for the 20 Hz side D axis.
The control objective is to regulate the transmitted active power on the 20 Hz side to the
active power reference given. The active power difference is fed to the PI controller and the
output is the 20 Hz side active current reference which is used for the inner loop. The inner
loop current controller follows the active current reference and the output is the D axis voltage
reference. Next, the ‘Transformation Inverse’ block transforms the voltage references back in
ABC frame and then switching signals are generated after signal modulation. The ‘Analysis’
block is created to realise some supporting functions, including extracting components at
certain frequencies from a signal (e.g., extracting the DC and 40 Hz components from the
sub-module capacitor voltage), computing the positive-sequence, negative-sequence and zero-

sequence components of three-phase quantities, and some miscellaneous calculations.
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Fig. B.3 Example Clarke and Park transformation implemented in time domain simulation.
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Fig. B.5 Example DQ decoupling control implemented in time domain simulation.
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APPENDIX C

Detailed derivation of the small signal model:
The full Kirchhoff’s law equations can be expressed as:

d iau iav iaw
+(R+L$) ibu ibv ibw

leu lev  lew

Up Up Up|=|Vbu Vbv Vpw
u’C u'C u'C vcu UC‘U UCW

uu uv u’W

Uy Uy Uy

ua ua ua vau U(I‘U an
= +

1 C2 C3
c4 C5 Cé6

c7 €8 (9

Apply ABC — af30 transformation to C1 - C3, C4 - C6, and C7 - C9 respectively and extract

the zero sequence equations:

Uy Vao d iaO Upeo C10
Up| = |Vno +<R+La) ipo| + |Hos0 C11
Uc Ueo ico Upe0 Cc12

When the AC system is balanced, there is no zero sequence voltage so uye, Can be omitted.

Further apply ABC — DQ transformation to C10 - C12:

[Edzo] [Zdzo] ( d) dZO] L[ q20 ] (613)
Eq20 q20 dt I420 L4720 C14

where E, and Eg;, are the DQ arm voltage for 20 Hz. In this form, decoupled control can
be applied to form the inner current loop. At the 20 Hz side, the outer loop is selected to
control active power. The 60 Hz side can be derived using similar approach. Or alternatively,
after the ABC — a0 transformation, apply Park transformation to three sets of equations in

alpha/beta frame. At symmetrical state, the cluster voltages are balanced [82], s0 V44, Vpaq

and V.44 can be denoted as E ;o and Eqgo Uniformly:
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Ed60 _ Ud60 d Id60 Iq60 C15
[Eqﬁo] == Uqﬁo] - (R + LE) 1q60] + w3l _1d60] (C16)

Outer loop is selected to balance the capacitor voltage of three clusters respectively. Take
cluster A for instance, the differential equation of the 40 Hz capacitor voltage ripple can be

calculated as:

ala (C17)

C'Udc_az = _ZU .
D

cos(Qw; + a; + B1)

Cluster B and C are similar and transform the equations for three clusters into DQ frame,

Equations (5.11) and (5.12) can be derived.
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