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Abstract 

As strategies to achieve Net-Zero targets are proposed by various countries 

worldwide, offshore wind power generation has attracted the attention of industry and 

academia as its advantages, like higher, less-turbulent wind speeds, no use of 

continental land space and energy capture capacity make it more attractive than other 

renewable energy solutions. However, the connection of large, distant offshore wind 

farms is a current challenge pressing the wind industry hard. High-Voltage Direct 

Current transmission is the type of connection favored for these cases. At present, 

HVDC using voltage source converters (VSC), has been used. To reduce the cost and 

land space, the diode rectifier based HVDC solution has been proposed for offshore 

wind farms. In this thesis, a novel hybrid converter topology is proposed for the 

offshore substation (wind farm) converter. The topology structure of the hybrid 

converter is a VSC and a 12-pulse diode rectifier (12P-DR) in a series connection. This 

thesis research focuses on the modelling and control of an offshore wind farm 

connected with an HVDC system based on this hybrid deployment converter. 

Due to the control capabilities of the VSC used in the hybrid converter, two 

control strategies were designed and assessed. In addition, the 6-pulse diode rectifier 

(6P-DR) is used in the hybrid converter to reduce the complex structure of the 

transformer on the offshore side. The first control strategy uses the VSC converter of 

the hybrid converter (Hybrid-VSC) as a grid forming converter to perform the AC 

voltage control at the PCC point. The second control strategy uses the grid-side 

converter of the PMSG wind turbine to establish the offshore AC voltage. Also, a 

harmonics compensation controller based on Synchronous Reference Frames (SRF) 

tuned by PI controller is proposed in the hybrid converter to reduce the harmonic 

content of the hybrid topology. The harmonic compensation structure provides an 

easy-to-tune harmonics compensation control strategy. 
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An additional research contribution is the use of an advanced power electronics 

device, the Vienna rectifier, in the hybrid converter in order to reduce the harmonic 

components on the offshore side. This topology uses one switching device per phase, 

which reduces power losses and produces a low harmonic sinusoidal current output. 

The Vienna rectifier-based system uses a backup ancillary services control mode that 

retains harmonic-free power transfer capabilities, even in the case of a switch failure, 

by using the VSC converter harmonic compensation capabilities. Finally, A fast 

harmonics controller based on the Two Degrees of Freedom Internal Model controller 

(2DF-IMC) is used in the hybrid converter to reduce the harmonics compensation time. 

A fast harmonics controller is used in the hybrid converter and compared with the 

SRF-PI harmonics compensation controller. 

The results of this work demonstrate the performance and feasibility of the hybrid 

topology and pave the way for its implementation in offshore projects, providing cost 

reductions and increasing efficiency. 
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Chapter 1 Introduction 

1.1  Zero Carbon and renewable energy 

To reduce greenhouse gas emissions, the United Kingdom (UK) passed the law 

Net Zero Emission. This law aims to reduce all greenhouse gas emissions around the 

UK to net zero by 2050, a reduction of at least 80% emissions compared to 1990 levels 

[1]. The European Union (EU) also provides a proposal European Green Deal to 

reduce greenhouse gas emissions. The targets are at least 55% greenhouse gas 

emissions reduction by 2030 and no net emissions of greenhouse gases by 2050 [2]. 

Traditional electricity generation using coal and gas, produces CO2 (carbon 

dioxide) emissions. Carbon dioxide is a greenhouse gas harmful to the atmosphere, 

which causes global warming. Due to the Net Zero Emission law, the UK system 

operator, National Grid ESO, is moving towards a system that can operate at zero 

carbon by 2025 by using more renewable energy, including solar, wind and hydro [3]. 

Fig. 1-1 shows the Britain’s electricity generation mix in 1990 and April 2021. 

Electricity generation is dominated by fossil fuels at 63.6%, while Zero carbon 

produces just 21.3% of the market, with more than 60% of electricity generation 

coming from fossil fuels. The 21.3% of electricity generated by Zero Carbon includes 

19.9% nuclear and 1.5 % hydro. However, according to data provided by Nation Grid 

ESO in April 2021, electricity generated from fossil fuels fell to less than 50%, or 

44.5%, which includes 43.7% of gas and 0.8% of coal. This represents a decrease of 

62.1% compared to 1990, with 62.9% of electricity generation coming from coal. In 

addition to nuclear and hydroelectric power, solar and wind power are beginning to 

participate in power generation, with solar power accounting for 6.4% and wind power 
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for 15.8%, and the capacity of wind power is only 0.3% lower than nuclear power. 

This shows that wind power is gradually becoming a major force in power generation 

by zero carbon [4]. 

 

 

This image has been removed by the author of this thesis for copyright reasons. 

 

 

 

Fig. 1-1 Comparison of Britain's changing electricity generation mix 1990 between 2021 [4]  

1.2  The development of wind energy 

Fig. 1-2 shows the new wind energy installations from 2013 to 2022. The year 

with the fewest installations was 2018, with 9.5 GW of onshore wind and 2.7 GW 

offshore wind installed, respectively. the highest number of installations was in 2022, 

with a total of 19.2 GW, of which onshore wind accounted for 16.7 GW [5]. In 2022, 

onshore wind accounted for 87% of all new installations. The largest number of 

onshore wind turbines were built in Sweden, Finland, Germany, and France. At present, 

Europe has a 255GW wind capacity. 
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Fig. 1-2 New onshore and offshore wind installations in Europe [5] 

 

 

Fig. 1-3 presents the new installation, including onshore and offshore wind farms 

in 2022. Most countries in Europe are focusing on onshore wind, but the UK has 

1,179MW of new installations offshore in 2022, which is more than two times the 

number of new installations onshore. The UK is a world leader in offshore wind with 

more installed capacity than other countries. The generated offshore wind power is 
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supposed to serve 4.5 million homes, which facilitates the reduction of carbon 

emissions to achieve the emissions goal of 2050 [6].  

 

Fig. 1-3 New installation including Onshore and Offshore in EU-28 in 2022 [5] 

The number of wind turbines expected to be installed in Europe between 2023 

and 2027 is shown in Fig. 1-4. The installation of onshore wind is still countered as 

the main part, but compared with the previous data, the installation of offshore wind 

is also gradually improving, in the planning of 2027, the installation of offshore wind 

in that year is 11.6GW, which is closed to the general installation of onshore in that 

year. Offshore wind installations are also continuing to grow. 
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Fig. 1-4 Expected New Installation in 2023 to 2027[5] 

Offshore wind has attracted considerable attention. Transmission solutions to 

connect offshore wind power plants to the onshore grid are a popular topic in research 

and industry, particularly about the significant challenges of connecting wind farms 

located far away from shore. Presently, there are two solutions to transport electricity 

from offshore wind farms to shore, namely, the HVAC system and the HVDC system. 

These are reviewed in the following section.  

1.3  Offshore wind energy transmission system 

1.3.1 High-Voltage Alternating Current (HVAC) Transmission 

System 

HVAC systems are widely chosen for larger offshore wind farms to transmit 

power to the onshore grid due to their simple structures and economical connections. 

However, they have several limitations especially when the transmission distance is 

significant [7]. The basic structure of an offshore HVAC system is shown in Fig. 1-5. 
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The offshore and onshore substations link the offshore wind farm and onshore grid. In 

addition, transformers of substations provide voltage step-up. Therefore, reactive 

power compensators, such as static compensators (STATCOMs) and Static Var 

Compensators, are generally used to improve transmission efficiency [8-10]. 

Onshore 
Grid

Offshore wind farm

SVC

XLPE Cable

Offshore 
substation

Onshore 
substation

 

Fig. 1-5 Layout of Offshore HVAC system [9] 

The components of the offshore HVAC system (Fig. 1-5) are as follows: 

▪ Offshore wind farm 

▪ Offshore substation 

▪ Cross-linked polyethene submarine cables (XLPE) 

▪ Static Var compensator/static compensator 

▪ Onshore substation 

HVAC transmission has many disadvantages when used in offshore wind farm 

applications. High power losses and larger reactive power compensators are required 

over long connection distances. A wind farm can only synchronously couple with the 

onshore grid. Any offshore wind farm faults can affect the onshore grid. Additionally, 

the voltage profile is easily affected because of the high capacitance of long AC  

submarine cable [9, 11]. 
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1.3.2 High-Voltage Direct Current (HVDC) transmission system 

HVDC transmission systems have been widely used to interconnect non-

synchronous networks through long distance submarine and underground cables. The 

two converter types are used in the HVDC system: Current Source Converter (CSC) 

and Voltage Source Converter (VSC). The CSC-HVDC uses line-commutated 

switching devices, such as Thyristors, and the VSC-HVDC uses self-commutated 

switching devices, such as IGBTs, MOSFETs and GTOs [12, 13]. 

The function and location of converter stations have serval configurations that 

can be used in both converter station schemes, such as Monopolar, Bipolar, Homopolar, 

Back-to-back and Multi-terminal [14, 15]. 

▪ Monopolar HVDC system 

Two converters are separately connected by a single pole line and a positive and 

negative DC voltage. Submarine cables are widely used in this transmission system, 

which connects two AC systems. The current return path is via grounding, sea, or a 

metallic conductor. 

▪ Bipolar HVDC system 

The bipolar configuration is composed of two monopolar systems, namely, one 

flows with a positive polarity and the other with a negative polarity, as shown in Fig. 

1-6 (b). Two converters of equal-rated voltage have series connections on the DC side 

of each terminal. Both pole currents are equal and have zero ground currents during 

normal operations. This HVDC configuration is commonly used in CSC-HVDC via 

an overhead line to transmit power between AC systems. The highlight of this 

configuration is that the other pole can continue to transmit power with high reliability 

despite a pole failure. 
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▪ Homopolar HVDC system 

Homopolar HVDC systems have two or more conductors with negative polarity, 

which can be operated with ground or metallic return paths. These two poles can be 

operated in parallel. The homopolar configuration has the advantage of lower 

installation costs. However, the return current is the major drawback. 

▪ Back-to-back HVDC system 

Back-to-back HVDC systems are the common choice for two asynchronous AC 

systems because the two converters are located at the same or nearby sites. The two-

AC system may have the same or different nominal frequencies. A short length line or 

no line is used for this configuration because of the location of the converters. 

▪ Multi-Terminal HVDC system 

In the multi-terminal HVDC (MT-HVDC) configuration, two or more sets of 

converters have the option to be connected in parallel or series. The layouts are shown 

in Fig. 1-6 (e) and (f). Over the last two decades, MT-HVDC control and 

communication between sets of converters have developed significant complexity, 

particularly in CSC converters. With increased research in VSC converters, the 

improvement of control strategies design plays an essential role in MT-HVDC [2]. 
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Fig. 1-6 Different HVDC configurations [9, 12-15]  

According to the Siemens overview report, Siemens is involved in 43 HVDC 

projects with LCC converters in operation or nearing completion in 18 different 

countries and regions. In addition, there are 23 HVDC projects in 121 countries with 

VSC or MMC converters [16]. Rte International regularly updates their newsletter on 

industrial projects related to HVDC. The following two tables are from data they have 

collated [17].  

 

 

 

(a) Monopolar (b) Bipolar 

 

 

 

 

(c) Homopolar (d) Back-to-back 

 

 

 

 

  

(e) Parallel Multi-terminal (f) Series Multi-terminal 
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Table 1-1 Summary of the worldwide LCC-HVDC project from 2019 to 2022 [17] 

Name Year 

commissioned 

Power (MW) Nominal 

Voltage (kV) 

Converter 

Manufacturer 

Raigarh-

Pugalur, India 

2019 6000 800 Hitachi ABB 

HVDC 

MON.ITA 

Project, Italy 

2019 1000 ±500 Toshiba 

Xingu-Rio, 

Brazil 

2019 4000 800 NARI, XD,CET 

Wudongde 

multi-terminal 

UHVDC 

demonstration 

project 

 

2021 

 

6000 

 

800 

/ 

3-Terminal, 

Yunan 

(Thyristor), 

Guangdong and 

Guangxi (IGBT) 

Ethiopia–Kenya 

HVDC 

Interconnector 

2022 

(Ongoing) 

2000 500 Siemens 

 

 

 

 

 

 

 

Table 1-2 Summary of the worldwide VSC-HVDC project from 2019 to 2022 [17] 

Name Year 

commissioned 

Power 

(MW) 

DC 

Voltage 

AC 

Voltage 

Converter 

Manufacturer 
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(kV) (kV) 

Hokkaido-

Honshu, 

Japan 

2019 300 ±320 275 Toshiba 

Yu’E, China 2019 4×1250 ±420 / RXGK, XuJi 

Electric and 

C-EPRI 

COBRAcable, 

Denmark-

Netherland 

2019 700 ±320 400/400 Siemens 

BorWin3, 

German 

2019 900 ±320 400/400 Siemens 

NEMO, UK-

Belgium 

2019 1000 ±400 400/380 Siemens 

ALEGrO, 

Germany-

Belgium 

2020 1000 ±320 380/380 Siemens 

Energy 

 

Zhangbei 

Phase1, China 

 

2020 

 

2×3000 

 

±535 

 

500/500 

NR Electric, 

XuJi 

Electric, C-

EPRI, 

SiFang and 

Hitachi ABB 

Krieger-Flak 

Combined 

Solution, 

Germany-

Denmark 

 

2020 

 

410 

 

±140 

 

150/400 

 

Hitachi ABB 

NordLink, 

Norway-

Germany 

2020 1400 ±525 0/400/380 Hitachi ABB 

KunLiuLong/ 

Wudongde 

CSG, China 

2020 5000 

3000 

±800 525 RXHK, 

XuJi, TBEA, 

NARI, 
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Xidian 

IFA2, UK-

France 

2021 1000 ±320 400/400 Hitachi ABB 

SW Link, 

Sweden 

2021 2×720 ±300 400 GE 

Rudong 

offshore wind 

farm, China 

2021 1100 ±400 220/500 RXHK, XJ 

Group 

North Sea 

Link, 

Norway-UK 

2021 1400 ±515 420/400 Hitachi ABB 

Pugalur – 

Thrissur, 

India 

2021 2×100 ±320 / Siemens 

Energy 

ElecLink, 

UK-France 

2022 1000 ±320 400/400 Siemens 

Energy 

Guangdong 

(partial), 

China 

2022 2×1500 ±300 / RXHK and 

Partners 

Compared to HVAC transmission, the HVDC system can cover long distances 

and has low transmission losses. At the same time, the transmission lines of the HVDC 

system require less space, which reduces the environmental impact. More importantly, 

HVDC systems have better control of voltage and current, which improves the stability 

of the interconnected grid and allows for the interconnection of two asynchronous 

grids [12, 13]. Due to these characteristics, the HVDC system is a solution for 

connection to offshore wind. 
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1.4  Motivation and contribution 

1.4.1 Research question 

The previous section describes the HVDC as an attractive solution used for 

offshore HVDC system transmission. However, this research addresses certain 

questions. The problem of offshore HVDC systems is summarized by many research 

studies in the works of literature [12, 18, 19] including the cost, footprint and 

efficiency. Many converter topologies are used for offshore converter station as 

explained later and detailed reviewed Chapter 2. This thesis is intended to improve the 

topology of a series-connected hybrid converter used on the offshore side by providing 

a cost-effective and smaller footprint offshore converter station option for academic 

and industrial use. 

1.4.2 Research motivations and objectives 

Among the commercial applications used in HVDC systems, the LCC-HVDC 

and VSC-HVDC have a large market share. LCC HVDC system is a mature 

technology used to transmit power over long distance, with larger capacity, high 

reliability and low power loss. Besides, the external voltage source needs to 

communicate, and the larger passive filter needs to eliminate harmonics. Compared to 

LCC-HVDC, the VSC-HVDC system can provide a robust control ability to regulate 

the offshore AC voltage and frequency. However, high installation costs and high 

switching loss are the main drawbacks of the VSC-HVDC system. 

To reduce the cost of HVDC systems, the DR-HVDC has been proposed for 

offshore transmission systems. The frequency and AC voltage regulation in this 

configuration relies on the wind turbine controller, since the diode rectifier is an 

uncontrollable device. DR-HVDC system provides low-cost, low power loss, high 
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reliability, and small footprint features to an HVDC system.  

In addition, the HVDC system based on a hybrid converter has been proposed for 

offshore converter stations. Such hybrid converters comprise a reduced-power 2-level 

VSC converter connected in series with a higher-power 12-pulse diode rectifier. In this 

configuration, the series connection of this hybrid converter combines two kinds of 

power electronics converters and reduces the overall investment, cost, footprint, and 

power loss. The VSC converter can also regulate frequency, AC voltage, DC voltage 

and harmonic current at the offshore PCC. 

Compared to other technologies, the HVDC system based on a hybrid converter 

shows a low investment cost, small footprint, and high efficiency and reliability. 

However, the current offshore hybrid converter lacks the standardization of control 

strategies, for example, the selection of the control system of wind turbine and hybrid 

converter when the hybrid converter is connected to the offshore wind farm. In 

addition, there are still other power converter options available in the market. This 

thesis will investigate the potential improvement of hybrid converters in terms of 

design, control and operation. And test their performance on the PSCAD/EMTDC 

environment. Two control strategies for offshore converter station will be investigated. 

The development of the improved hybrid converter will focus on the power electronic 

structures and controllers to improve steady state and dynamic performance. In 

addition, a fast harmonics compensation controller is also proposed in hybrid converter 

applications. 

1.4.3 Thesis contributions 

The contributions of this thesis are shown below: 

➢ A hybrid converter based on 6 pulse diode rectifier and a VSC converter 
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is proposed, which includes two control strategies that suit different 

situations. Two control strategies are investigated and discussed, 

frequency and voltage controller enables the proposed hybrid converter 

functions to perform as a grid forming converter to provide fixed 

frequency and voltage. The other proposed control strategy uses the wind 

turbine side converter to serve as a grid forming converter. The proposed 

converter structure and control system avoid complexity, which reduces 

initial cost and footprint while providing a test bed for hybrid converter 

design. 

➢ Vienna rectifier is proposed to be a part of the hybrid converter, which is 

series connected with 2-level VSC converter. The proposed hybrid 

converter provides a low cost and low harmonics feature. As the Vienna 

rectifier replaces the diode rectifier of the hybrid converter, the harmonic 

current compensation controller can be a backup option when the 

switching fault occurs at the Vienna rectifier. In other words, the VSC of 

the hybrid converter performs as a built-in active power filter, which 

provides a backup capability for harmonic current compensation. 

➢ An easy-to-tune harmonic current compensation controller is used in 

hybrid converter applications, including a hybrid converter based on 6 

pulse diode rectifier and VSC converter and a hybrid converter based on 

a Vienna rectifier and VSC converter, which uses the synchronous 

reference frame (SRF) based on PI controller in the proposed control 

system. The proposed controller reduces the complexity of the hybrid 

converter control system. 

➢ A two-degrees-of-freedom internal model controller is proposed in the 

hybrid converter to replace the PI controller used in the SRF harmonic 

compensation approach, which provides fast harmonics compensation 
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response time due to the elimination of the low-pass filter during the 

control process when switching the control mode of the hybrid Vienna-

VSC converter. 

1.5  Author’s publication 

[1] S. Tian, D. Campos-Gaona, V. A. Lacerda, R. E. Torres-Olguin, and O. 

Anaya-Lara, “Novel Control Approach for a Hybrid Grid-Forming HVDC Offshore 

Transmission System,” Energies, vol. 13, no. 7, p. 1681, Apr. 2020. (Chapter 3) 

Abstract: This article describes a hybrid topology of high-voltage direct current 

(HVDC) for offshore wind farms using a series connection of a voltage source 

converter (VSC) and 6 pulse diode rectifier (6P-DR). In this topology, the offshore 

side VSC (OF-VSC) acts as a grid-forming converter to maintain the PCC (point of 

common coupling) voltage of offshore wind farms (WF) and frequency. In addition, 

the OF-VSC functions as an active power filter to suppress the 5th, 7th, 11th, and 13th 

order harmonic current components produced by the 6P-DR, making it almost 

sinusoidal. Due to the 6P-DR being used in the hybrid converter, this new 

configuration reduces the total cost of the converters and losses, while preserving the 

power flow to the onshore gird. Compared to the fully-rated converter and hybrid 

converter based on a 12-pulse diode rectifier, the power loss and cost are reduced, and 

in addition, the proposed hybrid converter does not require a phase shift transformer 

nor a high number of diodes. A 200 MW in an HVDC transmission system using the 

hybrid configuration was simulated in PSCAD. The results show that the system 

operated correctly and the harmonic components were filtered. 
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[2] S. Tian, D. Campos-Gaona, R. Pena-Alzola, and O. Anaya-Lara, "Fast 

Harmonic compensation in hybrid HVDC offshore system," Journal of Physics: 

Conference Series, vol. 2362, no. 1, p. 012040, 2022/11/01 2022, doi: 10.1088/1742-

6596/2362/1/012040. (Chapter 5) 

Abstract: Hybrid HVDC systems have been proposed as an alternative for 

nominal VSC-Based HVDC for offshore applications. Hybrid HVDC systems consist 

of an offshore power station composed of the connection of high-power diode rectifiers 

in series with a fractional power VSC-HVDC. This hybrid configuration allows large 

power transfer from offshore sites, with the added robustness, simplicity and efficiency 

of uncontrolled rectifiers. In this research, a robust and fast-acting controller, the Two 

Degrees of Freedom Internal Model controller (2DF-IMC), is used to control the active 

power filter features of the fractional-power VSC-HVDC system, resulting in a much 

faster overall THD reduction in the offshore AC currents in dynamic conditions (i.e. 

time-varying wind power) when compared with standard active power filter 

controllers. This improvement is the direct consequence of the fast closed-loop 

dynamics of the 2DF-IMC controller that do not require filtering stages. Additionally, 

the increased closed-loop response time did not affect the overall robustness of the 

control system, thanks to the enhanced disturbance rejection capabilities of the 2DF-

IMC configuration. 

[3] S. Tian, D. Campos-Gaona, R. Pena Alzola, and O. Anaya-Lara, “Low 

Harmonics Offshore Hybrid HVDC System Based on Vienna Rectifier and Voltage 

Source Converter with Back-up Capability,” Submitted to IEEE Transaction on 

Energy Conversion (under second review) (Chapter 4 & 5) 

Abstract: High voltage direct current transmission system is attractive solution 

for transmit power from offshore to onshore, offshore HVDC system has been used to 
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reduce the carbon emission to achieve the Zero Carbon goal. However, the high 

installation cost and low reliability impose few challenges for the offshore wind 

development. To address these challenges, few low-cost topologies for offshore 

converter station is proposed, such as, the HVDC system based on diode rectifier (DR) 

and the HVDC system based on hybrid converter. In this paper, a hybrid converter 

based on Vienna rectifier and Voltage Source Converter (VSC) is proposed for 

offshore HVDC system, which provide a low-cost, low-harmonics and high reliability 

option. In addition, VSC of hybrid converter can be operated as an active power filter 

to suppress the harmonic current at PCC point in case of the IGBTs of Vienna rectifier 

is fault. The harmonics compensation controller is used serval synchronous reference 

(SRF) technique tuned by two-degrees-of-freedom internal model controllers(2DF-

IMC) for reducing harmonics cancellation process time. All the results in 

PSCAD/EMTDC verify the proposed hybrid converter operated in its control strategy. 

1.6  Thesis Structure 

This thesis is organized as follows: 

Chapter 2 presents the general review of offshore HVDC systems based on 

different converter topologies, including the basic structure and control system LCC-

HVDC, VSC-HVDC, DR-HVDC and hybrid converter based HVDC. In addition, the 

types of wind turbines are reviewed. 

Chapter 3 presents a control system including a fundamental control system and 

harmonic compensation control for the proposed converter based on 6P-DR and VSC 

converter. Two control strategies are proposed and verified in the PSCAD environment. 

In addition, PSCAD simulation results verify the performance of the hybrid converter 

and the effect of the harmonics compensation controller using the synchronous 

reference frame technique. 
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Chapter 4 develops the hybrid converter, which uses advanced power electronics. 

The Vienna rectifier series connects with the VSC converter. It shows enhanced 

performance, including low cost, low harmonics and high reliability. In addition, the 

VSC converter of the hybrid converter has the ability to multifunction control, which 

provides different control strategies to deal with different dynamic events. 

Chapter 5 proposes a fast harmonics compensation controller used in the hybrid 

converter control system. Two Degrees of Freedom Internal Model Controller (2DF-

IMC) replaced the conventional PI controller, used in harmonics compensation 

controller in hybrid converter application. The proposed converter provides a fast 

response to set-point, an easy-to-tune process and a strong disturbance rejection 

solution for hybrid converter harmonics current compensation controller. 

Chapter 6 draws a conclusion and future work suggestions. 
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Chapter 2 Literature Review 

2.1  Introduction 

This chapter provides an overview of HVDC connected offshore wind farms. 

Firstly, this chapter briefly introduces the types and development of wind turbines 

(WTs), and secondly, the AC/DC converters currently used for energy. In addition to 

the well-known Line-Commutated Converter (LCC), Voltage Source 

Converter/Multi-Level Modular Converter (VSC/MMC), and diode rectifier, this 

thesis also discusses the Vienna rectifier's typical topology and operation. This Vienna 

rectifier will be one of the contributions to this thesis. Subsequently, this chapter 

outlines the HVDC scheme currently discussed in offshore wind farm, which includes 

the operation and control, along with part of the required equipment and advantages 

and disadvantages of this HVDC scheme. Though the discussion of the converter and 

HVDC scheme are outlined and summarized, as the hybrid converter can functions as 

controllable converter while reducing investment and footprint in offshore, it will be a 

main topic of discussion in the rest of thesis. Towards the end of the chapter, potential 

enhancements that can be made to the hybrid converter are discussed. These include 

the selection of power electronic compensation, the choice of harmonics controller and 

strategies to expedite the compensation of harmonic controllers. 

2.2  Wind turbine generator types 

The four types of wind turbines (WTs) are divided into two categories according 

to whether they are the variable speed type. Type I squirrel-cage induction generator 

wind turbines (SCIG-WT) are defined as fixed-speed WTs. Categories of variable-

speed WTs include Type II wound rotor induction generator WTs (WRIG-WT), Type 

III doubly-fed induction generator WTs (DFIG-WT), and Type IV fully-rated 
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converter WT (FRC-WT)[8, 9, 20]. The diagram of WT topologies is shown in Fig. 

2-1. 

⚫ Type I SCIG-WT 

A SCIG-WT is driven by the WT through a gearbox and directly connected with 

a soft starter and step-up transformer. Additionally, a larger capacitor bank is needed 

in SCIG-WT to consume reactive power caused by the induction generator. The 

induction generator provides an almost constant rotational speed, which varies by 

generator slips (maximum of 1%). Owing to its simple structure and low cost, SCIG-

WTs were used in early wind farms. In recent years, they have been gradually 

eliminated from the wind market share because of low energy conversion [21].  

⚫ Type II WRIG-WT 

The variable resistance of WRIG-WT is controlled for variable speed during 

operation, and the diagram of its topology is shown in Fig. 2-1 (b). The variable 

resistance is a series connected with an induction generator; it is also known as 

OptiSlip [22]. Since the mid-1990s, products from the Danish manufacturer Vestas 

have been used in wind power markets. Due to the controlled variable resistance, the 

range of rotating speed is typically 0%–10% above the synchronous speed. However, 

the high loss caused by additional rotor resistance is a limitation of WRIG-WTs. 

⚫ Type III DFIG-WT 

The typical DFIG topology diagram is shown in  Fig. 2-1 (c). Its structure 

compares a wound rotor induction generator and back-to-back converters. Its structure 

has a wound rotor induction generator and back-to-back converters. The windings of 

the induction generator are directly connected to the grid through a back-to-back 

converter that consists of a rotor side converter (RSC) and grid side converter (GSC). 
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Its power rating is about 20%–30% of the DFIG rating. Owing to the back-to-back 

converter of DFIG-WT, active power can be generated at a constant frequency and 

voltage over a wide of synchronous speeds. In addition, the active power magnitude 

and direction between the induction rotor and grid can be controlled. The rotational 

speed of DFIG decoupled with the synchronous frequency can be varied at a range of 

±25% by controlling the injected rotor current. The main shortcomings of DFIG-WT 

are the slip-rings and complex external fault solutions [20, 23, 24]. 

⚫ Type IV FRC-WT 

The basic structure of FRC-WT is shown in Fig. 2 3 (d), and it includes the 

induction or synchronous generators connected via back-to-back converters to link AC 

grids. The back-to-back converter consists of RSC and GSC, which play an important 

role in FRC-WT. Owing to the back-to-back converter, independent control can be 

applied to the WT, including active power control, reactive power control, and voltage 

control. Among all FRC-WTs, permanent magnetic synchronous generators attract 

much attention in the wind market, because of low maintenance costs, high reliability, 

and easy controllability. The main drawback of Type IV WTs is the high cost of fully 

rated back-to-back converters [25, 26]. 
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Fig. 2-1 Diagram of Wind Turbines: (a) SCIG-WT, (b) WRIG-WT, (c) DFIG-WT, (d) FRC-

WT [8, 9] 

 

2.3  Review of AC/DC Converters Used for Offshore Wind 

2.3.1 Line-Commutated Converter 

The first commercial HVDC project, Gotland 1, was built in 1954. It used two 

6pulse converters in a series connection operated as a twelve-pulse converter to link 

Gotland to Sweden mainland grid. LCC converters have attracted more attention and 

development over the past years. The first completed LCC-HVDC based on thyristors 

was constructed by General Electric (GE) in Eel River, Canada, and started service in 

1972 [27]. The LCC converter has been widely used in HVDC systems owing to high 

reliability, low maintenance requirements, reduced power losses, and lower costs [13, 

14]. 

Fig. 2-2 shows the six-pulse thyristor bridge and twelve-pulse thyristor bridge. 
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The twelve-pulse bridges are more widely used in HVDC systems than the six-pulse 

thyristor bridges. The 5th and 7th harmonic currents are eliminated at the AC side 

because the twelve-pulse thyristors bridges are connected with three winding 

transformers in a Y/Y/∆ connection, and there is a 30-degree phase shift between two 

current waves caused by two windings at the secondary side. Additionally, an AC filter 

is required at the AC side to consume harmonics at the AC side and provide reactive 

power to the LCC converter. 

Although they are the more mature converters in HVDC systems, the LCC is not 

suitable for all offshore HVDC applications. For example, a weak grid cannot provide 

the strong external voltage required for LCC commutation, which results in 

commutation faults. In addition, larger reactive power compensation devices are 

needed for the AC side, which leads to larger footprints in offshore substations. 
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Fig. 2-2 Diagram of LCC converter: (a) six-pulse bridge LCC converter and (b) twelve-

pulse bridge LCC converter 

2.3.2 Voltage Source Converter 

A VSC converter consists of insulated gate bipolar transistors (IGBTs) known as 

self-commutated switching devices and anti-parallel diodes. The three-phase two-level 

VSC converter is shown in Fig. 2-3. The switching devices of VSC can open and close 
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periodically, and VSC current can operate leading or lagging the AC system. Therefore, 

VSC can consume or supply the reactive power of its connected AC grid, and there is 

no need for a reactive power compensator unlike LCC-HVDC [13, 14]. VSC is the 

most competitive technology for offshore HVDC system because of the following 

advantages [28]. 

✓ VSC-HVDC enables the pulse-width modulation (PWM) control strategy, 

which provides independent control of current, voltage, active power, and 

reactive power 

✓ VSC-HVDC limits fault current during AC current faulting 

✓ Bidirectional power flow without DC voltage reversal 

✓ Small size AC filter 

✓ Black-start capability 

In 1997, the first HVDC system based on a two-level VSC converter was tested 

in Sweden. The first commercial VSC-HVDC was operated by ABB, which was a 50 

MW ± 80 kV system with a submarine cable linked to Gotland, Sweden [29]. After 

the development of the VSC converter, there are various weak points of the 2-level 

VSC converter used in the HVDC system.  

 Difficult to operate in high power applications 

 Harmonic current filter is required 

 High power loss 

 Overcurrent is discharged by DC capacitors when DC faults 
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Fig. 2-3 Two-level VSC converter 

Modular Multilevel Converter (MMC) was first proposed in 2001 to overcome 

the drawbacks of a 2-level VSC converter. In recent years, academic and industrial 

research has made extensive improvements in developing attractive converter 

topologies for HVDC applications. Fig. 2-4 shows the MMC schemes and its sub-

modules (SMs), including the half-bridge, full-bridge, clamp-double, three-level 

flying-capacitor converter (FC), three-level neutral-point-converter (NPC), and five-

level cross-connected SM. Each phase leg of MMC consists of series SMs and series 

inductances SMs of the arms are controlled to AC voltage, and the inductance 

suppresses inrush and high-frequency currents. Generally, PWM techniques are used 

in VSC, such as selective harmonic elimination, space-vector modulation (SVM), and 

sinusoidal PWM (SPWM). These can be employed in MMC converters but are not the 

best choices for MMC converters. To overcome the more significant number of cells 

per arm modulation in MMC converters, staircase modulation is used. Each output 

voltage of the sub-modules can be regulated, and the overall output voltage of the arms 

can form almost ideal sinusoidal waveforms [30, 31].  
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Fig. 2-4 MMC converter and its SMs: (a) Half-bridge, (b) Full-bridge, (c) The clamp-

double, (d) The three-level FC, (e) The three-level NPC, and (f) The five-level cross-

connected SM [13, 30-32] 

A few studies have summarized the highlights of MMC converter over VSC[13, 

30-32]: 

✓ Low power losses 

✓ High modularity, fast response and controllability 

✓ No AC filter or small AC filter is required 

✓ An ability to ride when DC faults 
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2.3.3 Diode Rectifier 
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(a)  (b)  

Fig. 2-5 Diagram of diode rectifier: (a) six-pulse bridge diode rectifier and (b) twelve-pulse 

bridge diode rectifier 

Fig. 2-5 shows the diagram of a 6 pulse diode rectifier bridge and a twelve-pulse 

diode rectifier bridge. Similar to the 12 pulse LCC bridge, the AC side of the twelve-

pulse diode rectifier connects with a three-winding transformer, and the 5th and 7th 

harmonic currents are suppressed by the voltage phase shift of the secondary winding. 

In recent years, the 12-pulse diode rectifier bridge has been proposed for offshore 

HVDC systems where the AC side connects to the offshore wind farm and the DC side 

connects with onshore DC networks. The larger harmonic filter bank is connected to 

the AC side to filter the harmonic current. Compared with other power electronics used 

in offshore wind HVDC systems, it has several advantages and disadvantages [33]. 

✓ Simple structure and small footprint 

✓ Low initial cost 

✓ High reliability 

✓ Low power losses 

 Uncontrollable device. Its AC voltage and frequency depend on the 

converter of the WT 

 A larger harmonics filter bank is required 
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2.3.4 Vienna Rectifier 

The Vienna rectifier is a three-phase three-level boost AC/DC converter with 

PWM modulation. The Fig. 2-6 shows the original topology of the Vienna rectifier. 

This topology was first proposed in 1997 by Professor Kolar [34, 35]. It is widely used 

in telecommunication applications to implement a 12-kW telecommunications power 

supply. Compared to other AC/DC power electronics, Vienna rectifiers have several 

advantages: 

✓ Low harmonics, approximately sinusoidal current 

✓ Controlled power devices 

✓ Low-blocking voltage stress 

✓ High power density, high efficiency and high reliability 

✓ Simple control system and circuit structure 

The Vienna rectifier attracts more attention in other applications, for example, an 

electrolyzer based on a Vienna rectifier and an electric vehicle (EV) charger [36, 37]. 

In addition, a few studies investigate the possible applications of the Vienna Rectifier 

in renewable energy systems. The reference takes a survey of the Vienna Rectifier 

used in the HVDC system ￼, and the Uses of the Vienna rectifier have been 

considered for WT technology in [39, 40]. 
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Fig. 2-6 Original Vienna Rectifier topology 

There are two Vienna rectifier topologies (I-Type Vienna rectifier and T-type 
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Vienna Rectifier) developed from the original topology, and its circuit structures are 

shown in Fig. 2-7 and Fig. 2-8 [38]. The Vienna rectifier can work as a three-phase, 

three-level, neutral point converter with unity power control. In this thesis, the 

utilization of the Vienna rectifier as a part of the hybrid converter used for the offshore 

HVDC system will be discussed in Chapter 4. 
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Fig. 2-7 I-type Vienna Rectifier topology 
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Fig. 2-8 T-type Vienna Rectifier topology 

2.4  Control and operation of existing Offshore HVDC System 

2.4.1 LCC-HVDC 

HVDC systems based on LCC converters are a mature technology for connecting 

with offshore wind farms. LCC-HVDC can connect with wind farms based on DFIG-

WTs or PMSG-WTs. The following section introduces the LCC-HVDC operation and 

control with different types of WTs. 
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a) LCC-HVDC connect to DFIG-WTs Offshore wind farm with STATCOM 

As a mature technology, the LCC-HVDC can be operated at high power levels, a 

submarine cable can be used, and the maximum transmitted power can reach 1200 

MW. However, the LCC-HVDC requires a communication link at the PCC point with 

offshore wind farms. The synchronous compensator (SC) or STATCOM could be 

implemented in LCC-HVDC systems. Reference [41] presents the LCC-HVDC 

system connections for DFIG-WTs, and the topology and control system are shown in 

Fig. 2-9. 

The STATCOM device can perform as a grid-forming converter to control the 

offshore AC voltage at a constant magnitude. Additionally, the phase angle and 

frequency are controlled with fixed values by STATCOM. The LCC converter can be 

used in offshore converter stations with the AC side of the LCC converter connected 

to DFIG-WTs at the PCC point and the DC side of the LCC converter connected with 

the onshore converter station that controls the DC voltage to regulate onshore DC 

networks for power balancing between offshore to onshore [41, 42]. 

When DFIG-WT is operating while connected to an HVAC system, the MSC 

converter controls the torque and reactive power to regulate the rotor current, and the 

GSC converter controls the DC voltage of the WT and reactive power. 
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Fig. 2-9 Layout of LCC-HVDC with STATCOM connected DFIG-WTs and control system 

[41, 42] 

b) LCC-HVDC connect to DFIG-WTs Offshore wind farm without 

STATCOM 

Fig. 2-10 shows the LCC-HVDC connected to DFIG-WTs without STATCOM 

devices. Compared to LCC-HVDC with STATCOM, the control system of DIFG-

WTs has different control strategies. DFIG-WTs are used for maintaining the PCC AC 

voltage for communication. The MSC converter controls the stator flux and torque 

while the GSC converter controls the DC voltage and reactive power. The offshore 

LCC converter controls the offshore AC network frequency by regulating the firing 

angle. The offshore AC voltage is controlled in the desired range because the DFIG-

WT stator voltage combines the stator flux controlled by the MSC converter and the 



 

33 

 

offshore network angular frequency controlled by the LCC converter [43, 44]. 
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Fig. 2-10 Layout of LCC-HVDC without STATCOM connects with DFIG-WTs and control 

system [45, 46] 

c) LCC-HVDC connect to PMSG-WTs Offshore wind farm 

Fig. 2-11 shows the configuration and control system that provides a solution for 

LCC-HVDC connected to PMSG-WTs. The MSC converter of PMSG controls the 

torque and stator flux, and the GSC converter controls the DC voltage of the WT and 

Q-f control. The Q-f controller provides the correct offshore AC network frequency 

by tuning the reactive power of PMSG-WTs. Therefore, the offshore LCC converter 

controls the PCC AC voltage magnitude by its firing angle. In this configuration, 

PMSG-WTs provide a simple structure and reduce the cost of HVDC systems because 

they do not require additional STATCOMs. However, PMSG-WTs need to remotely 

measure the voltage at the PCC point, which reduces the robustness of the control 

system. This is the main disadvantage of this configuration and control strategy [47, 

48]. 
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Fig. 2-11 Layout of LCC-HVDC without STATCOM connected PMSG-WTs and control 

system[47] 

 

2.4.2 VSC-HVDC 

Fig. 2-12 shows the VSC-HVDC connected to an offshore wind farm based on 

PMSG-WTs. The control system of the WTs is similar to the control system connected 

to the HVAC system. The active power and reactive power are controlled by the MSC 

converter, and the GSC converter controls the overall DC voltage of WT and the 

reactive power. If the offshore VSC converter can be assumed to be an infinite AC 

voltage source to regulate offshore AC voltage and frequency, then the power 

generated by the wind farm is absorbed by the VSC converter and transmits active 

power from the offshore wind farm to the onshore station. The onshore VSC converter 

is similar to the other transmission methods, i.e., controlling the overall HVDC DC 

voltage to connect the two networks. In addition, the VSC-HVDC system has the 

ability to black-start and limit the current during faults [49, 50].  
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Fig. 2-12 Layout of VSC-HVDC system connected with PMSG-WT and control system [49, 

50] 

 

 

2.4.3 DR-HVDC 

To reduce the costs and footprints of offshore converter stations, DR-HVDC is 

being investigated by many researchers. Compared to other technologies, the diode 

rectifier is an uncontrollable converter, and the offshore AC voltage relies on the GSC 

of the WT. Other barriers need to be discussed, such as the frequency of the offshore 

AC network needing to be regulated by the WT. In this configuration, the diode 

rectifier transmits power from offshore to the onshore grid, and the AC side of the 

offshore diode rectifier connects to FRC-WTs (e.g., PMSG-WTs)[33]. The DC side is 

connected to the onshore converter station based on VSC converters or MMC 

converters to control the DC voltage and regulate the overall DC voltage of the HVDC 

system [50, 51]. In this section, several typical control strategies of DR-HVDC will be 

introduced. 
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a) Control system based on FixRef system 
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Fig. 2-13 WT control system of DR-HVDC based on FixRef frame [52] 

A FixRef technique is proposed for offshore WTs that connect with a DR-HVDC 

system. This technique was proposed in [52] for a weak grid using power electronics 

as a voltage-oriented control (VOC) method. The global position system (GPS) 

external system provided a fixed frequency and common angular reference for the 

WTs, which replaced the phase-locked-loop (PLL). The configuration of DR-HVDC 

used on FixRef is shown in Fig. 2-13. The MSG converter controls the active and 

reactive power, while the GSC converter controls the DC voltage in the d-axis and the 

Vq/iq droop in the q-axis. 
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b) Control system of WT without the communication device 

The decentralized control system without a communication device was proposed 

in reference. The configuration and control system are shown in Fig. 2-13. The MSC 

converter controls the active power and reactive power, while the MSC converter 

controls the DC voltage of WT. The DC link voltage is aligned with the rotating d-axis 

reference by controlling reactive current. In addition, the reactive power-frequency 

droop (Q/f-droop) control loop is used to regulate the WT phase angle according to 

the formula 𝜔∗ = 𝐾𝑝(𝑄𝑤𝑓 − 𝑄𝑤𝑓
∗ ). However, the phase regulation without the PLL 

technique proposes a few challenges, such as synchronization issues during initial 

start-up, and difficulty in controlling the AC voltage without an AC voltage controller 

when it operated in an isolated mode and low wind conditions [44, 53]. 
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Fig. 2-14 Control system of WTs in DR-HVDC [44, 54, 55] 
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c) Control system of WT used the distributed-PLL technique 

The control method based on a distributed-PLL technique is proposed [56], which 

was a part of the EU PROMOTioN Project. PROMOTioN project is funded by the EU 

Horizon 2020 Research Program, which took a holistic approach to address the design, 

development, and deployment of EU’s energy infrastructure in technical, financial, 

regulatory, managerial and policy areas [57]. The distributed PLL technique does not 

require an additional communication device or GPS, and it can be considered an 

automatic synchronization process. In addition to the phase angle regulation shown in 

Fig. 2-15. An additional frequency controller is used in q-axis control. as shown in Fig. 

2-15. In the GSC control system, the signal that is regulated through the active power 

controller is sent to the d-voltage and d-current control loops. The signal tuned by the 

reactive power sharing and frequency controllers is forwarded to the q-voltage and q-

current controllers. The distributed PLL technique provides a simple and fast 

frequency regulation method. 
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Fig. 2-15 Distributed PLL Control system of WTs in DR-HVDC system [56] 

 

2.4.4 Hybrid-HVDC 

A hybrid converter topology in series connections with a Diode Rectifier and a 

VSC is proposed in 2014, which was used for offshore HVDC systems. The HVDC 

configuration based on the proposed hybrid converter is shown in Fig. 2-16. In this 

configuration, DR is series connected with VSC at an offshore converter station to 

transmit power from OWF to the onshore grid via cables. The AC side connects with 

the offshore wind farm PMSG, whereas the DC side of the hybrid converter connects 

to the onshore converter station. The onshore converter station is based on the VSC or 

MMC, which controls the DC voltage of the HVDC system[58]. In a series connection 

topology, the transmitted power by each converter section is relevant to the DC voltage 

of the hybrid converter, and the transmitted power is proportional to the DC voltage. 

Because DR is an uncontrollable power device, the VSC of a hybrid converter 

regulates the offshore AC voltage magnitude and frequency, as well as the DC-link 
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voltage of the VSC. In addition, the VSC functions as an active power filter at the PCC 

point to filter out the harmonic current caused by the diode rectifier. The 11th and 13th 

harmonic currents are tuned by a proportional-resonant (PR) controller with PWM 

modulation in the main control system [59, 60]. 

Compared to other techniques in HVDC systems, a series connection topology 

provides a potential solution for offshore wind farms. The hybrid converter aims to 

combine the advantages of different power electronics converters and overcome their 

disadvantages by control strategies. The efficiency of a hybrid converter based on 12-

P DR and VSC is almost 99.07%, which is higher than the 98.4% of a fully rated VSC-

HVDC system, and the cost of a hybrid converter is lower than the VSC-HVDC. In 

addition, the footprint of a hybrid converter is also smaller than VSC-HVDC, and a 

smaller AC filter is required due to VSC functions as active power to filter low 

frequency currents[60]. 
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Fig. 2-16 Control system for offshore hybrid converter [59] 
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2.4.5 Comparison of HVDC technology 

Table 2-1 Comparison of offshore HVDC technology 

HVDC transmission 

solutions 

Converter 

component 

Controllability Filter bank size Transformer Initial cost Footprint Advantage Disadvantage 

LCC-HVDC LCC Converter Limited Larger filter bank Three 

windings 

transformers 

are required 

for 12 pulse 

High Large 

footprint 

-Large capacity 

-High reliability 

and low power 

losses 

-Need an external 

voltage source for 

commutation 

-large footprint 

required as the 

breaker-switched 

passive filter 

Two-Level VSC 

HVDC 

Two-Level VSC 

converter 

High Small/Medium filter 

bank 

Two windings 

transformer 

High Large 

footprint 

-AC offshore form 

ability 

-High Switching 

frequency and 

converter loss 

-large numbers of 

IGBTs in series 

MMC-HVDC MMC Converter Highest Small/no AC filter Two windings 

transformer 

Highest Large 

footprint 

-Enhanced power 

quality 

-Higher cost and 

complex control 
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-High Voltage and 

power rating 

-Better 

controllability 

system 

-System complexity 

increased 

-High Harmonic 

Switching losses 

DR-HVDC Diode Rectifier 

converter 

No Larger filter bank Three 

windings 

transformers 

are required 

for 12 pulse 

Lowest cost Smallest 

footprint 

-Low cost and 

small footprint 

-easy maintenance 

and operation 

-complex three-

winding 

transformer 

required 

-Larger AC filter 

required 

-No control ability 

-WTs need to form 

offshore AC 

network 

Hybrid-HVDC Diode rectifier 

converter and VSC 

converter in series 

connections 

High Smallest AC filter or 

No AC filter 

Built-in active 

power filter 

Three 

windings 

transformers 

are required 

for 12 pulse 

Low cost Small 

footprint 

-Variable control 

strategies 

-Increased 

transmission 

capacity and 

reduced cost 

- Control strategies 

between WTs and 

Hybrid converter is 

not clear 

-Harmonics 

compensation 

method needs to be 

discussed 
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Table 2-1 shows a comparison table of HVDC technology, including control 

capabilities, filter size, cost, footprint and advantages and disadvantages. From the 

perspective of power control, MMC-HVDC exhibits strong control capabilities and 

does not require large filters. However, its high cost and large physical footprint 

necessitate additional investment when utilized as an offshore converter. Additionally, 

the complex control system associated with MMC adds complexity to the overall 

system. DR-HVDC provides the most cost-effective solution and has a smaller 

converter footprint compared to other HVDC technologies. However, this technology 

lacks control capability, as all control is reliant on offshore wind turbines. Additionally, 

DR-HVDC employs extremely large filters to mitigate harmonics, which increases 

both the physical footprint and cost. Hybrid-HVDC technology, utilizing a series 

structured hybrid converter, presents a viable alternative for bridging the gap between 

MMC and DR technologies. It boasts a relatively lower cost and physical footprint, 

eliminating the need for excessively large filters for harmonic filtering. Moreover, 

hybrid-HVDC possesses control capabilities and a control system that is less complex 

compared to MMC-HVDC. However, there are still certain aspects of this technology 

that require further improvement, including the control strategy, converter selection, 

and harmonic current controllers. These aspects will be elaborated upon in detail in the 

following paragraphs 

2.5  Potential improvement of HVDC systems based on Hybrid 

converter 

Based on the previous discussion, HVDC systems based on hybrid converters 

provide an attractive solution for offshore wind energy, which decreases the initial cost 

and footprint. However, there are still some limitations that can be improved. This 

section will discuss these issues. 
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2.5.1 Control strategies and harmonics compensation controller 

In the pervious paper, the control system of the hybrid converter was not 

described in detail, including the offshore wind turbine control system and hybrid 

converter system. There is no detailed discussion of the control strategy for a hybrid 

converter in connection with an offshore wind farm. Offshore wind turbine and 

offshore hybrid converter have the potential to maintain AC voltage and frequency, 

Chapter 3 in this thesis provides two control strategies for offshore hybrid converter. 

In [60], the hybrid converter produced a harmonic current due to the diode 

rectifier bridge, and an AC filter was required to suppress the higher harmonic currents. 

In addition, the VSC converter functioned as the 11th and 13th harmonic current 

controllers. In its harmonic current compensation control system, the PR controller 

was used for tuning. The fast set-point change is the highlight for the PR controller, 

which is able to follow the sinusoidal harmonic current references at the desired 

resonant frequency. However, there are some drawbacks to use a PR controller, 

especially for its complex tuning process and stability issues[61, 62]. Additionally, due 

to its narrow infinite gain band, the PR controller is easily influenced by the grid 

frequency. The potential solution of using the second-order generalized integrators to 

construct a nonideal PR controller will lead to a wider band, which could increase 

tracking errors. 

The harmonic current compensation is the main barrier for hybrid converters, 

especially in offshore energy transmission. Thus, improving the harmonic controller 

is one of the motivations of this thesis. The synchronous reference frame (SRF) 

controller will be introduced in a hybrid converter to cancel the harmonic current at 

the PCC point, which provides an uncomplicated control system with an easy-to-tune 

function [63-65]. This technique will be used in the hybrid converter based on the 
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diode rectifier and VSC converter and the hybrid converter based on the Vienna 

rectifier and VSC converter in Chapter 3 and Chapter 4. 

2.5.2 The Choice of Power electronic devices 

The hybrid converter in series connections is a novel topology that combines the 

advantages of two or more power devices, and the incorporation of each type of power 

electronics addresses their advantages. In reference [59], a 12-pulse diode rectifier 

connected with a VSC was proposed to reduce the cost and footprint. The power loss 

is lower than a fully rated VSC-HVDC due to the use of a diode rectifier as part of the 

hybrid converter. However, the harmonics were filtered by the harmonic compensation 

controller of the VSC, and an AC filter was still required on the AC side of the VSC. 

The MMC controller was used instead of a VSC converter in [58]. In this choice, the 

AC filter was not necessarily required on the AC side. However, the increased number 

of SMs increased the cost of the hybrid converter. 

In recent years, a few advanced power electronics devices have started to be 

involved in offshore technology. A few converter topologies can be applied in a hybrid 

converter for offshore wind energy transmission. In this thesis, the hybrid converter 

based on 6 pulse diode rectifier and a VSC is proposed to reduce the complexity of 

structures used to reduce initial investment cost and footprint. In addition, the 

advanced power electronics Vienna Rectifier is proposed in offshore converter stations 

to transmit power from offshore wind farms to onshore grids. This improvement will 

be discussed in Chapter 4 

2.5.3 A fast response controller for harmonics compensation at 

hybrid converter 

The built-in auxiliary mode is the advantage of a hybrid converter compared to 
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other converter topologies. The VSC converter functions as active power to cancel out 

the harmonics produced by the series connected converter of the hybrid converter. 

Reference [66] proposed a hybrid converter using the harmonic compensation based 

on a PR controller to eliminate the harmonic components. In addition to this technique, 

the SRF based on a PI controller can provide an easy-tuning solution for harmonic 

compensation [61, 65]. Due to the use of a low pass filter in the SRF control process, 

the response speed of harmonic compensation is reduced. Control processing based on 

two degrees of freedom internal model controller does not require the low pass filter, 

which can be implemented in the hybrid converter, which can provide a fast response 

compensation time for harmonics cancellation [65, 67]. This controller will be 

introduced in Chapter 5, 

2.6  Summary 

In this chapter, four AC/DC converters were outlined and discussed, i.e., LCC 

converter, VSC/MMC converter, diode rectifier and Vienna rectifier. LCC-HVDC, 

VSC-HVDC, DR-HVDC and hybrid-HVDC were reviewed, respectively. The 

advantages and disadvantages of these HVDC links were compared. Although LCC-

HVDC and VSC-HVDC are commercially used for offshore transmission systems, 

DR-HVDC and hybrid HVDC have gained significant attention due to their lower 

investment cost and footprint at the offshore substation. However DR-HVDC is based 

on uncontrollable power electronics and cannot provide the required control functions 

at the offshore side, which needs to be relied on the WTs. However, the hybrid 

converter can act as a controllable device located at the offshore side. Additionally, 

the hybrid converter has a built-in active power filter in order to reduce the size of the 

AC filter on the offshore side, which can reduce the investment cost and footprint 

further. Through the review of the HVDC system based on the hybrid converter, the 

potential improved points were discussed, i.e., power electronics choice, harmonics 
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converter choice and harmonic compensation time reductions. 
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Chapter 3 Hybrid Converter Based on 6P-DR 

and VSC Converter Used for offshore wind 

farms 

3.1  Introduction 

Chapter 2 has discussed several converter topologies used in offshore HVDC 

systems, such as LCC-HVDC, VSC-HVDC, and DR-HVDC. In addition, the series 

connection hybrid converter combines two types of converter topologies used in 

offshore systems to improve power capacity and reliability and reduce power loss, cost, 

and footprint. 

The hybrid converter has a series connection of 12-pulse diode rectifier (12P-DR) 

and VSC. In this configuration, the three-winding transformer connects 12 P-DR to 

the PCC point, and the two windings transformer connects VSC to the PCC point. The 

DC side of both converters is in a series connection [59]. The 12P-DR is an 

uncontrollable device; the hybrid converter control depends on the VSC converter. 

Despite the advantages of hybrid converters, such as cost efficiency and lower power 

loss, the harmonic current remains an unsolved issue. LCC-HVDC and DR-HVDC use 

a larger filter to suppress the harmonic components. There is also an additional device 

for the offshore transmission system. For harmonic currents, the hybrid converter has 

a built-in filter to cancel out the harmonics, and the VSC converter functions as an 

active power filter to estimate the harmonics. The proportional-resonant controller (PR 

controller) is used as a harmonic compensation controller [60]. 

This chapter proposes a hybrid converter based on a 6-pulse diode rectifier (6P-

DR) and VSC as an offshore converter station to reduce the complex transformer 

structure and costs. In addition, two converter control strategies are introduced, where 
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the VSC of the hybrid converter functions as a grid-forming converter to regulate the 

AC voltage at the PCC point, while the grid side converter of the WT (WT-GSC) 

regulates the AC voltage at the PCC point as a grid-forming converter. The 

Synchronous Reference Frame (SRF) technique is also used to monitor the harmonic 

compensation and suppress harmonics[63]. The onshore converter station uses a two-

level VSC converter controlled by a generic control system based on the onshore grid 

requirement [68, 69]. Reference [70-72] discusses the solutions the onshore converter 

station connects to a weak grid.  

This chapter will introduce the hybrid converter topology, including the two types 

of control systems and harmonic compensation controller based on the SRF technique, 

and one of the DC voltage controllers for the onshore converter station will also be 

described. Simulation results demonstrate the operation of the hybrid converter and 

the effective elimination of harmonic performance using the proposed controller. 

3.2  Advanced hybrid converter based on 6P-DR and VSC  

Y   
R L

R L

Y   

Offshore Hybrid converter station

2

3

Cdr

Cvsc

1

2

3

Offshore Wind Farm Aggregated Model
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2-level VSC – hybrid converter

G
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Machine
Side

converter

Grid
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Edc_vsc
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Fig. 3-1 Topology diagram of hybrid converter based on 6P-DR and VSC 

 

The proposed hybrid converter topology is shown in Fig. 3-1. The 6P-DR series 

connects to a two-level VSC converter at the offshore converter station, and the DC 

side of the hybrid converter connects with the onshore DC network via a DC cable. A 
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two-level VSC converter is used in the onshore converter to regulate the onshore DC 

network.  

The offshore hybrid converter is connected to the offshore wind farm at the PCC 

point. The uncontrollable 6P-DR device and controllable VSC converter connect with 

a Y/D transformer to the PCC point at the AC side. In addition, the DC side of the 6P-

DR and VSC is in a series of connections. Two types of aggregated PMSG-WTs 

models are used in this chapter. The following section introduces two control strategies 

according to different wind farm models. Additionally, the onshore converter and 

harmonic compensation control systems are discussed in the following part. 

3.3  Control system of hybrid HVDC system connected with 

offshore wind farms 

3.3.1 Control system of the onshore converter 

A two-level VSC converter is used in the onshore converter station for simplicity 

and is designed to regulate the DC voltage of the HVDC system [73]. The relationship 

between the offshore hybrid converter components and onshore converter components 

is shown below. 

𝐶𝑜𝑛𝑠ℎ𝑜𝑟𝑒 = 𝐶𝑑𝑟 + 𝐶𝑣𝑠𝑐 (3.1) 

𝐸𝑑𝑐_ℎ𝑣𝑑𝑐 = 𝐸𝑑𝑐_𝑑𝑟 + 𝐸𝑑𝑐_𝑣𝑠𝑐 (3.2) 

The cascade control system is used for the control in the onshore converter station 

[73, 74]. There are four typical outer controllers as choices in this offshore HVDC 

system: active power, reactive power, DC voltage, and AC voltage controllers. To 

maintain the DC voltage of the overall hybrid HVDC system, the DC voltage controller 

is the choice for the d-axis control. In addition, the reactive power controller is used in 

the onshore converter station, which is able to control the reactive power for onshore 
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grid support.  

The inner control loop is implemented in the dq-axis frame using the following 

equations: 

𝑢𝑜𝑛𝑐𝑑 = 𝑢𝑜𝑛𝑑 − 𝑖𝑜𝑛𝑞𝜔𝐿 + 𝑢
∗
𝑜𝑛𝑑 (3.3) 

𝑢𝑜𝑛𝑐𝑞 = 𝑢𝑜𝑛𝑞 + 𝑖𝑜𝑛𝑑𝜔𝐿 + 𝑢
∗
𝑜𝑛𝑞 (3.4) 

The DC voltage controller aims to allow DC power to be transferred from the 

offshore wind farm to the onshore grid by regulating the DC voltage of the HVDC 

system. As shown in Fig. 3-2, the relationship between measured value and reference 

value can be calculated as 

𝑖∗𝑜𝑛𝑑 = 𝐾𝑝_𝑑𝑐(𝐸
∗

ℎ𝑣𝑑𝑐 − 𝐸ℎ𝑣𝑑𝑐) + 𝐾𝑖_𝑑𝑐∫(𝐸
∗

ℎ𝑣𝑑𝑐 − 𝐸ℎ𝑣𝑑𝑐) 
(3.5) 

Where Kp_dc and Ki_dc are the proportional gain and integral gain of the PI 

controller of the DC control loop, respectively. The reactive power controller can be 

described by 

𝑞(𝑡) =
3

2
[−𝑢𝑜𝑛𝑑(𝑡)𝑖𝑜𝑛𝑞(𝑡) + 𝑢𝑜𝑛𝑞(𝑡)𝑖𝑜𝑛𝑑(𝑡)] 

(3.6) 

𝑖∗𝑜𝑛𝑞 =
−2𝑄∗𝑜𝑛
3𝑢𝑜𝑛𝑑

 
(3.7) 

Fig. 3-2 displays the overall control system of the onshore DC network that is 

implemented by the VSC converter. 
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Fig. 3-2 Control system of onshore converter station 

 

3.3.2 Grid forming capability of the proposed hybrid converter   

Fig. 3-3 shows tow equivalent wind farm model diagrams to verify different 

control strategies used in offshore hybrid converter. Fig. 3-3 (a) displays a controlled 

abc current source, while  Fig. 3-3 (b) shows the GSC control with an initial DC source. 

The main difference between the two equivalent models is the control role in the hybrid 

HVDC system. 
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Fig. 3-3 Equivalent aggregated wind farm model: (a) Wind farm model use a controlled 

current source and, (b) wind farm model uses GSC converter 

When using a controlled abc current source model to describe offshore wind 

farms, the hybrid converter can function as the grid-forming converter to regulate the 

AC voltage magnitude at the PCC point. The overall control system is illustrated in 

Fig. 3-4. In this case study, the VSC of the hybrid converter controls the offshore AC 

voltage and performs harmonic cancellation. The relationship between the transmitted 

power and PCC voltage magnitude can be expressed as 

𝑃 =
|𝑉𝑣𝑠𝑐_𝑎𝑐| 𝑠𝑖𝑛 𝛾

𝑋𝐿
⋅ 𝑛|𝑉𝑝𝑐𝑐_𝑎𝑐| 

(3.8) 

𝑄 =
|𝑉𝑣𝑠𝑐_𝑎𝑐| 𝑐𝑜𝑠 𝛾

𝑋𝐿
⋅ 𝑛|𝑉𝑝𝑐𝑐_𝑎𝑐| 

(3.9) 

𝑋𝐿 = 𝜔 𝐿𝑝𝑐𝑐
⬚

𝑣𝑠𝑐 (3.10) 

where |Vvsc_ac| and | Vpcc_ac | are the magnitudes of the hybrid-VSC converter and 

PCC, respectively. Further, Lvsc is the inductance of hybrid-VSC, ωpcc is the angular 

frequency of the PCC voltage, n is the voltage ratio of the transformer, and γ is the 

phase shift between the hybrid-VSC and PCC voltages.  

Additionally, the VSC of the hybrid converter is designed to maintain frequency 
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control at the offshore AC side. The desired frequency is constant (angle Өpcc after 

integral) flowing into abc/dq transformation. The overall control system of the hybrid 

HVDC system, including the wind farm control system and hybrid-VSC control 

system, is shown in Fig. 3-4  

dq

abc

mwf

Power controller
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PLL1/s
uwfqӨwf

1 Wind farm model control system

dq

abc

2 Hybrid – VSC control system

AC voltage 
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AC voltage 
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Fig 3.6

msum

1/s
fref
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Fig. 3-4 Hybrid converter control system when hybrid converter functions as Grid forming 

converter 

 

3.3.3 Offshore wind turbine functions as grid-forming converter 

The previous study on hybrid converters used the hybrid converter to regulate the 

DC and AC voltages without an inner current controller. Additionally, the PCC voltage 

and frequency are maintained by the VSC of the hybrid converter. Reference [56] 

introduces the improved control system of the hybrid converter and WT model control 

system that are usually used in DR-HVDC. 
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The WT-GSC converter regulates the AC voltage to function as the grid-forming 

converter for releasing the control capacity of the hybrid converter. As the 6P-DR is 

an uncontrollable converter, the transmitted power by the hybrid converter 

components is proportional to its DC-link voltage. In this case study, the active power, 

Q-f reactive power controller, voltage controller, and inner current controller are used 

in GSC-WT, as shown in Fig. 3-5. In this proposed control system, the voltage 

magnitude is regulated by the d-axis, the uq_wf set as 0, and as input to maintain the 

frequency output to control uq_wf to equal zero in the q-axis. The relationship between 

uq_wf and ω is denoted below.  

𝜔 = 𝜔0 + 𝐾𝑝𝑢𝑞_𝑤𝑓 + 𝐾𝑖∫𝑢𝑞_𝑤𝑓𝑑𝑡 
(3.11) 

𝑈𝑞_𝑤𝑓
∗ = 𝐾𝑝(𝜔∗ −𝜔) (3.12) 

In this control strategy, the hybrid VSC maintains the power transfer between the 

offshore AC side and the DC cable by regulating its DC-link voltage. The control 

system, including the outer DC voltage, reactive power, and inner current controllers, 

is used in the hybrid VSC, which is a control system widely used in VSC controllers. 

The diagram of a hybrid VSC control system is shown in Fig. 3-5. To reduce the size 

of the hybrid VSC converter, the DC voltage controller is designed to control half of 

the overall HVDC system to maintain the same ratio of the overall HVDC DC voltage. 
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Fig. 3-5 Hybrid converter control system as GSC-WTs as grid forming converter 

 

3.3.4 SRF-harmonics compensation control system   

There are a number of research studies, including the hybrid converter and active 

power filter, which have used proportional-resonant (PR)-based controllers to provide 

active power capability to a voltage source converter. PR-based controllers are used in 

hybrid converters that have a 12P-DR series connected with a VSC to cancel the 

harmonic current produced by the 12P-DR. They can follow the sinusoidal harmonic 

references at their individual resonant frequencies by imposing an infinite frequency 

without steady-state errors. Although a PR-based controller provides a fast response 

to setpoint, the complex tuning process is challenging for the implementation of the 
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control systems. The reason for this situation is that the resonant frequency should be 

well tuned to the reference frequency. The narrow infinite gain band makes this control 

method susceptible to changes in grid frequency. Non-ideal PR-based controllers use 

a second-order integrator, producing a wide resonant band but increasing tracking 

errors. 

Synchronous Reference Frames (SRF) - based controller applies several 

synchronous dq harmonic frames and Low-Pass Filters (LPF) to detect harmonic 

currents. The control signal is fed through an LPF to the PI controller. The benefit of 

using SRF-based controllers is that each harmonic component is mathematically 

converted into two dq DC signals, where the easy-to-tune PI controller provides stable 

control without tracking errors. In addition, active power filters using SRF-based 

controllers are unaffected by variations in grid frequency. In hybrid converter 

applications, an SRF-based controller is preferred, which provides robustness and easy 

deployment. 

Fig. 3-6 shows the conventional process of detecting the harmonic generated by 

the 6P-DR. The current harmonics are fed into different harmonic dq transformations, 

which rotate at specific harmonic frequencies (i.e., the 5th, 7th, 11th, and 13th harmonic 

frequencies). The output of the harmonic dq transformations is a signal consisting of 

DC and AC values. The DC value represents the d and q components of the harmonic 

current, while the AC signal contains the remaining harmonic components and the 

fundamental AC signal. 

The objective of using LPF is to remove the AC part of the detected current by 

the harmonic dq frame. The filtered dq component of harmonic currents is used as a 

reference signal for the corresponding PI controllers of the control system. The 

harmonic dq modulator signals produced by PI controllers drive the hybrid VSC 
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converter to generate the same magnitude harmonics for compensation. Accordingly, 

harmonic currents from the 6P-DR of hybrid converters will be cancelled out by the 

hybrid VSC at the PCC point. To generate these harmonic modulator signals in the 

hybrid VSC controller, a multiple of the synchronous frequency is used as its input for 

the dq to abc transformation. To ensure that each harmonic current does not exceed 

the allowed range, each PI controller has a saturation limit. Without the PI saturation 

limit, an unwanted harmonic signal will be generated and affect the PCC current 

quality. This is because the magnitude of the hybrid VSC reference voltage would be 

greater than the allowed capacity of the DC voltage. In addition, this control technique 

can be selected to perform cancellations based on grid requirements, either single or a 

group of harmonics. However, the disadvantage of the SRF technique is the slow 

response time to setpoint caused by the LPF filter process.  
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Fig. 3-6 Harmonic currents compensation control system using SRF-technique 

Equation (3.13) expressed the generalized harmonic dq transformation Tn based 

on the SRF technique to obtain the dq components of the n harmonic current.  
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𝑇𝑛 =
2

3

(

 
 
 
𝑠𝑖𝑛(𝛤𝑛𝑛(𝜔𝑠𝑡)) 𝑠𝑖𝑛( 𝛤𝑛𝑛(𝜔𝑠𝑡 −

2𝜋

3
)) 𝑠𝑖𝑛( 𝛤𝑛𝑛(𝜔𝑠𝑡 +

2𝜋

3
))

𝑐𝑜𝑠( 𝛤𝑛𝑛(𝜔𝑠𝑡)) 𝑐𝑜𝑠( 𝛤𝑛𝑛(𝜔𝑠𝑡 −
2𝜋

3
)) 𝑐𝑜𝑠( 𝛤𝑛𝑛(𝜔𝑠𝑡 +

2𝜋

3
))

1

2

1

2

1

2 )

 
 
 

 

 

(3.13) 

 

Where Гn = sign[sin(2πn/3)] represents the sequence of the n time harmonic 

currents. Applying Tn to a given three-phase AC signal produces a DC dq signal that 

represents the n time harmonic current, as well as an AC component that includes the 

remaining harmonic currents. These non-n harmonics are converted to frequencies that 

depend on the order of the n time harmonic currents and the order of the rest of the 

harmonic components. The dq harmonic currents can be calculated as 

𝑖𝑛_𝑑 = 𝛤𝑛𝑖𝑛 𝑐𝑜𝑠( 𝛽𝑛) + ∑ 𝛤𝑘𝑖𝑘 𝑐𝑜𝑠( − 𝛤𝑘[(𝛤𝑛𝑛 − 𝛤𝑘𝑘)(𝜔𝑠𝑡) + 𝛽𝑘]

∞

𝑘=1,𝑘≠𝑛

 
(3.14) 

𝑖𝑛_𝑞 = 𝑖𝑛 𝑠𝑖𝑛( 𝛽𝑛) + ∑ 𝑖𝑘 𝑠𝑖𝑛( − 𝛤𝑘[(𝛤𝑛𝑛 − 𝛤𝑘𝑘)(𝜔𝑠𝑡) + 𝛽𝑘]

∞

𝑘=1,𝑘≠𝑛

 
(3.15) 

Where in_d and in_q represent the d and q of n harmonics, respectively. βn is the 

phase shift of the n harmonic current; βk is the phase shift of the k harmonic current; in 

and ik are the magnitude of n and k harmonic currents, respectively; ωs is the 

synchronous frequency in radians; and Гk = sign[sin(2πk/3)] represents the sequence 

of the n time harmonic currents and as an algebraic symbol. Equations (3.16) and (3.17) 

express the dynamics of the dq fundamental and harmonic components between the 

PCC point and VSC, as expressed below. 

𝑢𝑛_𝑑_𝑣𝑠𝑐 = 𝑟𝑖𝑛_𝑑 + 𝐿
𝑑𝑖𝑛_𝑑
𝑑𝑡

− 𝜔𝑠𝐿𝑖𝑛_𝑞 − 𝑢𝑑 
(3.16) 

𝑢𝑛_𝑞_𝑣𝑠𝑐 = 𝑟𝑖𝑛_𝑞 + 𝐿
𝑑𝑖𝑛_𝑞
𝑑𝑡

− 𝜔𝑠𝐿𝑖𝑛_𝑑 − 𝑢𝑞 
(3.17) 

Where r and l are the equivalent resistance and inductance between the hybrid 

VSC and OWF; in_d and in_q are the average dq current of n harmonic components; 
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un_d_vsc and un_q_vsc are the dq components of the average VSC voltage; and ud and uq 

are the dq components of the PCC voltage. When the grid voltage ud and uq and the 

cross-coupling term in (3.16) and (3.17) are considered disturbances, the transfer 

function between the dq fundamental and harmonic currents can be represented the 

same as the transfer function with the dq fundamental and harmonic voltage. The 

relationships between the current and voltage in the dq frame are represented as 

𝑖𝑛_𝑑(𝑠)

𝑢𝑛_𝑑_𝑣𝑠𝑐(𝑠)
=

𝑖𝑛_𝑞(𝑠)

𝑢𝑛_𝑞_𝑣𝑠𝑐(𝑠)
=

𝑖𝑛(𝑠)

𝑢𝑛_𝑣𝑠𝑐(𝑠)
= 𝐺𝑖(𝑠) =

1

𝐿𝑠 + 𝑟
 

(3.18) 

As expressed in Equation (3.18), the open loop system has a stable pole at -r/L, 

which can be cancelled by the PI controller. The close loop function for h harmonics 

current controller can be calculated as 

𝐵ℎ =
1

𝜏ℎ𝑆 + 1
 

(3.19) 

Where τh is the desired spend of the response time to the setting point that can be 

selected, additionally, Kph and Kih are the proportional and integral constants of the h 

harmonic PI controller, respectively. The value of Kph and Kih can be calculated as 

𝐾𝑖ℎ
𝐾𝑝ℎ

=
𝑟

𝑙
 

(3.20) 

𝐾𝑝ℎ

𝐿
=
1

𝜏ℎ

 
(3.21) 

3.4  Simulation results 

In this section, the two simulation models are based on the control systems that 

were proposed in Section 3.3.2 and 3.3.3. were simulated in the PSCAD/EMTDC 

environment to verify the hybrid converter performance and harmonic current 

cancellation effects. Fig. 3-7 shows the flow chart of the simulation test, and this 
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section shows the hybrid converter operation results of two control strategies and the 

performance of the harmonics current controller based on the SRF controller. 

Control strategy/case study 1:

Hybrid converter functions Grid forming converter

Control strategy/case study 2:

Wind Turbine Grid forming converter

 

Fig. 3-7 Simulation tests 

The offshore wind farm uses the average model to simulate.  And the hybrid 

converter components, including the diode rectifier and VSC converter use the detailed 

model. These PSCAD models are displayed in Appendix A Hybrid Converter Based 

on the Diode rectifier and VSC Converter. The timestep of those testing is 20 us. 

3.4.1 Case study on hybrid converter functions as grid forming 

converter 

Table 3-1 Parameter of the hybrid HVDC system 

Parameters Nominal Value 

Wind farm 

Aggregated model 

Power rating 200 MW 

Transformer voltage ratio 0.69 kV / 33 kV 

Onshore  

converter station 

DC voltage rating 320 kV 

Capacitance 600 μF 

6P-DR 

Of 

Offshore Hybrid  

converter 

Power Rating PT6PDR 200 MW 

Transformer voltage ratio  33 kV / 67 kV 

Inductance  0.15 p.u. 

Resistance  0.0015 p.u. 

 

2-Level VSC 

Of 

Offshore Hybrid Converter 

Power Rating 200 MW 

Transformer voltage ratio 33 kV / 67 kV 

Inductance 0.15 p.u. 

Resistance  0.0015 p.u. 
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The PSCAD model parameters are listed in Table 3-1, and the PSCAD model that 

uses the proposed control system is illustrated in Fig. 3-4. 

The onshore station enabled the control system at 0 s, which provides the overall 

DC-link voltage to the hybrid HVDC system. Then, the offshore station and OWF 

started to establish the AC voltage and frequency. Fig. 3-8 shows the hybrid converter 

performance under the proposed control system. At 0 s, the onshore converter station 

regulates the overall DC voltage at 320 kV (1 p.u.) to provide initial energy for the 

hybrid converter to operate. At 1 s, the AC voltage controller of the hybrid converter 

and OWF were enabled, which provides an AC voltage at the desired value of 33 kV 

(1 p.u.) at the PCC point, as shown in Fig. 3-8 (a). The active power was generated by 

OWF from 0 to 200 MW (1 p.u.) during 1.0–1.5 s. 

Due to the series connection configuration, the 6P-DR and VSC components of 

the hybrid converter work in the offshore converter station and share the HVDC DC-

link voltage (Edchvdc), as shown in Fig. 3-8 (b). Additionally, the transmitted power by 

the 6P-DR and VSC (Pdr and Pvsc) is proportional to its DC-link voltage (Edcdr and 

Edcvsc). The transmitted power of the hybrid converter components is presented in Fig. 

3-8 (c). 
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Fig. 3-8 Performance of the hybrid converter functions as the grid-forming converter 

Fig. 3-9 presents the AC voltage behaviour of the VSC converter of the hybrid 

converter that steps the AC voltage based on control commands. The PCC voltage 

(Vpcc) was regulated at 33 kV (1 p.u.) at the beginning, and the AC voltage reference 

was dropped to 0.96 p.u. at 3 s, then climbed to 1.1 p.u., and finally back to 1 p.u. at 

7 s. 
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Fig. 3-9 Performance of AC voltage control  

The results of the harmonic compensation control loop are illustrated in Fig. 3-10 

that shows the PCC current waveforms for the same period. The PCC current without 

harmonic compensation is shown in Fig. 3-10 (a), and the compensated PCC current 

is shown in Fig. 3-10 (b) and (c). To test the performance of harmonics current 

compensation SRF-controller. Fig. 3-10 (b) shows the shape of the PCC current when 

the 5th and 7th harmonic compensation controllers are working. Fig. 3-10 (c) presents 

the PCC current when all relevant harmonic compensation controllers (5th, 7th, 11th, 
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and 13th) are enabled. The PCC current waveforms have a high harmonic content 

without the harmonic current compensation controller. When the harmonic 

compensation operates, the PCC current appears harmonic-free. 

 
Fig. 3-10 Current at PCC point: (a) PCC current – no harmonic compensation; (b) PCC 

current – 5th and 7th harmonics compensated; (c) PCC current – 5th, 7th, 11th, and 13th 

harmonics compensated. 

To confirm the result of the harmonics compensation controller, Fig. 3-11 shows 

the harmonic spectrum of the PCC phase current, which is calculated by using the fast 
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Fourier transform. The simulation results verify that the 5th,7th, 11th, and 13th harmonic 

currents were suppressed by the harmonic compensation controller. The total harmonic 

distortion (THD) is labelled on the left of the figure. 

 
Fig. 3-11 Current frequency spectrum: (a) No harmonics compensation; (b) 5th and 7th 

harmonics compensation; (c) 5th, 7th, 11th, and 13th harmonics compensation. 

To verify the response of the hybrid converter VSC to changing harmonic contents 

in the PCC currents, OWF is simulated in a power step that increases the power 

flowing through to the hybrid converter 6P-DR and affects the magnitude of the 

circulating harmonic currents.  
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Fig. 3-12 Performance of the hybrid converter during a power step (a) Transmitted power 

through the different components of the offshore hybrid converter; (b) current at the PCC 

point; (c) PCC current during 2.7–3.0 s; (d) PCC current during 2.9–3.2 s; (e) PCC current 

during 3.2–3.5 s 

As seen in Fig. 3-12, OWF generated 1 p.u. active power to an onshore grid at 

the beginning of the simulation, and then the generated power increased to 1.5 p.u. at 

3 s, as displayed in Fig. 3-12 (a). The PCC current increased, causing larger harmonic 

currents that temporarily increased the total harmonic distortion on PCC currents. The 

increase in harmonic distortion triggered corrective action by the VSC of the hybrid 

converter, which in turn increased its compensation harmonic currents. Fig. 3-12 (b) 
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shows that the PCC current became harmonic-free after this period. Fig. 3-12 (c) shows 

the PCC current before the power increased, at the change point, and after the power 

increased. 

3.4.2 Case study on OF-WTs functions as grid forming converter 

The parameters of the PSCAD model are listed in Table 3-2, and the PSCAD 

model for the proposed control system is illustrated in Fig. 3-5. 

Table 3-2 Parameter of hybrid HVDC system 

Parameters Nominal Value 

Wind farm 

Aggregated model 

Power rating 200 MW 

Transformer voltage ratio 0.69 kV / 33 kV 

Onshore  

converter station 

DC voltage rating 320 kV 

Capacitance 600 μF 

6P-DR 

Of 

Offshore Hybrid  

converter 

Power Rating PT6PDR 200 MW 

Transformer voltage ratio  33 kV / 67 kV 

Inductance  0.15 p.u. 

Resistance  0.0015 p.u. 

 

2-Level VSC 

Of 

Offshore Hybrid Converter 

Power Rating 200 MW 

Transformer voltage ratio 33 kV / 67 kV 

Inductance 0.15 p.u. 

Resistance 0.0015 p.u. 

     Fig. 3-13 shows the simulation results on the hybrid converter operating at 

different WT input power steps. The VSC controls the DC link voltage as 160 kV (1 

p.u) due to the series connection of the hybrid converter station. The two components 

of the hybrid converter are proportional to its DC link voltage. Fig. 3-13  (a) shows 

that the active power of the hybrid converter transmits equal demand active power 

because the hybrid converter is controlled in the same share in the hybrid HVDC 

system. 
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Fig. 3-13 Performance of the hybrid converter when WT functions as a grid-forming 

converter: (a) Transmitted active power of hybrid converter components, (b) DC-link 

voltage of hybrid converter components, (c) current at the PCC point 

Fig. 3-14 presents the PCC current at the same time to verify the harmonic current 

controller effects. Fig. 3-14 (a) shows the PCC current when the harmonic 

compensation is enabled, and its current waveforms show that the signal is free of 

harmonics. Fig. 3-14 (b) shows the PCC current when the harmonic current 

compensation is disabled; the current waveforms display high harmonic contents. 
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Fig. 3-14 Current waveform at PCC point: (a) PCC current – harmonics compensation 

operated, (b) PCC current – harmonics compensation disabled 

 

3.5  Summary 

This chapter introduced a hybrid converter topology that is based on a series 

connection between the 6P-DR and VSC. In this configuration, the controllable VSC 

controller plays an important role in the hybrid converter, including the fundamental 

voltage and harmonic compensation controls. Two control strategies are described in 

this chapter: using the hybrid converter as a grid-forming converter and using GSC-

WTs as a grid-forming converter. The corresponding control systems were also 

described in this chapter. An easy-to-tune harmonic compensation controller based on 

the SRF technique was used in the hybrid converter to cancel the harmonic 

components produced by the 6P-DR. Simulation results in PSCAD/EMTDC verified 
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the two control strategies and performance of the harmonic compensation controller.  

The hybrid converter topology can combine the highlights of two converter types. 

In this configuration, the diode rectifier provides a lost cost, small power losses and a 

small footprint, while the VSC converter gives a control ability to hybrid converter to 

provide an ancillary service to the offshore side. To address the potential issues 

provided by diode rectifier like uncontrollable features and harmonic current 

components, Chapter 4 introduces an advanced power electronic devices Vienna 

rectifier in the hybrid converter application and will describe the topology, control 

system and backup services.  
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Chapter 4 Low Harmonics Hybrid Converter 

Based on a Vienna Rectifier and VSC 

Converter Used for Offshore Wind Energy 

Conversion with backup capability 

4.1  Introduction 

Chapter 3 discusses and analyzes an enhanced hybrid converter with a 6P-DR and 

VSC, which is based on the original hybrid converter featuring a 12P-DR and VSC. 

The improved hybrid converter clarifies the control strategies for offshore wind farms 

in order to avoid complex transformers and control systems at the offshore site. The 

proposed hybrid converter used in offshore converter stations offers lower investment 

and operating costs compared to the existing solutions, which is a cost-effective option 

for future offshore wind farm connections.  

This chapter will discuss the use of the Vienna rectifier as part of the hybrid 

converter to replace the 6P-DR. The Vienna rectifier was described in Chapter 2. This 

proposed hybrid converter topology consists of a Vienna rectifier in series with a VSC, 

which further improves the control capability of the hybrid converter compared to the 

existing hybrid converter. The Vienna rectifier offers cost advantages over the VSC 

and MMC due to its reduced number of IGBTs, resulting in lower investment costs. 

Furthermore, the Vienna rectifier's low harmonic characteristics not only contribute to 

cost savings in the offshore converter station but also reduce the footprint size by 

eliminating the need for filters. Additionally, it is worth noting that the VSC can assist 

the hybrid converter in enhancing current quality. By modifying its control system, the 

VSC can function as a built-in active power filter, eliminating the need for an external 

filter, particularly in situations where the IGBTs in the Vienna rectifier fail or are taken 
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out of service. 

The following section presents the control strategy for the hybrid converter. Grid 

forming control will be applied in the wind farm, and two control modes for the hybrid 

converter will be introduced: normal operation mode and backup auxiliary mode. The 

performance of the hybrid converter will be evaluated through simulation studies in 

PSCAD, covering both steady-state and dynamic response analysis. Furthermore, two 

additional simulations will be set up to compare the effects of the backup auxiliary 

mode. At the end, the sizing of the hybrid converter is discussed based on the pervious 

test analysis and compared to the current converter station. 

4.2  Proposed hybrid HVDC system and control system 

Fig. 4-1 shows the HVDC system composed of a hybrid converter that is based 

on a Vienna rectifier and a VSC converter. The onshore converter station uses the VSC 

converter to regulate the overall DC link voltage of the overall HVDC system. The 

hybrid converter station uses the hybrid converter, the AC side of the hybrid converter 

connects with OWF at the PCC point, and the DC side connects with the onshore 

converter station. 

As mentioned previously, the Vienna rectifier series connects with the VSC 

converter to establish the power flow and meet the demands of the onshore grid via a 

DC cable. The objectives of the proposed hybrid converter are to provide low 

harmonics, low cost, and high reliability at offshore converter stations. In addition, the 

backup ancillary mode provided by the VSC of the hybrid converter can handle the 

performance if the IGBTs of the Vienna rectifier stop switching because of a fault. 
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Fig. 4-1 Proposed HVDC system based on hybrid converter 

 

4.2.1 The Operation Mechanism of Vienna Rectifier 

a) Basic structure 

As reviewed in Chapter 2, the Vienna rectifier has three types of topologies: 

original Type, I-Type, and T-Type [38]. Fig. 4-2 shows the original type of circuit 

diagram and equivalent circuit diagram, which can be assumed as a three-phase, three-

level, non-regenerative converter. For one phase, only one switching device connects 

with diodes, which reduces power losses. These three types of Vienna rectifier can be 

regarded as a diode bridge that connects with switching devices at the middle point. 
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Fig. 4-2 Vienna Rectifier circuit topology and its equivalent circuit 

The average diagram of the Vienna rectifier is shown in Fig. 4-3, including the 

AC-side and DC-side average models. On the AC side, the AC systems are expressed 

as ea, eb, and ec. The average modelling of the Vienna rectifier system is presented next. 
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Fig. 4-3 The average model of Vienna rectifier: (a) AC side, (b) DC side 

Applying the Kirchhoff Voltage Law equation [75] in Fig. 4-3 (a), the equation 

are: 
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{
 
 

 
 𝑒𝑎 − 𝐿

𝑖𝑎
𝑑𝑡
=
𝐸𝑑𝑐
2
⋅ 𝑉𝑎𝑟𝑒𝑓 = 𝑢𝑎𝑜 + 𝑢𝑜𝑛

𝑒𝑏 − 𝐿
𝑖𝑏
𝑑𝑡
=
𝐸𝑑𝑐
2
⋅ 𝑉𝑏𝑟𝑒𝑓 = 𝑢𝑏𝑜 + 𝑢𝑜𝑛

𝑒𝑐 − 𝐿
𝑖𝑐
𝑑𝑡
=
𝐸𝑑𝑐
2
⋅ 𝑉𝑐𝑟𝑒𝑓 = 𝑢𝑐𝑜 + 𝑢𝑜𝑛

 

 

(4.1) 

 

{
 
 

 
 

𝑒𝑎 = 𝑉𝑚𝑐𝑜𝑠 𝜃

𝑒𝑏 = 𝑉𝑚𝑐𝑜𝑠( 𝜃 −
2𝜋

3
)

𝑒𝑏 = 𝑉𝑚𝑐𝑜𝑠( 𝜃 +
2𝜋

3
)

 

 

(4.2) 

 

Where uon is the voltage at common mode and uao, ubo, and uco are the Vienna 

rectifier terminal voltages. Equation (4.2) defines the grid phase voltages ea, eb, and ec, 

which are balanced. Vm and Ө represent the amplitude and phase angles of the grid 

voltage. Because this type of rectifier is current forced commutated, the voltage poles 

of rectifiers ua, ub, and uc are defined not only by the controlled switching state but also 

by the polarity of the AC phase current of the relevant instance. 

In the average DC-side model, Edc as the output voltage and ∆E as the voltage 

unbalance are defined as the sum and difference of the output voltage on the capacitors 

E1 and E2, respectively. The voltage unbalanced factor k [75] can be expressed as 

𝐸𝑑𝑐 = 𝐸1 + 𝐸2 (4.3) 

𝛥𝐸 = 𝐸1 − 𝐸2 (4.4) 

𝑘 = (
𝐸1 − 𝐸2
𝐸1 + 𝐸2

) 
(4.5) 

The switching voltage after transformation can be obtained as: 



 

78 

 

{
  
 

  
 𝑢𝑎𝑜 =

𝐸𝑑𝑐
2
[𝑠𝑔𝑛( 𝑖𝑎) +

𝛥𝐸

𝐸𝑑𝑐
](1 − 𝑆𝑎)

𝑢𝑏𝑜 =
𝐸𝑑𝑐
2
[𝑠𝑔𝑛( 𝑖𝑏) +

𝛥𝐸

𝐸𝑑𝑐
](1 − 𝑆𝑏)

𝑢𝑐𝑜 =
𝐸𝑑𝑐
2
[𝑠𝑔𝑛( 𝑖𝑐) +

𝛥𝐸

𝐸𝑑𝑐
](1 − 𝑆𝑐)

 

 

(4.6) 

 

sgn () is the sign function, and the switching function Sx is defined as: 

𝑠𝑔𝑛( 𝑖𝑥) = {
1
−1

𝑖𝑓
𝑖𝑓
𝑖𝑥 ≥ 0
𝑖𝑥 < 0

 
(4.7) 

𝑆𝑥 = {
1
0
 
𝑖𝑓
𝑖𝑓
𝑆𝑥  is turn on
𝑆𝑥  is turn off

 
(4.8) 

Based on the above equation,  

{

(𝑉𝑎_𝑟𝑒𝑓 + 𝑢𝑜) = [𝑠𝑔𝑛( 𝑖𝑎) + 𝑘](1 − 𝑆𝑎)

(𝑉𝑏_𝑟𝑒𝑓 + 𝑢𝑜) = [𝑠𝑔𝑛( 𝑖𝑏) + 𝑘](1 − 𝑆𝑏)

(𝑉𝑐_𝑟𝑒𝑓 + 𝑢𝑜) = [𝑠𝑔𝑛( 𝑖𝑐) + 𝑘](1 − 𝑆𝑐)

 

 

(4.9) 

Where Vabc_ref  is the sinusoidal component, and uo is the zero-sequence 

component. In addition, the relationship between uon and uo can be calculated as  

𝑢0 = −𝑢𝑜𝑛
2

𝐸𝑑𝑐
 

(4.10) 

Fig. 4-3 (b) shows the average model at the DC side, ip and in represents the upper 

and lower diode currents. According to Kirchhoff Current Law (KCL), the state model 

and the current trough diode are shown below. 
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{
 

 𝑖1 = 𝐶1
𝑑𝐸1
𝑑𝑡

= 𝑖𝑝 − (
𝐸𝑑𝑐
𝑅
+
𝐸1
𝑅1
)

𝑖2 = 𝐶2
𝑑𝐸2
𝑑𝑡

= 𝑖𝑛 − (
𝐸𝑑𝑐
𝑅
+
𝐸2
𝑅2
)

 

(4.11) 

  

{
𝑖𝑝 = 𝑖𝐷𝑎𝑝 + 𝑖𝐷𝑏𝑝 + 𝑖𝐷𝑐𝑝
𝑖𝑛 = 𝑖𝐷𝑎𝑛 + 𝑖𝐷𝑏𝑛 + 𝑖𝐷𝑐𝑛

 
(4.12) 

  

𝑖𝐷𝑥𝑝 = {
(1 − 𝑆𝑥)𝑖𝑥

0

(𝑖𝑥 ≥ 0)
(𝑖𝑥 < 0)

 
(4.13) 

  

𝑖𝐷𝑥𝑛 = {
0

−(1 − 𝑆𝑥)𝑖𝑥

(𝑖𝑥 ≥ 0)
(𝑖𝑥 < 0)

 
(4.14) 

Combine the Equation (4.9),(4.13) and (4.14), so, 

{
 
 

 
 𝑖𝑝 = 𝑖𝐷𝑎𝑝 + 𝑖𝐷𝑏𝑝 + 𝑖𝐷𝑐𝑝 = ∑

1

2
[1 + 𝑠𝑔𝑛( 𝑖𝑥)](1 − 𝑆𝑥)𝑖𝑥

𝑥=𝑎,𝑏,𝑐

𝑖𝑛 = 𝑖𝐷𝑎𝑛 + 𝑖𝐷𝑏𝑛 + 𝑖𝐷𝑐𝑛 = ∑
1

2
[1 − 𝑠𝑔𝑛( 𝑖𝑥)](1 − 𝑆𝑥)(−𝑖𝑥)

𝑥=𝑎,𝑏,𝑐

 

 

(4.15) 

In addition, the voltage unbalance ∆E is obtained as Equation (4.16) for neutral-

point voltage. 

𝐶
𝑑𝛥𝑉

𝑑𝑡
= 𝑖𝑝 − 𝑖𝑛 + 𝐼𝑜 = ∑

𝑖𝑥
𝑘 + 𝑠𝑔𝑛( 𝑖𝑥)

𝑥=𝑎,𝑏,𝑐

(𝑉𝑥_𝑟𝑒𝑓 + 𝑢𝑜) 
(4.16) 

Where Io is the current difference between the R1 and R2. 

Due to the unity power factor, which is a Vienna rectifier advantage, this study 

uses the Vienna rectifier as part of the hybrid converter in the offshore converter station. 

The instantaneous input current can be expressed as 
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{
 
 

 
 

𝑖𝑎 = 𝐼𝑚𝑐𝑜𝑠𝜃

𝑖𝑏 = 𝐼𝑚cos (𝜃 −
2𝜋

3
)

𝑖𝑏 = 𝐼𝑚cos (𝜃 +
2𝜋

3
)

 

 

(4.17) 

 

b) Control system and PWM modulation 

As a three-phase converter, the Vienna rectifier uses the rotating reference frame 

synchronized to the input AC voltage (AC grid or infinite bus) by a phase-locked-loop 

(PLL) [76]. In a steady state, the voltages and currents are DC signals in the d-q 

reference frame. The phase voltage and current are expressed as 

𝑣𝑎𝑏𝑐 = 𝑅𝑖𝑎𝑏𝑐 + 𝐿
𝑑𝑖𝑎𝑏𝑐
𝑑𝑡

+ 𝑣𝑣𝑖𝑒_𝑐𝑜𝑛𝑣 
(4.18) 

Where vdc and iabc are AC voltage and currents, respectively; vvie_conv is the Vienna 

rectifier converter voltage; and R and L are the resistance and input inductance between 

the converter and AC side, respectively. The voltage equation in the d-q synchronous 

reference frame is: 

𝑣𝑑_𝑐𝑜𝑛𝑣 = 𝑣𝑣𝑖𝑒_𝑑 − 𝑅𝑖𝑣𝑖𝑒_𝑑 − 𝐿
𝑑𝑖𝑣𝑖𝑒_𝑑
𝑑𝑡

+ 𝜔𝑔𝐿𝑖𝑣𝑖𝑒_𝑞 
(4.19) 

𝑣𝑞_𝑐𝑜𝑛𝑣 = 𝑣𝑣𝑖𝑒_𝑞 − 𝑅𝑖𝑣𝑖𝑒_𝑞 − 𝐿
𝑑𝑖𝑣𝑖𝑒_𝑞

𝑑𝑡
− 𝜔𝑔𝐿𝑖𝑣𝑖𝑒_𝑑 

(4.20) 

Where the vvie_d, vvie_q, ivie_d and ivie_q are the d-q components of the Vienna rectifier 

voltage and current, and ωg is the frequency of the offshore grid. In this configuration, 

the active power and reactive power are controlled by id and iq, the direct and 

quadrature components, respectively. For a unity power factor, the iq reference is set 

to 0 in the q-axis control, and the DC voltage is regulated by varying the id in the d-

axis control[37, 75]. The overall control system is shown in Fig. 4-4. The equation 



 

81 

 

corresponding to the DC side is expressed as 

𝐼𝑑𝑐 = 𝐶
𝑑𝑉𝑑𝑐
𝑑𝑡

+ 𝐼𝐿 
(4.21) 

The power exchanged between the AC and DC sides is 

𝑃 =
3

2
(𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞) = 𝑉𝑑𝑐𝐼𝑑𝑐 

(4.22) 

The controllers are simple PI. Combining the PI controllers, the equation is 

𝑅(𝑠) = 𝐾𝑝 +
𝐾𝑖
𝑠
= 𝐾𝑝(

1 + 𝑇𝑖𝑠

𝑇𝑖𝑠
) 

(4.23) 

From Fig. 4-4. and equations (4.19) and (4.20), the Vienna rectifier d and q 

components of the converter voltages are cross-coupled. The system input reference 

can be split into two components: one obtained by the converter, while the other one 

is a feedforward term to eliminate cross-coupling. When the compensation terms are 

used for decoupling, the system input from the converter can be written as 

𝑣 ′
𝑑_𝑐𝑜𝑛𝑣 = (𝑖𝑑 − 𝑖𝑑𝑟𝑒𝑓)(𝐾𝑝 +

𝐾𝑖
𝑠
) + 𝜔𝑔𝐿𝑖𝑣𝑖𝑒_𝑞 + 𝑉𝑣𝑖𝑒_𝑑 

(4.24) 

𝑣 ′
𝑞_𝑐𝑜𝑛𝑣 = (𝑖𝑞 − 𝑖𝑞𝑟𝑒𝑓)(𝐾𝑝 +

𝐾𝑖
𝑠
) − 𝜔𝑔𝐿𝑖𝑣𝑖𝑒_𝑞 + 𝑉𝑣𝑖𝑒_𝑞 

(4.25) 

As shown in Fig. 4-4., the cross-compensation part is applied in the inner current 

loop in the Vienna control system to cancel the cross-coupling terms. In addition, the 

control system can control the d-axis and q-axis independently. In q-axis control, the 

q current reference i*
vie_q is set to 0 to ensure the Vienna rectifier operates as a unity 

power factor converter. Therefore, the d-axis control is used for further analysis. 

According to Equation (4.24), using the Laplace transformation, the equation can be 

written as 
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𝑠𝑖𝑑(𝑠) = (−
𝑅

𝐿
)𝑖𝑑(𝑠) + (

1

𝐿
)𝑣𝑑_𝑐𝑜𝑛𝑣(𝑠) 

(4.26) 

𝑖𝑑(𝑠) = (
1

𝑠𝐿 + 𝑅
)𝑉𝑑_𝑐𝑜𝑛𝑣(𝑠) 

(4.27) 

The transfer function is, 

𝐺(𝑠) = (
1

𝑅
)(

1

1 + 𝑠𝜏
) 

(4.28) 

Where the time constant τ=L∕R, the DC voltage controller as an outer loop used 

in the d-axis loop to control the DC voltage between the DC-link capacitance of the 

Vienna rectifier station in the hybrid converter. The control signals through the PI 

controller can be expressed as: 

𝑖𝑑𝑟𝑒𝑓(𝑠) = (𝑣𝑑𝑐_𝑣𝑖𝑒𝑟𝑒𝑓(𝑠) − 𝑣𝑑𝑐_𝑣𝑖𝑒(𝑠))(𝐾𝑝 +
𝐾𝑖
𝑠
) 

(4.29) 
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Fig. 4-4 Control system of Vienna rectifier 

Additionally, the Vienna rectifier is used as a unity power factor converter, and it 

has limited capability has limited capability for a reactive power factor is ±30°. 

Without the limitation, the duty cycle of the PWM modulation can be expressed as: 
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𝐷𝐶𝑥 = {
1 − 𝑎𝑏𝑠(𝑚𝑥)    if 𝑠𝑔𝑛( 𝑖𝑥) = 𝑠𝑔𝑛(𝑚𝑥)
1                        if sgn(𝑖𝑥) ≠ 𝑠𝑔𝑛(𝑚𝑥)

 
(4.30) 

 

Where x = a,b,c that represents phase A,B,C, the modulation index mx equal to 

2vconv_x/Edc is the ratio between the converter voltage and half DC link voltage. ix is the 

output current and sgn () is the sign function. For example, if the signs of current and 

voltage is a different direction, the output voltage is clamped to the neutral point and 

vice versa. 

c) Simulation results of Vienna rectifier connected with load 

To explain the performance of the Vienna rectifier, PSCAD simulation results 

show the Vienna rectifier connected with a pure resistive load, as illustrated in Fig. 

4-5. The parameters of the AC system, Vienna rectifier, and load are given in Table 

4-1. Table 4-1 System parameters 

Vienna

Rectifier

AC 

System 

LY   
Edc

dq
abc

Vp Ip
Vs Is

us_d us_q is_d is_q

Load

 
 

Fig. 4-5 Diagram of Vienna rectifier connects with load 
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Table 4-1 System parameters  

Parameters Nominal value 

AC 

System 

Voltage magnitude 67 kV 

Frequency 50 Hz 

Y/D 

Transformer 

Voltage Ratio 67 kV/67 kV 

Leakage Reactance 0.1 p.u. 

Vienna  

Rectifier 

Capacitance 600 μF 

Inductance 5.2 mH 

Load Pure Resistance 100 Ω 

For a Vienna rectifier design to the control DC voltage and iq current, Fig. 4-6 

shows the performance, including the DC link voltage of load and q current to verify 

the control system effects. The red line of the figure is the reference value, and the blue 

line is the measured value. The DC link voltage is controlled at 100 kV (1 p.u.), and 

the q current is controlled at 0 to provide a unity power factor. 

  
(a) (b) 

Fig. 4-6 Performance of Vienna rectifier connects with load: (a) DC link voltage, (b) iq 

current 

Fig. 4-7 displays the current and voltage at the primary and secondary sides of 

the transformer. Due to the characteristics of the Vienna rectifier, the current has few 

harmonics. In addition, the voltage and current in one cycle are illustrated in Fig. 4-8. 
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(a) (b) 

  
(c) (d) 

Fig. 4-7 Current at primary side and secondary side of transformer: (a) Current at primary 

side, (b) Voltage at primary side, (c) Current at secondary side, (d) Voltage at secondary 

side 

 

 
Fig. 4-8 Voltage and current of Vienna rectifier 
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4.2.2 The Operation Mechanism of VSC converter 

Fig. 4-9 shows the hybrid converter topology based on the Vienna rectifier and 

VSC converter. According to the previous discussion, the Vienna rectifier control 

system is designed to control the DC voltage and q current (iq) in the hybrid topology 

converter. The VSC converter of the hybrid converter has the ability to control the 

power magnitude at the PCC point to support an offshore HVDC system. 

Edconshore

Pvie 

Pvsc 

Ppcc 

Edcvie

Edcvsc

 
Fig. 4-9 Hybrid converter based on Vienna rectifier and VSC converter 

 

a) First harmonics control system 

Fig. 4-10 displays the control system of the hybrid VSC converter, which includes 

the inner current control loop and outer power control loop. The inner current 

controller is widely used in VSC control to provide a fast response and ensure that the 

converter does not operate in an overload state. In the current loop, the cross-coupling 

term in the inner current relationship is: 
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𝑣𝑠𝑑 = 𝑢𝑑 −𝜔𝐿𝑖𝑞 + 𝑣𝑑 (4.31) 

𝑣𝑠𝑞 = 𝑢𝑞 −𝜔𝐿𝑖𝑑 + 𝑣𝑞 (4.32) 

The converter side in the dq frame can be calculated as: 

𝑑𝑖𝑠𝑑
𝑑𝑡

= −𝑖𝑠𝑑
𝑅

𝐿
+ 𝜔𝑖𝑠𝑞 +

1

𝐿
(𝑣𝑠𝑑 − 𝑣𝑐𝑑) 

(4.33) 

𝑑𝑖𝑠𝑞
𝑑𝑡

= −𝑖𝑠𝑞
𝑅

𝐿
+ 𝜔𝑖𝑠𝑑 +

1

𝐿
(𝑣𝑠𝑑 − 𝑣𝑐𝑑) 

(4.34) 

Combined the above equation, then: 

𝑑

𝑑𝑡
[
𝑖𝑠𝑑
𝑖𝑠𝑞
] = [

−𝑅

𝐿
0

0
−𝑅

𝐿

] [
𝑖𝑠𝑑
𝑖𝑠𝑞
] + [

1

𝐿
0

0
1

𝐿

] [
𝑢𝑑
𝑢𝑞
] 

(4.35) 

Where ud and uq are obtained by the PI controller of the inner current control loop 

and can regulate the dq current as defined below: 

𝑢𝑑 = 𝐾𝑝(𝑖
∗
𝑑 − 𝑖𝑑) + 𝐾𝑖∫(𝑖𝑑 − 𝑖𝑑)𝑑𝑡 

(4.36) 

𝑢𝑞 = 𝐾𝑝(𝑖
∗
𝑞 − 𝑖𝑞) + 𝐾𝑖∫(𝑖𝑞 − 𝑖𝑞)𝑑𝑡 

(4.37) 

Where Kp and Ki are the proportional and integral gains of current controller. 

A Laplace transmission of the inner control loop’s relationship, the function 

results as follows: 

𝐺(𝑠) =

𝐾𝑝
𝐿 (𝑠 +

𝐾𝑖
𝐾𝑝
)

𝑠2 +
(𝑅 + 𝐾𝑝)

𝐿 𝑠 +
𝐾𝑖
𝐿

 

 

(4.38) 

 

According to equation (4.38), the proportional and integral gain can be calculated 

as follows: 
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𝐾𝑝 = 2𝜁𝜔𝐿 − 𝑅 (4.39) 

𝐾𝑖 = 𝜔
2𝐿 (4.40) 

Where is the frequency, and is the damping factor. The inner current loop is 

illustrated in the Fig. 4-10 

The reference value controlled by the inner current control loop is applied by the 

outer control loop. The principal outer controllers are the power controller, DC voltage 

controller, and AC voltage controller. The choice of the outer controller depends on 

the application. In the hybrid converter, the VSC converter uses the power controller 

to control the PCC power magnitude if the hybrid converter operation is in the normal 

mode. If the Vienna rectifier of the hybrid converter has a fault caused by faulty IGBTs, 

the VSC uses the DC voltage controller to regulate the DC voltage. 

The power equation of the VSC controller based on dq current can be calculated 

as 

𝑝(𝑡) =
3

2
[𝑣𝑑(𝑡)𝑖𝑑(𝑡) + 𝑣𝑞(𝑡)𝑖𝑞(𝑡)] 

(4.41) 

𝑝(𝑡) =
3

2
[−𝑣𝑑(𝑡)𝑖𝑞(𝑡) + 𝑣𝑞(𝑡)𝑖𝑑(𝑡)] 

(4.42) 

The ud and uq are the dq voltage at the PCC point; uq equals zero if the system is 

in a balanced steady state operation, and the reference value of dq current is 

𝑖∗𝑑 =
2𝑃∗

3𝑣𝑑
 

(4.43) 

𝑖∗𝑞 = −
2𝑄∗

3𝑣𝑑
 

(4.44) 

When the outer controller is selected to DC voltage controller, the id current fed 

to the inner current loop depends on the error in the comparison of the reference value 

and measured value. The relationship in mathematics is as follows: 
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𝑖∗𝑑 = 𝐾𝑝(𝐸
∗
𝑑𝑐 − 𝐸𝑑𝑐) + 𝐾𝑖(𝐸

∗
𝑑𝑐 − 𝐸𝑑𝑐)𝑑𝑡 (4.45) 

The diagram of the outer controller is shown in Fig. 4-10. 
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Fig. 4-10 Control system of hybrid-VSC converter 

 

b) Harmonics compensation control system 

The harmonic current compensation controller is the key component when the 

backup ancillary mode operates because harmonic currents are produced by a Vienna 

rectifier switching fault. Using the same technique as in a hybrid converter where the 

6P-DR series connects with the VSC, the SRF technique is used to detect the harmonic 

current and cancel out it at the PCC point. 

The SRF technique rotates times dq synchronous frame at an expected frequency 

that is equal to the selected harmonic current [77, 78]. Fig. 4-11 shows the harmonic 

current compensation controller diagram using the SRF technique. The h represents 

the rotation frequency. The selected harmonic current is detected as a DC signal and 

the rest of the harmonics are AC signals. The LPF aims to cancel all disturbances from 

the non-detected harmonic AC signal components. Then, the filtered signals are able 

to be compared and tuned by the PI controller. Finally, the tuned signal feeds to dq to 

the abc transformer rotated by a selected frequency. 
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Fig. 4-11 Harmonics compensation controller used SRF-Technique 

4.3  The operation modes for hybrid-HVDC system 

4.3.1 Normal operation Mode 

Fig. 4-12 shows the overall control system of an offshore hybrid converter station. 

As described before, because the Vienna rectifier has good performance with low 

harmonic currents and good controllability, the Vienna rectifier controls its DC link 

voltage. In the meantime, the VSC of the hybrid control system controls the power 

magnitude at the PCC point to support offshore wind farms. The offshore wind farm 

model uses an aggregated model operated as a grid-forming converter to support the 

AC voltage and generate power to the PCC point, which is controlled by a distributed 

frequency PLL controller. 
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Fig. 4-12 Overall control system diagram of hybrid converter 

The onshore converter station uses the VSC converter to control the DC link 

voltage of the overall HVDC system, Edchvdc. The Vienna rectifier controls its DC link 

voltage, Edcvie. Additionally, the VSC DC link voltage Edcvsc is the rest of the overall 

DC link voltage. The relationship between the offshore station and the onshore 

converter station is: 
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𝐸𝑑𝑐𝑣𝑖𝑒 + 𝐸𝑑𝑐𝑣𝑠𝑐 = 𝐸𝑑𝑐ℎ𝑣𝑑𝑐 (4.46) 

The Vienna rectifier functions as a three phase, three level booster converter, and 

the behaviour is the same as a VSC converter. The Vienna rectifier and VSC converter 

can be assumed as controlled voltage sources. Fig. 4-13 shows the equivalent circuit 

of the DC side. The Vienna rectifier series connects with VSC and connects to the 

onshore source. The DC current (Idc) flows in the mesh. The transmitted power of each 

component is given below: 

𝑃𝑝𝑐𝑐 = 𝑃𝑣𝑖𝑒 + 𝑃𝑣𝑠𝑐 (4.47) 

𝑃𝑣𝑖𝑒 = 𝐸𝑑𝑐𝑣𝑖𝑒 × 𝐼𝑑𝑐 (4.48) 

𝑃𝑣𝑠𝑐 = 𝐸𝑑𝑐𝑣𝑠𝑐 × 𝐼𝑑𝑐 (4.49) 

Combining the above equations, the relationship between the active power and 

DC current and voltage is calculated as below: 

𝑃𝑝𝑐𝑐 = 𝐸𝑑𝑐𝑣𝑖𝑒𝐼𝑑𝑐 + 𝐸𝑑𝑐𝑣𝑠𝑐𝐼𝑑𝑐 

       = (𝐸𝑑𝑐𝑣𝑖𝑒 + 𝐸𝑑𝑐𝑣𝑠𝑐)𝐼𝑑𝑐 

                           = (𝐸𝑑𝑐𝑣𝑖𝑒 + (𝐸𝑑𝑐ℎ𝑣𝑑𝑐 − 𝐸𝑑𝑐𝑣𝑠𝑐)𝐼𝑑𝑐 

  

(4.50) 
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Fig. 4-13 Equivalent DC side circuit of the HVDC link based on the Offshore hybrid 

converter 

 

In this configuration, the transmitted power by the hybrid converter components 

is proportional to its DC link voltage. The Vienna rectifier is responsible for the DC 

voltage control to assign the transmitted power from OWF. In addition, the VSC of 

the hybrid converter controls the magnitude of power at the PCC point and can provide 

backup ancillary services if the IGBTs of the Vienna rectifier are faulty. 

4.3.2 Backup auxiliary Mode 

To improve the reliability of the proposed HVDC system, the hybrid converter 

based on the Vienna rectifier and VSC has a built-in backup ancillary services mode, 

which is used to handle situations when IGBTs of the Vienna rectifier are faulty. In 

this situation, the non-IGBT Vienna rectifier will be operated as 6P-DR and be unable 

to provide control. To meet this situation, the VSC of the hybrid converter will change 

the control target from PCC power magnitude to the DC link voltage of VSC, which 

plays the same role as a Vienna rectifier in the normal operation mode for regulating 

the DC voltage. The VSC command changes not only affect the Vienna rectifier but 

also maintain the system stability during faults. 
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Fig. 4-14 Flow chart of hybrid converter operation 

Fig. 4-14 shows the flow chart of operation, including the normal operation mode 

and backup ancillary mode. When the system operates in a normal mode, the Vienna 

rectifier controls the DC voltage, and VSC controls the power magnitude and disables 

the harmonic compensation controller. When any IGBT of the Vienna rectifier is faulty, 

the 0 signal will be sent to all IGBT ports to maintain the IGBT in an open state. At 

the same time, the VSC converter no longer needs to control the power magnitude. 

The DC voltage assignment depends on the VSC of the hybrid converter. This action 

not only maintains the power-DC voltage ratio but also regulates the hybrid HVDC 

system's operation stability.  

In addition to DC voltage regulation, the VSC of the hybrid converter needs to 

function as an active power filter because the non-IGBT Vienna rectifier will operate 

as 6P-DR. The SRF technique is used to detect the harmonic current produced by non-
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IGBT Vienna rectifier, which is then suppressed by VSC. 

The backup ancillary mode aims to ensure that the hybrid HVDC system operates 

in a stable manner and that the PCC current maintains the expected sinewave over the 

transmission devices’ lifetimes. This backup ancillary mode prevents the complete 

offshore system from being shut down in the event of an internal error in the converter. 

4.4  Simulation results 

The proposed hybrid HVDC system shown in Fig. 4-1 was built in the 

PSCAD/EMTDC environment to test the system performance for different test cases, 

e.g., the basic performance, input active power steps, DC voltage control, and 

operation in basic ancillary mode. Based on the analysis of the above test results, a 

novel converter configuration was proposed and simulated to explore the sizing of the 

hybrid converter. Finally, the controllability, cost, footprint and filter size comparisons 

of offshore converter stations are discussed based on public data. 

Basic 

performance

Performance

during OWF steps
Performance during 

DC controller actions 

Backup 

ancillary

Hybrid converter 

sizing

 

Fig. 4-15 Simulation tests  

The offshore wind farm uses the aggregated wind model with an initial DC 

voltage source.  The hybrid converter components, including the Vienna rectifier and 

VSC converter use the detailed model. These PSCAD models are displayed in 

Appendix B. The timestep of those tests is 20 us. 

4.4.1 Basic performance 

The control systems shown in Fig. 4-12 are used for testing the performance of 
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the hybrid converter used in offshore HVDC system under the PSCAD environment. 

Table 4-2 shows the system parameters used for offshore hybrid converter system. In 

addition, Table 4-3 displays the control action during the simulation process. 

Table 4-2 system parameters of the hybrid HVDC system 

Parameters Nominal Value 

Wind farm 

Aggregated model 

Power rating 400 MW 

Transformer voltage ratio 0.69 kV / 66 kV 

Onshore converter station DC voltage rating 640 kV 

Vienna rectifier 

Of 

Offshore Hybrid Converter 

Power rating PTvie 200 MW 

DC voltage rating 320 kV 

Transformer voltage ratio 66 kV / 230 kV 

Inductance Lvie 0.15 p.u. 

Resistance Rvie 0.0015 p.u. 

2-Level VSC 

Of 

Offshore Hybrid Converter 

Power rating PTvsc 200 MW 

DC voltage rating 320 kV 

Transformer voltage ratio 66 kV / 230 kV 

Inductance Lvsc 0.15 p.u. 

Resistance Rvsc 0.0015 p.u. 
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Table 4-3 Control actions of simulation 

Time  Event  

0 – 10s Vienna Rectifier controls its DC link 

voltage as 0.5 p.u. 

10 – 10.5s OWF input active power decreased from 

1.0 p.u. to 0.9 p.u. 

14 – 14.5s OWF input active power increased from 0.9 

p.u. to 1.1 p.u. 

18 – 18.5s OWF input active power decreased from 

1.1 p.u. to 1.0 p.u. 

22 – 22.1s Vienna Rectifier controls its DC link 

voltage increased from 0.5 p.u. to 0.525 

p.u. 

26 – 26.1s Vienna Rectifier controls its DC link 

voltage decreased from 0.525 p.u. to 0.50 

p.u. 

30 – 30.1s Vienna Rectifier controls its DC link 

voltage decreased from 0.5 p.u. to 0.475 

p.u. 

34 – 34.1s 

 

Vienna Rectifier controls its DC link 

voltage increased from 0.475 p.u. to 0.5 

p.u. 

Fig. 4-16 shows the active power, DC link and current of the hybrid converter. 

The Vienna rectifier controls its DC link voltage at 320 kV (0.5 p.u of HVDC system 

DC link voltage)., and OWF input active power is 400 MW (1 p.u.) until 10s. Then, 

the OWF control output active power at a different level from 10 s to 20 s period to 

test the performance when the power change and the DC voltage is controlled to test 

different magnitudes used to test the DC voltage controller from 20 s to 35 s. Finally, 

the system control strategies go back to the initial settings. Fig. 4-16 (a) and (b) show 

the hybrid converter’s active power and AC voltage. The voltage and current at the 

PCC point are illustrated in Fig. 4-16 (c) and (d). The current flowing into the hybrid-
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VSC and hybrid Vienna rectifier are displayed in Fig. 4-16 (e) and (f), respectively. 

 

Fig. 4-16 Performance of proposed hybrid HVDC system: (a). Active power of hybrid 

converter components, (b) DC link voltage, (c) Current at PCC point, (d) Current at VSC of 

hybrid converter, (e) Current at Vienna rectifier of hybrid converter 

Fig. 4-17 displays the simulation results at the beginning, from 0s to 10s. Fig. 4-

17 (a) and Fig. 4-17 (b) show the active power and DC voltage of system components, 

respectively. The DC link voltage of the onshore DC network is 640 kV (1 p.u.), the 

DC link voltage of the Vienne rectifier is 0.5 p.u. and the DC link voltage of VSC is 

0.5 p.u., which means the two power electronics components of the hybrid converter 



 

99 

 

are each controlled to occupy half of the onshore DC network. Due to the series 

connection in the hybrid converter, the hybrid converter components transmitted active 

power is proportional to the ratio of their DC link voltage on the basis of the onshore 

DC network. In Fig. 4-17 (a), the OWF input active power is 400 MW (1 p.u.), while 

the Vienna rectifier and VSC converter delivered 0.5 p.u. respectively, from OWF to 

the onshore DC network. The current at the PCC point is illustrated in detail in Fig. 

4-17 (c) to prove the low harmonics at the offshore PCC point.  
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Fig. 4-17 Simulation results from 0s to 10s (a). Active power of hybrid converter components 

and offshore wind farm during 10s, (b). DC link voltage of hybrid converter components 

during 10s. (c) Current at PCC point during 0.4s 

Fig. 4-18 provides the individual harmonics analysis of the PCC phase current. 

It shows that the harmonic components remain at a low level, and the total harmonics 

distortion is only 0.92%.  

Fig. 4-19 shows the harmonic analysis of PCC voltage and the THD of PCC 

voltage is 1.14%. 
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Fig. 4-18 PCC current harmonics analysis 

 

Fig. 4-19 Harmonic analysis of PCC voltage 
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4.4.2 Hybrid HVDC system during the OWF input active power 

step 

In order to investigate whether the hybrid converter can operate with different 

power outputs from the offshore wind farm, the wind farm model is controlled to 

output different active powers. Fig. 4-20 shows the results from 10s to 20s, during this 

period, the wind farm will deliver different powers to test the operation of the hybrid 

converter. Fig. 4-20 (a) shows the power transmitted by the wind farm and the hybrid 

converter, in combination with their DC voltage, as shown in  Fig. 4-20 (b). 

The output OWF active power drops from 1 p.u. to 0.9 p.u. at 10 s, then increases 

from 0.2 p.u. to 1.1 p.u. at 14 s, and finally decreases to 1 p.u. at 18 s. It can be seen 

from Fig. 4-20 (b), that the DC link voltage of the hybrid converter remains constant 

at its initial setting during the OWF input power steps. 
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(a)

(b)
 

Fig. 4-20 Transmitted power and DC voltage of wind farm and hybrid converter when wind 

farm power changes 

 

In addition to detecting that the DC voltage is being maintained at the initial 

setting, the waveform of the PCC current is also an area of concern, particularly the 

waveform during the periods of changing output power from the wind farm. The 

following three diagrams show the waveforms of the PCC current as the power 

changes and partially magnify the waveforms before and after the power change. As 

mentioned earlier, the output power of the OWF decreases from p.u. to 0.9 p.u. at 10s. 
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Fig. 4-21 shows the results of the data from 9.5s to 11.5s, during which the OWF 

power decreases. Fig. 4-21 (b) and (c) show the PCC current waveform from 9.5s to 

9.8s and 11.2 to 11.5s, respectively. 
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Fig. 4-21 PCC current waveform during OWF output power decrease from 1 p.u. to 0.9 p.u. 

 

 At 14s, OWF output power increases from 0.9 p.u. to 1.1 p.u. Fig. 4-22 (a) shows 

the PCC waveform from 13.5s to 15.5s, and Fig. 4-22 (b) and (c) show the PCC current 

waveform from 13.2s to 13.5s and 15.2 to 15.5s, respectively. 
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(b)

(a)

(c)

 

Fig. 4-22 PCC current waveform during OWF output power increase from 0.9 p.u. to 1.1 p.u. 

 

 OWF output active power is controlled to initial setting 1 p.u. at 14s, Fig. 4-23 

displays a simulation result from 17.5s to 19.5s. 
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Fig. 4-23 PCC current waveform during OWF output power decrease from 1.1 p.u. to 1 p.u. 

 

The DC voltage control of the hybrid converter is maintained at the initial setting 

by controlling the different power outputs of the wind farm. Because the characteristic 

part of the hybrid converter transmits power proportional to the DC voltage, the Vienna 

rectifier and VSC consistently share power at a 50% ratio from offshore to onshore 

during power increases and decreases. The PCC current waveform also maintains the 

expected sine waveform without significant harmonic currents as the wind farm power 

changes. 
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4.4.3 Transmitted active power exchanged by the DC voltage 

control 

As discussed in section 4.3.1, due to the characteristics of the series connection 

type hybrid converter, the onshore converter station maintains the system DC-link 

voltage as constant. DC-link voltage ratio of hybrid converter components determines 

the transmitted power of hybrid converter components. Fig. 4-24 shows simulation 

results from 20s to 40s. During this period, the DC voltage controller of the Vienna 

rectifier controls its DC-link voltage change to observe the transmitted power from 

offshore to onshore. 

In the initial setup, the onshore converter station controls the system DC-link 

voltage as 1 p.u. The Vienna rectifier controls its DC-link voltage at 0.5 p.u. and the 

DC-link voltage of the VSC converter is 0.5 p.u. Thus, each component of the hybrid 

converter, Vienna rectifier and VSC converter is responsible for 50% of power 

transmission from offshore to onshore. At 22s, the Vienna rectifier controls its DC-

link voltage from 0.5 p.u. to 0.525 p.u., then decreases from 0.525 p.u. to 0.5 p.u. at 

26s. This is to test the performance of the hybrid converter when the Vienna rectifier 

DC voltage controller is commanded to increase the DC voltage. Also, in order to test 

the performance when a decrease command was received, in the 30s the Vienna 

rectifier controls its DC link voltage decreased from 0.5 p.u. to 0.475 p.u., and at 34s, 

the DC voltage is controlled to 0.5 p.u. As shown in Fig. 4-24 (a), the power transferred 

by the hybrid converter is proportional to the DC voltage, and the system can operate 

stably during this part of the test. In addition, the DC-link voltage of the hybrid 

converter is displayed in Fig. 4-24 (b). 
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(a)

(b)
 

Fig. 4-24 Transmitted power and DC voltage of wind farm and hybrid converter from 20s to 

40s 

 

The currents at the PCC point, VSC and Vienna rectifier are illustrated in Fig. 

4-25, which shows the waveform when the Vienna rectifier controls its DC-link 

voltage increases from 0.5 p.u. to 0.525 p.u.. The input current flowing into the Vienna 

rectifier will increase as the DC-link voltage of the Vienna rectifier increases; in 

contrast, the input current to VSC will decrease as the VSC DC-link voltage drops. 

The PCC current will remain the same after the control command. In summary, Fig. 

4-25 presents the current as the Vienna rectifier controls its DC-link voltage increase. 



 

109 

 

(a)

(b)

(c)
· 

Fig. 4-25 PCC current and hybrid converter components current during Vienna rectifier DC 

increased 

Similar to the figure above, Fig. 4-26 (a), (b) and (c) shows the PCC current, VSC 

input current and Vienna rectifier input current, respectively. The purpose of this is to 

test the current when the Vienna rectifier controls its DC-link voltage drop.  As the 

Vienna rectifier DC-link voltage decreases, the current flow into the Vienna rectifier 

has decreased. The current flow into the VSC converter increases as its DC-link 
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voltage increases. The current at the PCC point remains the same magnitude. 

(a)

(b)

(c)
 

Fig. 4-26 PCC current and hybrid converter components current during Vienna rectifier DC 

decreased 

Due to the characteristics of the series structure, the hybrid converter can 

determine how much power is transmitted by each component by controlling the 

voltage of its components. In the set control strategy, Vienna controls its own DC-link 

voltage to determine the proportion of power to be transmitted. With this characteristic, 
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the question regarding the size of the hybrid converter can be discussed, i.e. how to 

use the large size of the Vienna rectifier to transmit power together with the small size 

of the VSC. Under this assumption, the Vienna rectifier will increase its own DC-link 

voltage to control the power transmitted by the Vienna rectifier. 

4.4.4 Hybrid HVDC system operated in the backup ancillary mode 

This section presents two test case simulation results to compare the performance 

of the hybrid converter with and without backup ancillary mode. For both test cases, 

the Vienna rectifier controls its DC link voltage as 0.5 p.u., and the VSC of the hybrid 

converter controls the power magnitude at the PCC point at the beginning. At 5s, the 

IGBTs of the Vienna rectifier are simulated as faulty, and the VSC converter controls 

the DC link voltage rather than the power magnitude. The difference between the two 

test cases is the backup ancillary mode, Fig. 4-27 shows that the hybrid converter 

station does not enable backup ancillary mode at 5s, and the SRF harmonic 

compensation controller will not work for harmonics cancellation. As a comparison, 

Fig. 4-28 displays a simulation result that the hybrid converter enables the back 

ancillary mode, and the SRF harmonic compensation controller will be used to reduce 

the harmonic current. 

Fig. 4-27 shows the performance of the hybrid converter when the Vienna 

rectifier’s IGBTs are faulty, and the backup ancillary mode is not enabled. DC-link 

voltage and transmitted power are presented in Fig. 4-27 (a) and Fig. 4-27 (b). As the 

control system of the VSC converter controls the DC-link voltage at 5s, the DC-link 

voltage and transmitted power do not collapse due to the failure of the Vienna rectifier. 

Fig. 4-27 (c) display the PCC current, and to compare the difference in PCC current 

waveform before and after the Vienna rectifier’s fault, Fig. 4-27 (d) and (e) show the 

PCC current at 4.5s to 4.6s and 7.0s to 7.1s respectively. Without backup auxiliary 
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mode activation, harmonics currents appear in the PCC current, as can be seen from 

Fig. 4-27 (e). In addition, an FFT analysis of the current in Fig. 4-27 (e) has been 

produced, and the results are shown in the blue bar in Fig. 4-29. 

(c)

(d) (e)

(b)

(a)

 

Fig. 4-27 Performance of hybrid converter during mode change action without harmonics 

compensation control  
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The performance of the hybrid converter with the backup ancillary mode is 

illustrated in Fig. 4-28. The harmonics compensation controller is working with a VSC 

converter control command change. When the backup ancillary mode is enabled, the 

harmonic current produced by the non-IGBTs Vienna rectifier is suppressed by a built-

in active power filter, which is from the VSC of the hybrid converter operating in the 

backup ancillary control mode, SRF harmonics compensation controller is activated. 

Fig. 4-28 (a) and (b) show DC-link voltage and transmitted power, respectively, 

and PCC current is shown in Fig. 4-28 (c). By contrast to the simulation result shown 

in Fig. 4-27, the harmonics current compensation controller operates to eliminate 

harmonic currents, although the VSC converter changes the control target. The current 

waveforms before and after the harmonics controller is activated are also shown in Fig. 

4-28 (d) and (e), respectively, in order to facilitate a comparison of the PCC current 

waveform. In addition, Fig. 4-28 (e) is also analyzed by FFT and its result is shown as 

the orange bar in Fig. 4-29. 
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(d) (e)

(c)

(b)

(a)

 

Fig. 4-28 Performance of hybrid converter during mode change action with harmonics 

compensation control  

The two simulation results are analyzed separately for individual harmonics 
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analysis, and the comparison result is presented in Fig. 4-29. The blue bar diagram 

shows the analysis results of PCC current without the backup ancillary mode; the 

orange bar diagram shows the analysis PCC current analysis with the backup ancillary 

mode. It is clear that the 5th, 7th, 11th and 13th harmonic current decreases when the 

backup ancillary mode is enabled. In addition, the THD for the two simulation results 

is 6.1% and 1.8%, respectively. There is a 4.3% drop when the mode starts. 

 

Fig. 4-29 Comparison of the harmonics analysis of PCC phase current without harmonic 

compensation controller and PCC phase current with harmonic compensation controller 

4.4.5 The size of the hybrid converter 

The analysis of the results of the previous simulation shows that the hybrid 

converter can be controlled in relation to the amount of power transferred by the DC 

voltage converter of the Vienna rectifier. This section discusses the power transfer 
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ratio of the hybrid converter in terms of the sizing of the hybrid converter. It aims to 

explore a potential solution that utilizes a reduced-size VSC converter series connected 

with an increased-size Vienna rectifier. 

Table 4-4 Parameters of offshore HVDC system based on new size hybrid converter 

Parameters Nominal Value 

Wind farm 

Aggregated model 

Power rating 400 MW 

Transformer voltage ratio 0.69 kV / 66 kV 

Onshore converter station DC voltage rating 640 kV 

Vienna rectifier 

Of 

Offshore Hybrid Converter 

Power rating PTvie 267 MW 

DC voltage rating 427 kV 

Transformer voltage ratio 66 kV / 230 kV 

Inductance Lvie 0.15 p.u. 

Resistance Rvie 0.0015 p.u. 

2-Level VSC 

Of 

Offshore Hybrid Converter 

Power rating PTvsc 143 MW 

DC voltage rating 213 kV 

Transformer voltage ratio 66 kV / 230 kV 

Inductance Lvsc 0.15 p.u. 

Resistance Rvsc 0.0015 p.u. 

Table 4-4 shows the parameters used for this test. The offshore wind farm 

generates 400 MW, and the transformer ratio of the wind farm, Vienna rectifier side 

and VSC side remain the same as in the previous test. The difference is that the rated 

power of the transformer connected to the Vienna rectifier is 267 MW, while for the 

VSC is 143 MW. As a result, the inductance and resistance values connecting the 

hybrid converter component are different from the previous simulation test. 

The Vienna rectifier is designed to regulate its DC voltage to 0.67 p.u. (427 kV) 

of the entire HVDC system DC voltage. Consequently, the VSC will maintain a DC 

voltage of 0.33 p.u. (213 kV) in accordance with this control target. As a result, the 

power generated by offshore wind farm will be divided between the Vienna rectifier 
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and the VSC, with the former carrying 0.67 p.u. (267 MW) and latter carrying 0.33 

p.u. (133 MW) of the total power. 

 

Fig. 4-30 Simulation results of the new configured hybrid converter’s size: (a) Active power, 

(b) DC Voltage, (c) PCC voltage, (d) PCC current, (e) Current flowing into Vienna rectifier, 

(f) Current flowing into VSC converter 

Fig. 4-30 shows the simulation results of the hybrid converter’s new 

configuration. Fig. 4-30 (a) and (b) present the power and voltage profiles of the hybrid 

converter components, respectively. The voltage of the Vienna rectifier is regulated at 
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0.67 p.u., and the power is proportional to this voltage. Fig. 4-30 (c) and (d) display 

the voltage and current at the PCC point. With an additional zoomed detail diagram, 

the results show the expected voltage and current waveform. The currents at the VSC 

and Vienna rectifier are depicted in Fig. 4-30 (e) and (f), respectively, along with their 

corresponding enlarged detail diagrams. 

This experiment demonstrates that the hybrid converter can be effectively 

integrated with a small VSC and a large Vienna converter. The proposed configuration 

allows a wide variety of power and DC voltage rations between the Vienna rectifier 

and the series VSC converter. User can select an appropriate ratio based in their 

requirements, including the amount of bi-directional power flow for black start 

capability voltage control, level of harmonic current suppression and DC voltage level 

allowed for the IGBT switches. As an example, the simulation presented in this paper 

shows the performance of a 50% - 50% and 67% - 33% power/DC voltage ratio 

between the Vienna rectifier and the VSC. This combination not only reduces the 

initial investment costs but also minimizes the offshore footprint, thereby offering 

significant benefits. 

4.4.6 Cost and Sizing Analysis of the Proposed Hybrid Converter 

European Network of Transmission System Operators of Electricity (Entso-e) [79] 

published a report regarding offshore transmission technology, including the offshore 

technology, HVDC projects around Europe and converter costing information. The 

cost of a 500 MW VSC converter is about 75 – 92 million Euros. The weight of a 400 

MW VSC platform is 3500 tonnes, which costs 32 – 38 million Euros if installed as 

Topside. Thus, the cost and weight of 1 MW is 0.15M€/MW and 8.75 tonnes/MW [80]. 

Compared to HVDC based on the VSC converter, the cost and weight of the DR-

HVDC system can potentially be decreased by 30% and 80%, respectively[81, 82].  
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The hybrid converter based on 12 PDR and VSC reduces costs by around 17.6% and 

weight by 28.1% [66]. The proposed hybrid converter based on the Vienna rectifier 

and VSC reduces around 10% of the converter cost and 25.1% of the weight. The diode 

rectifier converter station has the lowest cost and weight, but the largest AC filter needs 

to be installed at the offshore side, which increases the investment cost and footprint 

at the offshore side. In addition, the diode rectifier converter is an uncontrollable 

device, which relies on wind turbines. DR-HVDC has significant advantages and 

disadvantages. 

 

Fig. 4-31 Converter station comparison 

HVDC systems based on hybrid converters have extended control capabilities and 

smaller filters compared to diode rectifier converter stations. With the Vienna rectifier 

included in hybrid converters, hybrid converters have more control options. Therefore, 

offshore converter stations do not require filter stations or complex transformers, 

which can reduce costs and footprint. In comparison to VSC converters, hybrid 

converters have a lower cost and a smaller footprint. Additionally, switching losses are 
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lower due to the reduction in IGBTs.  

4.5  Summary 

This chapter proposed a hybrid converter topology based on a Vienna rectifier 

and VSC to be used in offshore HVDC systems. The proposed hybrid converter 

provides low-cost, low-harmonics, low-complexity and high-reliability operations for 

offshore HVDC systems. In addition, the proposed converter has the capacity to 

maintain a controlled and harmonic-free performance in the event of a Vienna rectifier 

switching failure. In this configuration, the VSC of the hybrid converter functions as 

an active power filter during non-IGBT Vienna rectifier operation. The performance 

of the hybrid converter was simulated with PSCAD/EMTDC to verify the system 

operations in steady state and dynamic conditions. In addition, the backup ancillary 

mode was verified. Therefore, according to the testing results analysis, the hybrid 

converter’s size is discussed in this chapter, which uses the larger Vienna rectifier and 

smaller VSC in series connections. In the end, the hybrid converter based on the 

Vienna rectifier and VSC converter shows the advantages of controllability cost, 

footprint and AC filter size in the converter station.  

Moreover, the hybrid converter eliminates the need for a filter on the offshore 

side. This is due to the Hybrid Vienna-VSC converter's use of an SRF-based harmonic 

current compensation controller as a backup, which can cancel harmonic components 

if a failure occurs in the VSC converter's switching devices. The SRF-based harmonic 

current compensation controller provides a solution that is not only easy to tune but 

also resilient to frequency variations. However, its limitation lies in the slow response 

time of the low pass filter used in the SRF-based harmonic current compensation 

technology, especially when the hybrid converter operates in backup auxiliary mode. 

Chapter 5 discusses the details and provides a method to improve the SRF technique. 
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Chapter 5 Fast detection and control 

techniques for harmonic mitigation in Hybrid 

Converters 

5.1  Introduction 

The above chapters introduced two kinds of hybrid converters: a 6P-DR series 

connected with a two-level VSC and a Vienna rectifier series connected with a 2-Level 

VSC. The advantages of the hybrid converter arise from the combined advantages of 

the two converter topologies. For example, the 6P-DR-VSC hybrid converter added 

the robustness, simplicity and efficiency of an uncontrollable rectifier. The Vienna 

rectifier brings low harmonic currents, simplicity and high efficiency. Additionally, 

the backup ancillary mode is built into the Vienna rectifier-VSC hybrid converter. 

The VSC converter of the hybrid converter brings the controllability and 

harmonic current compensation to the characteristics of the hybrid converter. Due to 

the harmonic current produced by 6P-DR, the VSC converter includes the capability 

to work as an active power filter to clear harmonic pollution at the PCC. This 

functionality is needed in the Vienna rectifier-VSC hybrid converter when the IGBTs 

of the Vienna rectifier are faulty and the system operates as an uncontrolled 6P-DR. 

Several techniques are used for detecting and compensating harmonics in active 

power filters, such as the harmonic control loop based on the proportional resonant 

controller or the synchronous reference frame controller based on the PI controller 

(SRF-PI). These techniques have been used by some authors in the hybrid converter 

control systems to provide harmonic cancellation at the PCC. The PR controller-based 

harmonic compensation can provide a fast response to set-point changes but has a 

complex tuning process and is very sensitive to grid frequency variations.  Although 



 

122 

 

the SRF-PI technique has an easy-tuning and robust control system, a slow set-point 

response is the shortcoming of its technique because of the small bandwidth low pass 

filters within the SRF-PI control architecture. 

In this chapter, a robust and fast-acting controller, the Two Degrees of Freedom 

Internal Model controller (2DF-IMC) is introduced and used to replace the PI 

controller in the SRF harmonic approach to control the VSC of the hybrid converter 

as an active power filter. The most relevant feature of the 2DF-IMC controller is its 

capability to detect and control harmonics without relying on low-pass filters. This 

allows the proposed controller to provide a much faster overall THD reduction in 

offshore AC currents. When the Vienna rectifier-VSC hybrid converter mode switches, 

the 2DF-IMC controller provides a faster response compensation in harmonics at the 

PCC.  

5.2  Synchronous reference frame (SRF) technique used for 

harmonic current detection. 

5.2.1 Harmonics compensation controller based on SRF-PR 

controller 

The Proportional resonant–based controller (PR controller) is used in estimated 

harmonic in active power filter applications. PR controllers are able to follow the target 

harmonic reference to their respective resonant frequencies with zero steady-state error 

by applying an infinite gain at the desired resonant frequency. In conventional hybrid 

converters, the reference [59] uses the PR controller to cancel out the harmonic current 

at the PCC point, which uses the VSC of the hybrid converter to function as an active 

power filter via the harmonic compensation control loop based on a PR controller. 

The use of the SRF-PR controller provides a fast response for set-point changes 
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in harmonic compensation. In contrast, attaining adequate controller tuning and 

stability is difficult for the PR controllers and increases the complexity of controller 

tuning. Additionally, the controller resonant frequency should be tuned to the reference 

frequency because of the narrow infinite gain band. On the other hand, non-ideal PR 

controllers are able to use second-order generalized integrators that provide a wider 

resonant band but have an increased penalty of tracking errors [83].  

 

Fig. 5-1 Harmonics control technique base on PR-Controller [84] 

5.2.2 Harmonics compensation controller based on SRF-PI 

controller 

Fig. 5-2 shows the diagram of the SRF technique using a PI controller and low 

pass filter. This harmonic compensation controller is used in the hybrid converter is 
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proposed in this thesis. This technique relies on several dq frames rotating at the 

angular frequency (𝜔ℎ ) and sequence of the harmonics to be compensated. The 

compensation process is illustrated  

, which displays the 5th and 7th harmonic currents to show the compensation 

process; the red and blue bars represent the 5th harmonic and 7th harmonics, 

respectively. The output of a given rotating dq frame an AC component (the sum of 

all frequency components of the signal that are not rotating at the same speed as the 

dq frame) and a DC component (the DC representation of the frequency component 

rotating at the same speed and sequence of the rotating dq frame). The low pass filter 

after the dq transformation aims to remove the AC components and obtain the expected 

dq components of the harmonic signals, which are then provided as inputs to a PI 

controller inside the given harmonic currents compensation control loop. For example, 

in the 5th harmonic current compensation control loop, the 5th harmonics (red bars) and 

7th harmonics (blue bars) measurements from the non-linear load pass through the low 

pass filter to obtain the expected 5th harmonic current dq values, which are then used 

by the PI controller as reference. The same process is applied in other harmonic 

compensation loops. After the PI controller produces a dq control signal, such signal 

is converted back to an abc value using the inverse dq transformation rotating at the 

angular frequency and sequence of the given harmonic. This process results in the VSC 

producing a harmonic current output that cancels out the given harmonic produced by 

the nonlinear load when provided to the PCC point. 

SRF-PI provides an easy-to-tune process for harmonic current compensation with 

stable controls and no tracking errors. Additionally, SRFs enable individual harmonic 

currents to be controlled as DC signals with the PI controllers. Despite the above 

advantages, the slow response times are the disadvantages of SRF-PI harmonic current 

compensation controllers. The low pass filter in the controller architecture causes the 
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slow response time and also increases the computational workload. 
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Fig. 5-2 SRF technique based on PI-Controller 
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Fig. 5-3 Compensation process used SRF-PI controller 

 

 

5.3  SRF technique using 2DF-IMC controllers for harmonic 

compensation. 

To address delays produced by the low-pass filters in the SRF-PI controllers, the 

two-degrees-of-freedom internal match controller (2DF-IMC) is proposed to replace 

the PI controller within the controller process, as presented Fig. 5-4. The 2DF-IMC 

controller can detect and control harmonics without the need of low pass filters in the 

control architecture. By removing the low pass filter, the 2DF-IMC of each separate 

harmonic current compensation loop will track the harmonics of the set-point at the 

same time without the delay caused by the filter.  

The 2DF-IMC technique uses an internal model of the plant to define controller 

constants. 2DF-IMC controllers have been successfully used in power electronic 

converters to increase close-loop robustness. The increased robustness of the 2DF-

IMC controller can be explained by its controller structure, which, by using a second 

degree of control freedom, adds an artificial damping term to the plant’s transfer 

function. By doing so, the plant transfer function acquires a fixed parameter that the 

controller can replicate accurately in its internal model.  This leads to the definition of 

controller constants that remain effective in providing stable control even when the 

parameters of the plant change or when such parameters are not accurately depicted in 

the controller’s internal model.  
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Fig. 5-4 Harmonic current compensation controller (a) tuned by PI controller, (b) tuned by 

2DF-IMC controller 

Another advantage of the 2DF-IMC is the increased disturbance rejection 

capabilities that the artificial damping adds to the plant dynamics. If the value of the 

artificial damping parameters is selected correctly, a closed-loop 2DF-IMC controller 

can reject disturbances (i.e. exogenous signals added to the input of the plant that 

deviate the output from the desired value) as fast as its close-loop set-point dynamics.  

Fig. 5-5 shows the basic structure of the 2DF-IMC controller, where 𝐺(𝑠)  is the 
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plant to control, 𝑀(𝑠) is the augmented plant with an artificial inner feedback loop 

(the second degree of control freedom) of value R, 𝑀′(𝑠)is the plant model and 𝐿(𝑠) =

(𝛼/(𝑠 + 𝛼))
𝑧
is low pass filter designed to make the controller a proper function. The 

order of the filter, 𝑧, is chosen according to the order of 𝐺(𝑠)  and 𝛼 can be interpreted 

as the closed loop bandwidth of the control system.  

 
Fig. 5-5 Diagram structure of IMC controller 

The active damping feature of the 2DF-IMC controllers can be used by multiple-

SRF harmonic detection and control algorithms to remove the low-pass filters in their 

harmonic detection stages, leading to a significant increase in the speed of response of 

the controllers. This is explained in detail in the following section. 

The d and q outputs of an SFR rotating at the angular speed and sequence of a "n” 

current harmonic are hybrid signals consisting of DC and AC components. The DC 

components can be used to define the magnitude and angle of the n harmonic, whereas 

the AC signal is the representation of the rest of the harmonics in the measured current.   

𝑖𝑛_𝑑 = 𝛤𝑛𝑖𝑛 𝑐𝑜𝑠( 𝛽𝑛)⏟        
DC component

+ ∑ 𝛤𝑘𝑖𝑘 𝑐𝑜𝑠(−𝛤𝑘[(𝛤𝑛𝑛 − 𝛤𝑘𝑘)(𝜔𝑠𝑡)] + 𝛽𝑘)

∞

𝑘=1,𝑘≠𝑛⏟                              
AC component
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𝑖𝑛_𝑞 = 𝑖𝑛 𝑠𝑖𝑛( 𝛽𝑛)⏟      
DC component

+ ∑ 𝑖𝑘 𝑠𝑖𝑛(−𝛤𝑘[(𝛤𝑛𝑛 − 𝛤𝑘𝑘)(𝜔𝑠𝑡)] + 𝛽𝑘)

∞

𝑘=1,𝑘≠𝑛⏟                            
AC component

 
(5.1) 

The DC and AC components are labelled in Equation (5.1). in_d  and in_q are the 𝑛 

harmonic dq signals. 𝛽𝑛 is the phase shift of the 𝑛 harmonic, in is the magnitude of the 

𝑛  harmonic, 𝑖𝑘  is the magnitude of the 𝑘  harmonic current, 𝜔𝑠  is the synchronous 

frequency in radians, 𝑡 is the time, 𝛽𝑘 is the phase shift of the 𝑘 harmonic, and 𝛤𝑘 =

sign[𝑠𝑖𝑛(2𝜋𝑘/3)]  represents the sequence of the 𝑘 harmonic and is reflected in 

Equation (5.1) as an algebraic sign. 

The modulator signal fed to the VSC by a filter-less SRF is a hybrid waveform 

composed of 2 parts: a) a useful control action that is the DC dynamics of the 

fundamental and harmonic dq current loops combination, b) constant harmonic 

disturbances that are the product of using the filter-less SRF, which are meaningless 

for control purposes. It is evident that the only useful information of Equation (5.1) for 

control purposes is the DC components of the signal. This explains the use of the low 

pass filter in the typical SRF-based harmonic controllers. However, if the filter it is not 

applied and the signal is provided directly to a PI controller, then the output of the 

controller will be, because of the principle of superposition, the effective control action 

(the DC output) plus a periodic waveform that is meaningless for control purposes and 

acts as a “AC disturbance” added to the input of the plant. This AC disturbance can be 

fully rejected with 0 steady-state error when using 2DF-IMC. The reason for this is 

that a 𝑛 constant AC harmonic disturbance, produced by any given 2DF-IMC 

controller of the system, is reflected as a constant DC signal disturbance in the 2DF-

IMC dedicated to the control of the 𝑛 harmonic. Specifically, it will be reflected as a 

DC disturbance signal of magnitude 𝐻𝑛_𝐴𝐶 𝑐𝑜𝑠( 𝛽𝑛 − 𝜙𝑛_𝐴𝐶) for the d control loop and 

a DC disturbance signal of magnitude 𝐻𝑛_𝐴𝐶 𝑠𝑖𝑛( 𝛽𝑛 − 𝜙𝑛_𝐴𝐶) for the q control loop. 
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Because the 2DF-IMC is specifically built to reject step-like and constant DC 

disturbances, it is an ideal choice for compensating AC disturbances generated by the 

other 2DF-IMC controllers with the same robustness and speed of response of its set-

point tracking feature, as they will be reflected as a DC disturbance signal. For this 

reason, arrays of 2DF-IMCs specifically designed to compensate for individual 

harmonics will jointly compensate for AC disturbances generated by one another as 

fast as they track a set point change. Fig. 5-4 shows the schematic of the 2DF-IMC 

along with the SRF. 
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Fig. 5-6 Compensation process used 2DF-IMC controller 

As described in section 3.3.4, The equations defining the dynamics of the dq 

fundamental and harmonic currents between VSC and the AC grid are: 

𝑣𝑛_𝑑_𝑖𝑛𝑣 = 𝑟𝑖𝑛_𝑑 + 𝑙𝑑𝑖𝑛_𝑑/𝑑𝑡 − 𝜔𝑠𝑙𝑖𝑛_𝑞 − 𝑣𝑑 (5.2) 

𝑣𝑛_𝑞_𝑖𝑛𝑣 = 𝑟𝑖𝑛_𝑞 + 𝑙𝑑𝑖𝑛_𝑞/𝑑𝑡 + 𝜔𝑠𝑙𝑖𝑛_𝑑 − 𝑣𝑞 

Where 𝑟  and 𝑙  are, respectively, the equivalent resistance and inductance 

between the VSC and the AC grid, 𝑖𝑛_𝑑 and 𝑖𝑛_𝑞  are the average dq current 

components of the 𝑛 harmonic, 𝑣𝑛_𝑑_𝑖𝑛𝑣 and 𝑣𝑛_𝑞_𝑖𝑛𝑣 are the dq components of the 𝑛 

harmonic of the average voltages generated by the VSC, and 𝑣𝑑  and 𝑣𝑞  are the dq 

voltage components of the offshore AC grid.  
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The transfer functions between the dq VSC harmonic currents and the dq VSC 

harmonic voltages can be represented by the same equation if the cross-coupling terms 

(𝜔𝑠𝑙𝑖𝑛_𝑞and 𝜔𝑠𝑙𝑖𝑛_𝑑), and the grid voltage components (𝑣𝑑 and 𝑣𝑞) from Equation (5.2) 

are considered disturbances, not present during the calculation of the dq current control 

but instead being numerically compensated by a feedforward loop. Hence, the VSC 

current-to-voltage relationships in the dq frame are given: 

𝑖𝑛_𝑑(𝑠)

𝑣𝑛_𝑑_𝑖𝑛𝑣(𝑠)
=

𝑖𝑛_𝑞(𝑠)

𝑣𝑛_𝑞_𝑖𝑛𝑣(𝑠)
=

𝑖𝑛(𝑠)

𝑣𝑛_𝑖𝑛𝑣(𝑠)
= 𝐺𝑖(𝑠) =

1

𝑙𝑠 + 𝑟
 

(5.3) 

The inner feedback loop is implemented in the plant by making the input signal 

to the plant equal to 

𝑀𝑖(𝑠) = 1/(𝑅𝑖 + 𝑙𝑠 + 𝑟) (5.4) 

The inner feedback loop is implemented in the plant by making the input signal 

to the plant equal to 

𝑣𝑛_𝑖𝑛𝑣(𝑠) = 𝑣𝑛_𝑖𝑛𝑣 ′(𝑠) − 𝑖𝑛(𝑠)𝑅𝑖 (5.5) 

Under this scenario, the 2DF-IMC control constants are  

𝐾𝑝𝑖 = 𝛼𝑖𝑙    𝐾𝑖𝑖 = (𝑟 + 𝑅𝑖)𝛼𝑖 (5.6) 

Where 𝛼𝑖 is the bandwidth of the closed loop system and is selected based on the 

response speed of the controllers. If the gain of 𝑅𝑖 is selected to match the pole of 

𝑀𝑖(𝑠) with the pole of 𝐹𝑖(𝑠) on the transfer function from the disturbance 𝑑𝑖(𝑠) to the 

output of the plant, then  𝑅𝑖is required to have the value of 

𝑅𝑖 = 𝛼𝑖𝑙 − 𝑟 (5.7) 

With the value of 𝑅𝑖 specified by Equation (5.7), the relationship between the 

output voltage and disturbances 𝑣𝑛_𝑖𝑛𝑣(𝑠)/𝑑𝑛_𝑖(𝑠) becomes 
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𝑣_𝑖𝑛𝑣(𝑠)/𝑑𝑖(𝑠) = 𝑠/(𝑙(𝛼𝑖 + 𝑠)
2) (5.8) 

As seen in Equation (5.8), the disturbances 𝑑𝑖(𝑠) are rejected by the plant and the 

controller with the same time constant, which in turn depends on 𝛼𝑖. 

5.4  Simulation results 

As shown in Fig. 5-7, the 2DF-IMC will replace the PI controller in the SRF 

harmonic compensation processing, and then the performance result will be presented, 

and the response time is compared with the SRF-PI speed of response. In this test, the 

hybrid converter based on the Vienna rectifier and VSC converter is used, as shown in 

Appendix C, and the harmonics controller based on 2DF-IMC in the PSCAD model is 

shown in Appendix C.7  2DF-IMC SRF Harmonic Controller. The simulation time 

step is 20 us. 

Using the 2DF-IMC replace SRF-PI 

controller used in Hybrid Vienna- VSC 

mode switching

Presents performance of harmonic compensation 

Compare the response time with SRF-PI

 

Fig. 5-7 Simulation test 

 

In order to test the features of 2DF-IMC, the PSCAD model used the Vienna-

VSC hybrid converter model. In this model, the auxiliary mode is prepared to provide 

harmonic compensation when the IGBTs of the Vienna rectifier are faulty. The test 

model sets the IGBTs of the Vienna rectifier switching fault at 5 s, then the Vienna 

rectifier functions as a non-IGBT Vienna rectifier and runs at 3 s. Finally, the harmonic 

current compensation controller is enabled. 
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Fig. 5-8 Performance of hybrid HVDC system operated from normal control mode to backup 

ancillary mode (a) Active power of hybrid converter components, (b) DC link voltage of hybrid 

converter components, (c) PCC current during the Vienna rectifier operated as 6P-DR (4.95s 

- 5.05s), (d) PCC current during backup ancillary mode enabled, (e) THD of PCC current 

during the Vienna rectifier operated as 6P-DR (4.95s - 5.05s), (f) THD of PCC current during 

backup ancillary mode enabled 

Fig. 5-8 shows the performance as the hybrid converter switches from the normal 

mode to the backup ancillary mode. Fig. 5-8 (a) and (b) show the basic performance 

active power and DC voltage, respectively. Fig. 5-8 (c) shows the PCC current 

waveform from 4.95 s to 5.05 s, which is the switching point from the normal mode to 
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the non-IGBT Vienna rectifier function mode. Fig. 5-8 (d) provides the second 

switching point when the hybrid converter enables the backup ancillary mode using 

the 2DF-IMC harmonic current compensation controller.  

Fig. 5-8 (d) and (e) show the THD value during the running time to present the 

response speed of the harmonics compensation controller. For comparison, the 

compensation result used by the 2DF-IMC controller is compared to the result of the 

conventional PI controller. The red line represents the trend of THD results using 2DF-

IMC, while the blue line is the trend of THD results using the conventional PI 

controller. With this presentation of the results in the time domain, the compensation 

response time is 40 ms when using the 2DF-IMC controller and 290 ms when using 

the PI controller. The response time of harmonic compensation is improved when the 

low pass filter influence is eliminated using the 2DF-IMC. 

 

5.5  Summary 

This chapter proposed a fast harmonic current compensation controller, which is 

applied in the 2DF-IMC controller based on the fundamental SRF-PI controller. In 

addition, the harmonic compensation controller used by 2DF-IMC was tested in a 

Vienna rectifier – VSC hybrid converter PSCAD model. The typical controllers used 

in harmonic filtering were also introduced in this chapter to show the advantages and 

disadvantages. The use of 2DF-IMC improves the conventional PI controller to 

provide a fast response to set-point without a tracking error. In this configuration, the 

2DF-IMC removes the low-pass filter effect. This increases the closed-loop response 

time of the system without filter stages and provides a more attractive option for the 

deployment of hybrid offshore systems. 
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Chapter 6 Conclusion and future work 

6.1  Conclusions 

This thesis focuses on the modelling, design and operation of a hybrid converter 

used in offshore HVDC system, where a hybrid converter is used in series connect 

with other power electronic converters on the offshore side and the VSC converter is 

used at onshore. 

In this thesis, an improved hybrid converter topology that consists of a 6-pulse 

diode rectifier and a voltage source converter is proposed. The improved converter 

topology reduces the complexity of the existing hybrid converter that is based on 12 

pulse diode rectifier that is normally caused by its three winding three phase 

transformer, which in turn reduces the cost and footprint of the system. Also, two 

control strategies related to the improved hybrid converter have been proposed, one 

using a hybrid converter functions as the grid forming converter to provide stabilized 

voltage and frequency, and the other using a wind turbine as the grid forming converter. 

Notwithstanding, the 5th and 7th harmonic currents increase at PCC because of the 

reduced number of rectifier diodes. Here, the VSC converter of the hybrid converter 

not only controls the AC voltage and/or DC voltage but also controls the harmonic 

current compensation to cancel the 5th, 7th, 11th and 13th harmonic current at PCC. The 

SRF technique, based on the PI controller was introduced in the hybrid converter 

control system for individual harmonic current compensation with an easy-to-tune 

process and zero steady-state error. 

According to the findings of the previous study, the wind turbine converter 

functions as the grid-forming converter, and the novel hybrid converter based on an 

advanced Vienna rectifier and VSC converter has been proposed. Due to the low 
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harmonic characteristics of the Vienna rectifier, the novel hybrid converter exhibits 

the low harmonic feature at PCC. Meanwhile, the proposed novel hybrid converter has 

a lower cost and higher reliability compared to the existing solutions.  In this 

configuration, the hybrid converter inherently has lower harmonics without using any 

other active power filter requirements in normal operation conditions. In addition, the 

backup ancillary capability is ready to engage in case of the switches of the Vienna 

rectifier fail. When any IGBTs of the Vienna rectifier are faulty, the VSC converter of 

the hybrid converter will perform as an active power filter via SRF technique based on 

PI controller. With this control strategy, the built-in active power filter is able to 

regulate the proposed control demand and desired PCC current quality. Finally, the 

proposed configuration allows a wider variety of power and DC voltage rations 

between the Vienna rectifier and the series VSC converter. User can select an 

appropriate ratio based in their requirements, including the amount of bi-directional 

power flow for black start capability voltage control, harmonic current suppression 

and DC voltage level allowed for the IGBT switches. Furthermore, compared to the 

existing DR station, the proposed novel hybrid converter does not require an additional 

large footprint size filter at the offshore side. On the other hand, compared to VSC 

converters, hybrid converters have a lower cost and a smaller footprint. Additionally, 

switching losses are lower due to the reduction in IGBTs. 

Although the SRF technique based on the PI controller provides a simple tune 

process for harmonics compensation, its response is slow because of the low pass filter 

used in its control structure. To increase the harmonic compensation response, 

especially in the times of mode changing in the hybrid converter based on the Vienne 

rectifier and VSC, the 2DF-IMC controller is proposed to cancel out the harmonic 

current at the PCC point in the hybrid converter application. This harmonics 

compensation controller results in a much faster overall THD reduction.  The reason 
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for this feature is that the 2DF-IMC controller has a strong disturbance rejection 

capability, and the low pass filter is removed from the harmonics compensation control 

loop. The proposed 2DF-IMC controller provides a fast response time to setpoint, an 

easy-to-tune process without steady-state error. 

All test models were built in the PSCAD/EMTDC environment to test the 

performance of proposed hybrid converters used in offshore HVDC systems. The 

PSCAD models are shown in Appendix. The simulation results indicate adequate and 

stable performance for the proposed solutions, like the hybrid converter modelling and 

design of the harmonic compensation controller discussion, which paves the way to 

considering hybrid converters in future offshore HVDC systems.  
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6.2  Suggestions for future work 

Based on the findings and conclusions of the accomplished work, potential areas 

of future work have been identified and are presented in the following sub-sections, 

which can further enhance the security and reliability of hybrid converters. Here are 

the potential areas that can be improved in the hybrid converter. The suggestion 

includes: 

6.2.1 Small signal modelling for the stability analysis of the 

proposed hybrid converter 

Vienna 

Rectifier

VSC 

Converter

f ph v

 va_grid

 vb

 vc_grid

 ia_grid

 ic_grid

 vpa

 vpb

 vpc

 ia_converter

 va

 vc

 vc_grid

 ic_grid ib_converter

 ic_converter

Vdc

Vabc

Controller

Hybrid Converter

 

Fig. 6-1 A suggested frequency scan method used for small signal analysis 

For a hybrid converter, small signal analysis has the potential to provide valuable 

insights in terms of stability analysis, converter design, controller interactions, and 

parameter sensitivity. To perform small signal analysis, it is necessary to understand 

the mathematical model of the proposed hybrid converter and develop circuit 
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equations or equivalent circuit models based on its topology and component 

characteristics. Additionally, the converter needs to be linearized, which typically 

involves defining the model around a specific operating point to represent it as a linear 

transfer function.  

When performing simulations, particularly in the case of time domain simulations 

using tools such as Simulink or PSCAD. An injection point needs to be determined, 

which can involve applying a perturbation voltage or current to the system. And the 

interested frequency range and frequency step also need to be determined. The 

admittance and impedance can be calculated by recording voltage and current when 

the disturbance is injected during the simulation. The admittance plot and impedance 

plot can be generated for analysis. Another thing that needs to be suggested is the 

analysis frame, the dq frame, the Alpha/beta frame, and the PN0 frame, which can be 

considered [85, 86]. 

By injecting the perturbation voltage, frequency and phase to capture the voltage 

and current following into the converter and calculating the admittance and impedance 

of the converter. On the other hand, the voltage and current flowing into the grid are 

also captured, and the relative admittance and impedance are calculated. In addition, 

the Nyquist plot is also generated to analyse the system stability, which is to note the 

frequency of interest. 

For a hybrid converter, frequency scans can be conducted at various operational 

modes to compare impedance plots under different conditions. For example, compared 

to the hybrid converter based on Vienna rectifier and VSC converter when it runs in 

normal control mode or backup ancillary mode. 
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6.2.2 Improving Technology Readiness Levels of the Proposed 

Hybrid  
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Fig. 6-2 Hardware-in-the-loop 

The hardware-in-the-loop testing is also one of the suggestions for future work. 

There are many real time simulation software that can used for building real time 

simulation model, like RSCAD software developed by RTDS Technologies [87], and 

RT-Lab developed by OPAL-RT [88]. Hardware development can prove the hybrid 

converter can be used in the real-time simulation environment, which improves its 

Technology Readiness Levels (TRL). Figure 6-2 shows the structure of the hardware-

in-the-loop. The references [89, 90] present hardware-in-the-loop testing of the grid-

forming converter 
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6.2.3 Wider applications of using more advanced power electronics 

in proposed hybrid converter 

The MMC converter can be considered an option to replace the 2-level VSC 

converter of the hybrid converter. The MMC converter can be controlled as a grid-

forming converter to regulate offshore AC networks. Meanwhile, the hybrid converter 

can connect to offshore wind turbines, and wind turbines can perform in the grid-

following mode. In addition, the MMC converter can also be considered to limit fault 

currents in the event of a fault.  

6.2.4 Protection and Black Start capability of Hybrid Converter 

The hybrid converter is regarded as a unidirectional converter topology, and the 

black start needs to be considered. In [91], a black-start strategy is proposed that 

utilizes the low-voltage-ride-through capability of wind turbine converters. With the 

DR and transformer switches closed, it is possible to avoid current inrush or 

overvoltage, as well as balance the active power of the system during black-start. In 

addition, the fault ride-through of the hybrid converter is also worthy of being 

discussed in future study, like Reference [51] shows a solution to avoid over-voltage 

during offshore AC faults in the hybrid converter based on  FB-MMC and DR. 
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Appendix 

Appendix A Hybrid Converter Based on the Diode rectifier and VSC Converter 

A.1 Hybrid Converter 
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A.2 Diode Rectifier 
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A.3 VSC Converter 
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A.4 VSC Control System – 1 
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A.5 VSC Control System – 2 
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A.6 SRF Harmonic Controller 
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A.7 Offshore Wind Farm – 2  
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A.8 Offshore Wind Farm Control system – 1 
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A.9 Offshore Wind Farm – 2  
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A.10 Offshore Wind Farm Control system – 2 

 
  



 

166 

 

Appendix B Hybrid Converter Based on the Vienna rectifier and VSC 

B.1 Hybrid Converter 
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B.2 Vienna Rectifier 
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B.3 Vienna Control System 
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B.4 Vienna Rectifier VSM 
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B.5 VSC Converter 
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B.6 VSC Control System 
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B.7 SRF Harmonic Controller 
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B.8 Offshore Wind Farm 

 



 

174 

 

B.9 Offshore Wind Farm Control system 
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Appendix C 

C.1 Hybrid Converter 
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C.2 Vienna Rectifier 
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C.3 Vienna Control System 
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C.4 Vienna Rectifier VSM 
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C.5 VSC Converter 

 



 

180 

 

C.6 VSC Control System 
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C.7  2DF-IMC SRF Harmonic Controller 


