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ABSTRACT 

Offshore wind energy contributes significantly to the reduction of carbon emissions and the 

dependability on fossil fuels. Current transmission systems have been challenged by the growth 

trend of offshore wind power system establishments. The maximum transmission distance of 

the traditional high voltage AC (HVAC) transmission is hampered by the reactive current 

charging requirement. In contrast, the fractional frequency transmission system (FFTS) is a 

promising technology to solve this issue. The offshore grid is designed with a fractional 

frequency equal to around one-third of the system frequency, which significantly reduce the 

charging current of the transmission system. The frequency converter is the central component 

of the FFTS, and the modular multilevel matrix converter (M3C) is regarded as the recognised 

new AC/AC converter technology for offshore wind power integration due to its advantages of 

simple scalability, full controllability, and high effectiveness. The system structure, working 

principle, and control system of the M3C are presented initially in this study in Chapter 3 with 

the electromagnetic (EMT) simulation model developed in MATLAB/Simulink software. It 

has been demonstrated that M3C can serve as the frequency converter for FFTS. 

The small signal stability is an enduring topic of power system study. The M3C based FFTS is 

shown to be a competent contender for offshore wind power system integration, therefore, a 

small signal model is required to examine its damping ability. In Chapter 4, the small signal 

model of FFOWPS contains the doubly fed induction generator (DFIG) based wind power 

system and the M3C is proposed, taking into account the dynamics of DFIG system, the M3C 

and the interaction between the two power electronic systems. In addition, an eigenvalue based 

small signal stability analysis is implemented to examine the impacts of controller parameters 

and circuit elements on the damping ability of the system.  



It is proven that the proposed DFIG-M3C based FFOWPS has numerous technical advantages, 

nevertheless, its economic viability must be evaluated in order to determine its industrial 

applicability. A techno-economic cost comparison between M3C and back-to-back modular 

multilevel converter (BtB-MMC) is presented in Chapter 5. The two frequency conversion 

technologies utilised in FFOWPS are studied and compared in terms of technical performance. 

The performance of the two technologies is validated. For further comparison, an economic 

analysis model incorporating the capital costs, unavailability costs, operation and maintenance 

(O&M) costs, and power loss costs for FFOWPS components is developed. Cost components 

comprising a significant portion of the total cost are highlighted in the two versions of 

FFOWPS and it is indicated the wind turbine consist of up to 50% of total cost of FFOWPS. 

To further pursue the economic advantage of the M3C  based FFOWPS, the economical 

transmission distance of the M3C based FFOWPS and BtB-MMC based HVDC system is 

investigated, and hence the advantageous transmission range of the two technologies is 

identified while the M3C based FFOWPS is a more cost effectiveness choice for medium 

transmission distances around 280 km.  
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Chapter 1 Introduction 

The background and research interests are introduced in this chapter. The development of 

renewable energy in recent years is introduced, and the offshore wind power system is 

discussed in particular. The power transmission technologies are introduced, and considering 

the integration with offshore wind power, the fractional frequency offshore wind power system 

is discussed. The frequency converters, which are the key component of FFTS, are discussed 

in greater detail, with a focus on the new generation technology modular multilevel matrix 

converter (M3C). The research motivations are given based on the technologies introduced, and 

the study contributions are listed. The thesis outline is given at the end of the chapter. 

1.1 Background and Motivation 

1.1.1 Development of Renewable Energy and Offshore Wind Power 

Energy demand has been increasing rapidly with the development of human civilization since 

the start of the Industrial Revolution. The primary energy sources have been the main supply 

for industrial development since the last century and will continue to play a key role in global 

energy systems [1]. ig.1.1 shows fossil fuel consumption in the last 50 years. However, the 

emissions from fossil fuel burning are also the main contributors to climate change and air 

pollution. Fig.1.2 shows the rapidly increasing emissions in recent years due to the increasing 

consumption of primary energy sources. To deal with an increasingly severe situation, the Net 

Zero target is set to decrease greenhouse gas emissions to close to zero, apart from any 

remaining greenhouse gas re-absorbed methods [2]. Fig.1.3 shows the growing number of 

countries announcing the pledge to Net Zero and the covered emissions. 
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Fig. 1.1 World fossil fuel consumption. [1] 

Fig. 1.2 World CO2 emissions by fuel. [1] 

Fig. 1.3 Number of national net zero pledges and covered CO2 emissions. [2] 
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In order to meet the target, the renewable energy draws attention of the countries across the 

world. As Fig. 1.4 shown, the renewable energy generation growth up quickly in recent years, 

and about 84% new power generating capacity installed in 2021 belongs to renewable energy 

[3]. It can also be found from Fig. 1.4 that the wind, solar and hydropower are currently the 

main renewable energy sources. The increasing of hydropower is not distinctly in recent years, 

however, the installation of solar and wind has a dramatic increase in last decade and further 

planning. As it known, both wind and solar power generation have geographical limitations, 

the development of new renewable generation is varied on different area. Table 1.1 shows the 

annual installed renewable generation capacity in UK since 2014 [4]. As can be seen, the wind 

and solar are the main contributor of UK’s renewable power grid. However, it also can be seen 

the growth of solar power slows down after 2015, while the wind power keeps growing up. 

There were 1,290 MW new installed wind generation even with the impact of Covid-19 

pandemic.  In worldwide, the new installed wind power generation of 2021 reach to 102 GW, 

forming a total 845 GW cumulative capacity [3]. It proves that the wind power is a promising 

renewable energy source. 

Fig. 1.4 Annual growth of renewable power capacity [3] 
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TABLE 1.1 RENEWABLE GENERATION CAPACITY(MW) IN UK 

Year 

Growth Generation Capacity Cumulative Generation Capacity 

Wind Solar Wind Solar 

2014 1,792 2,591 13,074 5,528 

2015 1,232 4,073 14,306 9,601 

2016 1,820 2,313 16,126 11,914 

2017 3,459 846 19,585 12,760 

2018 2,020 299 21,605 13,069 

2019 2,281 286 23,887 13,345 

2020 571 234 24,458 13,579 

2021 1,290 386 25,748 13,965 

 

The wind power plant can be distinguished as onshore wind farm and offshore wind farm by 

its location. As mentioned above, the wind power generation has its geographical restrictions, 

and at the early development stage of wind power, the power plant are usually installed onshore 

considering the economical suitability and technology limitation. With the development of 

wind generation technology and the increasing plant capacity, and also, the land limitation, the 

offshore wind power becomes more and more popular cross the world. Offshore wind farm 

brings the benefits of rich primary resource, less geographical restrictions and community 

friendly. Fig.1.5 shows the installed offshore wind generation capacity within the Europe 

countries. As it shown, the increasing of new installed offshore wind power capacity is growing 
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up across the different Europe countries, and predictable, it will keep increasing in upcoming 

years considering the trend of renewable growth. At the quarter one of 2022, 15% electricity 

generation of UK came from offshore wind plant [5]. Based on the latest British Energy 

Security Strategy, the UK government is planning to deliver up to 50 GW offshore wind power 

by 2030 to meet its New Zero target [6]. Furthermore, China is also increasing its offshore 

wind power capacity dramatically. In 2021, the new installed offshore power capacity within 

the China has reached to 16.9 GW, which has made up 80% total new installation of the world 

[7]. It is no doubt that the offshore wind power system occupying a vital position within the 

world’s power system and the Net Zero process.  

 

 

Fig. 1.5 Annual and cumulative installed offshore wind generation capacity [8] 

 

Obviously, the offshore wind power system has its benefits and worthy to vigorous expansion, 

however, it has brought not only the merits but also the challenges. The most directly problem, 

the process of Net Zero requires replace the traditional fossil fuel generation plant with the 

renewable wind power plant, which also means the amount of synchronous generator has been 
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reduced, while the percentage of converter control generator like wind turbine and PV panels 

are increased. Due to this reason, the inertia of current power system has been reduced 

significantly, which has affected system stability [9]. To solve this problem, the researches 

focused on low inertia system are needed. There are studies proposed the grid forming 

technologies [10, 11], to design a control method implemented on the grid connected inverter 

of renewable source to performance the behaviour of  the synchronous generator. But still, 

more studies and validation are required before they could be served in practical power grid. 

Fig. 1.6 Average size of commercial offshore wind farm projects in the year. [8] 

 

Besides, the wind generation depends on the primary of wind source, which has extreme 

uncertainty. It brings the challenge to power planning as the current power system is unlikely 

to transmit and consume the all the wind power generated due to the constraints in the current 

transmission system and lack of long-term storage system. For instance, the National Grid ESO 

has paid 261 million pounds to turn wind plants down in the UK during 2020, and that cost 

ultimately went to the consumer’s bill [12].  

Furthermore, regarding the rapidly developing wind technology, the rating of wind turbines 

has been increased towards the next generation. The average size of the installed wind farm in 

2020 has reached 8.2 MW and the rating of the new turbine ordered in 2022 will be increased 
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to 13 MW [8].  Foreseeable, the size of wind farms will keep growing. Fig. 1.6 shows the 

average size of wind farm growth in recent years. As it is shown, the size of offshore wind 

farms has been doubled since the last 10 years, and there is still more incoming commissioning 

of large-scale wind farms in the UK. On the other hand, considering the growing offshore wind 

plant establishing, the wind farm will have to be pushed further away from the coast, which 

will cause trouble for current traditional AC transmission system.  

Among these technological challenges, due to the limited space and time, only new 

transmission technologies for offshore renewable energy will be the focus of this thesis. To 

sum up, the upgrade of the current transmission system is imperative. Different transmission 

technologies are introduced in the next subsection. 

1.1.2 Transmission Technologies and Fractional Frequency Offshore Wind 

Power System 

The traditional high voltage AC transmission (HVAC) system is the main served transmission 

technology for wind farm transmission in the world [13]. With years of studies and practical 

application experience, HVAC is a mature technology to transmit power with minimum cost. 

Compared to onshore power plant, the offshore wind farm requires more mature transmission 

technology. Currently, all the offshore wind in the UK is applied with HVAC transmission 

technology. However, the power capacity and transmission distance are the main challenges of 

HVAC due to the limitation of its capacitive charging current requirement [14, 15]. Currently, 

the HVAC transmission distance has been limited by around 100 km even with the reactive 

compensation devices [16]. As mentioned in last subsection, as the offshore wind farm is 

developed with the trend of larger size and further distance from coast, the HVAC may not be 

suitable for the task of transferring power from the far offshore wind farm.  
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The high voltage DC transmission (HVDC) system is the solution against the long distance 

transmission requirement. The offshore rectifier station transfers the AC power from the wind 

farm to DC, and then transmit it with high voltage level to the onshore inverter station and 

converts it back to AC. There are two kinds of HVDC system Categorised by the type of 

converter, the Line Commutated Converter (LCC) and Voltage Source Converter (VSC). For 

DC transmission, there is no constraint of the charging currents and the distance can be further 

extended. However, the requirement of large ac filter is the main economic disadvantage of 

HVDC system. A study introduced a flexible LCC-HVDC to provide no filter system with 

inserting the controllable capacitors [17].  Besides, with the increasingly strict requirements 

related to the power quality and fault ride through ability applied to the offshore wind farm 

transmission system, the traditional thyristor valve based LCC-HVDC may not be capable of 

the transmission job for future offshore wind due to its low controllability. The flexible LCC-

HVDC in [17] would be a promising next generation LCC HVDC to deal with all the 

shortcomings of the traditional LCC HVDC, which can overcome the commutation failure and 

provide control of both active and reactive power. The VSC based HVDC system own the 

better controllability and requires no reactive compensation [18]. And with the further 

development, the modular multilevel converter (MMC) based HVDC has been introduced to 

provide fully controllability and higher scalability [19]. Nevertheless, the HVDC system still 

suffers the problem of hard to design the DC circuit breaker and limitation of fault level [20]. 

The fractional frequency transmission system (FFTS), or so called low frequency AC 

transmission system, has been introduced in [21]. Not considering the normal system frequency 

(50Hz/60Hz), the FFTS uses the smaller frequency, normally one third of the grid frequency 

for AC transmission from the perspective of the availability of the related equipment, existing 

operating experience, economic efficiency and technicality [22]. It simply provides large 

transmission capacity with lower impedance due to the lower frequency [23]. And for offshore 
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wind power system, there is no need to build the offshore converter station, and the gearbox of 

wind turbine can be simplified as it only needs to output low frequency power [24]. The 

onshore AC/AC converter station is the key component of the FFTS as it needs to convert the 

power frequency back to system level for main grid integration.  

Three main transmission technologies have been introduced above. The advantages and 

disadvantages of each transmission system are summarised in Table. 1.2. For offshore wind 

power system, even though the site of wind farm is expected to be more far away from the 

coast, but the maintenance and installation of plant should also be considered. Besides, 

considering the growth of the size of offshore wind farm, the offshore wind farm grid with a 

medium distance to the coast is expected to be built in the future. 

TABLE 1.2 ADVANTAGES AND DISADVANTAGES OF TRANSMISSION TECHNOLOGIES 

Technology Pros Cons 

HVAC • Mature technology 

• Low cost 

• Limit transmission capacity 

• Short distance 

HVDC • Long distance transmission 

• Isolation of two AC grid 

• Hard to design DC circuit 

breaker 

• Fault level limitation 

FFTS • Offshore station 

simplification 

• Higher transmission 

capacity 

• Easy to integrated 

• Bigger offshore transformer 

In that case, the FFTS is a competitive candidate for offshore wind power integration. There 

will be more details about the power electronics of FFTS introduced in the next subsection. 
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1.1.3 Power Electronics of FFOWPS 

Based on the discussion presented above. The FFTS is a suitable choice for offshore wind 

power plant integration. The fractional frequency offshore wind power system (FFOWPS) is 

introduced. Within the FFOWPS, the offshore wind generation and onshore frequency 

converter are the main power electronics. For wind generation, it can be divided into two kinds 

based on the speed range as fixed speed wind turbine and variable speed wind turbine [25]. Fig. 

1.7 shows the structure of the fixed speed wind turbine. The squirrel-cage induction generator 

(SCIG) connects the wind turbine to the gird via the switch and step-up transformer. The 

generator speed is fixed by the pre-set synchronous speed in spite of the change of wind speed 

[26]. And as the SCIG is directly connected to the grid, the slip speed of the generator rotor is 

affected by the grid frequency, hence, the power output of the generator is followed the change 

of grid frequency, which provides the system inertia support [27]. 

Fig. 1.7 Structure of fixed speed wind turbine [25]. 

Although the fixed speed wind turbine provides the merits including simple structure and easy 

interface, the wind power conversion efficiency is relatively low. In that case, the variable 

speed wind turbine is developed to capture more power from the wind source. Fig. 1.8 shows 

the doubly fed induction generator (DFIG) based wind turbine. As figure shown, the power 

from the wind turbine is transmit to grid via both stator and rotor windings, in this configuration, 

the size of the back-to-back power converter only need be 30% of the DFIG generator rating 
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to severe the system [28]. The rotor side converter (RSC) applied the maximum power point 

tracking (MPPT) to control rotor speed to capture the maximum wind power, while the grid 

side converter (GSC) control maintain the DC link voltage and transmit the power from rotor 

to the grid. As the rotor speed is control by the converter in spite of the change of the wind 

speed, the DFIG system cannot help with the inertial response to the grid [29]. Compared to 

fixed speed wind turbine, the DFIG based wind power system provides the merits including 

better power conversion efficiency and flexible controllability, which is suitable to the offshore 

wind power generation. A further discussion about DFIG system is provided in Chapter 3. 

Fig. 1.8 Structure of variable speed wind turbine DFIG [29]. 

 

In addition to wind generation system, in order to stepped the fraction frequency back to system 

frequency standard, the onshore AC/AC converter, or frequency converter is also the key 

component of the FFOWPS. The frequency converter undertake the task to connect the 

fractional frequency offshore wind power system to the system frequency main grid, which 

determines the performance of the FFOWPS. At the early stage, before the insulated-gate 

bipolar transistor (IGBT) technology fully developed, the cycloconverter, which applied with 

the thyristor was a widely used AC/AC converter for driving the motor [30-32] and converting 

frequency within the FFOWPS [33, 34]. However, the later studies found that the 

cycloconverter is not capable of integrating the offshore wind power system due the lack of 
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controllability, poor power quality and weak fault ride through ability [35]. With the widely 

use of the IGBT for power electronic applications, the Back-to-Back MMC (BtB-MMC) has 

been introduced, which provides highly controllability and large scalability as the AC-DC-AC 

converter for motor driving and offshore wind generation integration [36, 37]. Another 

technology, named Modular Multilevel Matrix Converter (M3C), which was proposed in 2001 

[38], is regarded as the next generation AC/AC converter. The structure of M3C is shown in 

Fig. 1.9. As figure shown, there are nine arms with 3 × 3 matrix arrangement, and each arm 

composed of a series of full bridge IGBT based submodules. Same as the BtB-MMC, the M3C 

also enjoy the merits including full controllability, flexible scalability and good power quality. 

Compared to BtB-MMC, the M3C  is more suitable and can satisfy the same system 

requirements using fewer submodules and smaller rating capacitors [39, 40]. The M3C  is 

designed for high voltage level power system, which is compatible to the offshore wind power 

system. The detail review of M3C is provided in next chapter. 

Fig. 1.9 Basic configuration of M3C [38]. 



13 

 

1.1.4 Research Motivations 

With the increasingly serious climate change impacts and energy source scarcity, the 

development of renewable energy became the priority task across the world. With years 

development and practical application experiences, the offshore wind farm is becoming 

popular considering its rich primary resource, suitable for large scale development and 

community friendly. In order to accomplish the Net Zero target, new offshore wind power 

plants are being developed worldwide, which not only bring more cleaning energy, but also the 

challenges to the current power transmission system. The re-development and upgrade of 

current power transmission system is essential. The FFTS, as introduced above, is considered 

as one of the suitable candidates to integrate offshore wind power system to the main grid. 

Nevertheless, unlike the traditional HVAC transmission system or the popular HVDC 

technology which has already been well developed or has been deeply studied. However, there 

is a big research gap related to FFOWPS. A complete and in-depth research about FFOWPS is 

of great value in terms of both technical and economic modelling and analysis.  

1.2 Research Objectives and Contributions 

1.2.1 Research Aim and Objectives 

Based on the literature review in Chapter 2, the research aim of the PhD project is to carry out 

a comprehensive stability analysis of FFOWPS and a techno-economic comparison with the 

other possible schemes. The objectives of this doctoral research can be concluded as follows: 

• Provide the basic knowledge of power electronics applied to FFOWPS, which includes the 

system structure, working principles and control strategies of the wind generation system 

and the frequency converters.  
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• Design the control strategies for frequency converters to integrate with the wind generation 

system, and the conflict between control system from the wind generation and frequency 

converters should be avoid. 

• Develop the EMT models of the studied power electronics with a single machine infinite 

bus (SMIB) structure for experimental simulation, to test system performances within the 

FFTS and validate the proposed control strategies. 

• Develop a small signal model of the whole FFOWPS with mathematical effectiveness and 

satisfactory accuracy, which should consider the dynamic performance of all essential 

power electronic components within the system and be useful for small signal stability 

analysis. 

• Carry out an economical and technical analysis and comparison among different offshore 

wind power transmission technologies to study the dominant cost of each power system and 

compare the pros and cons of each technology.  

1.2.2 Research Contributions 

The contributions of this doctorial research can be concluded as follows: 

• Proposed a control strategy to integrate the wind generation system with the frequency 

converters smoothly, and the control conflict between the wind power system and the 

frequency converters has been avoided. The EMT models are developed to validate the 

proposed control methods and for further small signal stability analysis. 

• A small signal model of DFIG-M3C FFOWPS has been developed to fill the gap in the 

literature. The eigen-value based small signal stability analysis is provided to discuss 

the influence of the PI controller parameters and circuit component values. The 

optimised system is given out. 
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• A comprehensive eco-technical study of FFOWPS is provided. Two types of frequency 

converter are studied with the proposed economic analysis model, and the main cost 

elements are discussed. The comparisons between M3C  based FFOWPS and BtB-

MMC based FFOWPS are provided from the economic aspect and the technical aspect, 

respectively. 

1.3 Outline 

Chapter 2 provides a literature review related to the study. The control strategies and 

applications of M3C  are reviewed first, then the basic theory of small signal stability is 

discussed in detail with the small signal modelling of wind generation system and multilevel 

converters. Finally, the economic analysis of FFOWPS is reviewed. 

Chapter 3 deeply discusses the structure, working principles, and control strategy of the wind 

generation system and frequency converters. The EMT models are develop and the control 

strategy to connect wind generation and frequency converter are designed and validated with 

time domain simulation. 

Chapter 4 proposes a small signal model of DFIG-M3C based FFOWPS. The dynamics of the 

DFIG system are modelled first, and then the small signal model of M3C with designed control 

strategy is introduced. Two systems are combined together, and an eigenvalue based small 

signal stability analysis is carried out. The influence of PI controller parameters and circuit 

elements is discussed, and optimised parameters are provided. An EMT model of FFOWPS 

has been developed for time domain simulation testing and validation. 

Chapter 5 studies the economic aspect of the FFOWPS. The economic analysis model is 

designed and two different types of FFTS are discussed. The main cost elements of two systems 
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are analysed and their total costs are compared under different case studies. A further technical 

comparison is provided with the EMT model time domain simulation. 

Chapter 6 gives the conclusion of the thesis. The study outcomes are concluded and the 

possible further research directions are discussed. 

The relationships between the chapters are as follows: 

• Chapter 2 provides a literature review related to the study. Based on the literature 

review, research gaps are identified, and then the project aim and objectives are 

proposed. 

• The Chapter 3 aims to establish the detailed EMT model for the whole system - 

FFOWPS. The collation of the knowledge, control strategy design, and testing system 

modelling for related power electronic provide the foundation for further studies in the 

rest of the chapters. 

• Building upon the detailed EMT models of FFOWPS proposed in Chapter 3,  Chapter 

4 develops a small signal model of DFIG-M3C  based FFOWPS considering the 

dynamic responses of DFIG generator and M3C  response together. A small single 

stability analysis is carried out to study the impacts of PI controller parameters and 

system elements. The optimization of the system is provided based on the proposed 

small signal model. 

• Based on the models and knowledge of all the previous chapters, Chapter 5 carries out 

comprehensive comparisons of the proposed FFOWPS with another scheme of  BtB-

MMC based FFOWPS. 

• Finally, based on all these chapters, conclusions are drawn and future work is 

highlighted in Chapter 6. 
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Chapter 2 Literature Review 

2.1 Introduction 

This chapter provides the literature review of relevant technologies and research methods of 

this doctoral study. As the key component of the FFOWPS and a relatively new technology, 

the previous control strategies and applications of M3C are discussed first. Then the principle 

of small signal stability analysis is reviewed, and the modelling methodologies of wind power 

system and multilevel converters are reviewed. Finally, the economic analysis studies related 

to offshore wind power and related transmission technologies are reviewed. 

2.2 Applications and Control strategies of 𝐌𝟑𝐂 

The M3C  has been regarded as the next generation AC/AC converter, which was first 

introduced in 2001 [38]. As shown in Fig. 2.1, the configuration of M3C has evolved from the 

traditional matrix converter with a nine-swich matrix arm with the four-quadrant switch 

operation. The M3C  applied with the IGBT full bridge submodules, which provide three 

different voltage levels during the switch conduction. The space vector modulation (SVM) 

control method is tested and validated to employ the converter, and the simulation is carried 

out on the M3C model with two submodules in each arm. After that, the M3C has been studied 

among different kinds of applications, and different control strategies have been proposed. 
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Fig. 2.1 Schematic diagram of M3C [41] 

2.2.1 Application of 𝐌𝟑𝐂 

Like other power converters, M3C has been widely studied in aspect of motor driving [42, 43]. 

And with development of renewable energy, researches about wind power system integration 

are also provided [44]. Furthermore, it is known that the traction power system in Germany, 

Switzerland, Sweden, Norway and Austria also using the low frequency AC system on 16.7 

Hz, and it is foreseeable that the M3C  could be applied in the railway sector to transfer 

regenerative braking energy thanks to its bidirectional operating ability [45, 46]. In [42], an 

optimised phase inductor design was proposed to lighten the weight and size of the M3C. There 

are nine inductors inside M3C  originally for current control on each arm, and the author 

proposed a three legged, six winding inductors with zigzag wired to reduce the number of arm 

inductors to three. The new design ensured that no magnetic flux has been generated in the nine 

arms from the three phase source and motor currents. A downscaled motor-drive system has 

been built to validate the proposed design and the effectiveness has been proved. [43] presented 

a discussion about how to control the M3C to employed as a medium voltage motor drived with 
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regenerative braking. A decoupled current control was proposed to regulate the capacitor DC 

voltage of all submodules. And the performance of the control strategy was also validated with 

the experimental downscaled model. 

Compared to driving the motor, the M3C applied to wind power integration requires more 

submodules to meet the high voltage rating of the transmission system, and also the frequency 

from both sides should be controlled. Studies [47, 48] proved the operability  of M3C as the 

frequency converter for FFTS integration with the decoupled current control. However, the test 

system is simplified with only a very few submodules in each arm of M3C and the wind power 

system is represented with a simple PQ source. Considering the growth size of the offshore 

wind power plant, the more realistic experimental systems and control strategies should be 

modelled and studied. 

2.2.2 Control of 𝐌𝟑𝐂 

Applied as the frequency converter for wind power integration applications, the control of M3C 

is the main challenge. The SVM control method has been used in [49] to achieve the wide 

frequency conversion range of M3C for FFTS. The experimental results proved the M3C is able 

to operate without the circulating current control and provide a stable frequency conversion. 

However the test M3C  system only consists of three submodules inside each arm and 

considering the space vector used for control system is exponential increasing against the 

increasing of submodules, the SVM is not suitable for high voltage rating system with large 

number of submodules. [50] proposed a widely used decoupled current control. As there is no 

DC link inside the M3C, the voltage and current components with different frequencies are 

coupled with each other. The author presented a double 𝑎𝑏𝑐/𝛼𝛽0 transformation to achieve 

independent control for both sides of M3C and balanced the internal current. However, after 

the double transformation, some components were still frequency related, which made it hard 
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for control system design and small signal modelling. An improved version of this control 

strategy is proposed in [51]. The M3C was divided into three sub-converters and the frequency 

related items can be converted to DQ axis as a DC signal and regulated under the synchronous 

rotating frames of these sub-converters. However the control method requires a number of 

frame transformation and interaction of different controllers, which will be a challenge when 

considering high volume of submodules. [52] proposed a vector control to provide the full 

range frequency conversion within the M3C. A featuring frame transformation was applied to 

the arm voltage and current, and with essential filtering, the M3C system was performed well 

over a wide range of frequencies, including the same input and output frequency mode. The 

effectiveness is validated by simulation based on a 27-cell 5kW prototype M3C. However, to 

achieve the ideal results, system requires extra converter capacity. 

In addition to the control strategies designed for frequency conversion, some research has been 

presented to optimise the performance of M3C. A recent study [53] raised a concern that when 

M3C applied with large number of submodules, the current centralised control structure may 

not be capable of its flexibility and modularity. The author proposed a distributed control mode 

by considering separating the current control loop and voltage control loop with a time-

dimension decoupling method, which could reduce the communication delay of different 

control system. The effectiveness of proposed control structure is validated with an 

experimental model of M3C. In [54], a sparse topology of M3C has been proposed with an 

alternative structure of submodules. The system is designed with less components and the more 

than half of IGBT can operate with soft switching. The proposed structure is validated with the 

experimental model and simulation results. [55] considered the limitation of IGBT 

semiconductor current rating, and proposed a current reallocation control strategy to reduce the 

peak arm current of M3C. It was proved by the simulation results that up to 14.6% - 21.6% of 

peak current could be decreased, which provided the enhancements to the M3C like short-term 
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overload rating and better fault ride through ability. In [44], the unbalanced grid conditions 

cased by single phase faults was discussed. With imbalanced power from the negative-

sequence quantities was calculated and compensated by the designed feedforward control 

method, the M3C  system was functioned well under the unbalanced grid conditions. The 

proposed control strategy was verified by the experimental simulation. In [56], the further 

branch fault of M3C  was discussed. A optimised branch current configuration model was 

designed to deal with the one or more arms failure situation. The effectiveness of the proposed 

system is validated with the experimental M3C  prototype, which could be smoothly 

transformed from the full branch mode to a reduced operating mode while the branch failure 

happened without disabling the whole system. [57] considered the concern about frequency 

support of M3C based wind power system. As introduced in Chapter 1, most wind conversion 

systems cannot support inertia to the power system, which caused the issue to the frequency 

response of the system. The proposed control strategy extracted the energy from the floating 

capacitors to serve the frequency response. However, as the energy from the floating capacitor 

is not much, the frequency support is limited. 

From the research review introduced above, the control strategies proposed for M3C are only 

consider M3C itself. However, as the offshore wind power system integration technology, the 

interface between M3C and wind generation system cannot be neglected. Studies [47, 51, 58] 

proposed related control strategies for low frequency offshore wind power system integration. 

However, the wind power system has been represented by a simple controllable current source 

within their study and the control system of wind generation has been ignored. As most 

renewable energy generations inherently are the voltage source converters, the interface of two 

converters may cause conflict. [59] proposed a constant voltage and frequency control for 

offshore wind farm integration with a VSC-HVDC. The proposed strategy operated the VSC 

converter as a voltage source with constant voltage magnitude and frequency, to naturally 
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absorb the power from the wind farm without affecting the control system of the wind generator 

converter. The effectiveness of the proposed control scheme was validated by the experimental 

results. However, the control of M3C is much more complicate than VSC due to its coupling 

frequency components. The control strategy for connecting M3C to the DFIG system needs to 

be studied. The details of this work are discussed in Chapter 3.  

2.3 Small Signal Stability Analysis and Modelling of FFOWPS 

Since the 1920s, power system stability has been an enduring topic for secure system operation. 

The number of major system damages caused by system instability described the importance 

of this phenomenon [60]. And with the increasing penetration of renewable energy source, the 

power system stability faced an unprecedented challenge currently. The definition of the power 

system stability was proposed by the IEEE/CIGRE Joint Task Force in 2004. In general, the 

power system stability is the ability of the power system to regain the operating equilibrium 

after a physical disturbance. The Task Force also defined the classification of power system 

stability as follows: 

• Rotor angle stability: it refers to the ability of the synchronous machine in an 

interconnected power system to recover from the subjected disturbance and back to 

synchronism. This stability problem is related to the electromechanical oscillations 

problem in the power system. 

• Frequency stability: it refers to the ability of the power system to remain frequency 

stable after a significant power flow imbalance. The frequency stability problem may 

cause a sustained frequency swing and eventually trip the generations or loads. 

• Voltage stability: it refers to the ability of the power system to maintain voltage at a 

steady level of each bus after introducing a disturbance. The instability of the voltage 
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may result in loss of loads in an area or triggering the system protective operation to 

cascade the transmission line and other elements. 

The rotor angle stability can be refined into two subcategories: 

• Small signal stability: this stability problem is concerned the steady state of power 

system or system ability to maintain synchronism with small disturbances. The 

disturbances should be small enough so the system equations can be linearized for 

further analysis [61]. 

• Transient stability: this stability problem is related to the ability of the power system to 

keep stable after a large disturbance, for instance, a short circuit fault. This problem 

involves the large excursions of generations and influences by the nonlinear dynamics 

relationship of power system. It depends on the initial operating conditions of the 

system and the seriousness of the fault.  

This study was mainly focused on the small signal stability of the FFOWPS. The analysis of 

such stability problem can help studying the dynamic performance of the system and provide 

guidance to system designs, which is quit useful for new developed power system. The 

fundamental theory and analytical methods of small signal stability analysis is discussed in 

next subsection.  

2.3.1 Fundamental of Small Signal Stability Analysis 

The small signal stability of the power system can be influenced by system initial operating 

conditions, the control devices, and the strength of power connections electronic components 

[62]. As the practical power systems are unavoidably suffered small disturbances, it is essential 

for the power system maintain stable in term of small signal stability problems. System with 

small signal stability problem can be explained as a lack of damping ability against the 
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oscillations. It is important to define the electromechanical oscillation modes of the system 

during the small signal stability analysis. The oscillation modes can be classified as follows 

[62]: 

• Local modes: they are also named as machine modes, are related to the swing of the 

machine in one area to the rest power system. They are normally located at single station 

or small group of power system. 

• Inter-area modes: they are normally a concern of the swing of the generator among the 

group located closely and link by a weak grid [63]. 

• Torsional modes: they are raised from the shaft system between the turbine and the 

generator unit and normally oscillated within a 10-50 Hz range. 

• Control modes: they are involved with the exciters and speed governors within the 

generators, or the controllable power electronic devices and components. They are 

normally oscillated above 50 Hz and are the main oscillation  modes to be discussed in 

this thesis. 

The small signal stability of power systems is normally studied by the eigenvalue based 

analysis and frequency domain analysis, and the eigenvalue based analysis, is currently the 

most popular analytical method. It is derived from the Lyapunov stability theory about the 

linear system [62]. The basic theory is to linearize the dynamic power system from its nonlinear 

differential equations around a stable operating point. The analysis procedure is introduced as 

below. 

The dynamic power system can be represented by the nonlinear model described as: 

𝑥̇ = 𝐴𝑥 + 𝐵𝑢 (2. 1) 

𝑦 = 𝐶𝑥 + 𝐷𝑢 (2. 2) 
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where 𝑥 are the state vectors of the system; 𝑢 are the system input variables; 𝑦 are the system 

output variables. 𝐴 and 𝐵 represented the state variables matrix and control variables matrix, 

respectively. 𝐶 and 𝐷 represented the output variables matrix and feedforward variables matrix, 

respectively.  

The state variables of the system can be defined in different ways as long as they can represent 

the system dynamics. The order of the system is decided by the number of state variables. The 

nonlinear model (2.1) and (2.2) can be linearized around an equilibrium point where all the 

derivatives equal to zero, and all variables are referred to the initial states. Then (2.1) and (2.2) 

can be derived as: 

∆𝑥̇ = 𝐴∆𝑥 + 𝐵∆𝑢 (2. 3) 

∆𝑦 = 𝐶∆𝑥 + 𝐷∆𝑢 (2. 4) 

where ∆ is a small deviation of the variables from the equilibrium point. 

Apply the Laplace transform to (2.3), the characteristic of the state variables matrix 𝐴 can be 

calculated from: 

det(𝑠𝐼 − 𝐴) = 0 (2. 5) 

where 𝑠 are the eigenvalue from the state variables matrix. Based on the Lyapunov’s theory, 

the system small signal stability can be determined by the locations of the eigenvalues. The 

rule is described as follows: 

• System is small signal stable when all real parts of eigenvalues are negative. 

• System is small signal unstable when at least one real part of eigenvalues is positive. 

• System small signal stability cannot be determined when eigenvalues have zero real 

part. 
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The eigenvalue can be expressed as: 

𝜆 = 𝜎 ± 𝑗𝜔 (2. 6) 

The real part 𝜎  indicates system damping, while imaginary part 𝜔  determines oscillation 

frequency. It is given by: 

𝑓 = 𝜔/2𝜋 (2. 7) 

 The rate of decay of the system can be represented by the damping ratio, which is given by: 

𝜉 = −𝜎/√𝜎2 +𝜔2 (2. 8) 

The mode is defined as poor damped while the damping ratio is less than 5%. In that case, 

system may have small signal stability concerns. The participation factor of each mode can be 

calculated from the left and right eigenvector, which determines the main contribute state 

variables to the oscillation modes.  

2.3.2 Small Signal Modelling of Wind Power Systems 

Wind energy is regarded as the most widely utilised renewable energy source cross the world. 

With the increasing share of wind generation system against the traditional power system, the 

system stability will be affected because of the poor inertia support ability of the wind system. 

Due to inherently different between the wind power plant and conventional power system. It is 

necessary to study the small signal stability of wind power system. The first step is to establish 

the small signal model. 

As introduced in last chapter, currently the most widely used wind turbines are the fixed speed 

wind turbine SCIG and variable speed wind turbine DFIG. A simple model was proposed for  

the fixed speed wind turbine to discussed the dynamics of wind power system [64]. [27] 

provided the transient stability studies with a reduced-order model of SCIG. In [65], the 
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modelling of large capacity fixed speed wind turbined based wind farm was proposed. For 

DFIG system, a detail engineering model of DFIG with its back-to-back PWM converter was 

described in [66]. A simple DFIG model was proposed in [67] for the grid integration impacts 

studies. [68] developed a dynamic model of DFIG with the relevant control and protection 

elements for transient analysis. In [69], a reduced order model of DFIG including its converter 

was provided.  

Based on the knowledge about the modelling of the wind generators, the research works were 

pushed further to the small signal stability analysis. The full small signal model of the DFIG 

including the control systems of converter were presented in [70, 71], and related small signal 

stability analysis was provided for system optimization and control parameters selection. The 

proposed optimized system was validated by the simulation result. The impacts of different 

wind turbines to the power system was studied in [72] based on the small signal stability 

analysis. The conclusion is that the constant speed wind turbines offers better damping ability 

than the variable speed wind turbines. [73] studied the damping performance of different type 

of wind turbines integrated into the Nordic grid using the eigenvalue analytical method. It was 

found the SCIG has positive impact on the damping of inter-area oscillation while the DFIG 

has negative performance. In [74] a inertia sensitivity eigenvalue analysis is proposed to study 

the small signal stability and transient stability of DFIG within a large system. It was found 

increasing the number of DFIG wind turbines has both positive and negative impacts to the 

system damping. 

It can be found from the studies reviewed above that the small signal model of DFIG has been 

well studied, and the impacts of DIFG to the power system has been discussed. However, the 

dynamic performances of DFIG system combined with other power electronics in small signal 

stability aspect have not attracted many attentions, which still needs to be studied. 
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2.3.3 Small Signal Modelling of Power Converters 

The converters have been widely used for different applications in power system. Based on the 

conversion type, it can be categorized as AC/DC converter such as Static Synchronous 

Compensator [75], AC/DC/AC converter used for HVDC system [76], and AC/AC converter 

for FFTS [21]. The AC/DC/AC converter can also be configured as back-to-back structure for 

wind energy conversion [77] or FFTS integration [36]. A multilevel static synchronous 

compensator small signal model was provided in [78], and a new feedback control method to 

balance the dc capacitor voltage is proposed based on the model. The small signal model of a 

single machine infinite bus with the VSC based HVDC system was studied in [79]. Based on 

the small signal stability analysis, the open loop system has poor performance on stability, and 

a damping controller is designed to VSC-HVDC to improve system performance. The 

effectiveness of the proposed controller was validated in both eigenvalue analysis and time 

domain simulation. In [70], the back-to-back AC/DC/AC converter of DFIG system was 

modelled for small signal stability analysis. The vector-based control systems were also 

modelled and the impacts of controller is studied. The small signal model of a cycloconverter 

based FFTS was proposed in [34]. Through the small signal stability analysis, it was found the 

cycloconverter has detrimental impacts on system damping and a feedback PI controller was 

designed to solve the problem. The effectiveness of the controller was validated, however, the 

cycloconverter was simply represented by a first order time delay model and the dynamics of 

the converter were ignored. The interface between the converter and wind system was unable 

to be studied. With the efforts of the researchers, the small signal model of MMC are available. 

It was firstly evolved from the VSC model with neglecting the internal dynamic of MMC and 

assuming the internal damping of MMC is satisfied [80]. And the improved model was 

provided in [81] with the internal dynamic components modelled. It considered only the DC 

component of the circulating current and ignored the frequency components with the 
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assumption of the frequency circulating current component could be remained at the steady 

state with the proposed controller. However, when MMC subjected to a small disturbance, the 

power components inside the arm were coupled with the circulating current and the dynamic 

of circulating controller should be considered. The small signal model provided in [82] 

included this part of work. The circulating current suppression control is modelled and the 

capacitor voltage ripper also studied in a double system frequency DQ frame. Due to the 

scalability of MMC, the number of the submodules could be very large and each submodule 

component could be considered as a state variable for the small single model. It should be 

reasonably when choose the state variables to ensure the system accuracy and also 

mathematical effectiveness. 

It can be found from that there are some commonalities among different type of converters. 

The modelling of M3C can borrow some experiences from MMC models considering they are 

both multilevel converters, but there are also some fundamental differences that M3C has no 

DC link and the different frequencies power quantities from both sides of M3C are merged 

together inside the converter arm. The isolation and modelling of that dynamic components 

needs to be studied. A small signal model of M3C  was introduced in [41] to fulfil these 

requirement. The model considered the dynamics performance inside the converter arm, and 

the decoupling control system was modelled to isolate the frequencies components. However 

the small signal only considered the M3C itself, and the external AC system was modelled with 

a simal voltage source. The integration of  M3C to offshore wind power system still needs to 

be studied. 

2.4 Economic Analysis of FFOWPS 

Many technologies were firstly introduced with excellent performance, however, the economic 

cost determined the further development of these technologies. The illustrative diagram of a 
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general FFOWPS is shown in Fig. 2.2. As a relatively new technology, the economic aspect of 

FFOWPS needs to be studied. The cost analysis studies related to offshore wind power system 

and the transmission technologies are provided in this section.  

Fig. 2.2 Illustrative diagram of FFOWPS [41] 

 

2.4.1 Economic Analysis of Offshore Wind Power System 

The renewable power generation costs has been studied and published annually by the 

International Renewable Energy Agency [83]. It provided the transparent details related to the 

cost of renewable energy so that the academic, industrial and market can have a distinct view 

at the economic aspect of renewable energy. The latest report [83] pointed out the share of 

offshore wind energy among the world power capacity is remaining the growing trend, while 

the cost for offshore wind power reduced again and will remain the fall trend. That is due to 

reasons of development of technologies, experiences from previous projects, and a more 

competitive equipment price. 

In [84], the basic cost components of offshore wind farm was reviewed based on the data 

available in the bibliography, which is useful for payback analysis and cost optimized studies. 

However some regression curves are drawn based on the assumption data and the applied 

technologies was not analysed. [85] studied the opportunities to integrate energy storage device 

with the large-scale wind farm into the future Netherland power grid. Different types of energy 

storage technologies was studied based on a cost-benefit analysis method and the 𝐶𝑂2 emission 
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impact was accounted. It was found the cost savings from storage device increase with the 

number of wind turbine installed, but it is hard to have the payback due to the large initial 

investment. And considering the energy storage devices are allowed to absorb the cheap fuel 

generation energy in Dutch power system, the 𝐶𝑂2 emission levels will increased and even 

with the wind power integration, it will partly offset the 𝐶𝑂2 emission saving from wind farm. 

[86] proposed an opportunity to produce hydrogen by using the wind power in a microgrid 

considering the variation of wind power output. Based on the economic analysis model, the 

breakeven period was found to be 15.58 years and the hydrogen cost is 17.65 $/kg. The results 

varied against the wind power price and hydrogen price but the proposal is viable with the 

development of renewable energy. [87] further studied the cost effectiveness of proposal that 

producing the hydrogen using the wind power. It was found the cost of hydrogen is much 

affected by the balance between the rating of wind power generation and hydrogen generation, 

due to the mismatch of the power between two systems made the energy price uncompetitive. 

A optimal configuration of the system is designed based on the economic analysis. The 

economic analysis of a hybrid system was provided in [88]. The wind-solar combined system 

is studied to power the AC and DC irrigation pumps. The optimal arrangement of the wind-

solar capacities are proposed based on the analysis results that the AC pump is uneconomic 

against the DC pump. In [89], a fully review of the economic and technic analytical methods 

for hybrid renewable system was presented. Author compared and summarised the differences 

of 31 computer tools and 20 arithmetical models to give a clear view to the researchers. In [90], 

four general economic analysis methods were introduced as shown in Table 2.1. Based on the 

results from the analysis methods, the optimal generation capacity and hub height were choosen 

for the wind farm to improve economic effectiveness.  
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TABLE 2.1 GENERAL ECONOMIC ANALYSIS METHODS 

Economic analysis methods Contents 

Simple payback period method 

• Equals to the capital cost divided by the 

average annual income 

• Determine the breakeven period 

Cost of energy (COE) method 

• Determine the unit cost of energy 

generation 

• For comparison between different energy 

generation. 

Discounted cash flow (DCF) method 

• Calculate the value of the money paid 

now and received future  

• Focused on the time preference of money 

Life-cycle costing (LCC) method 

• Calculate the present value of the project 

take account the future cost and time 

value of money 

• Determine the feasibility of the project 

from available choices and technical 

parameters 

 

2.4.2 Economic Analysis of Transmission Technologies 

As introduced in last chapter, the distance of new developing offshore wind to the coast are in 

growing trend, and the transmission technologies to transmit power from the far ocean needs 

to be studied. In [91], the transmission technologies HVDC and HVAC were compared in 
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economic aspect for offshore wind power integration. Based on the study, the HVDC had 

advantages in long distance transmission and the cost effectiveness cross point of two 

transmission system among the distance was calculated based on the economic analysis model. 

It was found the difference is more obvious when considering the large-scale wind power 

system. The cross point of distance for two transmission system is 160km for a 1 GW offshore 

wind plant. A further economic analysis between two type of transmission line was presented 

in [92], which considered the operation and maintenance (O&M) cost and energy waste cost. 

Based on the case study, the strength of HVDC technology appeared on transmission distance 

longer than 90km. However the system capacity is only considered for 200 MW and 500MW, 

which may not suitable for future large scale wind farm plant. 

Limited attentions has been paid to the FFTS in economic aspect. [93] studied the differences 

among HVAC, FFTS and HVDC technologies for offshore wind power integration in 

economic area. The cost effectiveness of each technology was calculated based on different 

scenarios and the most economical choice was provided. However, the system model of HVDC 

is too simple and some of cost factors like the O&M and power loss were not considered. In 

[94] a more detail economic analysis model was provided for FFTS and the conclusion is that 

FFTS is a suitable choice for offshore wind farm with 200MW capacity and located 100km to 

the coast. But the frequency converter in this study was considered as the cycloconverter, which, 

as mentioned above, is not suitable for FFOWPS. 
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2.5 Summary 

This chapter has reviewed the technologies related the FFOWPS. The M3C  is the key 

component of the FFOWPS and is a relatively new developing technology, hence the 

application and control of M3C has been reviewed first. It has been found the M3C is capable 

of integrating the offshore wind power system, however, the control strategies of M3C to 

interface with the wind power system still needs to be studied, which will be discussed in 

Chapter 3. The small signal stability problem is an enduring topic of the power system. The 

fundamental of small signal stability analytical methods and small signal modelling of related 

technologies have been reviewed. It can be found there is a lack of small signal stability 

analysis of the M3C based FFOWPS in literature. The detail small signal stability study related 

to DFIG-M3C based FFOWPS is presented in Chapter 4. Technologies may have outstanding 

functionalities, but the economic cost determined whether it can be applied into the practical 

power system. The previous economic related knowledge of offshore wind power and 

transmission system technologies have been studied at the end of this review. Different cost 

analysis method related to offshore wind power can be found in the literatures, however, 

considering the integration of the relatively new FFTS and M3C, the cost analytical model 

needs to be studied. Chapter 5 provides the discussion related to this aspect. 
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Chapter 3 EMT Simulation Models of 

FFOWPS 

3.1 Introduction 

This chapter aims to discuss the system structures, operating principles and control strategies 

of the key components the FFOWPS: the wind generation system and the frequency converter. 

Chapter 2 has reviewed different technologies for FFTS. The DFIG based wind power system 

is considered in this study due to its low cost, high power transfer efficiency and flexible 

controllability.  Another important component of FFOWPS is the AC/AC converter, or the 

frequency converter. M3C is a new generation of AC/AC converter, with the advantages of full 

controllability and high power quality. It is a promising technology to integrate wind farm from 

offshore to onshore. To avoid the conflict of the control system between wind power system 

and frequency converter when connecting them together, a constant voltage and frequency 

control strategy is designed to M3C system. Another AC/AC converter technology, the BtB-

MMC is also introduced and discussed in this chapter for further comparison study against 

M3C system in Chapter 5. The EMT models have been developed for each technology to test 

systems performance for FFOWPS and validate the proposed control strategies. The main 

contributions of this chapter are listed below: 

• The system structure, working principle and general control strategies of DFIG, M3C 

and BtB-MMC are introduced; 

• The control strategies to integrate the frequency converters with the DFIG system are 

designed to avoid the conflict between different control systems; 
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• The EMT models of all the system components are developed and the SMIB time 

domain simulations are presented to test systems performance and validate proposed 

control strategies.  

The knowledge presented in this chapter constructures the foundation of the Chapter 4 and 

Chapter 5. 

3.2 Dynamics of DFIG for FFOWPS 

The DFIG is considered in this study due to the fact that it is a popular technology with its high 

power transfer efficiency, low cost and flexible controllability. The output power frequency of 

DFIG is defined by the gear box of wind turbine. It can generate low frequency power with a 

small ratio gearbox or even without gearbox for FFTS, which makes it a good candidate for 

FFOWPS. A EMT simulation model of DFIG is designed for the generated fractional 

frequency power at 20 Hz for FFOWPS, which is discussed in details in the rest sections.  

3.2.1 Operating Principle and System Structure 

A DFIG based wind power system is shown in Fig. 3.1. System consists of the induction 

machine, driven train, back-to-back converter and its controller. The power generated from the 

induction can be fed to grid by both stator and rotor windings. System can be controlled by the 

small capacity converter as the power transmitted through the converter is only 20% - 30% of 

the rating power of generator. The wind power capture by DFIG wind turbine depends on the 

wind speed and its rotor speed. The aerodynamic power of wind is given by:     

𝑃𝑊𝐹 =
1

2
𝜌𝐶𝑝𝐴𝑉𝑤

3 (3. 1) 

where 𝑃𝑊𝐹 is the captured wind power; 𝜌 is the air density; 𝐴 is the rotor swept area; 𝑉𝑤 is the 

wind speed; 𝐶𝑝 is the power coefficient. 
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Fig. 3.1 Structure of DFIG-based wind turbine 

 

The relationship between rotor speed and wind speed can be expressed as: 

𝜆 =
𝜔𝑡𝑅

𝑉𝑤
(3. 2) 

where 𝜆 is the blade tip speed ratio; ωt is the rotor speed; 𝑅 is the wind turbine blade radius. 

The maximum power coefficient 𝐶𝑝 can be achieved by controlling the rotor speed, then the 

maximum captured wind power is given as: 

𝑃𝑊𝐹_𝑚𝑎𝑥 =
1

2
𝜌𝐶𝑝𝑚𝑎𝑥 [

𝑅

𝜆𝑚𝑎𝑥
] 𝐴𝑉𝑤

3 (3. 3) 

As mentioned above, the power from DFIG wind turbine delivered to grid through both stator 

and rotor winding. When system operated under steady state, the power transmitted through 

the DFIG is shown as Fig. 3.2. For simplified, this relationship ignores the stator and rotor 

power loss. 
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Fig. 3.2 Power transmitted through DFIG 

The power relationship can be expressed as: 

𝑃𝑊𝐹 = 𝑃𝑠 + 𝑃𝑟 (3. 4) 

The relationship between rotor power 𝑃𝑟 and stator power 𝑃𝑠 is depended on the slip ratio of 

DFIG, which can be expressed as: 

𝑠 = (𝜔𝑠 −𝜔𝑟)/𝜔𝑠 (3. 5) 

Where 𝜔𝑠 is the synchronous speed and 𝜔𝑟 is the rotor speed. The relationship between rotor 

power and stator power can be expressed as: 

𝑃𝑟 = −𝑠𝑃𝑠 (3. 6) 

3.2.2 Control Strategy Designed for FFTS 

The decoupling control strategy is widely used for controlling the back-to-back converter. With 

implementing the DQ transformation on the current and voltage quantities of two sides of 

converter, the active and reactive components of both sides can be decoupled and controlled 

separately. For DFIG system, the rotor-side converter (RSC) aims to control the active power 

or electromagnetic torque and reactive power from the generator side. Under the DQ frame, 

the active power or electromagnetic torque is proportional to and controlled by Q quantities of 
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rotor current and voltage, and the reactive power is proportional to and controlled by D 

quantities of rotor current and voltage. The grid-side converter (GSC) aims to maintain the DC-

link voltage and regulate the reactive power of grid side terminal. It is controlled by the grid 

current and voltage quantities. With implementing the DQ transformation, the DC-link is 

proportional to and controlled by D quantities of grid current and voltage, and the reactive 

power is proportional to and controlled by Q quantities of grid current and voltage. 

 

Fig. 3.3 Control diagram of back-to-back converter 

The schematic diagram of the control strategy for back-to-back converter of DFIG is shown as 

Fig. 3.3. For RSC control, the electromagnetic torque reference 𝑇𝑒
∗  is achieved from the 

maximum power tracking point (MPTT), and the reactive power reference 𝑄𝑠
∗ can be set to a 

constant value or zero depends on different situation. The PI controller is applied to the outer 

loop control to achieve the reference rotor current signal, and also applied to the inner loop 



40 

 

control to regulate the rotor current. The output reference rotor voltage signal is transformed 

back to ABC frame and sent to the pulse width modulation (PWM) generator, and the control 

signal for RSC can be achieved. For GSC control, the reference for DC-link voltage depends 

on the size of the back-to-back converter and modulation factor, and the reference of reactive 

power of the terminal normally set to zero. Same as the RSC control, the GSC also applies the 

cascade control. The outer loop control use PI controller regulating the DC-link voltage to 

achieve the reference gird current signal, and the inner loop control regulate the grid current 

signal via PI controller. The output reference grid voltage signal is transformed back to ABC 

frame and sent to PWM generator, and the control signal for GSC can be achieved. 

3.2.3 EMT Model and SMIB Simulation 

A single machine detailed model of DFIG is developed in MATLAB/Simulink for EMT 

simulation. The MATLAB/Simulink is a powerful simulation software which can not only 

implementing power system simulations, but also capable of a large contents of system 

simulation and analysis in engineering domain. The Simulink simulation can also be supported 

by the MATLAB script and user-defined function which give it more flexibility to study new 

system. The rest of the frequency converter are also modelled on the MATLAB/Simulink and 

the further small signal stability analysis is implemented by using the MATLAB script. 

The structure of DFIG is shown in Fig. 3.1. The simulation system is built as a single machine 

system, with the DFIG directly connected to the grid via a transmission line.  The AC grid is 

modelled as a three-phase constant voltage source. For further study purpose, the whole system 

is modelled as a 20 Hz fractional frequency system. The DFIG system generated 1.5MW power 

with 0.575 kV rating voltage. The transformer steps up voltage to 120 kV and transmit it to the 

grid. Full system detail parameters can be found in Appendix A. The controller of the system 

is build based on the control strategies introduced in last section. The PI controller and PWM 
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generator model from MATLAB/Simulink library are used. The tuning of primary PI controller 

parameters is based on general rules. Higher proportional parameter helps system react quicker 

to the steady state error, but cannot totally remove steady state error, and the error overshoot 

will also be increased, which will push system poles to the positive panel. The integral gain 

improves controller performance against steady state error, but will slow the reaction of 

controller. A further controller parameters optimization will be discussed in Chapter 4. The 

DFIG model developed in this subsection will be used for further discussion in Chapter 4 and 

Chapter 5 to integrate with frequency converter models. 

The terminal voltage and current at steady state is shown as Fig. 3.4. As figure shown, the 

waveforms of voltage and current are ideal sinusoidal with only 0.13% Total harmonic 

distortion (THD) in voltage and 0.45% in current, which are far below the 5 % IEEE standard 

(a) Terminal Voltage at DFIG Bus 

(b) Terminal Current at DFIG Bus 
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(c) Terminal Voltage at Grid Bus 

(d) Terminal Current at Grid Bus 

Fig. 3.4 Terminal Voltage and current waveforms of DFIG 

 

The DC-link voltage and active power transmitted to grid is shown as Fig. 3.5. The voltage 

ripple of DC-link voltage is only 0.3% and the oscillation on active power waveform are also 

negligible. 

(a) DC link Voltage 
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(b) Active power 

Fig. 3.5 DC link Voltage and active power of DFIG  

 

A 0.1 pu step change of electromagnetic torque reference is applied on the control system of 

DFIG. The active power step change simulation result is shown in Fig. 3.6. As figure shown, 

the active power tracked on the reference signal, which validates the satisfactory performance 

of the controller. The further controller improvement for Electromagnetic torque reference step 

change will be discussed in Chapter 5. 

Fig. 3.6 DFIG Active Power Step Change 
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3.3 Dynamics of 𝐌𝟑𝐂 for FFOWPS 

As discussed in Chapter 2, thanks to its full controllability and high power quality, M3C system 

is a suitable technology to integrate the offshore wind power system. In this section, the 

operating principle and system structure of M3C is introduced first in following subsection. 

Then, the control strategy of M3C is discussed and a constant voltage and frequency control 

method is designed to connect M3C to the offshore wind power system. A EMT time domain 

simulation model is developed and simulated to validate the designed control strategy and the 

performance of M3C for FFOWPS. The M3C model developed in this section will be further 

served in Chapter 4 for constructing the DFIG-M3C based FFOWPS. 

Fig. 3.7 Structure of M3C 
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3.3.1 Operating Principle and System Structure 

The topology of M3C  is shown in Fig. 3.7. Basically, it is a three phase AC/AC matrix 

converter. The voltages 𝑢𝑎, 𝑢𝑏, 𝑢𝑐, represent the three phase on the fractional frequency side, 

while the 𝑢𝑢 , 𝑢𝑣 , 𝑢𝑤  refer to the three phase on the system side. Currents of two sides 

represented by same subscripts and the direction is as shown in Fig. 3.7. In the middle is the 

nine arms of M3C, and each arm consist of N series sub-modules and an arm inductor 𝐿. The 

resistor 𝑅 refers to converter losses.  

Fig. 3.8 Full Bridge Sub-Module 

 

The sub-module can be presented by an IGBT based full bridge with a capacitor as the dc 

voltage source, as shown in Fig. 3.8. The combination of the switch on and off decides how 

the sub-module operated. In specifically, the sub-module is operated under positive insertion 

mode with switches 𝑇1 and 𝑇4 on, 𝑇2 and 𝑇3 off. Similarly, the sub-module is operated under 

negative insertion mode with switches 𝑇2 and 𝑇3 on, 𝑇1 and 𝑇4 off. The sub-module will be 

bypassed with either switches 𝑇1 and 𝑇3 on, or 𝑇2 and 𝑇4 on. When turning off all switches, the 

sub-module will be blocked. Table 3.1 summarises the operation modes of sub-module. With 

different switching signal inserted (𝑆𝑎𝑟𝑚 = 1, 0, −1), the sub-modules can output three voltage 

levels: ±𝑢𝑑𝑐 and 0.  

 



46 

 

TABLE 3.1 FULL BRIDGE SUB-MODULE OPERATION MODES 
Operation Mode 𝑻𝟏 𝑻𝟐 𝑻𝟑 𝑻𝟒 

Positive Insertion ON OFF OFF ON 

Negative Insertion OFF ON ON OFF 

By Pass ON OFF ON OFF 

OFF ON OFF ON 

Block OFF OFF OFF OFF 

Under normal operation mode, the sub-module of each arm is inserted in a certain direction. 𝑛 

represents the number of inserted sub-modules, and 𝐶  represents the capacitance of sub-

module capacitor, the arm current can be expressed by: 

𝑛 𝑖𝑎𝑟𝑚 = 𝑁𝐶
𝑑𝑢𝑑𝑐
𝑑𝑡

(3. 7) 

Define 𝑆𝑎𝑟𝑚 =
𝑛

𝑁
, (3.7) becomes: 

 𝑖𝑎𝑟𝑚 =
1

𝑆𝑎𝑟𝑚
𝐶
𝑑𝑢𝑑𝑐
𝑑𝑡

(3. 8) 

This research is focused on developing a general FFOWPS small signal stability analysis model 

under balanced steady state. The M3C is assumed working under balanced state. The M3C and 

MMC-HVDC share the same sub-module voltage balancing method which has been discussed 

and validated in [95]. Fig. 3.9 shows the block diagram of the voltage balancing method for 

each arm. 
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Fig. 3.9 Block diagram of voltage balancing control for each arm of the M3C [95] 

 

With the balanced sub-module voltages, the arm voltage can be expressed by: 

𝑢𝑎𝑟𝑚 = 𝑁𝑆𝑎𝑟𝑚𝑢𝑑𝑐 (3. 9) 

Under the balanced steady state, the AC currents spreads equally into three arms. The currents 

of fractional frequency side (20 Hz) and system frequency side (60 Hz) couple inside the M3C. 

If we ignore the current harmonics, then the arm current 𝑖𝑎𝑢 can be expressed as: 
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𝑖𝑎𝑢 = 𝐼𝑎 𝑠𝑖𝑛(𝜔1𝑡 + 𝛽1) + 𝐼𝑢 𝑠𝑖𝑛(𝜔3𝑡 + 𝛽3) (3. 10) 

where 𝐼𝑎 and 𝐼𝑢 are a third of AC phase currents magnitudes of fractional frequency side and 

system frequency side, respectively; 𝜔1  and 𝜔3  are angular frequencies of both sides, 

respectively; 𝛽1  and 𝛽3  are current phase angles of both sides, respectively. And the arm 

switching function can be expressed as: 

𝑆𝑎𝑢 =
𝐸𝑎
𝑈𝐷𝐶

𝑠𝑖𝑛(𝜔1𝑡 + 𝛼1) +
𝐸𝑢
𝑈𝐷𝐶

𝑠𝑖𝑛(𝜔3𝑡 + 𝛼3) (3. 11) 

where 𝐸𝑎 and 𝐸𝑢 are the magnitudes of modulation voltages at fractional frequency side and 

system frequency side, respectively; α1  and α3  are the voltage phase angles of both side, 

respectively; 𝑈𝐷𝐶 is the total arm capacitor DC voltage. 

3.3.2 Control Strategy Designed for FFTS 

There is no DC link inside M3C and the quantities from two frequencies side are mixed. This 

subsection will introduce the decoupling control for M3C to extract the two frequencies items. 

The fractional frequency side of M3C is set to 20 Hz and is designed to control the active power 

and reactive power at low frequency terminal. The system frequency side of M3C is set to 60 

Hz and is designed to maintain the capacitor DC voltage and reactive power at high frequency 

terminal. Based on the structure of M3C shown in Fig. 3.7, and consider M3C operated under 

balanced steady state, the voltage equation of nine arms can be expressed as follow: 

𝑢𝑎 = 𝑣𝑎𝑢 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑎𝑢 + 𝑢𝑢 (3. 12) 

𝑢𝑎 = 𝑣𝑎𝑣 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑎𝑣 + 𝑢𝑣 (3. 13) 

𝑢𝑎 = 𝑣𝑎𝑤 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑎𝑤 + 𝑢𝑤 (3. 14) 
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𝑢𝑏 = 𝑣𝑏𝑢 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑏𝑢 + 𝑢𝑢 (3. 15) 

𝑢𝑏 = 𝑣𝑏𝑣 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑏𝑣 + 𝑢𝑣 (3. 16) 

𝑢𝑏 = 𝑣𝑏𝑤 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑏𝑤 + 𝑢𝑤 (3. 17) 

𝑢𝑐 = 𝑣𝑐𝑢 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑐𝑢 + 𝑢𝑢 (3. 18) 

𝑢𝑐 = 𝑣𝑐𝑣 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑐𝑣 + 𝑢𝑣 (3. 19) 

𝑢𝑐 = 𝑣𝑐𝑤 + (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝑖𝑐𝑤 + 𝑢𝑤 (3. 20) 

The items 𝑣𝑥𝑦 and 𝑖𝑥𝑦 represent the coupled arm voltage and current included two frequencies 

quantities. To extract the different frequencies components, the 𝛼𝛽0 transformation is applied. 

The 60 Hz components can be extracted from the 𝛼𝛽  components, for instance, 

𝑣𝑎𝛼 , 𝑣𝑎𝛽  𝑎𝑛𝑑 𝑖𝑎𝛼 , 𝑖𝑎𝛽. And 20 Hz components can be extracted from the 0 components, for 

instance, 𝑣𝑎0 𝑎𝑛𝑑 𝑖𝑎0. Implemented a further d-q transformation to the 𝛼𝛽0 components, the 

DQ components of 𝛼𝛽 items can be used for vector control on 60 Hz side, while the DQ 

components of 0 items can be used for vector control on 20 Hz side. The voltage relation of 

two sides can be expressed as: 

𝐸𝑑20 = 𝑈𝑑20 − (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝐼𝑑20 + 𝜔1𝐿𝐼𝑞20 (3. 21) 

𝐸𝑞20 = 𝑈𝑞20 − (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝐼𝑞20 − 𝜔1𝐿𝐼𝑑20 (3. 22) 

𝐸𝑑60 = −𝑈𝑑60 − (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝐼𝑑60 + 𝜔3𝐿𝐼𝑞60 (3. 23) 
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𝐸𝑞60 = −𝑈𝑞60 − (𝑅 + 𝐿
𝑑

𝑑𝑡
) 𝐼𝑞60 − 𝜔3𝐿𝐼𝑑60 (3. 24) 

The items with 20 subscript are 20 Hz components and with 60 subscript are 60 Hz components. 

However, in order to connect the M3C to the DFIG system, the control system conflict should 

be avoided. As discussed in last section, the RSC of DFIG also control the system active power, 

in that case, the fractional frequency side of M3C should operated as a constant voltage source 

to absorb the energy transferred from the DFIG. The constant voltage and frequency control is 

designed for this case. Fig. 3.10 shows the proposed control strategy for M3C system. 

Fig. 3.10 Control Strategy of M3C 

 

3.3.3 EMT Model and SMIB Simulation  

To test the proposed M3C  system, a detailed EMT model is developed using 

MATLAB/Simulink. The modelled system is a single machine system. The structure of M3C 
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is shown in Fig. 3.7. Each arm of M3C consists of 40 submodules. The submodule is modelled 

with the build-in full bridge MMC model from MATLAB/Simulink library. The external AC 

systems of the two frequencies sides are simply represented by two voltage sources. The power 

is transmitted from 20 Hz side to 60 Hz side. Full  technology details of the system are listed 

in Appendix A. The system are test with the original vector control and designed constant 

voltage and frequency control. The simulation results are introduced as follow. 

With vector control system, the terminal voltages and currents the of M3C two sides are shown 

in Fig. 3.11. As figure shown, the voltage and current waveforms are ideal sinusoidal with the 

defined frequencies. For 20 Hz side, the THD of voltage and current are 0.42% and 1.39%, 

respectively; for 60 Hz side, the THD of voltage and current are 0.21% and 0.23%, respectively. 

(a)  Terminal Voltage (up) and Current (down) at 20Hz Side 
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(b) Terminal Voltage (up) and Current (down) at 60Hz Side 

Fig. 3.11 Terminal Voltage and current waveforms of M3C 

 

The arm voltage and current waveforms of M3C with vector control are shown in Fig. 3. 12. 

As the figure shown, the waveforms are the coupled components of 20 Hz and 60 Hz sinusoidal 

waveform. It also can be seen the waveforms are in good quality. Overall, the voltage and 

current profiles of modelled M3C are satisfactory and the performance of M3C as the frequency 

converter is successful. 

The method to extract the 20 Hz components and 60 Hz components from the coupled arm 

voltage and current has been discussed in subsection 3.3.2. With implementing the 𝛼𝛽0 

transformation, the 20 Hz components can be achieved from 0 components while the 60 Hz 

components can be achieved from 𝛼𝛽  components. Fig. 3.13 shows the isolated voltage 

quantities. 
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(a) Arm Voltage of M3C 

(b) Arm Current of M3C 

Fig. 3.12 Arm Voltage and Current Waveforms of M3C 

 

It can be seen from Fig. 3.13 (a) the 𝛼𝛽 components of arm voltage are in sinusoidal 60 Hz. 

And the 0 components of arm voltage are in sinusoidal 20 Hz, as Fig. 3.13 (b) shown. The 

current components have same performance which are not repeated shown. 
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(a) Alpha and Beta Components of M3C Arm Voltage 

(b) Zero Components of M3C Arm Voltage 

Fig. 3.13 M3C Arm Voltage Components after 𝛼𝛽0 Transformation 

 

Fig. 3.14 shows the terminal voltage and current waveforms of the two frequencies sides of 

M3C with constant voltage and current control. As discussed in above subsection, to avoid the 

control conflict between DFIG and M3C, the M3C system operated as a voltage source and the 

active power of M3C are not controlled. The simulation results presented below show the 

performance of proposed control strategy. 
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As shown in Fig. 3.14 (a), the voltage waveforms in 20 Hz side are in good performance while 

the current waveforms are relatively bad and the magnitudes are very small. That is due to the 

lack of active power control, and current external AC systems are modelled with a simple 

voltage source. Fig. 3.14 (b) shows the 60 Hz side waveforms which have the same 

performance. The simulation results validate the expectation of the proposed control strategy 

as the M3C supposed to work as a voltage source with the constant voltage and frequency 

control implemented, and the active power should not be controlled. 

(a) Terminal Voltage (up) and Current (down) at 20Hz Side 

(b) Terminal Voltage (up) and Current (down) at 60Hz Side 

Fig. 3.14 Terminal Voltage and Current Waveforms of M3C 
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The arm voltage and current waveforms are shown in Fig.3.15. Same as the terminal voltages 

and currents, the arm voltage waveform performance are also in high quality while the current 

waveform reflect the situation that the active power of  M3C is not in control. 

(a)  Arm Voltage of M3C 

(b)  Arm Current of M3C 

Fig. 3.15 Arm Voltage and Current Waveforms of M3C 

The further discussion and validation of proposed control strategy will be provided in Chapter 

4 with the DFIG and M3C system integrated. With DFIG system controls active power, the 

M3C can absorb the power from the DFIG smoothly with the proposed constant voltage and 

current control strategy. 
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3.4 Dynamics of BtB-MMC for FFOWPS 

The MMC-HVDC technology has been studied and practically implemented for years, which 

has been considered as a mature technology for power transmission system. The BtB-MMC is 

considered as an appropriate candidate for the LFAC system as the frequency converter, which 

is a good choice to be studied as a reference subject against the M3C system. In this section, 

the operating principle and system structure of the BtB-MMC will be briefly introduced. The 

designed constant voltage and frequency control strategy discussed in last section is also 

implemented in the low frequency side of the BtB-MMC system. A EMT time domain 

simulation model is developed to examine system performance for LFAC system integrated. 

The model developed in this section will be further served in Chapter 5 for the comparison 

study between M3C based FFOWPS and BtB-MMC based system. 

Fig. 3.16 Schematic diagram of BtB-MMC 
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3.4.1 Operating Principle and System Structure 

The structure of the BtB-MMC is shown in Fig. 3.16. It is formed with the receiving side and 

sending side. Both side are of the same configuration. The receiving side work as the rectifier 

to transfer AC components to DC, while the sending side work as the inverter to transfer DC 

components back to AC. Each side consists of 6 arms and each arm composed of a number of 

sub-modules. The sub-module consists of two IGBTs switches with two freewheeling diode 

installed in anti-parallel and a dc capacitor, which is so called half-bridge sub-module, as 

shown in Fig. 3.17. 

Fig. 3.17 Schematic diagram of half-bridge sub-module 

 

The sub-module is activated when 𝑇1  switch on and swich 𝑇2  swich off, the charge and 

discharge of capacitor depends on the direction of arm current. To be specify, with 𝑇1 switch 

on and swich 𝑇2 swich off , when 𝑇1 is conducting, the capacitor discharged, and when the anti-

parallel diode conducting, the capacitor charged. Table 3.2 summarises the operation mode of 

sub-module. 
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TABLE 3.2 HALF BRIDGE SUB-MODULE OPERATION MODES 
Operation Mode Arm current 𝑻𝟏 𝑻𝟐 

Charge POSITIVE ON OFF 

Discharge NEGATIVE ON OFF 

By Pass N/A OFF ON 

The current and voltage relationship are studied and well documented in [96] and given below: 

𝑢𝑑𝑐 = 𝑣𝑗𝑝 + 𝑣𝑗𝑚 + 𝐿
𝑑

𝑑𝑡
(𝑖𝑗𝑝 + 𝑖𝑗𝑚) (3. 25) 

𝑖𝑑𝑐 = 𝑖𝑎𝑝 + 𝑖𝑏𝑚 + 𝑖𝑐𝑚 (3. 26) 

where 𝑗 = (𝑎, 𝑏, 𝑐), the subscript 𝑝 means upper arm items, and subscript 𝑚 means lower arm 

items. The power equations is given by: 

𝑃𝑑𝑐 = 𝑢𝑑𝑐 × 𝑖𝑑𝑐 (3. 27) 

𝑃𝑎𝑐 = 3(𝑣𝑗𝑝 + 𝑣𝑗𝑚)𝑖𝑗 (3. 28) 

3.4.2 Control Strategy Designed for FFTS 

For the sake of simplification, the BtB-MMC also be implemented the decoupling control same 

as the M3C system. The receiving side applied the constant voltage and frequency control, 

while the sending side control the DC link voltage and reactive power of the terminal. The 

control strategy is shown in Fig. 3.18. The subscript 𝑆 means the current and voltage from 

sending side converter, and the subscript 𝑅 means the current and voltage from receiving side 

converter. 
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Fig. 3.18 Control diagram of BtB-MMC 

 

3.4.3 EMT Model and SMIB Simulation 

The EMT model of the BtB-MMC is also developed using MATLAB/Simulink to test the 

proposed control strategy. System is modelled as a single machine system. The BtB-MMC is 

modelled based on the structure shown in Fig. 3.16. The number of sub-module inside each 

arm has been set 40, which is same as the M3C system. The sub-module is modelled with the 

build-in half bridge MMC model from MATLAB/Simulink library. The external AC system 

of receiving side is also modelled as the low frequency system with 20 Hz, and the sending 

side is modelled as the system frequency system with 60 Hz. Both the AC systems are 

represented by a constant voltage sources model. As the constant voltage and frequency control 

strategy implemented in receiving side converter, there is no active power control within the 
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system. The AC voltage of both side of converter are set to 66 kV, and the DC link voltage is 

set to 100 kV. Full technology detail can be found in Appendix A. The simulation results are 

introduced as follow. 

(a)  Terminal Voltage (up) and Current (down) in Receiving Side 

(b)  Terminal Voltage (up) and Current (down) in Sending Side 

Fig. 3.19 Terminal Voltages and Currents of BtB-MMC 

 

The terminal voltages and currents from the receiving side and sending side of the BtB-MMC 

are shown in Fig. 3.19 (a) and (b). As figure shown, the voltage waveforms are ideal sinusoidal 
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with the defined frequencies, while the current magnitude are relatively small. The simulation 

result is similar to the results from M3C system discussed in last section, which again, validates 

the proposed constant voltage and frequency control strategy. 

Fig. 3.20 shows the DC link voltage and current. As figure shown, the voltage ripple of DC 

link voltage are negligible, and the DC current are very small, which complies the expected 

results. 

Fig. 3.20 DC Voltage and Current Waveforms of MMC 

 

The EMT model of BtB-MMC will be served in Chapter 5 to integrated with the offshore wind 

power system. A further comparison study against the M3C based FFOWPS will be presented 

in Chapter 5. 
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3.5 Summary 

This Chapter has discussed the key components within the FFOWPS - the offshore wind 

turbine and the onshore AC/AC frequency converter. DFIG has been considered as the wind 

power generation in this study due to its advantages including low cost, high power transfer 

efficiency and flexible controllability. The system structure, working principle and control 

strategies of the DFIG have been introduced and discussed. A single machine EMT model of 

DFIG for adapting the low frequency system has been developed using the MATLAB/Simulink 

software. The simulation results have validated the good performance of DFIG system working 

with the low frequency system. The M3C system has been choosen as the frequency converter 

of the FFOWPS. The system structure has been introduced and the methods to isolate the 

different frequencies components within the converter has been discussed. In order to integrate 

the M3C with the offshore wind power system, the constant voltage and current control strategy 

has been implemented to the fractional frequency side of the converter. The EMT model of 

M3C  has been developed to test system performance as the frequency converter and the 

simulation waveforms have complied the expected results. The reliability of proposed constant 

voltage and current control strategy have been also validated. Based on the DFIG and M3C 

EMT models developed in this chapter, small signal modelling and stability model will be 

developed in Chapter 4, and the system stability analysis will be carried out. The BtB-MMC 

has also been discussed in this chapter to worked as the frequency converter for FFOWPS. The 

EMT model has developed for further comparison study in Chapter 5.  
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Chapter 4 Small Signal Stability Analysis of 

DFIG-M3C based FFOWPS 

4.1 Introduction 

The offshore wind power generation is becoming a vital part of world’s power generation mix. 

In recent years, the penetration of offshore wind power keeps increasing and the latest British 

Energy Security Strategy indicated that UK is planning to deliver up to 50GW offshore wind 

power by 2030 to meet its ‘Net zero target’[6]. With the increasing capacity of offshore wind 

power generation, it is worth to consider the power deliver system. Compared with the 

traditional HVAC transmission system, the FFTS uses a lower frequency to achieve a higher 

transmission capacity, which provides a more economical solution to boost grid capacity, no 

matter of constructing new transmission line or upgrading current system. Compared to HVDC, 

FFTS requires no offshore converter station, which makes it an economical choice for offshore 

wind power generation with medium distance power transmission. Besides, the well-developed 

AC transmission system is more reliable for large offshore wind power generation, considering 

the low inertia ability of wind power generator.  

The AC/AC converter plays a key component inside the FFTS, which steps the fractional 

frequency power to system frequency power. Cycloconverter was a candidate of FFTS in early 

research. However, cycloconverter is not a suitable participant for offshore wind power 

transmission as its poor controllability and low power quality. On the contrary, the M3C 

provided a possible solution to offshore wind power integration with its full controllability and 

low harmonics.  

Great efforts have been made to prove the reliability of FFOWPS, however, rare studies pay 

attention to the small signal stability domain. Considering the particularity of offshore wind 
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farm in geographic, it is necessary to study the dynamic performance of FFOWPS as a whole. 

The small signal model of FFOWPS should consider the interaction between wind power 

generation and AC/AC converter, and the whole system should be convenient to integrate with 

external AC grid. In this chapter, a small signal model of DFIG-M3C based FFOWPS is 

introduced. The main contributions of this chapter are list below: 

• A small signal model of FFOWPS including the dynamic model of DFIG and M3C, and 

the transmission line between the two systems is developed; 

• The eigen-value based small signal stability analysis is performed to optimize system 

parameters and improve system damping ability; 

• The EMT model of FFOWPS is developed and the time domain simulation is presented 

to validate the proposed small signal model and optimized system performance.  

The structure of proposed DFIG-M3C based FFOWPS is shown in Fig. 4.1. The offshore DFIG 

generates the fractional frequency power at 20 Hz, and transmits it to the onshore M3C 

substation. The M3C absorbs the offshore power and transfer the frequency to the system 

standard at 60 Hz, and sends it to main gird.  

 

Fig. 4.1 Structure of DFIG-M3C based FFOWPS 
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The remainder of this chapter will describe the small signal models of each power electronic 

device separately before combining them. The eigen-values based small signal stability 

analysis will be implemented to discuss the impact of controller parameters on the system's 

damping capability, and the control system will be optimised based on the results of the 

analysis. In order to evaluate the performance of the optimised system, the EMT model of the 

proposed FFOWPS will be developed and simulated with various disturbances. 

4.2 Modelling of DFIG 

As shown in Fig.3.1, the model of DFIG wind turbine consist of the induction generator, the 

driven train, and the back-to-back converter with its controller. The mathematic equations of 

DFIG model are well documented and presented in [70]. The small signal model state variables 

of each part are introduced below based on the mathematic equations. 

4.2.1 Induction Generator 

The generator of DFIG can be represented as an wound rotor induction machine. The voltage 

and current relationship is similar to that of an induction generator introduced in [61]. The 

model of DFIG generator can be expressed as: 

𝑋𝑠
′

𝜔𝑠
𝑖̇𝑑𝑠̇ =  𝑣𝑑𝑠 − [𝑅𝑠 +

1

𝜔𝑠𝑇0
′ (𝑋𝑠 − 𝑋𝑠

′)] × 𝑖𝑑𝑠

                                               −(1 − 𝑠𝑟)𝐸𝑑
′ −

𝐿𝑚
𝐿𝑟𝑟

𝑣𝑑𝑟 +
1

𝜔𝑠𝑇0
′ 𝐸𝑞

′ + 𝑋𝑠
′𝑖𝑞𝑠 (4. 1)

 

𝑋𝑠
′

𝜔𝑠
𝑖̇𝑞𝑠̇ =  𝑣𝑞𝑠 − [𝑅𝑠 +

1

𝜔𝑠𝑇0
′ (𝑋𝑠 − 𝑋𝑠

′)] × 𝑖𝑞𝑠

                                              −(1 − 𝑠𝑟)𝐸𝑞
′ −

𝐿𝑚
𝐿𝑟𝑟

𝑣𝑞𝑟 −
1

𝜔𝑠𝑇0
′ 𝐸𝑑

′ − 𝑋𝑠
′𝑖𝑑𝑠 (4. 2)

 

𝐸𝑑
′̇ = 𝑠𝑟𝜔𝑠𝐸𝑞

′ − 𝜔𝑠
𝐿𝑚
𝐿𝑟𝑟

𝑣𝑞𝑟 −
1

𝑇0
′ × [𝐸𝑑

′ + (𝑋𝑠 − 𝑋𝑠
′)𝑖𝑞𝑠] (4. 3) 
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𝐸𝑞′̇ = −𝑠𝑟𝜔𝑠𝐸𝑑
′ + 𝜔𝑠

𝐿𝑚
𝐿𝑟𝑟

𝑣𝑑𝑟 −
1

𝑇0
′ × [𝐸𝑞

′ − (𝑋𝑠 − 𝑋𝑠
′)𝑖𝑑𝑠] (4. 4) 

where 𝑖𝑑𝑠 and 𝑖𝑞𝑠 are stator currents in DQ frame, respectively; 𝑣𝑑𝑟 and 𝑣𝑞𝑟 are rotor voltage 

in DQ frame, respectively; 𝑣𝑑𝑠 and 𝑣𝑞𝑠 are stator voltage in DQ frame, respectively; 𝐸𝑑
′  and 𝐸𝑞

′  

are voltage behind the transient reactance in DQ frame, defined as 𝐸𝑑
′ = −𝜔𝑠

𝐿𝑚

𝐿𝑟𝑟
𝜓𝑞𝑟 and 𝐸𝑞

′ =

−𝜔𝑠
𝐿𝑚

𝐿𝑟𝑟
𝜓𝑑𝑟, respectively; 𝜓𝑑𝑟 and 𝜓𝑞𝑟 are rotor flux linkages in DQ frame, respectively; 𝑠𝑟 is 

the rotor slip; 𝑋𝑠 and 𝑋𝑠
′ are stator reactance and transient reactance, defined as 𝑋𝑠 = 𝜔𝑠𝐿𝑠𝑠 and 

𝑋𝑠
′ = 𝜔𝑠[𝐿𝑠𝑠 − (

𝐿𝑚
2

𝐿𝑟𝑟
)], respectively; 𝑇0

′ is the rotor time constant, defined as 𝑇0
′ =

𝐿𝑟𝑟

𝑅𝑟
; 𝐿𝑠𝑠 and 

𝐿𝑟𝑟  are the stator self-inductance and rotor self-inductance, respectively; 𝐿𝑚  is the mutual 

inductance; 𝑅𝑠 and 𝑅𝑟 are the stator and rotor resistance, respectively. 

The d-q frame 4th order model of induction generator can be expressed with state and input 

variables as: 

𝑥𝑔 = [𝑖𝑑𝑠, 𝑖𝑞𝑠, 𝐸𝑑
′ , 𝐸𝑞

′ ] (4. 5) 

𝑢𝑔 = [𝑣𝑑𝑠 , 𝑣𝑞𝑠, 𝑣𝑑𝑟 , 𝑣𝑞𝑟] (4. 6) 

4.2.2 Drive Train 

The two-mass model is usually used to represent the drive train system of DFIG. The power 

relationship of DFIG is described in Chapter 3. The mathematic equations can be written as: 

𝜔𝑡̇ =
𝑇𝑚 − 𝑇𝑠ℎ
2𝐻𝑡

(4. 7) 

𝜃̇𝑡𝑤 = 𝜔𝑏(𝜔𝑡 − 𝜔𝑟) (4. 8) 

𝜔𝑟̇ =
𝑇𝑠ℎ + 𝑇𝑒 − 𝐵𝜔𝑟

2𝐻𝑔
(4. 9) 
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𝑇𝑠ℎ = 𝐾𝑠ℎ𝜃𝑡𝑤 + 𝐷𝑠ℎ𝜃̇𝑡𝑤 (4. 10) 

where 𝐻𝑔 and 𝐻𝑡 are the inertia constant of DFIG generator and wind turbine, respectively; 𝑇𝑚 

is the wind turbine mechanical torque; 𝑇𝑠ℎ is the shaft torque; 𝑇𝑒 is the DFIG electromagnetic 

torque; 𝜔𝑡 is the wind turbine angle speed; 𝐵 is the DFIG generator friction coefficient; 𝐾𝑠ℎ 

and 𝐷𝑠ℎ are shaft stiffness coefficient and damping coefficient of wind turbine, respectively; 

The mechanical torque 𝑇𝑚 and electromagnetic torque 𝑇𝑒 of DFIG are given by: 

𝑇𝑚 =
𝑃𝑊𝐹
𝜔𝑡

=
0.5𝜌𝜋𝑅2𝐶𝑝𝑉𝑤

3

𝜔𝑡
(4. 11) 

𝑇𝑒 =
𝑃𝑠
𝜔𝑠

(4. 12) 

As mentioned in Chapter 3, the maximum power coefficient 𝐶𝑝 can be achieved by controlling 

the rotor speed, and the maximum power can be extract from the wind. 

The model of driven train can be expressed with state variables list below: 

𝑥𝑡 = [𝜔𝑡, 𝜃𝑡𝑤 , 𝜔𝑟] (4. 13) 

𝑢𝑡 = [𝑇𝑒] (4. 14) 

4.2.3 Converters 

The structure of a back-to-back converter is shown in Fig. 4.2. Considering the power is 

balanced in the converter, power exchange equation can be expressed as:  

𝑃𝑟 = 𝑃𝑔 + 𝑃𝐷𝐶 (4. 15) 

where 𝑃𝑟 is the active power of rotor-side converter, which is given by: 

𝑃𝑟 = 𝑣𝑑𝑟𝑖𝑑𝑟 + 𝑣𝑞𝑟𝑖𝑞𝑟 (4. 16) 
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𝑃𝑔 is the active power of grid-side converter, which is given by: 

𝑃𝑔 = 𝑣𝑑𝑔𝑖𝑑𝑔 + 𝑣𝑞𝑔𝑖𝑞𝑔 (4. 17) 

𝑃𝐷𝐶 is the active power of DC link, which is given by: 

𝑃𝐷𝐶 = 𝑣𝐷𝐶𝑖𝐷𝐶 = −𝐶𝑣𝐷𝐶
𝑑𝑣𝐷𝐶
𝑑𝑡

(4. 18) 

where idr  and iqr  are rotor current in DQ frame, respectively; 𝑣𝑑𝑔  and 𝑣𝑞𝑔  are grid-side 

converter voltage in DQ frame, respectively; 𝑖𝑑𝑔 and 𝑖𝑞𝑔 are grid-side converter current in DQ 

frame, respectively; 𝑣𝐷𝐶 is the DC link capacitor voltage; 𝑖𝐷𝐶 is the DC link capacitor current; 

C is the capacitance of DC link capacitor. 

 

Fig. 4.2 Back-to-back converter 

 

Substitute (17), (18) and (19) into (16), the model of converter can be derived as: 

𝑣𝐷𝐶̇ =
1

𝐶𝑣𝐷𝐶
[𝑣𝑑𝑔𝑖𝑑𝑔 + 𝑣𝑞𝑔𝑖𝑞𝑔 − (𝑣𝑑𝑟𝑖𝑑𝑟 + 𝑣𝑞𝑟𝑖𝑞𝑟)] (4. 19) 
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4.2.4 Control System 

The control blocks are designed based the control strategies introduced in Chapter 3. The 

decoupling control is implemented. The rotor-side converter is for controlling the 

electromagnetic torque and reactive power at the generator, while the grid-side converter is 

controlling the terminal reactive power and maintaining the DC link voltage. The control block 

diagrams are shown in Fig. 4.3 and Fig. 4.4, respectively. Where 𝑥1, 𝑥2, 𝑥3, 𝑥4  are the 

intermediate variables in rotor-side converter controller and 𝑥5, 𝑥6, 𝑥7  are the intermediate 

variables in grid-side converter controller. 

 

Fig. 4.3 Controller of rotor side converter 

 

The control equations of RSC are given by: 

𝑥̇1 = 𝑄𝑠
∗ + 𝑄𝑠 (4. 20) 

𝑥̇2 = 𝐾𝑝1(𝑄𝑠
∗ + 𝑄𝑠) + 𝐾𝑖1𝑥1 − 𝑖𝑑𝑟 (4. 21) 

𝑣𝑑𝑟 = 𝐾𝑝2𝑥2 + 𝐾𝑖2𝑥2 − (𝜔𝑠 − 𝜔𝑟)𝐿𝑟𝑟𝑖𝑞𝑟 (4. 22) 
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𝑥̇3 = 𝑇𝑒
∗ + 𝑇𝑒 (4. 23) 

𝑥̇4 = 𝐾𝑝3(𝑇𝑒
∗ + 𝑇𝑒) + 𝐾𝑖1𝑥3 − 𝑖𝑞𝑟 (4. 24) 

𝑣𝑞𝑟 = 𝐾𝑝2𝑥4 + 𝐾𝑖2𝑥4 + (𝜔𝑠 − 𝜔𝑟)𝐿𝑟𝑟𝑖𝑑𝑟 (4. 25) 

 

Fig. 4.4 Controller of grid side converter 

The control equations of GSC are given by: 

𝑥̇5 = 𝑣𝐷𝐶
∗ − 𝑣𝐷𝐶 (4. 26) 

𝑥̇6 = 𝐾𝑝4(𝑣𝐷𝐶
∗ − 𝑣𝐷𝐶) + 𝐾𝑖4𝑥5 − 𝑖𝑑𝑔 (4. 27) 

𝑣𝑑𝑔 = −𝐾𝑝5𝑥6 − 𝐾𝑖5𝑥6 + 𝑣𝑑𝑠 + 𝜔𝑠𝐿𝑔𝑖𝑞𝑔 (4. 28) 

𝑥̇7 = 𝑖𝑞𝑔
∗ − 𝑖𝑞𝑔 (4. 29) 

𝑣𝑞𝑔 = −𝐾𝑝5𝑥7 − 𝐾𝑖5𝑥7 + 𝑣𝑞𝑠 − 𝜔𝑠𝐿𝑔𝑖𝑞𝑔 (4. 30) 

The back-to-back converter and its control can be modelled with state and input variables as 

below: 

𝑥𝑐 = [𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑣𝐷𝐶 , 𝑥5, 𝑥6, 𝑥7, 𝑖𝑑𝑔, 𝑖𝑞𝑔] (4. 31) 

𝑢𝑐 = [𝑖𝑑𝑟 , 𝑖𝑞𝑟 , 𝑣𝑑𝑠, 𝑣𝑞𝑠] (4. 32) 
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4.2.5 Combined Model 

After eliminated the input and output variables, the entire model of DFIG is of 17th order 

differential equation and can be expressed as: 

𝑥̇𝑊𝐹 = 𝑓(𝑥𝑊𝐹, 𝑢𝑊𝐹) (4. 33) 

All variable are listed below: 

{

𝑥𝑊𝐹 = [𝜔𝑡, 𝜃𝑡𝑤, 𝜔𝑟 , 𝑖𝑑𝑠, 𝑖𝑞𝑠, 𝐸
′
𝑑 , 𝐸

′
𝑞 ,

𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑣𝐷𝐶 , 𝑥5, 𝑥6, 𝑥7, 𝑖𝑑𝑔, 𝑖𝑞𝑔]

𝑢𝑊𝐹 = [𝑣𝑑𝑠, 𝑣𝑞𝑠]

(4. 34) 

4.3 Modelling of M3C 

The structure of M3C is shown in Fig.3.7. The voltage and current quantities with the two 

frequencies from the two side of M3C are coupled together as there is no DC link inside the 

M3C . Considering the simplification, the complicated ABC terms are decoupled by 

implementing d-q transformation. The M3C is modeled with the dynamic of capacitor voltage 

and arm current, and combined with the converter controller. 

4.3.1 Dynamics of Voltage and Currents 

The arm current and voltage of M3C are discussed in Chapter 3 and shown in (3.9) – (3.10). 

By implementing the d-q transformation, the coupled terms can be isolated. The dynamic  

model of capacitor voltages including the 40 Hz voltage ripples and AC arm currents of M3C 

can be derived. The mathematical models have been well documented in [41], and the 

equations are listed below: 

The capacitor voltages are expressed as: 
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{
 
 
 
 

 
 
 
 𝑈̇𝑑𝑐_0 =

1

2𝑈𝐷𝐶 ∙ 𝐶
(𝐸𝑑20𝐼𝑑20 + 𝐸𝑞20𝐼𝑞20 +

𝐸𝑑60𝐼𝑑60 + 𝐸𝑞60𝐼𝑞60)

𝑈̇𝑑𝑐_𝑑2 = 2𝜔1𝑈𝑑𝑐_𝑞2 −
1

2𝑈𝐷𝐶 ∙ 𝐶
(𝐸𝑞20𝐼𝑞20

−𝐸𝑑20𝐼𝑑20)

𝑈̇𝑑𝑐_𝑞2 = −2𝜔1𝑈𝑑𝑐_𝑑2 +
1

2𝑈𝐷𝐶 ∙ 𝐶
(𝐸𝑑20𝐼𝑞20

+𝐸𝑞20𝐼𝑑20)

(4. 35) 

where 𝑈𝑑𝑐_0  is the DC component of capacitor voltage; 𝑈𝑑𝑐_𝑑2  and 𝑈𝑑𝑐_𝑞2  are the 40 Hz 

components of capacitor voltage in d-q frame, respectively; 𝐸𝑑20, 𝐸𝑞20 and 𝐸𝑑60,  𝐸𝑞60 are the 

magnitudes of modulation voltages at both frequencies in d-q frame, respectively; 𝐼𝑑20, 𝐼𝑞20 

and 𝐼𝑑60,  𝐼𝑞60 are the magnitudes of arm currents at both frequencies in d-q frame, respectively; 

And the dynamic models of AC currents are expressed as: 

{
 
 
 

 
 
 𝐼𝑑̇20 =

1

𝐿
𝑈𝑑20 −

𝑅

𝐿
𝐼𝑑20 +𝜔1𝐼𝑞20 −

1

𝐿
𝑈𝑎𝑟𝑚_20d

𝐼𝑞̇20 =
1

𝐿
𝑈𝑞20 −

𝑅

𝐿
𝐼𝑞20 − 𝜔1𝐼𝑑20 −

1

𝐿
𝑈𝑎𝑟𝑚_20𝑞

𝐼𝑑̇60 = −
1

𝐿
𝑈𝑑60 −

𝑅

𝐿
𝐼𝑑60 + 𝜔3𝐼𝑞60 −

1

𝐿
𝑈𝑎𝑟𝑚_60𝑑

𝐼𝑞̇60 = −
1

𝐿
𝑈𝑞60 −

𝑅

𝐿
𝐼𝑞60 − 𝜔3𝐼𝑑60 −

1

𝐿
𝑈𝑎𝑟𝑚_60𝑞

(4. 36) 

where, 

{
 
 
 
 
 

 
 
 
 
 𝑈𝑎𝑟𝑚_20𝑑 =

𝑁𝑈𝑑𝑐_0
𝑈𝐷𝐶

𝐸𝑑20 +
𝑁

2𝑈𝐷𝐶
(𝑈𝑑𝑐_𝑑2𝐸𝑑20

+𝑈𝑑𝑐_𝑞2𝐸𝑞20)

𝑈𝑎𝑟𝑚_20𝑞 =
𝑁𝑈𝑑𝑐_0
𝑈𝐷𝐶

𝐸𝑞20 −
𝑁

2𝑈𝐷𝐶
(𝑈𝑑𝑐_𝑑2𝐸𝑞20

−𝑈𝑑𝑐_𝑞2𝐸𝑑20)

𝑈𝑎𝑟𝑚_60𝑑 =
𝑈𝑑𝑐_0
𝑈𝐷𝐶

𝐸𝑑60

𝑈𝑎𝑟𝑚_60𝑞 =
𝑈𝑑𝑐_0
𝑈𝐷𝐶

𝐸𝑞60

(4. 37) 
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The converter can be modelled with state and input variables as follows: 

𝑥𝑐𝑣𝑡𝑟 = [𝑈𝑑𝑐_0, 𝑈𝑑𝑐_𝑑2, 𝑈𝑑𝑐_𝑞2, 𝐼𝑑20, 𝐼𝑞20, 𝐼𝑑60, 𝐼𝑞60] (4. 38) 

𝑥𝑐𝑣𝑡𝑟 = [𝐸𝑑20, 𝐸𝑞20, 𝐸𝑑60, 𝐸𝑞60, 𝜔1, 𝜔3,

𝑈𝑑20, 𝑈𝑞20, 𝑈𝑑60, 𝑈𝑞60] (4. 39)
 

4.3.2 Control System 

The control block of M3C is designed based on the control strategies described in Chapter 3. 

The M3C connects the offshore wind farm with the onshore main grid. The main control 

objective of the M3C is to collect the power generated by the offshore wind farm, step up the 

fractional frequency to the standard system frequency and deliver it to the main grid via the 

onshore transmission line. The output power of DFIG is controlled by its rotor-side converter.  

 

Fig. 4.5 Voltage control of 𝐌𝟑𝐂 fractional frequency side 

 

To avoid the conflicting controls between M3C and DFIG, the fractional frequency side of  

M3C is operated as a voltage source with constant voltage magnitude and frequency, so the 
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power generated from the offshore wind farm can be absorbed smoothly by M3C. The control 

block diagram of fractional frequency side is shown in Fig. 4.5. 

 

Fig. 4.6 Vector control of 𝐌𝟑𝐂 system frequency side 

 

The system frequency side of M3C controls the capacitor DC voltage and reactive power. The 

control block diagram is shown in Fig. 4.6, and the control equations are given below: 

𝐸𝑑20 = 𝑈20_𝑟𝑒𝑓 𝑠𝑖𝑛(𝜔1_0 + 𝛽1) (4. 40) 

𝐸𝑞20 = −𝑈20_𝑟𝑒𝑓 𝑐𝑜𝑠(𝜔1_0 + 𝛽1) (4. 41) 

𝑦̇1 = 𝑈𝑑𝑐_0 − 𝑈𝑑𝑐_𝑟𝑒𝑓 (4. 42) 

𝑦̇2 = 𝑘𝑝1𝑈𝑑𝑐_0 − 𝑘𝑝1𝑈𝑑𝑐_𝑟𝑒𝑓 + 𝑘𝑖1𝑦1 − 𝐼𝑑60 (4. 43) 

𝑦̇3 = 𝐼𝑞60_𝑟𝑒𝑓 − 𝐼𝑞60 (4. 44) 

𝐸𝑑60 = −𝑈𝑑60 − 𝑘𝑝2(𝑘𝑝1𝑈𝑑𝑐0 − 𝑘𝑝1𝑈𝑑𝑐𝑟𝑒𝑓 + 𝑘𝑖1𝑦1

−𝐼𝑑60) − 𝑘𝑖2𝑦2 + 𝐼𝑞60𝜔3𝐿 (4. 45)
 

𝐸𝑞60 = −𝑈𝑞60 − 𝑘𝑝2 (𝐼𝑞60𝑟𝑒𝑓 − 𝐼𝑞60)

−𝑘𝑖2𝑦3 − 𝐼𝑑60𝜔3𝐿 (4. 46)
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Fig. 4.7 PLL control of M3C  

 

Two PLL blocks shown in Fig. 4.7 are used to provide the angle references of 20 Hz and 60 

Hz side, respectively. 

𝑦̇4 = 𝑈𝑞20 (4. 47) 

𝑦̇𝑝𝑙𝑙20 = −𝑘𝑝3𝑈𝑞20 − 𝑘𝑖3𝑦4 (4. 48) 

𝑦̇5 = 𝑈𝑞60 (4. 49) 

𝑦̇𝑝𝑙𝑙60 = −𝑘𝑝3𝑈𝑞60 − 𝑘𝑖3𝑦5 (4. 50) 

The state and output variables of the control system are listed below: 

𝑥𝑐𝑟𝑡𝑙 = [𝑦1, 𝑦2, 𝑦3, 𝑦4, 𝑥𝑝𝑙𝑙20, 𝑦5, 𝑥𝑝𝑙𝑙60] (4. 51) 

𝑧𝑐𝑟𝑡𝑙 = [𝐸𝑑20, 𝐸𝑞20, 𝐸𝑑60, 𝐸𝑞60, 𝜔1, 𝜔3] (4. 52) 
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4.3.3 Combined Model 

Eliminating the input variables of converter model using the output variables from its control 

system, the combined model of M3C  can be expressed as : 

𝑥̇𝑀3𝐶 = 𝑓(𝑥𝑀3𝐶 , 𝑢𝑀3𝐶) (4. 53) 

All the state and input variables are listed as follows: 

{

𝑥𝑀3𝐶 = [𝑈𝑑𝑐_0, 𝑈𝑑𝑐_𝑑2, 𝑈𝑑𝑐_𝑞2, 𝐼𝑑20, 𝐼𝑞20, 𝐼𝑑60, 𝐼𝑞60,

𝑦1, 𝑦2, 𝑦3, 𝑦4, 𝑥𝑝𝑙𝑙20, 𝑦5, 𝑥𝑝𝑙𝑙60]

𝑢𝑀3𝐶 = [𝑈𝑑20, 𝑈𝑞20, 𝑈𝑑60, 𝑈𝑞60]

(4. 54) 

4.4 Modelling of AC Transmission Line 

The terminal of DFIG is connected to fractional frequency side of M3C via the submarine cable, 

as shown in Fig. 4.8. 𝑣𝑠 is the terminal voltage of the DFIG generator stator winding; 𝑈20 is 

the AC voltage of M3C fractional frequency side. As mentioned above, the fractional frequency 

side of M3C is controlled with constant voltage and frequency. 𝑈20 is controlled with constant 

voltage magnitude and frequency, in that case, 𝑈20 can be used as the input variable for both 

DFIG and M3C system in small signal model. Based on Kirchhoff’s law, the interface between 

DFIG and M3C can be expressed as the equation in d-q frame below: 

[
𝑣𝑑𝑠
𝑣𝑞𝑠
] = [

𝑈𝑑20
𝑈𝑞20

] − [
𝑅𝑇𝐿
𝑋𝑇𝐿

−𝑋𝑇𝐿
𝑅𝑇𝐿

] × ([
𝑖𝑑𝑠
𝑖𝑞𝑠
] + [

𝑖𝑑𝑔
𝑖𝑞𝑔
]) (4. 55) 

where RTL  and XTL  are combined resistance and reactance of the submarine cable and the 

transformer, respectively. 
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Fig. 4.8 Interface between DFIG and M3C 

 

4.5 Combined DFIG-M3C FFOWPS and System Performance 

4.5.1 Small Signal Model for the Combined FFOWPS 

The main grid is modelled as an infinite bus in the small signal model. The state space model 

of DFIG is derived from (4.33), and it can be expressed as: 

∆𝑥̇𝑊𝐹 = 𝐴𝑊𝐹∆𝑥𝑊𝐹 + 𝐵𝑊𝐹∆𝑢𝑊𝐹 (4. 56) 

The state space model of M3C is derived from (4.53), and it can be expressed as: 

∆𝑥̇𝑀3𝐶 = 𝐴𝑀3𝐶∆𝑥𝑀3𝐶 + 𝐵𝑀3𝐶∆𝑢𝑀3𝐶 (4. 57) 

Based on (4.55), the linearized equation of the interface between DFIG and M3C  can be 

expressed as: 

∆𝑢𝑊𝐹 = 𝐶∆𝑥𝑊𝐹 + 𝐷∆𝑢𝑀3𝐶 (4. 58) 

The outputs of DFIG can be eliminated by inputs of M3C. The complete 31st order state space 

equation of FFOWPS is given by:  

∆𝑥̇ = 𝐴∆𝑥 + 𝐵∆𝑢 (4. 59) 

where ∆𝑥 = [∆𝑥𝑊𝐹 , ∆𝑥𝑀3𝐶]
𝑇, ∆𝑢 = [∆𝑢𝑀3𝐶] 
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4.5.2 System Performance 

A non-linear detailed dynamic model of FFOWPS is developed in MATLAB/Simulink for 

EMT simulation. The model is running with discrete mode, with simulation time step of 1𝜇𝑠 

for the precise simulation of the dynamics of all the power electronics. The DFIG and M3C  

systems are discussed and modelled in Chapter 3. The DFIG system is developed to generate 

20 Hz power, the wound rotor induction generator and the back-to-back converter is modelled. 

The control system is modelled based on the control block diagram shown in Fig. 4.3 and Fig. 

4.4. A 120 kV 100 km AC transmission line is modelled with a build-in three-phase PI section, 

as shown in Fig. 4.8. The M3C topology is shown in Fig. 3.7. There are 9 arms, connecting the 

two sides of M3C  , which are modelled with the build-in full-bridge modular multilevel 

converter model, and each arm contains 40 sub-modules. The control systems are designed 

based on the control block diagrams in Fig. 4.5 and Fig. 4.6, respectively. The AC grid is 

modelled as a voltage source. Full technical details can be found in Appendix.  

The voltage and current profiles of the FFOWPS are shown in Fig. 4.9 and Fig. 4.10, which 

show satisfactory waveforms. Fig. 4.9 (a) shows the AC line voltage and current at the DFIG 

terminal. From the harmonic analysis, the THD voltage and current are only 1.08% and 1.76%, 

respectively. Fig. 4.9  (b) and (c) show the AC line voltages and currents at the two sides of 

M3C, respectively. For 20 Hz side, the harmonic quantities of voltage and current of other 

frequencies are 0.42% and 1.39%, respectively; for 60 Hz side, the harmonic quantities of 

voltage and current of other frequencies are 0.21% and 0.23%, respectively.  
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(a) DFIG terminal AC voltage (up) and current (down) 

(b) M3C 20 Hz AC voltage (up) and current (down) 

(c) M3C 60 Hz AC voltage (up) and current (down) 

Fig. 4.9 AC line voltage and current waveforms of FFOWPS 
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Fig. 4.10 (a) and (b) shows the arm voltages and currents inside M3C, which are the decoupled 

waveform of 20 Hz and 60 Hz quantities. The voltage and current ripples are negligible with 

only 0.09% and 1.5%; Fig. 4.10 (c) shows the capacitor voltage of single sub-module. As 

described in Chapter 3, due to the deep coupling of two frequencies side quantities, the voltage 

ripple should be considered. The 40 Hz ripple has largest magnitude other than DC component, 

which is 0.018 kV. Other frequencies ripples can be ignored. It proves a good performance of 

M3C as the AC/AC frequency changer converter. 

 

(a) M3C Arm voltage 

(b) M3C Arm current 

(c) M3C Capacitor voltage 

Fig. 4.10 Voltage and current profiles of M3C  
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Fig. 4.11 shows the power transmission of the FFOWPS. A 0.1 pu step change of power 

reference of DFIG is set at 15s, as shown in the figure, the M3C smoothly absorbed the power 

from wind farm and transmitted it to 60 Hz side. The power waveform between two side of 

M3C successfully tracked the change of power from DFIG.  

Fig. 4.11 Power transmission between DFIG and M3C 

 

4.6 Eigenvalue Analysis and Parameters Optimized 

The small signal stability analysis of FFOWPS is carried out based on the developed small 

signal stability model. The eigenvalues of FFOWPS are calculated and all the real parts of 

eigenvalues are negative, which indicate that the proposed FFOWPS is originally stable. There 

are 7 pair modes of oscillation, which are listed in Table 4.1, including the damping ratios and 

participation factors. To improve the system damping performance, the small signal analysis 

is implemented to optimise the system parameters. 

As shown in Table 4.1, modes 𝜆5,6 and 𝜆7,8 are both associated with capacitor voltages of M3C 

and the damping of 𝜆5,6 is only 5% which is so called poor damping. To improve the system 
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dynamic performance, it is worthy to assess the PI controllers used to control the capacitor DC 

voltage and the value of capacitance. 

TABLE 4.1 EIGENVALUES ANALYSIS 

𝝀 𝝈 𝝎 Damping (%) Dominate factors 

𝝀𝟏,𝟐 -372.44 849.36 40.16 𝑣𝑑𝑐, 𝑖𝑑𝑔 

𝝀𝟑,𝟒 -89.58 536.38 14.86 𝑖𝑞20, 𝑦𝑝𝑙𝑙20 

𝝀𝟓,𝟔 -12.67 252.24 5 𝑈𝑑𝑐_𝑑2, 𝑈𝑑𝑐_𝑞2 

𝝀𝟕,𝟖 -119.43 91.6 79.35 𝑈𝑑𝑐_0, 𝑖𝑑20 

𝝀𝟗,𝟏𝟎 -15.21 130.45 11.58 𝐸′𝑑, 𝐸′𝑞, 𝑖𝑑𝑠 

𝝀𝟏𝟏,𝟏𝟐 -1.02 9.65 10.54 𝜔𝑡, 𝜃𝑡𝑤, 𝜔𝑟 

𝝀𝟏𝟑,𝟏𝟒 -0.35 0.56 53.42 𝑦4, 𝑦5 

 

 

4.6.1 Stability Analysis of Controller Parameters 

Parameters 𝑘𝑝1 and  𝑘𝑖1 are used to control the DC capacitor voltage of  M3C. The performance 

of modes 𝜆7,8  are plotted where 𝑘𝑝1  changes between 0 and 50. Fig. 4.12.(a) shows the 

damping ratio of the mode increased with the increasing of 𝑘𝑝1 , and finally reach to 100% 

when 𝑘𝑝1 is larger than 21. Fig. 4.12.(b) shows the root locus of the related mode. With the 

increasing of 𝑘𝑝1, the imaginary part of eigenvalues moves towards 0, then, one eigenvalue’s 

real part keeps moving to negative side and another one moves to positive side. In that case, 

𝑘𝑝1 needs to be chosen considerately as either a small or large value may cause bad influence 

on system dynamic performance.  
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(a) Damping ratio of modes as 𝑘𝑝1 increases 

(b) Root locus of modes as 𝑘𝑝1 increases 

Fig. 4.12 Eigenvalue analysis of DC controller proportional gain 

With a proper choice of 𝑘𝑝1, the choice of integral parameter  𝑘𝑖1 becomes much clearer, as 

shown  in Fig. 4.13, the value of  𝑘𝑖1 between 0-10 does not affect the damping of modes, and 

a large  𝑘𝑖1 leads to the more negative eigenvalues, which enhances the system small signal 
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stability. However, it also has been found that large values of 𝑘𝑝1 and  𝑘𝑖1 have small negative 

influence on modes 𝜆5,6 even though they are not the dominated factors. Hence the values of 

𝑘𝑝1 and  𝑘𝑖1 should be chosen accordingly. 

(a) Damping ratio of modes as 𝑘𝑖1 increases 

(b) Root locus of modes as 𝑘𝑖1 increases 

Fig. 4.13 Eigenvalue analysis of DC controller integral gain 
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4.6.2 Stability Analysis of Sub-module Capacitance 

The influence of submodule capacitance to modes 𝜆7,8 is plotted in Fig. 4.14. As shown in the 

figure, a smaller capacitance can improve the poor damping mode. As the submodule 

capacitance also has the effects on arm voltage, it should be chosen carefully based on the small 

signal stability analysis. 

Fig. 4.14 Damping ratio of modes as capacitance increases 

 

The rest of the parameters have been analysed with the proposed small signal stability model. 

The eigenvalue values of the optimized system are listed in Table 4.2. The oscillation modes 

are reduced to 4 pairs, and mostly control system related modes are enhanced to damping 

modes with more than 10% damping ratio. The rest of the modes are restricted with the 

mechanical parameters of the system or is conflicted to another control system. Overall, the 

system damping increases based on the small signal stability analysis results.   
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Table 4.2 Optimized System Eigenvalues 

𝝀 𝝈 𝝎 Damping (%) Dominate factors 

𝝀𝟑,𝟒 -89.58 536.38 52.61 𝑖𝑞20, 𝑥𝑝𝑙𝑙20 

𝝀𝟓,𝟔 -12.67 252.24 18.25 𝑈𝑑𝑐_𝑑2, 𝑈𝑑𝑐_𝑞2 

𝝀𝟗,𝟏𝟎 -15.21 130.45 11.05 𝐸′𝑑, 𝐸′𝑞, 𝑖𝑑𝑠 

𝝀𝟏𝟏,𝟏𝟐 -1.02 9.65 10.53 𝜔𝑡, 𝜃𝑡𝑤, 𝜔𝑟 

 

4.7 Time Domain Simulation 

To verify the improvement of system small signal stability with the optimized system 

parameters, the dynamic performances of proposed FFOWPS are discussed in this section. 

4.7.1 System Performance under Small Disturbance 

A step change of 0.1 pu is applied to the electromagnetic torque reference in the control of 

rotor side converter. The active power transmitted from DFIG to M3C is simulated and plotted 

in Fig. 4.15. With the optimized system parameters, as shown in Fig. 4.15 (a), the active power 

generate from the DFIG system reaches to the steady state much quicker after the disturbance 

than the original system. Fig. 4.15 (b) shows the active power transmitted to the 60 Hz side of  

M3C. As it shown, the system also damping quicker than the original system, and the M3C 

tracked the power from the DFIG system more accurate. 
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(a) DFIG active power 

(b)  M3C 60 Hz side active power 

Fig. 4.15 System dynamic performance under small disturbance 
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4.7.2 System Performance under Large Disturbance 

To validate the optimized control parameters in improving the system stability, the dynamic 

response of the studied system under large disturbance are simulated. As shown in Fig. 4.16,  

A three-phase grounding fault is applied to the DFIG terminal, and the terminal of M3C 60 Hz 

side, respectively. Fig. 4.17 shows the active power, DC voltage, terminal voltage and current 

of DFIG with the fault located at DFIG terminal bus. As shown in Fig. 4.17 (a), with the 

optimized control parameters, the active power oscillation caused by the fault of DFIG system 

can be damped out quickly. Fig. 4.17 (b) shows the DC voltage oscillation magnitude decreases 

significantly, which means the fault ride through ability of DFIG system has been improved. 

Fig. 4.17 (c) and (d) present the terminal voltage and current waveform oscillation of DFIG 

after fault, which are also damped out quicker than the original system. Fig. 4.18 present the 

active power, DC voltage, terminal voltage and current of M3C system when the fault located 

at the 60 Hz side terminal bus of M3C. Same as the DFIG system, the optimized parameters 

also improve the damping ability of  M3C system. The active power, DC voltage and terminal 

current oscillations after fault are all damped out quicker than the original case. The 60 Hz side 

terminal of M3C is connected to main grid, in that case, the improvement of controller has less 

impact on the terminal voltage as it is mainly affected by main grid voltage. From the 

simulation results, it can be proved that the whole FFOWPS system damping ability is 

improved. 

Fig. 4.16 System diagram under large disturbances  
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(a) DFIG active power 

(b) DFIG DC voltage 

(c) DFIG terminal voltage in d-axis 

(d) DFIG terminal current in d-axis 
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Fig. 4.17 DFIG dynamic performance under large disturbance  

 

(a) M3C active power 

(b) M3C DC voltage 

(c) M3C terminal voltage in d-axis 

(d) M3C terminal current in d-axis 
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Fig. 4.18 M3C dynamic performance under large disturbance 

4.8 Summary 

The FFOWPS is reliable solution for the increasing penetration of offshore wind generation. 

The DFIG and M3C are good candidates to form the FFOWPS. In order to study the impact of 

FFOWPS on the external AC grid, a detailed DFIG - M3C based FFOPWS small signal stability 

model has been developed in this chapter. The constant voltage and frequency control are 

designed to connect DFIG with M3C   smoothly. The dynamic responses of voltages and 

currents have shown satisfactory dynamic performance using the proposed model where M3C 

can track the power from DFIG accurately. 

The proposed small signal stability model has been validated with the detailed EMT simulation 

results. The eigenvalue – based small signal stability analysis has been implemented to study 

the impact of control system parameters on system damping. From the analysis results, the PI 

control parameters can be chosen considerately as either a large or small value of proportional 

gain of the DC voltage controller can both cause a poor damping. With the optimized control 

parameters, the oscillation modes of the system are reduced from 7 pairs to 4 pairs and system 

damping can be increased. The optimized system has been tested with different disturbances, 

and from the analysis of the simulation results, it has been proved the system damping ability 

can be improved with the proposed small signal stability analysis.  
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Chapter 5  Techno – Economic Analysis 

and Comparisons of Technologies for 

FFOWPS  

5.1 Introduction 

The establishment of wind farm is shifting far ocean in recent years, where wind resources are 

more abundant and large-scale project planning is less complicated. However, the demands on 

transmission system are also increased. The M3C based FFOWPS has been discussed as a 

promising option for offshore wind power integration with a medium distance in previous 

chapters. From [97], the installed capacity of offshore wind power generation in Europe was 

780 MW in 2020 on average, and the transmission length to coast was approximately 44 km 

on average. These numbers instruct an excellent opportunity for FFOWPS advancement. As 

the frequency converter is the key component of the FFOWPS, this chapter discusses and 

compares the technical performances of M3C-based FFOWPS and BtB-MMC based FFOWPS. 

In addition, the power industry is profit driven, who is more concerned with profit and risk than 

with the innovation of the technology. If a technology is determined as not cost-effective, the 

worth of related studies work would be diminished because the discoveries are unlikely to 

contribute to a practical program. Consequently, it is essential to conduct a cost analysis against 

to FFOWPS. Either the current research does not accurately forecast the expenditure of M3C, 

or it simply considers the primary investment and disregards the time-related costs. 

Nevertheless, offshore wind power systems typically have a lifespan of 20 years. The total 

value of long-term expenses can have a considerable impact on analysis and decision-making 

due to their potential magnitude. The main contributions of this chapter are list below: 
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• The EMT model simulation of M3C-based FFOWPS and BtB-MMC based FFOWPS 

are provided and their technical performance are evaluated and compared; 

• A economic analysis model that incorporates capital costs and time-related expenses of 

FFOPWS is developed to produce a accurate cost profile for the technology; 

• An economic comparison of M3C -based FFOWPS and BtB-MMC based HVDC is 

implemented and the transmission distance economic crossover point of the two 

technologies is analysed. 

Two advantageous transmission technologies for offshore wind power system integration are 

plotted in Fig. 5.1. 

(a) Fractional frequency transmission connection 

(b) HVDC transmission connection 

Fig. 5.1 Schematic diagrams of offshore wind farm integration 
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5.2 Technical Performance Comparison of 𝐌𝟑𝐂  and BtB-MMC based 

FFOWPS 

5.2.1 Structure and Principle of FFOWPS 

The structure of FFOWPS is shown in Fig. 5.1.(a). For the AC system, the power transmitted 

by AC transmission line can be expressed by: 

𝑃𝐴𝐶 =
𝑈𝑆𝑈𝑅
𝑋

𝑠𝑖𝑛 𝛿 (5. 1) 

𝑋 = 2𝜋𝑓1𝐿 (5. 2) 

where 𝑃𝐴𝐶  is the active power transmit through the AC transmission line; 𝑈𝑆 and 𝑈𝑅 are the 

nominal line voltage of sending and receiving side;  𝛿 is the angle difference between the two 

voltages; 𝑋is the total reactance of the transmission line;  𝑓1 is the fractional frequency, 𝐿 is the 

inductance of transmission line. 

As shown in (5.1) and (5.2) that the power of AC transmission line is inversely proportional to 

the frequency. The power capacity can be improved by lower the transmission frequency.  

Besides, the voltage drop of a transmission line can be expressed by: 

∆𝑈% =
𝑄𝐴𝐶𝑋

𝑈2
× 100 (5. 3) 

where 𝑄𝐴𝐶 is the reactive power transmit through the AC transmission line; 

From (5.3), the voltage drop of power transmission can be reduced by lower the transmission 

frequency. This is the working principle of FFTS. The M3C and BtB-MMC is applied as the 

frequency converter for FFOPWS and discussed in this Chapter. The working principles of 

M3C and BtB-MMC have been introduced and discussed in Chapter 3.  
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5.2.2 System Performance of 𝐌𝟑𝐂 and BtB-MMC for FFOWPS 

The EMT models of M3C and BtB-MMC have been developed in Sections 3.3.3 and 3.4.3 

using the MATLAB/Simulink software, respectively. And the integrating control strategy has 

also been proposed and validated in SMIB simulation. In this section, the two frequencies of 

FFOWPS are set to 20 Hz and 60 Hz, respectively. The fractional frequency side of FFOWPS 

is integrated with the DFIG system via the transmission line, and the system frequency side is 

connected to the main grid, which is represented by an AC voltage source. For comparison 

purposes, the rated AC voltage of the two converters is both set to 33 kV. The number of 

submodules of two multilevel converters are both set to 40. The total output power from the 

DFIG system is rated at 30 MW. The transmission line distance between the DFIG and the 

frequency converter is set at 100 km. Full technology details can be found in Appendix A. The 

simulation outcomes of system performance are presented below. 

As depicted in Fig. 5.2–5.4, the steady-state terminal voltages and currents of FFOWPS are 

measured at the DFIG terminal and two sides of the frequency converters. 

(a) DFIG terminal voltages of M3C (up) and BtB-MMC (down) based FFOWPS 
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(b) DFIG terminal currents of M3C and BtB-MMC based FFOWPS 

Fig. 5.2 Voltage and current waveforms of DFIG terminal 

 

As depicted in Fig. 5.2, the voltage and current waveforms at the DFIG terminals of the two 

systems are nearly identical and their harmonic performances are satisfactory without the 

addition of a filtering device. 

(a) Terminal voltages of M3C (up) and BtB-MMC (down) at 20Hz Side 
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(b) Terminal currents of M3C (up) and BtB-MMC (down) at 20Hz Side 

Fig. 5.3 Voltage and current waveforms of 20Hz side terminal 

 

Figure 5.3 presents the voltage and current waveforms at 20 Hz side. With the 

designed constant voltage and frequency control implemented at the fractional frequency side 

of the converters, the frequency converter absorbs the power from the DFIG smoothly while 

maintaining constant voltage and frequency. The voltage waveforms conform to the specified 

voltage level and frequency, and the current flows are stable, as shown in the figure. 

Figure 5.4 illustrates the 60 Hz side waveforms, which are linked to the main grid. As depicted 

in the figure, the frequency of both quantities is shifted to 60 Hz while the voltage and current 

levels remain unchanged. Validation of the performance of two converters to be employed as 

frequency converters. 
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(a) Terminal voltages of M3C (up) and BtB-MMC (down) at 60Hz Side 

(b) Terminal currents of M3C (up) and BtB-MMC (down) at 60Hz Side 

Fig. 5.4 Voltage and current waveforms of 60Hz side terminal 

 

In order to further evaluate the performance of two FFOWPS, disturbances are introduced. 

Figure 5.5 displays the power flow of the two systems with a 0.1 pu torque reference step 

change applied to the DFIG. 
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Fig. 5.5 Power transmission of FFOPWS 

 

As seen in the figure, both frequency converters exactly track the power flow from DFIG. Due 

to the fact that BtB-MMC contains two converter stations with greater power electronics losses, 

the power loss of BtB-MMC is slightly higher. 

Two FFOWPS are configured with a three-phase ground fault located at the 20 Hz side terminal 

and lasted from 15.02s to 15.05s. In Fig. 5.6, the voltage, current and power flow waveforms 

are displayed. As demonstrated, both systems promptly recovered from the fault, thus 

validating their performance as the frequency converter for FFOWPS. 

In terms of their technical performance, both frequency converters are adequate for FFOWPS. 

Both systems voltage and current waveforms are of high quality, and their power transmission 

capabilities are satisfactory. There is a small variation in power loss because BtB-MMC has 

greater power electronics losses. To further compare two power converters, the following 

section provides a economic analysis. 

 



101 

 

(a) Terminal voltages of M3C (up) and BtB-MMC (down) at 20Hz Side 

(b) Terminal currents of M3C (up) and BtB-MMC (down) at 20Hz Side 

(c) Power flow of M3C (up) and BtB-MMC (down) 
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Fig. 5.6 Performance of FFOWPS under large disturbance 

5.3 Cost Components of FFOWPS 

The total cost of the FFOWPS can be broken down into the expense of its individual 

components: the wind turbine for power conversion, the transformer for voltage boosting, the 

submarine cable for power transmission, and the converter station for grid integration. Each 

component can also be subdivided based on whether costs are incurred prior to or under serving. 

They are capital costs, unavailability costs, O&M costs, and power loss costs. This can be 

mathematically expressed as [98]: 

𝐶𝑇𝑂𝑇 = 𝐶𝐶𝐴𝑃 + 𝐶𝑈𝐴 + 𝐶𝑂&𝑀 + 𝐶𝑃𝐿 (5. 4) 

where 𝐶𝑇𝑂𝑇  is the total costs of FFOWPS 𝐶𝐶𝐴𝑃  is the capital costs of the components of 

FFOWPS, 𝐶𝑈𝐴 is the unavailability costs, 𝐶𝑂&𝑀 is the O&M costs, and 𝐶𝑃𝐿 is the power loss 

costs. Except for the capital costs considered as the initial investment, the rest three type of 

costs are incurred during operation and throughout the FFOWPS lifetime. Considering the time 

value of money, (5.5) is used to convert the long-term expenses over the lifetime of the wind 

power system to a net present cost. 

𝐶𝑁𝑃𝐶 = 𝐶𝐴𝑁
(1 + 𝑖)𝑛 − 1

𝑖(1 + 𝑖)𝑛
(5. 5) 

where 𝐶𝐴𝑁 is the time value of the long-term cost in annual; 𝑛 is the FFOWPS service years; 𝑖 

is the value discount rate.  

5.3.1 Capital Cost  

Typically, the primary cost of a wind power generator is incurred throughout the manufacturing, 

transport, and installation processes, as well as during foundation construction. For reasons of 

confidentiality, wind turbine generator cost data is sparse in the public domain, and it may vary 
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from different suppliers and different projects. The economic data is collected and summarised 

from relevant literatures, and displayed in graphs and tables. 

The general cost of the offshore wind turbines can be estimated as £1m/MW [99], which is the 

average cost and ignored the type of wind generators. In this research, the DFIG wind turbine 

is studied and from [100], the cost of DFIG is approximated at £1.8m/MW, and with the 

development of wind turbine technology, the cost is expecting to reduce. Fig. 5.1 shows the 

cost components of a typical DFIG wind turbine [101]. As it shown, gearbox is the main cost 

component which makes up 17% of the total cost. As discussed in previous chapters, wind 

implementing the DFIG in low frequency power system, the gearbox can be simplified and the 

cost should be reduced. Furthermore, the reduce size of gearbox also reduce the size and weight 

of tower and hub of the wind turbine. Based on [22], approximated 5.2% of cost should be 

reduced by applying the DFIG to FFOWPS. 

Fig. 5.7 Cost breakdown of DFIG 
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Based on the calculation in a Northseagrid report [102], average capital costs of the offshore 

station for transformer and converter are provided and tabulated in Table 5.1. At the same 

nominal rating, fractional frequency transformers are typically more costly and larger. 

According to the calculation in [103], the fractional frequency transformer would be around 

75% more expensive than general transformer. Capital costs for an onshore converter station 

include the expense of property, construction work, and valves, etc. Due to the fact that MMC 

can employ half bridge sub-modules whereas M3C  must be applied with full bridge sub-

modules, the overall spend of the M3C converter station is increased about 20% compared to 

the converter station utilised with half bridge submodule valves [104]. However, there are 

rectifier and inverter converter stations for BtB-MMC with six arms installed in each station. 

Besides, the rectifier station would have to be installed offshore if the HVDC transmission 

technologies applied. There is no offshore station for M3C based FFOWPS, and all nine arms 

are positioned onshore. In a simple calculation, the M3C converter station is approximately 80% 

more expensive than the single BtB-MMC onshore converter station. 

For standardisation purposes, only specific voltage levels are available for cables. Table 5.1 

lists the capital costs of different types of cable derived from [93]. The selection of an 

submarine cable is dictated by the transmission distance and power capacity of the generation 

system. When discussed in previous chapters, as the charging current consumes a greater 

proportion of the cable's rating, the maximum transmittable active power for HVAC cables 

falls with increasing distance. FFTS is intended to alleviate the primary drawback of HVAC. 

Based on (5.1)-(5.2), FFTS operates at one-third the frequency drastically reduces the required 

charging current, hence increasing transmission capacity. With reactive power compensation, 

FFTS is able to transmit 500MW of energy over 400 km with a 220 kV voltage level, as 

demonstrated in [105]. This capability can satisfy the majority of distance needs for offshore 

wind energy systems, and greater voltage levels can further boost the transmission power 
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capacity. Costs for reactive compensation vary based on the method of compensation and 

location of the equipment. In this study, it is assumed that two reactive power compensation 

equipment with same capacity is supplied by both ends of the transmission system. The costs 

of compensation can be found in [106]. As the costs are roughly linearly dependent on distance, 

it is assumed the first-order linear cost functions are used to calculate the compensation cost. 

Table 5.1 Unit capital costs of FFOWPS main components 

Components Unit capital cost 

DFIG £1.8m/MW 

DFIG operated in FFTS £1.7m/MW 

Offshore transformer station £0.129m/MW 

Offshore transformer station in FFTS £0.194m/MW 

Offshore BtB-MMC converter station £0.254m/MW 

Onshore BtB-MMC converter station £0.107m/MW 

Onshore M3C station £0.171m/MW 

Fractional 

frequency 

AC cable 

132 kV (0-300MW) £0.86m/km 

220 kV (300-600MW) £1.00m/km 

400 kV (600-1000MW) £2.15m/km 

DC cable 

150 kV (0-500MW) £0.785m/km 

300 kV (500-1000MW) £1.015m/km 
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5.3.2 Unavailability Cost 

The quantity of energy not delivered to the power grid determines the unavailability cost of the 

power system. The IEC Standard 61400 [107] defines the unavailability of the wind energy 

generation system as the percentage of the system unavailable time and the duration of the 

examined period, which is given by: 

𝑅𝑈𝐴 =
𝑡𝑈𝐴
𝑡𝑦𝑒𝑎𝑟

× 100% (5. 6) 

where 𝑅𝑈𝐴 is the rate of the unavailability of the offshore wind energy generation system; 𝑡𝑈𝐴 

is the unavailability hours of the system accounted in one year; 𝑡𝑦𝑒𝑎𝑟  is the total hours 

accounted as one year, which is defined as 8760 hours in this study. It should be noted that the 

𝑡𝑈𝐴 is only considered the unexpected downtime of the system and not accounted the planned 

maintenance out of service time. And for simplification, it is assumed that only fault can occur 

simultaneously in the system, as system is assumed not operating when one component 

experience a fault. In that case, the total unavailability of the system is defined by adding the 

unavailability of each individual component. The total unavailability rate of the FFOWPS is 

given by:  

 

𝑅𝑡𝑜𝑡_𝑈𝐴 = 𝑅𝑤𝑡_𝑈𝐴 + 𝑅𝑡𝑟𝑎𝑛_𝑈𝐴 + 𝑅𝑐𝑎𝑏_𝑈𝐴 + 𝑅𝑐𝑜𝑣_𝑈𝐴 (5. 7) 

where 𝑅𝑤𝑡_𝑈𝐴 is the wind turbine unavailability rate; 𝑅𝑡𝑟𝑎𝑛_𝑈𝐴 is the transformer unavailability 

rate; 𝑅𝑐𝑎𝑏_𝑈𝐴 is the undersea cable unavailability rate; 𝑅𝑐𝑜𝑣_𝑈𝐴 is the converter  unavailability 

rate. Based on (5.4), the total energy not delivered can be derived, and the unavailability cost 

is the multiplication of the not supplied power and energy price, given by: 

𝐶𝑈𝐴 = 𝑅𝑡𝑜𝑡_𝑈𝐴 × CF × 𝑃𝑟𝑎𝑡𝑒𝑑 × 𝐸𝑃𝑤𝑖𝑛𝑑 × 𝑡𝑦𝑒𝑎𝑟 (5. 8) 
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where CF is the capacity factor; 𝑃𝑟𝑎𝑡𝑒𝑑  is the rating of the offshore wind power generation 

system; 𝐸𝑃𝑤𝑖𝑛𝑑 is the average energy price of the offshore wind power.  

The relevant data of the unavailable hours of wind turbines are extracted from [108, 109] and 

listed in table 5.2, which is represented with  the annual failure rate and downtime, and the 

unavailable hour 𝑡𝑈𝐴 of one year can be calculated by times the failure rate and downtime.  

Table 5.2 Unavailability data of the wind turbines 

Components 

Failure Rate (per year) 

Downtime (hours) 

DFIG PMSG 

Gearbox 0.185 N/A 1008 

Generator 0.123 0.046 768 

Rotor Blade 0.16 0.16 1008 

Converter Electronics 0.106 0.593 48 

 

It can be seen from the table, for DFIG, the gearbox is the main unavailability components with 

highest failure rate and downtime hours. As stated in previous chapter, the gearbox structure 

of low-frequency wind turbine generators can be greatly simplified. Consequently, the failure 

rate of the gearbox would likewise decrease, and it is assumed that the decrease is one-third of 

the general rate as same as the reduction of frequency. For PMSG, the advantage is that it does 

not suffer from gearbox failure, however, the converter electronics failure rate is extremely 

high. The higher rate of converter failure is due to the fact that PMSG uses a fully rated 

converter. compared to the partially rated converter used by DFIG, fully rated converters are 

more likely to break. 
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Transformers operating at fractional frequency are a proven technology, and it is thought that 

they work with the same level of dependability as transformers operating at standard grid 

frequency considering it has been employed in fractional frequency railway networks for quite 

a long period [110]. The failure rates and downtime data of the cables and transformer are 

extracted from [102] and shown in Table 5.3.  

Table 5.3 Unavailability data of transformers and cables 

Components Failure Rate (per year) Downtime (hours) 

Transformer 0.024 2160 

AC Cable/100km 0.1114 1440 

DC Cable/100km 0.1114 1440 

 

For the purpose of simplicity, it is assumed that the unavailability of multilevel converters is 

proportional to the number of power electronic submodules. However, onshore and offshore 

converter stations should be evaluated independently. Unavailability data for onshore converter 

stations are derived from a comprehensive GIGRE investigation of the global dependability of 

a significant variety of HVDC networks. [111]. Data for offshore converter stations on existing 

offshore wind farm projects from the past three years is collected, and an average unavailability 

rate is determined [112]. Table 5.4 details the unavailability values of each components in 

FFOWPS. 
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Table 5.4 Unavailability value of components in FFOWPS 

Components Value 

Wind turbines 

unavailability 

PMSG 2.57% 

DFIG 5.11% 

DFIG in FFTS 3.69% 

Converter 

unavailability 

Onshore BtB-MMC 0.35% 

Offshore BtB-MMC 0.8% 

M3C 0.52% 

Transformer unavailability 0.59% 

Cable unavailability 0.18% 

 

5.3.3 O&M Cost 

Multiple activities might result in O&M expenses for offshore wind energy installations [113]. 

Common sources of O&M expenditures include labour, accounting fees, changed components, 

vessel expenses, rent, and insurance cost. Existing offshore wind farm operations and 

maintenance (O&M) cost information is not publicly available, which presents a challenge. In 

addition, the O&M expenses for every offshore wind energy installation might vary based on 

the maintenance regularity, the availability of skilled labourers and ships, and the atmospheric 

and ocean conditions. Since typical statistics in economic studies could not be accurate, the 

annual O&M cost for each element could be approximated as a proportion of the component's 

initial investment, which is given by [114]: 
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𝑅𝑂&𝑀 =
𝐶𝑂&𝑀_𝑖𝑛𝑑𝑖𝑣𝑖
𝐶𝐶𝐴𝑃_𝑖𝑛𝑑𝑖𝑣𝑖

× 100% (5. 9) 

where 𝐶𝑂&𝑀_𝑖𝑛𝑑𝑖𝑣𝑖  is the annual O&M cost of individual equipment and 𝐶𝐶𝐴𝑃_𝑖𝑛𝑑𝑖𝑣𝑖  is the 

capital cost of individual equipment components. For different equipment components, the 

𝐶𝑂&𝑀_𝑖𝑛𝑑𝑖𝑣𝑖 is varied depended on its technologically mature and operation mode, for example, 

he offshore wind turbine requires more maintenance than the transformer due to the fact the 

wind turbine is relevantly new technology and has the moving mechanical part. The related 

O&M data are extracted from [102, 115] and listed in Table. 5.5. 

Table 5.5 O&M data of FFOWPS 

Components O&M Ratio (year) 

Wind Turbine 3.4% 

Offshore Transformer 0.15% 

Undersea Cable 2.5% 

Offshore Converter Station 2% 

Onshore Converter Station 0.7% 

 

5.3.4 Power Loss Cost 

The power loss cost has the same mathematic expression as the unavailability cost, which can 

be expressed as the multiplication of lost power and energy price, given by: 

𝐶𝑃𝐿 = 𝑅𝑡𝑜𝑡_𝑃𝐿 × 𝑃𝑟𝑎𝑡𝑒𝑑 × 𝐸𝑃𝑤𝑖𝑛𝑑 × 𝑡𝑂𝑃 (5. 10) 

where 𝑅𝑡𝑜𝑡_𝑃𝐿  is the ratio of the total power loss of each component and 𝑡𝑂𝑃  is the annual 

operation time of the system. The 𝑅𝑡𝑜𝑡_𝑃𝐿 is given by: 

𝑅𝑡𝑜𝑡_𝑃𝐿 = 𝑅𝑤𝑡_𝑃𝐿 + 𝑅𝑡𝑟𝑎𝑛_𝑃𝐿 + 𝑅𝑐𝑎𝑏_𝑃𝐿 + 𝑅𝑐𝑜𝑣_𝑃𝐿 (5. 11) 
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where 𝑅𝑤𝑡_𝑃𝐿 is the wind turbine power loss ratio; 𝑅𝑡𝑟𝑎𝑛_𝑃𝐿 is the transformer power loss ratio; 

𝑅𝑐𝑎𝑝_𝑃𝐿 is the submarine cable power loss ratio; and 𝑅𝑐𝑜𝑣_𝑃𝐿 is the converter power loss ratio. 

The relevant data is collected from [106, 116-118] and listed in Table. 5.6. 

Table 5.6 Power loss data of FFOWPS 

Components Power Loss 

Wind Turbines PMSG 6.4% 

DFIG 5% 

DFIG in FFTS 3% 

Converters Offshore BtB-MMC 1% 

Onshore BtB-MMC 1% 

M3C 1.95% 

Submarine Cables AC/100km 3%-5% 

DC/100km 0.5%-2.5% 

Transformer 0.8% 

 

For different wind turbines, PMSG applied with a full rating converter, which contributes the 

majority power loss of system due to the inefficiency of primary low levels converter. For 

DFIG, mechanical loss, specifically the loss from gearbox, comprises a significant share of 

total wind turbine loss. Still, same as the previous definition, the gearbox loss of a DFIG 

working at fractional frequency is approximately one-third that of the original. Switching loss 

and conduction loss are the two primary forms of power loss in a converter power electronics. 

The BtB-MMC uses half bridge sub-modules, and the power loss of each converter station is 

approximately 1% of the system power rating. Submodules applied to M3C are full bridges, 

which provides a greater loss. The full bridge and half bridge valves have the same switching 

loss, however, the power loss to conduct full bridge submodule valve is double that of half 

bridge submodule valve. In that case, the power loss of M3C is assessed to be 1.95%. The AC 

cable and DC cable have distinct power loss ratios.  The active current passing through the 
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cable is the primary source of power loss of DC cable, whereas for AC cable, the cable 

capacitance produces the active and reactive current which enlarge the power loss. 

Consequently, AC cable has a greater loss than DC cable. Depending on the voltage level, 100 

km of AC cable suffers a 3% to 5% power loss, while DC cable has only 0.5% to 2.5% at the 

same distance. In transformers, the heating current in the windings and the magnetising current 

in the core account for the majority of power losses. The transformers have a high efficiency 

and a power loss ratio of 0.8% on average due to their technologically advanced benefits. For 

the sake of simplicity, the difference in the transformer's power loss ratio when running at 

fractional frequency versus system frequency is disregarded.  

5.4 Cost analysis and Comparison of FFOWPS 

In last section, the cost components of FFOWPS are discussed, along with the pertinent data 

and mathematical formulae. In this section, the cost analysis of M3C based FFOWPS and BtB-

MMC based FFOWPS are derived. In addition, a BtB-MMC based HVDC economic model is 

built for comparative research. Components that have a substantial impact on the system's total 

cost are underlined. A cost constituents analysis of M3C based FFOWPS and BtB-MMC based 

FFOWPS is shown first, followed by the cost effectiveness comparison between M3C based 

FFOWPS and BtB-MMC based HVDC. 

Table 5.7 Economic Parameters for Cost Analysis 

Items Parameters 

Power rating 500MW 

Transmission distance 100km 

Discount rate 5%  

Power Plant life time 20 years 

Capacity factor 40%  

Annual operation time 2500 hours  

Wind energy price £50/MWh 
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5.4.1 Cost constituents of FFOWPS 

The relevant economic data extracted from [119-121], and the rating parameters of proposed 

FFOWPS system are listed in Table 5.7. Based on the economic data and cost equations (5.4) 

– (5.11), the cost breakdown of M3C based FFOWPS and BtB-MMC based FFOWPS can be 

calculated. The cost constituents of two systems are shown in Fig. 5.2 (a)-(b). 

(a) Cost constituents of M3C based FFOWPS 

(b) Cost constituents of BtB-MMC based FFOWPS 
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(c)  Cost constituents of BtB-MMC based HVDC offshore wind power system 

Fig. 5.8 Cost constituents of offshore wind power integration technologies 

 

It is obviously the capital cost of DFIG wind turbine is largest cost contributor, take up around 

50% overall project cost of FFOWPS. The second in importance are the O&M costs, which 

account for roughly 24%. This number is the total value accounted the net present value 

calculated with the 20 years operation lifetime of the offshore wind farm, and this principle is 

implemented to all other time-related expenses, such as the cost of system unavailability and 

the cost of power loss. The cost of power loss for both technologies is about 5%, while the cost 

of unavailability comprises the smallest portion. Only the capital cost of converter station has 

identifiable difference due to the fact BtB-MMC technology has larger stations site. For further 

comparison, the cost constituents of MMC-HVDC offshore wind power integration technology 

is calculated in Fig. 5.8 (c). It is obviously the cost of MMC station is further increased due to 

the offshore converter station construction required, so does the O&M costs. In contrast, the 

cable cost and power loss are reduced due to the using of DC cable. To sum up, the total expense 

of FFOWPS is largely determined by capital expenses, with wind turbines being the most 
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expensive component. Therefore, it is crucial to do research on how to reduce the capital cost 

of wind turbines to make offshore wind power technology more competitive. 

5.4.2 Cost-Effectiveness Transmission Distance 

Fig. 5.9 Cost-Effectiveness Comparison of FFOWPS and HVDC vs Distance 

 

In this subsection, the economical effective transmission distances for M3C based FFOWPS 

and BtB-MMC based HVDC are evaluated for an DFIG based offshore wind farm system with 

a rated capacity at 500 MW. The crossover point is identified, and the cost differential is 

analysed. The overall expenses of the two methods are plotted against the transmission distance 

in Figure 5.9. As it shown, the crossover point occurs at a transmission distance of 280 km, 

before which M3C based FFOWPS is the less expensive option, and BtB-MMC based HVDC 

is the less expensive option for transmission distances more than 280 km. To analyse the cause, 

two points are chosen at 250 km and 350 km, which are slightly shorter and longer than the 
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crossing point, and the variations in capital, unavailability, O& M, and power loss costs are 

depicted at each point in Fig. 5.10. To be specific, the value in the graph is calculated by the 

cost of BtB-MMC based HVDC minus M3C based FFOWPS, so a negative value indicates that 

M3C based FFOWPS is more costly. 

Fig. 5.10 Cost differences of different transmission distance 

 

Based on the previous discussion, at the shorter distance, the capital cost of converter stations 

have a greater impact on the overall cost. At a distance of 250 km, the converter station of BtB-

MMC based HVDC has a higher capital cost due to the additional offshore converter station, 

which results in a greater disparity in capital costs. When the transmission distance extended 

to 350 km, the AC cable of M3C based FFOWPS becomes more expensive, and the cost 

difference decreased. Besides, the AC cable has a greater power loss than the DC cable, which 

is the primary disadvantage. The largest positive change in O&M costs is again attributable to 

the offshore converter plant. The M3C station is placed on land, making its operation and 

maintenance significantly less dependent on weather and sea conditions, as well as the 
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availability of vessels. However, as transmission distance increases, so does the O&M cost of 

AC cable. In conclusion, at a shorter distance, the cost difference of capital, unavailability, and 

O&M expenses is positive and enough to cancel the negative power loss costs, resulting in a 

positive total delta cost, which means the M3C  based FFOWPS is more cost-effective. 

Nonetheless, as the transmission distance increases to 350 km, the shortcomings of AC cable 

become more apparent in every aspect. The expansion is so substantial that it nullifies out the 

benefits of the onshore converter station. Therefore, the total delta cost becomes negative and 

the BtB-MMC based HVDC is a more economical option for long-distance transmission. 

5.5 Summary 

This chapter provides a comprehensive techno-economic study and comparison of M3C and 

BtB-MMC for the integration of the offshore wind farm. The technical performance of both 

technologies is described first, and the reliability of both frequency converters for FFTS 

integration can be validated. Therefore, it is worthwhile to examine their economic profiles 

further in order to identify the most cost-effective option. The economic analysis approach and 

the total cost decomposition have been implemented. The cost components including the 

capital cost, unavailability cost, O&M cost, and power loss cost have been explored in detail 

separately. The economic research revealed that about 50% of the project total cost is taken up 

by the primary expense of the wind turbine. O&M expenditures comprise around 24% of the 

total cost and are the second most influential factor in the analysis. It has been demonstrated 

that M3C based FFOWPS is a very promising option for offshore wind power integration at a 

medium transmission length no longer than 280km compared to HVDC. And it also has been 

determined that three issues impede its cost-effectiveness, including the expensive undersea 

AC cable, greater power loss, and a costly offshore transformer plant. Compared to M3C based 

FFOWPS, the offshore converter station is the primary negative factor for BtB-MMC based 
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HVDC technology. It has a high capital cost, a greater rate of unavailability, more complex 

maintenance than the onshore plant, and additional power loss from the converter. Nevertheless, 

the BtB-MMC based HVDC is still the optimum alternative for long-distance power 

transmission due to the amazing benefits of DC cable, which include a reduced capital price, 

no requirement for reactive power compensation, and minimal power loss. 
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Chapter 6 Conclusions and Future Work 

6.1 Conclusions 

In an attempt to reduce carbon emissions and fossil fuel usage, nations are investing 

considerable effort in producing renewable energy. Since the 1990s, wind energy generation 

has flourished, with offshore wind power development being particularly dramatic. The 

advantages of offshore wind power include high and abundant resources, appropriateness for 

large-scale utilization, and minimal influence on community areas. From the previous 

literature, three predominant transmission systems for offshore wind farms have been identified. 

HVAC is a reliable and cost-effective method for the integration of short-distance offshore 

wind generation systems. It has been utilised in the majority of wind power plants to reduce 

technical risk and increase the profitability of costly offshore wind projects. However, the 

capacitive charging current limits the transmission distance of HVAC, thus it is not capable of 

connecting the future far ocean offshore wind power generation to the grid. The HVDC 

technology is a viable option for long-distance power transmission and has been utilised by a 

number of power integration projects. FFTS can also alleviate the drawbacks of HVAC and is 

considered a good contender for offshore wind energy applications. In Chapter 1, three 

transmission technologies have been compared, and the relatively new FFTS technology is 

highlighted. A brief overview of the power electronic technologies for FFOWPS adaptation 

has been provided. The motivations, objectives, and contributions of this PhD research are also 

given. 

The M3C is the fundamental component of FFOWPS  and is recognised as the relatively new 

and advanced AC/AC converter technology. It has the advantages of substantial controllability, 

adaptable scalability, and high efficiency. Chapter 2 has reviewed relevant topics in the 

previous studies and has provided an overview and essential information for subsequent 
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chapters. The applications and control strategies of M3C have been reviewed first to give a 

comprehensive picture of the AC/AC converter technologies. Then, the fundamental concept 

of the small signal stability analysis has been presented, and a portion of the existing literature 

on wind turbine and power converter small signal modelling has been discussed. Existing 

economic analyses of FFOWPS have been reviewed, and different kinds of economic analysis 

methods have been presented and discussed. 

In Chapter 3, the system structures, working principles, and control strategies of the power 

electronics for FFOWPS adaptation were extensively discussed, laying the groundwork for the 

small signal modelling of FFOWPS. To provide a thorough description of the M3C control 

strategy, the general control strategies for DFIG, M3C, and BtB-MMC have been discussed. 

An integration control strategy for M3C to connect wind generationhas been first developed in 

this thesis to prevent control conflicts between wind power systems and power converters. The 

simulation test system utilised in this doctoral study was developed in accordance with the 

system structure and methods of control. The performance of the M3C and BtB-MMC as a 

frequency converter has been examined, and the effectiveness of the designed control strategy 

for integration has been validated. 

In Chapter 4, the design of the small signal model for FFOWPS has been implemented. Due to 

the fact that DFIG-M3C FFOWPS is a promising option for offshore wind plant development, 

the small signal model that that takes into account all essential components is necessary in 

order to examine its influence on power grid. The small signal model of whole FFOWPS has 

been designed and provided in this thesis, which is in modular structure and can be easily 

interfaced with different external AC system and internal control system. The dynamic of DFIG, 

M3C and the interface between two system are modelled. With the eigenvalue based small 

signal stability analysis, the proposed model can provide valuable guidance regarding 
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controller parameter and submodule capacitance selection. Based on the results of eigenvalues, 

the PI control parameters can be selected with care, as a large or small value of the proportional 

gain of the DC voltage controller can both result in poor damping. In addition, the damping of 

the sub-module capacitance related modes can be inadequate if the capacitor value is selected 

improperly. With optimised control parameters, the system's oscillation modes are reduced 

from 7 to 4, and system damping ability can be increased. The small signal model is 

advantageous for future system stability research and controller development. 

In Chapter 5, the technical and economic aspects of the DFIG-M3C  based FFOWPS are 

investigated. The M3C and BtB-MMC frequency converters for FFOWPS are examined and 

contrasted in terms of their technical performance. The conclusion is that both technologies 

have reliable performance for FFOWPS. In that case, to further study the performance of two 

technologies in economic aspects, a cost analysis model for FFOWPS was developed that 

accounted for detailed cost components including the capital, unavailability, O&M and power 

loss costs of the system. According to the main cost elements pie chart generated from the cost 

analysis, the primary cost of the wind turbines is the most expensive component, which formed 

almost 50% of project cost, followed by the long-term O&M expenses of the entire project that 

took up 24% of total cost. The only difference between M3C FFTS and BtB-MMC FFTS is the 

frequency converter, with M3C  being a more cost-effective option than an AC-DC-AC 

converter. A detailed cost comparison between M3C based FFOWPS and BtB-MMC based 

HVDC is presented. M3C based FFOWPS has been found to be economically superior to BtB-

MMC based HVDC at medium transmission distances. It has been determined that DFIG-M3C 

FFOPWS is the more cost-effective transmission technology at distances of approximately 280 

km. 
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6.2 Future Work 

Possible of further studies can be continued as follows: 

1. Chapter 3 develops the control strategy for integrating the M3C with the DFIG system. 

The experimental simulation verifies the effectiveness of the control system, which is 

designed to maintain a constant voltage magnitude and frequency on the fractional 

frequency side of the M3C. Future research could consider a modification to control the 

fractional frequency side voltage more flexible without interfering with the DFIG 

control system. Additionally, additional research could be proposed to incorporate the 

DFIG control system into the M3C. 

2. Analysis of small signal stability is a perennial topic of power system research. Small 

signal models of all the system's components are required for power system small signal 

analysis. A small signal model of DFIG-M3C based FFOWPS accounted the dynamics 

of DFIG, M3C, and interaction between two system has been developed in Chapter 4. 

The model has been designed with a modular structure and can be easily interfaced with 

various external AC system and internal control systems. The further action could be 

to investigate how various control strategies enhance system performance based on 

their impacts on system oscillation modes and damping ratio. Additionally, as the 

offshore wind power generation is replacing the conventional fossil fuel generation, the 

study can seek the influence of the FFOWPS to power grid as the system inertial is 

reduced with high penetrate of wind generation. It would be intriguing to study the 

stability problems and seek for solution of such a system. 

3. In Chapter 5, an economic analysis is conducted based on a single offshore wind farm 

that is connected to the onshore grid. The single offshore wind farm to grid topology 

will likely evolve into a offshore wind farm grid to onshore power grid topology as 
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renewable energy generation and transmission technologies advance. It would be 

fascinating to investigate the economic implications of adopting a more complex 

topology, such as fractional frequency AC grids. Additionally, a hybrid system may be 

developed and considered. Moreover, the cost analysis model can be improved. For the 

sake of simplicity, the O&M cost is assumed constant throughout the life of the project 

in the analysis model. In reality, however, the O&M cost may be lower during the first 

few years of equipment commissioned and increase as the equipment ages. This trend 

in the model could be investigated by additional research. 
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APPENDIX A 

DFIG SYSTEM PARAMETERS 

Per unit system: 𝑆𝑤 = 1.5 𝑀𝑊, 𝑉𝑏 = 0.575 𝑘𝑉, 𝑓 = 20 𝐻𝑧. 

Wind turbine: 𝐻𝑡 = 3 𝑠 , 𝑉𝑤 = 15 𝑚/𝑠 , 𝐶𝑝 = 0.4382 , 𝑅 = 37.049 𝑚 , 𝜌 = 1.225 𝑘𝑔/𝑚3 , 

𝑁𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 20. 

Generator of DFIG: 𝑅𝑠 = 0.00706 𝑝𝑢 , 𝐿𝑚 = 2.9 𝑝𝑢 , 𝐿𝑠𝑠 = 3.07 𝑝𝑢 , 𝐿𝑟𝑟 = 3.05 𝑝𝑢 , 𝑅𝑟 =

0.005 𝑝𝑢, 𝐻𝑔 = 1 𝑠. 

Converter: 𝐶 = 10 𝑚𝐹 , 𝑣𝐷𝐶 = 1.5 𝑘𝑉, 𝐿𝑔 = 0.3 𝑝𝑢, 𝑅𝑔 = 0.003 𝑝𝑢. 

𝐌𝟑𝐂 SYSTEM PARAMETERS 

Per unit system: 𝑆𝑐 = 30 𝑀𝑊, 𝑉𝑙 = 33 𝑘𝑉, 𝑓1 = 20 𝐻𝑧, 𝑓2 = 60 𝐻𝑧. 

Converter: 𝑁𝑎𝑟𝑚 =  40, 𝐿𝑎𝑟𝑚 = 15 𝑚𝐻, 𝑅𝑎𝑟𝑚 = 0.1𝛺, 𝐶𝑠𝑚 = 10 𝑚𝐹, 𝑈𝐷𝐶 = 1.5 𝑘𝑉. 

TRANSMISSION LINE 

Distance: 100 𝑘𝑚 

Line – to – line RMS voltage: 120 kV  

Impedance: 𝑅𝑇𝐿 =  0.1153 𝛺/𝑘𝑚, 𝐿𝑇𝐿 =  0.00105 𝐻/𝑘𝑚 

ORIGINAL CONTROL PARAMETERS 

DFIG: 𝑘𝑝1 = 100 , 𝑘𝑖1 = 5 ; 𝑘𝑝2 = 1 , 𝑘𝑖2 = 0.1 ; 𝑘𝑝3 = 3 , 𝑘𝑖3 = 30 ; 𝑘𝑝4 = 1 , 𝑘𝑖4 = 100 ; 

𝑘𝑝5 = 0.1, 𝑘𝑖5 = 20. 

M3C: 𝑘𝑝1 = 0.5, 𝑘𝑖1 = 10; 𝑘𝑝2 = 50, 𝑘𝑖2 = 50; 𝑘𝑝3 = 5, 𝑘𝑖3 = 100. 
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OPTIMIZED CONTROL PARAMETERS 

DFIG: 𝑘𝑝1 = 120, 𝑘𝑖1 = 20; 𝑘𝑝2 = 0.2, 𝑘𝑖2 = 1; 𝑘𝑝3 = 20, 𝑘𝑖3 = 65; 𝑘𝑝4 = 8, 𝑘𝑖4 = 400; 

𝑘𝑝5 = 0.83, 𝑘𝑖5 = 5. 

M3C: 𝑘𝑝1 = 25, 𝑘𝑖1 = 5; 𝑘𝑝2 = 0.5, 𝑘𝑖2 = 5; 𝑘𝑝3 = 35, 𝑘𝑖3 = 50. 

 

 


