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Abstract 

 

The high-voltage direct current (HVDC)-based wind energy conversion system (WECS) currently 

used in the industry requires a large and expensive substation. An emerging technology called 

current source converter (CSC)-type series DC-based WECS, can eliminate the need for the bulky 

and costly substation, resulting in substantial cost and size reductions for WECS. However, the 

power converters used in the CSC-type series DC-based WECS present several technical 

challenges. For example, the grid-side power converters require the use of bulky and costly multi-

winding transformers, while the generator-side power converters face issues such as highly 

distorted generator stator currents, low scalability, and/or high complexity. Therefore, in this thesis, 

new power converters are proposed for generator-side and grid-side converters to address their 

respective technical challenges.  

On the generator side of the CSC-type WECS, a passive rectifier-based converter utilizing a 

phase-shifting transformer is proposed. It effectively addresses the disadvantage of highly 

distorted generator stator currents commonly associated with passive rectifiers, while retaining all 

their advantages including low cost, high reliability, simplicity, and scalability. However, the 

phase-shifting transformer is bulky and heavy, which poses a disadvantage in WECS where space 

in the nacelle is limited. To address the challenges associated with a phase-shifting transformer-

based converter, while retaining all its benefits, a passive rectifier-based converter using modular 

medium-frequency transformers (MFTs) is proposed for the generator-side converter. Compared 

to the phase-shifting transformer-based converter, the MFT-based converter offers reduced size 

and weight, while retaining all the advantages of the former. Additionally, an active rectifier-based 

converter using modular MFTs is also proposed for the generator-side converter. The use of an 
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active rectifier ensures superior harmonic performance in the generator stator currents, while the 

use of modular MFTs contributes to size and weight reductions in the generator-side conversion 

system. This converter offers benefits of both active rectifiers and MFTs simultaneously. 

On the grid side of the CSC-type WECS, transformerless series-connected CSCs are proposed. 

The proposed transformerless CSCs are the first to eliminate the need for transformers in series-

connected CSCs. This elimination results in substantial reductions in both cost and size. A 

modified version of the transformerless CSCs is also proposed. Compared to the original converter, 

this modification removes the need for series-connected switches by using cascaded half-bridge 

converters. This change eliminates the requirement for expensive and complex voltage balancing 

schemes while retaining all the advantages of the original converter. Modulations and controls are 

developed for proposed converters on both generator side and grid side of the CSC-type CSC. The 

performance of the proposed converters and the effectiveness of the proposed modulations and 

controls have been validated through simulations and lab-scale experiments. 
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Preface 

 

This thesis comprises seven chapters. Chapter 1 reviews the state-of-the-art current source 

converter (CSC)-type wind energy conversion systems (WECS), identifies challenges of existing 

CSC-type WECS, and defines research objectives. In Chapter 2, a passive rectifier-based converter 

utilizing a phase-shifting transformer is proposed for the generator-side converter of the CSC-type 

WECS, effectively addressing the disadvantages of existing passive rectifier-based converters 

while retaining their advantages. Chapter 3 introduces a passive rectifier-based converter using 

modular medium-frequency transformers (MFTs) for the generator-side converter of the CSC-type 

WECS, offering reduced size and weight while maintaining the advantages of the phase-shifting 

transformer-based converter from Chapter 2. Chapter 4 proposes an active rectifier-based 

converter using modular MFTs for the generator-side converter of the CSC-type WECS, providing 

superior harmonic performance and reduced size and weight. Chapter 5 presents transformerless 

series-connected CSCs for the grid-side converter of the CSC-type WECS, eliminating 

transformers for substantial reductions in cost and size. Chapter 6 introduces a modified version 

of the transformerless CSCs, eliminating series-connected switches and the need for expensive and 

complex voltage balancing schemes while retaining all the advantages of the original converter 

presented in Chapter 5. Finally, Chapter 7 summarizes the contributions, conclusions, and outlines 

future research work.  

The material presented in this thesis is based on the original work by Ling Xing. Related 

publications to this thesis under the supervision of Dr. Yunwei (Ryan) Li are listed below. 

Chapter 2: 

     L. Xing, Q. Wei and Y. Li, "A New Power Converter for Current Source Converter-Based 

Wind Energy System," in IEEE Transactions on Industrial Electronics, vol. 69, no. 12, pp. 

12851-12858, Dec. 2022, doi: 10.1109/TIE.2022.3140530. 

Chapter 3: 

     L. Xing, Q. Wei and Y. Li, "An Improved Current-Source-Converter-Based Series-Connected 

Wind Energy Conversion System," in IEEE Transactions on Industrial Electronics, vol. 71, no. 

5, pp. 4818-4829, May 2024, doi: 10.1109/TIE.2023.3283700. 

Chapter 4: 



 
 

v 
 

     L. Xing, Q. Wei and Y. Li, "A PWM Current-Source Converter-Based Wind Energy 

Conversion System," in IEEE Transactions on Power Electronics, vol. 39, no. 2, pp. 2787-2797, 

Feb. 2024, doi: 10.1109/TPEL.2023.3333315. 

Chapter 5: 

     L. Xing, Q. Wei and Y. Li, "Transformerless Series-Connected Current Source Converter," in 

IEEE Transactions on Power Electronics, vol. 37, no. 8, pp. 8811-8815, Aug. 2022, doi: 

10.1109/TPEL.2022.3159598. 

Chapter 6: 

     L. Xing, Q. Wei and Y. Li, "Modified Transformerless Series-Connected Current Source 

Converter Without Series-Connected Switches," in IEEE Transactions on Industrial Electronics, 

vol. 70, no. 12, pp. 12331-12339, Dec. 2023, doi: 10.1109/TIE.2023.3236119. 
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Chapter 1  

Introduction 

 

The pursuit of carbon neutrality on a global scale is driving the development and utilization of 

renewable energy resources, such as wind energy [1][2]. According to the transmission 

technologies, existing wind energy conversion systems (WECS) can be classified into high voltage 

alternating current (HVAC)-based system and high voltage direct current (HVDC)-based system 

[3-7]. The HVAC technology is suitable for short-distance transmission, featuring a simple 

structure and low cost. However, as the transmission distance increases, challenges arise in terms 

of efficiency and reactive power compensation. For long-distance transmission, the HVDC 

technology is the preferred choice due to its lower cost and higher efficiency compared to the 

HVAC technology. The existing HVDC-based WECS requires the use of a substation, which is 

very large and expensive. A new technology, named series-connected HVDC-based WECS, was 

proposed to address this challenge. It can eliminate the need for the bulky and costly substation, 

resulting in substantial cost and size reductions. Both voltage source converters (VSCs) and current 

source converters (CSCs) have been studied for this series-connected HVDC-based WECS. While 

the CSC features variable DC voltage operation and inherent short-circuit protection [8], making 

it a promising candidate for the series-connected HVDC-based WECS. However, the use of CSC-

based power converters in the series-connected HVDC-based WECS presents several technical 

challenges. For example, the grid-side power converters require bulky and costly multi-winding 

transformers, while the generator-side power converters face issues such as highly distorted 

generator stator currents, low scalability, and/or high complexity. In this thesis, new CSC-based 

power converters are proposed to address the aforementioned challenges for the series-connected 

HVDC-based WECS. This chapter begins with a review of the state-of-the-art power converters 

in the series-connected HVDC-based WECS. On this basis, challenges and objectives of this thesis 

are presented. 
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1.1 Configurations of WECS 

The configuration of an offshore WECS, as illustrated in Figure 1.1, generally consists of a wind 

farm, transmission system, grid-side substation, and the grid [9].  The wind farm comprises several 

turbine-generator-converter units. These units have power converters on the generator side that 

can produce either AC or DC at their outputs [10-16], and they can be connected either in parallel 

or in series at the collection point. The transmission system is categorized into HVAC-based and 

HVDC-based systems, with the former suitable for short-distance transmission and the latter for 

long-distance transmission. As a result, the WECS can be configured in various ways, including 

HVAC-based, parallel AC and HVDC-based, parallel DC and HVDC-based, and series DC and 

HVDC-based configurations [17-39]. 

 

#1

Collection 

point

AC/DC link

AC Grid

HVAC/HVDC link

Transmission line

Onshore substation

MVAC/MVDC link

Wind turbine

Generator

Offshore substation

#n

Transmission systemWind farm

 
 

Figure 1.1: Configuration of a wind energy conversion system.  

 

1.1.1 HVAC-based configuration 

Figure 1.2 illustrates the HVAC-based configuration [17]. The generator-side power converter is 

utilized to achieve maximum power point tracking for each turbine-generator unit. The output 

voltage of each generator-side power converter is elevated to medium-voltage (MV) levels through 

the step-up transformer and then connected in parallel at the collection point. The MVAC voltage 

is subsequently stepped up to the HVAC voltage through the second step-up transformer. The 

generator-side power converter and the first step-up transformer are housed in the nacelle of the 

wind turbine, while the second step-up transformer, a central transformer, is located at the offshore 

substation.  
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The HVAC-based configuration offers several advantages such as well-proven technology and 

low initial and maintenance costs, making it well-suited for WECS with short-distance power 

transmission. Some onshore wind farms and offshore wind farms, situated near the shore, adopt 

this configuration. For instance, the Horns Rev offshore wind farm[18], with a total power rating 

of approximately 800 MW across its three projects [19], is located approximately 20 km off the 

coast and utilizes HVAC technology.  

However, when applied to long-distance transmission, the HVAC-based WECS faces several 

technical challenges, including high power losses, significant voltage drops, the requirement of 

reactive power compensation, limited power transmission capacity, and grid synchronization 

issues. These challenges make the HVAC-based WECS less competitive in long-distance 

transmission. Typically, an HVAC-based system is employed in wind farms with a shorter 

transmission distance, and the power rating of the wind farm also plays an important role when 

choosing the transmission system. 
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Figure 1.2: HVAC-based configuration. 

 

1.1.2 Parallel AC and HVDC-based configuration  

For long-distance transmission, the HVDC technology offers several advantages over the HVAC 

system, including lower power loss, reduced cost, higher transmission capacity, and decoupling 

between the two sides of the transmission line. Figure 1.3 shows the parallel AC and HVDC-based 

configuration [20-24]. The same as the HVAC technology, a step-up transformer is employed for 

each turbine-generator unit to boost its LV output to an MVAC level. The MVAC is further 

stepped up to HVAC by another step-up transformer and then converted to HVDC through the 
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HVDC converter. The HVDC is converted back to HVAC at the receiving end of the transmission 

line by the grid-side HVDC converter and is then stepped down to match the grid voltage. The 

generator and generator-side power converter as well as the first transformer are installed in the 

nacelle, while the second transformer and the HVDC converter [78] are housed in the offshore 

substation. 
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Figure 1.3: Parallel AC and HVDC-based configuration. 

 

In the wind market, the HVDC converter can be either the line commutated converter (LCC) or 

voltage source converters (VSC). The LCC-based HVDC [73] system needs reactive power 

compensation, and its active and reactive power cannot be controlled separately. The VSC 

including 2-level VSC [74-77] and modular multilevel converters (MMC) [70][71] are widely used 

in wind energy projects. Compared with the 2-level VSC which requires the use of series-

connected switches and complicated and expensive voltage balancing schemes, the MMC 

represents a significant advancement in VSC technology, known for its modular structure 

eliminating the series-connected switches, high reliability, high scalability, high efficiency, and 

generation of close-to-sinusoidal waveforms. However, a large number of redundancy designs are 

needed, and the initial and maintenance costs are substantial. To address the challenges of LCC 

and VSC, while retaining their advantages, hybrid converters consisting of both of LCC and VSC 

were reported [72]. Also, CSC has been studied for the use in this configuration [61].  

The parallel AC and HVDC-based technology is dominant in the market of the WECS. 

However, its biggest challenge is the need for the very bulky and costly offshore substation. 
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Furthermore, the involvement of multiple power conversion stages leads to reduced efficiency and 

increased complexity. 

 

1.1.3 Parallel DC and HVDC-based configuration 

The parallel DC and HVDC-based configuration [25-30] as shown in Figure 1.4, was developed 

to reduce the size and cost of the offshore substation used in the parallel AC and HVDC-based 

WECS. As depicted in Figure 1.4, each turbine-generator unit utilizes an isolated DC-DC 

converter instead of employing a low-frequency step-up transformer to boost LVDC to MVDC 

levels at the MVDC collection point. The DC collection offers increased efficiency of the system 

and the flexibility of interconnecting different networks. The MVDC is boosted to the HVDC level 

by a central isolated DC-DC converter and then transmitted to onshore substation. The isolated 

DC-DC converters including the generator-side DC-DC converter and the central DC-DC 

converter, are multiple-stage power converters, consisting of a DC/AC converter, a high/medium-

frequency transformer, and an AC/DC converter. The high/medium-frequency transformers 

feature a smaller size than the low-frequency transformers used in parallel AC and HVDC-based 

configuration, resulting in a reduced footprint of the magnetic components. The resultant size and 

cost of the offshore substation are therefore reduced. However, the multiple power conversions of 

the isolated DC-DC converters suffer from increased power losses. In addition, manufacturing of 

high-frequency transformers with high-power and high-voltage insulation levels is not yet mature.  
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Figure 1.4: Parallel DC and HVDC-based configuration. 
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1.1.4 Series DC and HVDC-based configuration 

A series DC and HVDC-based configuration [31-55] was proposed to eliminate the offshore 

substation. As shown in Figure 1.5, the outputs of the generator-side converters are connected in 

series to achieve an HVDC level. As a result, the need for the bulky and costly offshore substation 

is eliminated, resulting in a substantial reduction in cost and footprint. Moreover, this configuration 

involves fewer power conversion stages, leading to a reduction in complexity and an improvement 

in efficiency. 
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Figure 1.5: Series DC and HVDC-based configuration. 

 

In summary, among these configurations, the series DC and HVDC-based configuration offers 

the elimination of the bulky and costly offshore substation, along with a reduction in power losses, 

making it a highly promising candidate for the next generation of WECS.  

The series-parallel connected configuration [56-57] also been studied to increase the power rating 

of the whole wind farm.  

 

1.2 Power converters in series DC and HVDC-based WECS 

The power converters used in the series DC and HVDC-based WECS include the generator-side 

converter and the grid-side converter. The generator-side converter is to control the generator 

speed to achieve the maximum power point tracking (MPPT), while the grid-side converter is 

responsible for controls of the DC-link voltage (or current) and the reactive power. According to 

the types of the grid-side converter, the series DC and HVDC-based WECS can be classified into 
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VSC-type and CSC-type series DC-based WECS. This section reviews state-of-the-art power 

converters that have been proposed for both types of series DC-based WECS. 

 

1.2.1 Power converters in VSC-type series DC-based WECS 

For the VSC-type series DC-based WECS, the reported grid-side power converters mainly include 

the conventional 2-level VSC [32-34] and the MMC [36-38], while the generator-side power 

converters range from passive converters [88][89] to active converters [42][86]. 

Figure 1.6 shows the 2-level VSC [85] used as the grid-side converter. The converter has a 

simple structure but requires the use of series-connected switches to withstand the high DC-link 

voltage. The use of the series-connected switches suffers from voltage imbalance issues, resulting 

in the need for complicated and expensive voltage balancing schemes. Meanwhile, the output 

voltage of a 2-level VSC contains substantial low-order harmonics, leading to the need for a large 

AC filter. Despite these challenges, 2-level VSC technology has demonstrated maturity and 

successful application in HVDC systems, making it a viable option for extension into the series 

DC-based WECS. 
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Figure 1.6: Grid-side converter: 2-level VSC. 

 

The modular multilevel converter (MMC) as shown in Figure 1.7 represents a significant 

milestone in VSC development. The submodule of the MMC can be a half-bridge, a full-bridge, 

or a neutral point clamping converter. Unlike the 2-level VSC, the MMC doesn't require series-

connected switches, eliminating the need for voltage balancing schemes. Additionally, in 

comparison to the 2-level VSC, it generates a multi-level output exhibiting superior harmonic 

performance at a reduced switching frequency, leading to reduced switching loss and smaller filter 

size. Overall, the MMC features a modular structure, high reliability, high scalability, and high 
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efficiency [70][71]. It is a well-proven converter in the HVDC systems in industry, and a better 

candidate for the use in the series DC-based WECS compared with the 2-level VSC. 
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Figure 1.7: MMC-based series-connected WECS.  

 

In the series DC-based WECS, the generator that is the farthest to the ground must withstand a 

voltage of an HVDC level, which is impractical for the generator. To solve this issue, a practical 

solution is to use a transformer. The transformer is employed to isolate the generator from the 

HVDC level, and as a result, the generator with regular insulation levels can be employed in the 

series DC-based WECS. According to the types of transformers, the generator-side converters are 

classified into low-frequency transformer (LFT)-based and medium-frequency transformer 

(MFT)-based converters. 
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Figure 1.8 illustrates an LFT-based converter. The LFT is connected between the generator and 

the generator-side converter to provide the isolation. The generator-side converter is a passive 

rectifier, featuring simple structure, high reliability, scalability, and low cost. However, it 

generates highly distorted generator stator currents, leading to increased thermal and mechanical 

stress as well as shortened lifespan of the generator. Another disadvantage of the use of a passive 

power converter is that it is only suitable for the synchronous generator (SG)-based WECS. In 

addition, the lack of generator-side control results in the fact that the generator-side MPPT and the 

grid-side real and reactive power controls cannot be guaranteed simultaneously under low wind 

speeds. 
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Figure 1.8: LFT-based generator-side converter: Passive rectifier. 

 

Figure 1.9 shows an improved version of the previously discussed LFT-based converter, where 

a boost DC-DC converter is added on the generator side [88][89]. The boost DC-DC converter is 

used to control the generator speed to achieve the MPPT, while the grid-side real and reactive 

power controls are achieved by the grid-side converter. As a result, the generator-side and the grid-

side controls can be achieved simultaneously in the full operation range [106]. The advantages 

associated with the use of a passive rectifier are retained, while the disadvantages, such as highly 

distorted generator stator currents and limited application to SG-based WECS, still exist. 
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Figure 1.9: LFT-based generator-side converter: Passive rectifier + boost DC-DC converter.  

 

Figure 1.10 shows the active rectifier version of the LFT-based generator-side converter, where 

both 2-level and multi-level converters can be employed. The 2-level converter is a well-suited 

converter for LV turbine-generator systems, while the three-level NPC is suitable for MV turbine-

generator systems. The use of a MMC was also discussed in the literature [36-38]. Compared with 

the passive rectifier, these active rectifiers can ensure generator-side and grid-side controls 

simultaneously without the need for extra DC-DC converters. Another benefit of using active 

rectifiers is that they can be utilized for both SG-based, and induction generator (IG)-based WECS. 

In addition, active rectifiers offer superior harmonic performance. Penalties associated with the 

use of active rectifiers include higher costs, lower efficiency, and more complex control 

requirements. 
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Figure 1.10: LFT-based generator-side converter: Active rectifier. 
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The LFT-based converters are mature technology and widely used in existing WECS, but with 

a large size and weight of LFT. On the other hand, the MFT-based converters see potential in 

reducing size and weight, making them an attractive solution for WECS where the space of the 

wind turbine nacelle is limited. However, the high-power, high-voltage insulated MFT is not 

mature technology yet. 

Figure 1.11 shows an MFT-based generator-side converter [42].It consists of a reduced matrix 

converter (RMC), a single-phase MFT, and a diode bridge. The single-phase MFT is used to isolate 

the generator from the HVDC level, while the RMC is for generator speed control. The RMC has 

a small size due to the elimination of DC-link capacitors and offers high efficiency because of its 

direct power conversion. However, it requires a high number of switches, complex control 

schemes, and the need for overvoltage protection. Similar MFT-based converters were developed 

for the series DC-based WECS. For example, Figure 1.12 shows such an MFT-based converter, 

where a 2-level VSC followed by an isolated H-bridge converter is employed [86]. Compared with 

the RMC, it offers better harmonic performance and easier control, but features a lower efficiency 

due to the employment of more power conversion stages. Additionally, VSC and HB converters 

are widely used in the industry, while commercially ready solutions for matrix converters are 

limited.  
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Figure 1.11: MFT-based generator-side converter: Reduced matrix converter. 
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Figure 1.12: MFT-based generator-side converter: 2-level VSC. 

 

The above MFT-based converters all utilize a single-phase MFT, which can be extended to its 

three-phase version, as shown in Figure 1.13 [41][86]. By doing so, the power density of the 

generator-side converter is increased. What is more, the use of a dual active bridge (DAB) allows 

bidirectional power flow for the system, contributing to the startup and fault ride through (FRT) 

of the WECS. On the other hand, the use of the DAB converter results in a higher cost and a lower 

efficiency as well as the requirement for more complex control schemes than the 2-level VSC-

based version shown in Figure 1.12 and the RMC-based one shown in Figure 1.11. 
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Figure 1.13: MFT-based generator-side converter: Three-phase MFT. 
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1.2.2 Power converters in CSC-type series DC-based WECS 

CSCs are mature technology [64-65], and widely used in MV drive [8]. Figure 1.14 shows a CSC-

type series DC-based WECS, where line-commutated CSCs (LCC) are employed on both 

generator and grid sides [46][47]. On the generator side, a number of generator-side LCCs are 

connected in series to form an HVDC level, while only one LCC is employed on the grid side. The 

LFT is used on the generator side to allow the use of generators with regular insulation levels. On 

the grid side, the synchronous compensator is employed to provide the reactive power 

compensation for the LCC. LCC technology is well-proven in HVDC transmission systems. Its 

advantages including simple structure, reliable short-circuit protection, and large power capacity 

are well retained when using for the series DC-based WECS, and the same for its disadvantages 

such as the need for a relatively strong synchronous voltage source in order to commutate, the 

requirement for reactive power compensation as well as bulky and costly filters, and the lack of 

independent real and reactive power control.  
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Figure 1.14: CSC-type WECS: LCC. 
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Figure 1.15 shows the PWM CSC-based version of the CSC-type WECS [50-51]. On the grid 

side, a number of PWM CSCs are connected in series at inputs to withstand the HVDC level and 

in parallel at outputs through multi-winding transformers. On the generator side, the PWM CSC 

is employed at each turbine-generator unit, The outputs of these generator-side PWM CSCs are 

connected in series to realize an HVDC level. The generator-side converter is for the generator 

speed control, and the grid-side series-connected PWM CSCs are for the real and reactive power 

controls. Each PWM CSC is composed of six symmetrical gate commutated thyristors (SGCT). 

Each SGCT can be replaced with two or three SGCTs connected in series to achieve higher voltage 

operation. The switching frequency of the PWM CSC is around several hundred hertz to reduce 

power losses. The PWM CSC-based WECS addresses the challenges of the LCC-based WECS 

while retaining its advantages. For example, it achieves independent real and reactive power 

controls, eliminating the need for reactive power compensation. Second, it offers better harmonics 

performance, leading to the use of smaller AC filters. Moreover, its switches are self-extinguishing, 

eliminating the need for a strong grid voltage for commutation. Advantages of CSCs such as 

inherent short-circuit protection and grid-friendly waveform are retained. On the other hand, one 

of the disadvantages of the PWM CSC-based WECS is the use of bulky and costly multi-winding 

transformers on the grid side. 
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Figure 1.15: CSC-type WECS: PWM CSC. 
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A simplified version of the PWM CSC-based WECS was developed, as shown in Figure 1.16. 

On the grid side, the system employs the same series-connected PWM CSCs, while on the 

generator side, a diode rectifier is used instead of the PWM CSC. The substitution of the PWM 

CSC with a diode rectifier provides several advantages, including lower cost, a smaller converter 

size, enhanced reliability and scalability, and reduced complexity. However, it comes with the 

drawbacks of highly distorted generator stator currents and a lack of guaranteed MPPT under low 

speeds. Like the VSC-type WECS, a DC-DC converter can be added on the generator side to 

achieve the MPPT under low speeds, while retaining all the advantages of the diode rectifier. 

Unlike the VSC-type WECS where a boost DC-DC is used, a buck DC-DC converter is needed 

for the CSC-type WECS. The power converter with such a buck DC-DC converter [89] is shown 

in Figure 1.17. 
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Figure 1.16: CSC-type WECS: Simplified version using a diode rectifier. 
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Figure 1.17: CSC-type WECS: Simplified version using a diode rectifier and a buck DC-DC 

converter. 
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The same as the VSC-type WECS, the CSC-type WECS also utilizes transformers to isolate the 

generators from the HVDC level to allow the use of generators with regular insulation levels. For 

example, the LCC-based WECS shown in Figure 1.14, the PWM CSC-based WECS shown in 

Figure 1.15, and the simplified versions shown in Figure 1.16 and Figure 1.17 all utilize an LFT. 

On the other hand, Figure 1.18 shows an MFT-based PWM CSC proposed for the CSC-type 

WECS [41-43]. It utilizes an RMC on the generator side and the same PWM CSCs on the grid 

side. The use of an RMC ensures MPPT in the full operation range, but the utilization of a single 

MFT leads to a significant burden for the MFT manufacturing. The KVA of the single MFT is the 

same as that of each turbine-generator unit, that is a megawatts level. The manufacturing of such 

a high-power MFT with an HVDC-level insulation requirement is not mature.  
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Figure 1.18: CSC-type WECS: Single-phase MFT. 

 

Like the VSC-type WECS, a three-phase MFT version of the PWM CSC-type WECS was 

proposed as shown in Figure 1.19. The use of a three-phase MFT is expected to achieve higher 

power density in comparison with a single-phase MFT[41]. 
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Figure 1.19: CSC-type WECS: Three-phase MFT. 

 

To reduce the manufacturing burden of the high-power high-voltage insulated MFT, a modular 

MFT-based converter was developed for the PWM CSC-based WECS as shown in Figure 1.20 

[52][53]. This converter utilizes a modular isolated DC-DC converter where multiple MFTs are 

employed. The use of multiple MFTs reduces the KVA of each MFT, thereby decreasing its 

manufacturing burden. Furthermore, the modular structure enables the use of low-cost low-voltage 

switches and enhances the reliability of the conversion system. Compared with the active rectifier-

based converters as shown in Figure 1.18 and Figure 1.19, the use of the diode rectifier, however, 

leads to highly distorted generator stator currents. 

There are also some CSC-type converters [60] [63] [80-83] [97-102], including multi-level 

CSCs which are developed for the MV and HV applications. Some of these converters can be 

potentially used in the WECS. 
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Figure 1.20: CSC-type WECS: Modular isolated DC-DC converter. 

 

1.2.3 Comparisons between VSC-type and CSC-type series DC-based WECS 

VSCs are dominant and well-proven converters in existing WECS, while their application in series 

DC and HVDC-based WECS presents two technical challenges: ensuring a constant DC-link 

voltage and achieving MPPT for all turbine-generator units. The DC-link voltage must be 

controlled as a constant to ensure grid connection. And this constant DC-link voltage should be 

evenly distributed among generator-side power converters. It requires that each generator-side 

power converter needs to ensure a constant DC voltage at its output under all conditions. 

Meanwhile, the unique series connection of generator-side power converters results in the fact that 

they share the same DC-link current at their outputs. However, such identical DC voltages and 

identical DC currents at the outputs of all generator-side power converters cannot be achieved 

simultaneously under different wind speeds. In practice, wind speeds at different wind turbines 

could be different. The achievement of MPPT for all turbine-generator systems under different 

wind speeds results in different output DC voltages at different generator-side power converters. 
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This in turn results in that the constant DC-link voltage cannot be ensured under different wind 

speeds. The same conclusion will be received under faults, in which one or more generator-side 

power converters are bypassed due to failure and the remaining healthy power converters cannot 

realize the same constant DC-link voltage. In turn, to ensure a constant DC-link voltage, MPPT 

cannot be obtained for all turbine-generator units under different wind speeds. 

On the other hand, CSCs can effectively address the aforementioned challenges associated with 

the application of VSCs in series DC and HVDC-based WECS. A unique feature of CSCs is 

variable DC-link operation, allowing the achievement of MPPT control for all turbine-generator 

units under various conditions. Additionally, faulty generator-side power converters can be 

bypassed without causing overvoltage issues for the remaining healthy units. Such inherent 

advantages of the CSC-type WECS make it a highly promising candidate for the next generation 

of series DC and HVDC-based WECS. 

 

1.3 Thesis objectives 

1.3.1 Technical challenges and thesis objectives 

The grid-side series-connected PWM CSCs require the use of multi-winding transformers to 

provide an independent current path for each PWM CSC, enabling series connection at their inputs 

and parallel connection at their outputs. However, these multi-winding transformers are bulky and 

costly. Eliminating multi-winding transformers would lead to significant reductions in both cost 

and footprint. Therefore, one objective of this thesis research is to develop transformerless series-

connected PWM CSCs. 

Various generator-side power converters have been proposed for PWM CSC-type WECS, 

including LFT-based converters and MFT-based converters. Each type of converter can be further 

divided into passive rectifier-based and active rectifier-based converters. While LFT is a mature 

technology, it suffers from a large footprint. On the other hand, MFT offers a smaller size and 

weight but is not yet a mature technology. Active rectifiers exhibit superior performance in terms 

of generator stator harmonics compared to passive rectifiers. However, they cannot surpass passive 

rectifiers in terms of cost, reliability, scalability, and efficiency. Hence, the second objective of 

this thesis research is to develop innovative generator-side power converters that effectively 

address the challenges of LFT/MFT and passive/active rectifier-based converters while retaining 

their respective advantages. 
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In summary, the objectives of this thesis research are to develop new generator-side power 

converters and grid-side power converters for the PWM CSC-type series DC and HVDC-based 

WECS, as shown in Figure 1.21.  
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Figure 1.21: Thesis objectives. 

 

1.3.2 Thesis layout 

This thesis consists of seven chapters as follows. 

Chapter 1: The state-of-the-art power converters in series DC and HVDC-based WECS are 

reviewed. 

Chapter 2: A passive rectifier-based converter with the use of a phase-shifting transformer is 

proposed for the generator side converter of the CSC-type series DC-based WECS. It effectively 

addresses the disadvantage of highly distorted generator stator currents associated with passive 

rectifiers, while retaining all their advantages including low cost, high reliability, simplicity, and 

scalability.  

Chapter 3: A passive rectifier-based converter using a multi-phase generator and modular 

medium-frequency transformers (MFTs) is proposed for the generator-side converter. Compared 

with the proposed phase-shifting transformer-based converter, it offers reduced size and weight, 
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contributing to reduced construction burden of WECS. All the advantages of the phase-shifting 

transformer-based converter are retained.  

Chapter 4: An active rectifier-based converter using modular MFTs is also proposed for the 

generator-side converter of the CSC-type WECS. The use of an active rectifier ensures superior 

harmonic performance in the generator stator currents, while the use of modular MFTs contributes 

to size and weight reductions in the generator-side conversion system. This converter offers 

benefits of both active rectifiers and MFTs simultaneously. 

Chapter 5: Transformerless series-connected CSCs are proposed for the grid-side converter of 

the CSC-type WECS. The proposed transformerless CSCs are the first to eliminate the need for 

transformers in series-connected CSCs. This elimination yields substantial cost and size reductions.  

Chapter 6: A modified version of the transformerless CSCs is proposed. Compared with the 

original converter, this modification eliminates the need for series-connected switches by using 

cascaded half-bridge converter, thereby eliminating the requirement for expensive and complex 

voltage balancing schemes, while retaining all the advantages of the original converter. 

Chapter 7: Contributions and conclusions are drawn from the thesis research. 
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Chapter 2  

Generator-Side Passive Rectifier-Based Converter 

with Phase-Shifting Transformer 

 

In the CSC-type series DC-based WECS, the LFT and passive rectifier-based converters are well-

discussed converters used on the generator side. They provide several advantages. The use of an 

LFT on the generator side offers a practical solution for addressing the generator insulation issue. 

Meanwhile, the passive rectifier is characterized by its low cost, simplicity, high reliability, and 

scalability. However, employing the passive rectifier results in highly distorted generator stator 

currents, leading to significant torque ripples and a reduced lifespan of the generator. To overcome 

this issue, a new generator-side power converter is proposed. It delivers superior harmonic 

performance of the generator stator current while retaining all the benefits of the passive rectifier. 

This chapter begins with an introduction to the proposed power converter, including its operation 

principles, features, and device selection criteria. Subsequently, the control scheme is presented, 

wherein a DC-link current minimization strategy is applied. Finally, the performance of the 

proposed converter is validated through both simulations and laboratory-scale experiments. 

 

2.1 Existing LFT and passive rectifier-based converters 

Figure 2.1 shows the configuration of an existing CSC-type series DC-based WECS. The outputs 

of the generator-side converters are connected in series to reach the HVDC level. The grid-side 

CSCs are connected in series at their inputs and in parallel at their outputs through the multi-

winding transformer. The generator-side converters at different turbine-generator units are 

identical, with each comprising an LFT and a passive rectifier plus a Buck converter (optional). 

The CSC modules employed on the grid side are also identical, each carrying the same power. The 

number of CSC modules on the grid side is equal to that of the generator-side converters. Note that 

#n represents the nth turbine-generator unit. 
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Figure 2.1: CSC-type series DC-based WECS: System configuration; Simplified generator-side 

conversion for turbine-generator unit #n, with existing LFT and passive rectifier-based converters. 

 

As shown in Figure 2.1, on the grid side, the conventional CSC is employed. On the generator 

side, the LFT, a mature technology, is used to isolate the generator #n from HVDC to allow the 

use of generators with regular insulation levels. While the use of a passive rectifier offers low cost, 

high simplicity, reliability, and scalability, it results in highly distorted generator stator currents, 

leading to significant torque ripples and a reduced lifespan of the generator. 
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2.2 Phase-shifting transformer-based converter 

To address the aforementioned challenges associated with LFT and passive rectifier-based 

converters, while retaining their advantages, a phase-shifting transformer-based converter is 

proposed, as depicted in Figure 2.2, where the turbine-generator unit #n is provided as an example. 

In this new converter, the grid-side converter remains the CSC, consistent with the existing 

configuration shown in Figure 2.1, while a new generator-side converter is introduced. This new 

generator-side converter comprises a phase-shifting transformer, a multi-pulse diode rectifier, and 

a cascaded DC-DC converter. 

The use of diode rectifiers in this new converter allows it to maintain advantages associated 

with diode rectifiers, including low cost, high reliability, and scalability. Additionally, employing 

a DC-DC converter ensures the achievement of MPPT, same as existing converters. Similar to the 

LFT, the phase-shifting transformer in this new converter also serves functions of isolation and 

voltage regulation. Firstly, by utilizing the transformer, the generator is effectively isolated from 

the HVDC, allowing for the use of generators with regular insulation levels in the series-connected 

wind system. Secondly, in medium-voltage (MV) turbine-generator systems, the transformer steps 

down the input MV to low-voltage (LV) values, enabling the use of LV class components. 

A unique role that the phase-shifting transformer plays is current harmonics elimination. The 

phase-shifting transformer can eliminate specific current harmonics generated by the passive 

rectifiers. For example, the 5th and 7th harmonics are eliminated by a 12-pulse diode rectifier (a 

phase-shifting transformer with 2 sets of secondary windings), and the 5th, 7th, 11th, and 13th 

harmonics are eliminated by an 18-pulse diode rectifier (a phase-shifting transformer with 3 sets 

of secondary windings). The elimination of these current harmonics improves generator stator 

current harmonic performance and ultimately enhances the lifespan of the generator. Like the LFT, 

the phase-shifting transformer is also a mature and well-proven technology in industry. Given the 

same power rating and insulation level, the cost and size of the two types of transformers are with 

no significant differences. Therefore, the utilization of a phase-shifting transformer effectively 

addresses the challenge of highly distorted currents associated with the LFT and diode rectifier-

based converters.  

Depending on the used DC-DC converter, the proposed generator-side converter is extended to 

three versions. 
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Figure 2.2: Proposed generator-side power converter: (a) Version 1, (b) Version 2, and (c) Version 

3. 

 

Version 1: The outputs of the diode rectifiers are connected in series and then connected to a 

conventional Buck converter. It faces two challenges for medium-voltage high-power applications. 

Firstly, the capacitor C is realized by series/parallel-connected capacitors, necessitating the use of 
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lossy balancing resistors to ensure voltage balancing as depicted in Figure 2.2 (a). Secondly, for a 

single turbine-generator unit with medium dc-link voltages, series-connected switches are required. 

For example, for a 4160 V system, either 2 series-connected 6500 V switches or 4 series-connected 

3300 V switches are needed. Balancing the voltages across series-connected switches is a technical 

challenge, requiring complicated and expensive voltage balancing controls. This version of the 

proposed converter is a good candidate for converters with low power and low dc-link voltages. It 

is important to note that the dc-link voltage here refers to the dc voltage of the power converter of 

a single turbine-generator system, not the whole wind system. 

Version 2: Distributed capacitors are utilized in this version of the proposed converter. Each 

capacitor's voltage is clamped by the output of the diode rectifier, resulting in inherent capacitor 

voltage balancing and eliminating the need for balancing resistors. Similar to Version 1, series-

connected switches are still required. This version is suitable for converters with low or high-

power ratings and low dc-link voltages. 

Version 3: This version employs a cascaded DC-DC converter. The constituent modules of the 

cascaded DC-DC converter are controlled synchronously, sharing a single duty cycle, denoted as 

d. The series connection at the output ensures an identical output current (Idc) for each module. 

Consequently, the resultant input current for each module is equal to dIdc. On this basis, the 

equivalent circuit of the proposed converter is derived and shown in Figure 2.3. Assuming ideal 

conditions with no parameter tolerance, the secondary winding voltages vs1 = vsm is guaranteed. 

The input of each module VCm is clamped by the output of the corresponding diode rectifier which 

is powered by isolated secondary windings of the phase-shifting transformer, ensuring that VC1 

equals VCm. However, in practice, parameters such as turn ratios, winding leakage inductances, 

ON-state voltage of rectifiers, etc., exhibit small tolerances, leading to voltage imbalance. 

Nevertheless, these imbalances are fixed, stable, small, and negligible due to their small tolerance, 

and each module operates independent of others thanks to the use of isolated transformers. 

Therefore, inherent current and capacitor voltage balancing are guaranteed. Furthermore, the 

modular structure offers higher scalability compared to the other two versions. This version is 

well-suited for converters with high-power ratings and medium dc-link voltages. 

In summary, compared with existing LFT and passive rectifier-based converters, the proposed 

converter offers superior performance in terms of generator stator current harmonics. This 

improvement is achieved through the utilization of a phase-shifting transformer, which effectively 
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eliminates specific current harmonics. Additionally, the converter retains the advantages 

associated with passive rectifiers, such as low cost, high reliability, and scalability, thanks to the 

employment of a multi-pulse diode rectifier. Moreover, the adoption of a cascaded DC-DC 

converter not only provides the same level of control flexibility as existing converters but also 

enhances reliability and scalability due to its modular structure. 
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Figure 2.3: Equivalent circuit of the proposed generator-side converter. 

 

2.3 Control scheme 

2.3.1 Control of CSC-type series DC-based WECS 

The overall control strategy of the CSC-type series DC-based WECS is shown in Figure 2.4. 

Analogous to VSC-type WECS, where the DC-link voltage is controlled as a constant, the DC-

link current of the CSC-type WECS is also controlled as a constant. Following this, the generator-

side converters and the grid-side converters are controlled independently. The generator-side 

converters are controlled to achieve MPPT, while the grid-side converters are responsible for both 

DC-link current control and reactive power control. Furthermore, on the generator side, power 

converters at different turbine-generator units are controlled independently. For example, the 

generator-side converter at turbine-generator #1 is controlled following its own reference, which 

is independent of that for the converter at turbine-generator #n. On the other hand, the grid-side 

series-connected CSCs are controlled collectively, where all CSCs are identical and controlled in 

a synchronous manner, with each CSC carrying one-nth of the total power. Note that a total of n 

CSC modules are employed on the grid side, matching the number of generator-side converters. 

Therefore, from the perspective of control system design, the entire system can be simplified to an 
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equivalent power converter, comprising a generator-side converter #n and a grid-side CSC #n. In 

the following, the simplified converter is employed to illustrate the control system design of the 

proposed converter. 

 

Grid

Idc
ig

PLL

abc/dq

Cf

d/dt

vg

θg

ωg

vacvbc

vag vbg

vcdvcqvdgvqg

PI

Cap current 

calculator

ωg vcd vcq




PWM

Idc

MAX

Idc-ref

Idc-grid

Idc-ref

idc

-
+

Qg-ref

-1.5vdg

iqg-refiqwi-ref

idwi-ref idg-ref

icdicq

-
+ θg

αi

θwimi

Grid-side converter control

Generator-side Converter #n

#n

ωm

is vs

θr ias ibs

Ldc

vwind

vwind

+ -

Optimal tip 

speed ratio

ωm

ωm_ref
Generator speed 

controller

PWM

MPPT scheme

Generator-side converter control

CSI #n

Idc-gen

 
 

Figure 2.4: Control of CSC-type series DC-based WECS. 

 

2.3.2 Control of proposed generator-side converter 

As shown in Figure 2.5, the generator-side converter is controlled to ensure MPPT. On the 

generator side, the wind speed vwind is measured to determine the generator speed reference ωm-ref 

according to the optimal tip ratio control, one of well-proven MPPT schemes [106]. This reference 

speed is then sent to the speed controller which generates the required duty cycle d for the modular 

DC-DC converter. MPPT is then achieved upon applying the duty cycle to the modular dc-dc 

converter. Since the cascaded DC-DC converter has inherent voltage balancing, no extra balancing 

control is required. 

The grid-side controls include DC-link current control and reactive power control. For CSC-

type WECS, either constant DC-link current control or variable DC-link current control can be 

applied. The former provides higher dynamic performance, while the latter offers higher efficiency. 

In WECS, while faster dynamic performance is not a top requirement, high efficiency performance 

is more preferred, thus a variable DC-link current control is employed. To ensure the generator-



 
 

29 
 

side MPPT control, a minimum DC-link current is required. To ensure the grid-side reactive power 

control, a minimum DC-link current is also required. To ensure controls at both sides, the greater 

one between the two minimum values is selected to be the DC-link current reference used for the 

DC-link current control. In the following, the respective minimum DC-link currents at both sides 

and the final DC-link current are selected.   
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Figure 2.5: Control scheme of the proposed generator-side power converter. 

 

(a) DC-link current required by the generator-side control  

To derive the DC-link current required by the generator-side MPPT, the proposed converter is 

simplified and illustrated in Figure 2.6. The cascaded DC-DC converter is equivalent to a Buck 

converter, and the multi-pulse diode rectifier is replaced by the conventional 6-pulse diode rectifier, 

and the voltage source mvs1 (m is the number of secondary windings of the phase-shifting 

transformer) is output of the generator and phase-shifting transformer upon MPPT.  
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Figure 2.6: Equivalent circuit of the proposed converter. 
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The output voltage VC of the diode rectifier is expressed as 

 

1

3 2 3 s t dc
C s

L I
V mv

m



 
= −  (2.1) 

 

where m is the number of the secondary windings of the phase-shifting transformer, mvs1 is the 

equivalent input voltage of the diode rectifier, Lt/m is the per-phase inductance of each secondary 

winding of the phase-shifting transformer, ωs is the electrical speed of PMSG.  

The output voltage Vdc of the Buck converter is obtained as 

 

dc CV dV=  (2.2) 

 

where d is the duty cycle that is received from the MPPT control and applied to the DC-DC 

converter. Assuming a lossless converter, the following is received. 

 

g dc dc dcP P V I= =  (2.3) 

 

where Pg is the power captured by the wind turbine-generator unit #n upon MPPT, Pdc is the power 

received at the DC link. 

Combining (2.1) – (2.3) and setting d = 1, the minimum dc-link current (Idc-gen-min) determined 

by the generator-side converter upon MPPT is expressed as 

 

2 2

1 1

min

3 2 18 12

6

s s s t g

dc gen

s t

mV m V L P
I

L




− −

− −
=  (2.4) 

 

(b) DC-link current required by the grid-side control  

The grid-side controls consist of DC-link current control and reactive power control. DC-link 

current control adjusts the captured wind power, while reactive power control regulates reactive 

power in accordance with grid codes. As depicted in Figure 2.5, two independent control loops are 

implemented based on voltage-oriented control. These control loops generate the modulation index 

and phase angle used for modulation implementation. Various modulation schemes can be 
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employed for CSC [58-59] [62] [67-68]. In this study, the conventional space vector modulation 

(SVM) is utilized.  

As shown in Figure 2.5, the reactive power (Qs) and real power (Ps) are controlled 

independently in the dq frame: 

 

1.5

1.5

s dg dg

s dg qg

P v i

Q v i

=

= −
 (2.5) 

 

where vdg is the d-axis component of the grid voltage, idg and iqg are d- and q-axis components of 

grid current.  

The reference PWM currents in dq frame (idwi-ref and iqwi-ref) after compensating the capacitor 

currents are expressed as follows. 

 

dwi ref dg ref cd dg ref g f cq

qwi ref qg ref cq qg ref g f cd

i i i i C v

i i i i C v





− − −
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= + = −


= + = +

 (2.6) 

 

where idg-ref and iqg-ref are the references of the d- and q-axis components of the grid current, and 

they are the outputs of the reactive power control and dc current control as shown in Figure 2.4. 

icd, icq, vcd and vcq are d- and q-axis components of the capacitor current and voltage, respectively, 

Cf is the filter capacitor of the grid-side CSC, and ωg is the angular speed of the grid. 

The capacitor voltage and grid voltage are related as: 

 

cd sd g f qg

cq g f dg

v v L i

v L i





= −


=

 (2.7) 

 

where Lf is the filter inductor of the grid-side CSC.  

Assuming a lossless system and a unity power factor at the grid side, the minimum DC-link 

current required by the grid-side control occurs at mi = 1. Combining (2.5) - (2.7) and substituting 

mi = 1 into the equation yields the minimum DC-link current determined by the grid-side control. 
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In summary, equation (2.4) illustrates the minimum DC-link current to ensure the generator-

side MPPT, while equation (2.8) represents the minimum DC-link current to ensure the grid-side 

reactive power control. To simultaneously ensure control at both sides, the greater of the two 

values is selected as the final DC-link current reference for the control system, expressed as:  

 

min minmax{ , }dc ref dc grid dc genI I I− − − − −=  (2.9) 

 

The dc current reference (Idc-grid) and delay angle (αi) of the grid-side CSC can then be calculated 

based on the following Cartesian-to-polar transformation:  
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Then the modulation index for the CSC and the angle of the PWM current (θwi) is calculated 

based on (2.11). 

 

/i dc grid dc

wi g i

m I I
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−=
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where θg is the grid voltage angle. After applying mi and θwi to the grid-side CSC, reactive power 

and dc current controls are achieved. Note that different modulation schemes can be used here, 

please refer to [8] for details. As discussed earlier, the reference dc current (Idc-ref) is the bigger one 

between Idc-grid-min and Idc-gen-min. Upon applying Idc-ref, the controls at both sides can be ensured. 

Please refer to [51-53] for details of dc current control. 

 

2.4 Simulation and experimental results 

The proposed generator-side converter has been verified through both MATLAB/Simulink 

simulation and laboratory-scaled experiments. It is noteworthy that all three versions share the 
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same control scheme, as well as the same generator-side and grid-side performance. Therefore, 

only Version 3 is studied. The parameters utilized are listed in Table 2.1, and Figure 2.7 illustrates 

the converter circuit used for simulations. 

 

Table 2.1: Simulation and experiment parameters  

Parameters Simulation Experiment 

System Rating 

Nominal Power 1 MW (1.0 pu) 1200 W (1.0 pu) 

Grid/Load Voltage 4160 V (1.0 pu) 110 V (1.0 pu) 

Frequency 60 Hz (1.0 pu) 60 Hz (1.0 pu) 

PMSG 

Nominal Voltage  4000 V 

Variac Synchronous Inductance 0.4 pu 

Stator Resistance 0.01 pu 

Generators-Side Converter 

Phase-Shifting Transformer m = 5 m = 2 

Leakage Inductance 0.08 pu NA 

Switching Frequency 1000 Hz 1000 Hz 

Grid/Load-Side CSC 

DC-link Inductor 45 mH (1.0 pu) 30 mH (1.0 pu) 

Grid/Load-Side Inductor 5 mH (0.11 pu) 5 mH (0.18 pu)  

Grid/Load-Side Capacitor 77 uF (0.5 pu) 100 uF (0.38pu) 

Grid/Load-Side Resistor NA 10 Ω (1.0 pu) 

Switching Frequency 540 Hz 540 Hz 
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Figure 2.7: Converter circuit used for simulations. 
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2.4.1 Simulated results 

Figure 2.8 shows the simulated waveforms of the proposed power converter under both steady and 

dynamic states. Before t = 1.5s, the converter is operating under rated conditions. At t = 1.5s, the 

wind speed is purposely reduced from 1 pu (12 m/s) to 0.8 pu (9.6 m/s); the generator speed 

reference ωm-ref is reduced to 0.8 pu; and the dc-link current reference Idc-ref is adjusted accordingly 

to minimize power loss. Both generator speed control and dc-link current control effectively track 

their respective references well in this transition. Once this transition is complete, the converter 

operates at a new operational point, characterized by a reduction in generator voltage vp to 0.8 pu 

and a decrease in captured real power to approximately 0.51 pu. At t = 2.5s, the wind speed is 

intentionally increased from 0.8 pu back to 1 pu. The converter then smoothly transitions back to 

rated operation with both generator-side speed and grid-side dc-link current and unity power factor 

being well controlled. 
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Figure 2.8: Simulated waveforms under steady and dynamic states. 

 

Figure 2.9 shows the simulated current harmonics performance of the proposed converter under 

rated conditions. The rectifier currents, is1, is2…, is5, exhibit significant distortion primarily due to 

the presence of 5th and 7th harmonics, accounting for approximately 20% and 12%, respectively. 
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In contrast, the primary current, ip, demonstrates superior harmonic performance, attributed to the 

utilization of a phase-shifting transformer. Notably, the 5th and 7th harmonics are effectively 

eliminated, reducing the THD of ip to 1.5% under rated conditions.  
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Figure 2.9: Simulated harmonics performance under rated conditions. 

 

Figure 2.10 displays the simulated waveforms of the capacitor voltages of the proposed 

converter under both steady and dynamic states. The proposed converter features inherent 

capacitor voltage balancing, eliminating the need for additional balancing control mechanisms. 

Prior to t = 1.5s, the converter is operating under rated conditions, at t = 1.5s, the wind speed is 

reduced from 1 pu to 0.8 pu, and at t = 2.5s, the wind speed is increased from 0.8 pu to 1 pu. 

Consequently, the generator terminal voltage, DC-link current, and captured wind power undergo 

corresponding changes. Throughout both transitions and steady states, the capacitor voltages 

(VC1…, VC5) remain well balanced without requiring balancing resistors or additional control 

mechanisms. This simulated result aligns well with previous analyses. 
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Figure 2.10: Simulated capacitor voltage balancing under steady and dynamic states. 

 

2.4.2 Experimental investigation 

Lab-scale experiments have been conducted to verify the performance of the proposed converter. 

Since grid-side controls, including DC-link current control and reactive power control, have been 

well studied in previous research [51-53], they are not repeated here. As shown in Figure 2.11, a 

variac is used to simulate the turbine-generator set, a 12-pulse diode rectifier connected to two 

Buck converters, and a conventional CSC with an RL load are employed.  
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Figure 2.11: Converter circuit used for lab-scale experiments. 

 

Figure 2.12 shows the experimental waveforms of the proposed converter under both steady 

and dynamic states. Under rated condition, the input line-to-neutral voltage vp is set to 35 V, the 

dc-link current Idc is around 9 A, the load current ig is around 6.3 A, and the rated power is 

approximately 1200 W. Additionally, as depicted in Figure 2.12, the input voltage vp is increased 
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from around 20 V to 35 V by manually adjusting the variac transformer to emulate the change in 

wind speed. Consequently, the dc-link current and the output current are changed accordingly.  
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Figure 2.12: Experimental waveforms of the proposed converter under steady and dynamic states. 

 

Figure 2.13 illustrates the experimental harmonic performance of the proposed converter under 

rated conditions. The measured secondary currents, is1 and is2, exhibit a quasi-trapezoidal 

waveform with a phase shift of 30°  and contain significant harmonics, with the 5th and 7th 

harmonics being dominant. Theoretically, the phase-shifting transformer should eliminate the 5th 

and 7th harmonics, not appearing in the primary current ip. However, in the experimental setup, the 

phase-shifting transformer is subject to tolerances in parameters such as leakage inductance, 

resistance, and turn ratios. Consequently, the 5th and 7th harmonics remain present, as shown in 

Figure 2.13, with magnitudes of 3% for the 5th harmonic and 4% for the 7th harmonic. 
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Figure 2.13: Experimental harmonic performance of the proposed converter under rated conditions. 
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Figure 2.14: Experimental inherent capacitor voltage balancing of the proposed converter under 

both steady and dynamic states. 

 

Figure 2.14 displays the capacitor voltages of the proposed converter under both steady and 

dynamic states. Under rated conditions, the capacitor voltages are VC1 = 80 V and VC2 = 78 V. This 

slight mismatch is due to the parameter tolerances in the phase-shifting transformer, such as the 
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turn ratio. Nevertheless, as shown in Figure 2.14, this mismatch is fixed, stable, small, and 

negligible under both steady and dynamic states. Aside from this discrepancy, the capacitor 

voltages exhibit good balance. For example, when the input voltage vp is increased from 20 V to 

35 V, VC1 and VC2 are increased from 45 V to 80 V, respectively. 

In summary, both simulation and experiments have validated that: 1) the proposed converter 

demonstrates superior current harmonic performance due to the use of the phase-shifting 

transformer, and 2) the cascaded DC-DC converter inherently maintains voltage balance under 

both steady and dynamic states without the need for the balancing control. 

 

2.4 Conclusions 

The LFT and passive rectifier-based converters are well-studied power converters utilized on the 

generator side of WECS. The LFT, a mature technology, serves to isolate the generator from 

HVDC levels, allowing the use of generators with regular insulation levels. On the other hand, 

passive rectifier-based converters offer WECS with low cost, high reliability, simplicity, and 

scalability. However, the utilization of passive rectifiers results in highly distorted generator stator 

currents, leading to increased power losses and reduced lifespan of generators. 

To address this issue while retaining the advantages of both the LFT and passive rectifier-based 

converters, a phase-shifting transformer-based converter is proposed in this chapter. This converter 

comprises a phase-shifting transformer, a multi-pulse diode rectifier, and a cascaded DC-DC 

converter. The phase-shifting transformer has the capability to eliminate specific current 

harmonics, thereby significantly improving the performance of generator stator current harmonics 

and reducing power losses, ultimately prolonging the service life of generators. Furthermore, like 

the LFT, the phase-shifting transformer is also a mature technology. 

The inclusion of a multi-pulse diode rectifier in the proposed converter ensures the retention of 

the advantages associated with passive rectifiers. Additionally, the cascaded DC-DC converter not 

only facilitates generator-side MPPT control but also features inherent capacitor voltage balancing. 

In summary, the proposed converter effectively addresses the shortcomings of existing LFT and 

passive rectifier-based converters while preserving all of their advantages. Three versions of the 

proposed generator-side converter have been developed to accommodate applications with 

different power/voltage ratings. The operational principles of the proposed converter are 
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thoroughly discussed, and control schemes are developed. Furthermore, both simulations and 

experiments have been conducted to validate the performance of the proposed converter. 
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Chapter 3  

Generator-Side Passive Rectifier-Based Converter with 

Multi-Phase Generator and Modular Medium-

Frequency Transformers 

 

In CSC-type series DC-based WECS, the use of LFT and passive rectifier-based converters on the 

generator side provides several advantages. The LFT offers a practical solution for addressing the 

generator insulation issue, while the passive rectifier features low cost, high reliability, and 

scalability. However, the LFT is bulky, posing a challenge to WECS due to limited space in the 

nacelle of the wind turbine. Furthermore, using passive rectifier-based converters results in highly 

distorted generator stator currents, leading to significant torque ripples and a reduced lifespan of 

the generator. To overcome these issues, a new generator-side power converter is proposed. It 

exhibits superior harmonic performance of the generator stator current while retaining all the 

benefits of the passive rectifier. Additionally, it offers significant reductions in the size and weight 

of magnetic components. This chapter begins with an introduction to the proposed power converter, 

including its operation principles and features. Subsequently, the control scheme is presented. 

Finally, the performance of the proposed converter is validated through both simulations and 

laboratory-scale experiments. 

 

3.1 Existing LFT and passive rectifier-based based converters 

Figure 3.1 illustrates existing LFT and passive rectifier-based converters used on the generator 

side of CSC-type series DC-based WECS [88][89]. The use of the LFT [46-48] allows for the 

utilization of generators with standard insulation levels but presents challenges due to its large size 

and weight, especially considering the limited space within the turbine nacelle. Passive rectifiers 

offer benefits such as low cost, high reliability, and scalability to WECS. However, they produce 

highly distorted generator stator current harmonics, resulting in increased power loss and reduced 

lifespan of generators. 
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Figure 3.1: Existing LFT and passive rectifier-based converters. 

 

To mitigate the challenges associated with passive rectifiers while preserving their advantages, 

a phase-shifting transformer-based converter was proposed, as illustrated in Figure 3.2. This 

solution retains the benefits of passive rectifiers by incorporating a multi-pulse diode rectifier. 

Furthermore, it utilizes an LFT, albeit not the conventional isolated transformer but a phase-

shifting transformer. In addition to ensuring the use of generators with standard insulation levels, 

it eliminates specific current harmonics generated by passive rectifiers, thereby improving the 

performance of generator stator current harmonics and ultimately reducing power loss while 

increasing the service life of generator systems. The same as the conventional LFT depicted in 

Figure 3.1, the phase-shifting transformer is also an LFT, characterized by its large size and weight. 
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Figure 3.2: Phase-shifting transformer-based converter. 

 

In summary, the use of LFT, including both conventional isolated transformers and phase-

shifting transformers, enables the utilization of generators with standard insulation requirements. 

However, their bulky nature poses challenges for WECS, particularly in nacelles where space is 

limited. Passive rectifiers offer advantages such as low cost, simplicity, high reliability, and 



 
 

43 
 

scalability. Nevertheless, they generate highly distorted currents, resulting in reduced efficiency 

and shortened lifespan of generator systems, unless addressed by solutions such as the utilization 

of bulky phase-shifting transformers. 

 

3.2 Multi-phase generator-based converter with modular medium-

frequency transformers 

To address the respective challenges associated with the bulky LFT and passive rectifiers while 

preserving their respective advantages and functions, a new generator-side converter is proposed. 

It is a multi-phase generator-based converter comprising a multi-phase generator, diode rectifiers, 

and a modular medium-frequency transformer (MFT)-based DC-DC converter. 

The use of diode rectifiers allows the proposed converter to retain advantages associated with 

diode rectifiers, such as low cost and high reliability, while the utilization of a multi-phase 

generator enables the elimination of specific current harmonics generated by diode rectifiers. For 

example, a 6-phase generator with a phase shift of 30 degrees between its two sets of stator 

windings is able to eliminate the dominant 5th and 7th harmonics generated by a 6-pulse diode 

rectifier. 

Like the LFT, the MFT isolates generators from HVDC, thus allowing the use of generators 

with regular insulation requirements [84]. On the other hand, the MFT withstands HVDC-level 

insulation. However, MFTs with such high-voltage insulation requirements, as well as high-power 

ratings, are not mature. To address this problem, modular MFTs [41] [43][53][54] are employed, 

with each MFT carrying one part of the rated power, thus reducing the manufacturing burden. 

Compared with the LFT, the MFT offers a smaller size and weight. 

To enable the utilization of low-cost, low-voltage, low-current switches for generator systems 

with different voltage ratings, two versions of the proposed converter are developed. Figure 3.3 

shows the low-voltage (LV) version of the proposed converter for generators with LV ratings, 

while Figure 3.4 shows the medium-voltage (MV) version for generators with MV ratings. In the 

LV converter as shown in Figure 3.3, the modules of the DC-DC converter are connected in 

parallel at the input and in series at the output. The parallel connection at the input allows the use 

of low-cost, low-voltage, low-current devices for LV generator systems. Similarly, the modules of 

the DC-DC converter of the MV version, as shown in Figure 3.4, are connected in series at both 
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input and output, also allowing the use of low-cost, low-voltage, low-current devices for MV 

generator systems. 
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Figure 3.3: Proposed multi-phase generator-based converter: LV version. 

 

The number (m) of modules of the DC-DC converter is selected to reduce the DC-link current 

of the conversion system, thereby reducing power loss. The DC-link current of the conversion 

system is the greater one of two reference currents: one is generator-side reference current, and the 

other the grid-side reference current. In the following, the derivation of reference currents and the 

selection of m are presented. 

Figure 3.5 shows the simplified equivalent circuit of proposed converters including the two 

versions. The identical H-bridge modules of the DC-DC converter and are simplified to series-

connected buck converters. 
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Figure 3.4: Proposed multi-phase generator-based converter: MV version. 
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Figure 3.5: Simplified equivalent circuit of proposed converters. 

 

The output voltage VC of the conventional 6-pulse diode rectifier is expressed as 

 

3 2 3
C s s s genV v L I

 
= −  (3.1) 

 

where vs is the generator terminal voltage, Ls is generator synchronous inductance, and ωs is the 

generator angular speed, and Igen is the average output current of the diode rectifier. 

The input and output of series-connected buck converters are related as 
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/

dc C

dc gen

V mdV

I I d

=

=
 (3.2) 

 

where m is the number of H-bridge converter modules of the DC-DC converter, and d is the duty 

cycle. Applying the law of conservation of energy results in the following: 

 

g dc dc dcP P V I= =  (3.3) 

 

where Pg is the captured wind power upon MPPT, and Pdc is the power received at the dc side. 

Igen is the resultant current achieved upon reaching MPPT. In other words, to achieve MPPT, a 

minimum current of Igen is required. On this basis, as shown in (3.2), the minimum DC-link current 

Idc needed to achieve MPPT is Idc = Igen, occurring at d = 1. Finally, combining (3.1) - (3.3) and 

setting d = 1 results in the generator-side reference dc-link current Idc-gen. 
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The grid-side reference current Idc-grid has been derived in the previous chapter and will not be 

repeated in this chapter.  
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where ωg is the grid angular frequency, Lf and Cf are filter inductor and capacitor of the grid-side 

CSC, and vgd is the d-axis component of the grid voltage. 

To ensure controls at both generator and grid sides, the greater one of the above two current 

references is selected as the reference DC-link current (Idc-ref) of the proposed conversion system. 
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As indicated in equation (3.6), Idc-grid remains fixed under rated conditions, while from equation 

(3.4), Idc-gen shows an inverse proportionality to the number (m) of H-bridge converter modules in 

the DC-DC converter. Consequently, when Idc-grid > Idc-gen, it generates results in a smaller final 

reference DC-link current compared to the scenario where Idc-grid < Idc-gen. Thus, the number 'm' is 

selected based on the condition Idc-grid > Idc-gen.  

For instance, in the LV version, considering a rated generator terminal voltage of 690 V, a rated 

output line-to-line voltage of 4160 V for the CSC, a rated power of 1 MW, and the utilization of 

1700 V IGBTs, a value of m = 6 is chosen. For the MV version, where the generator rated voltage 

is 4000 V, the CSC voltage remains at 4160 V, and the power is 1 MW, m = 10 is selected when 

using 1700 V IGBTs, while m = 6 is chosen when employing 3300 V IGBTs.  

 

3.3 Control scheme 

The overall control strategy of the CSC-type series DC-based WECS has been discussed in the 

previous chapter and will not be repeated in this chapter. The same as Chapter 2, the back-to-back 

power converter, comprising a generator-side converter #n and a grid-side CSC #n, is taken as an 

example to illustrate the control system design of the proposed converter. 

 

3.3.1 Shared control of proposed LV and MV converters 

The proposed LV and MV converters share the same generator-side MPPT and grid-side DC-link 

current and reactive power controls.  

As shown in Figure 3.6, on the generator side, the wind speed vwind is measured to determine 

the generator speed reference ωm_ref according to the optimal tip ratio, one of well-proven MPPT 

schemes [106]. This reference speed is then sent to the speed controller which generates the 

required duty cycle d for the modular MFT-based DC-DC converter. MPPT is then achieved upon 

applying the duty cycle to the modular dc-dc converter.  

On the grid side, DC-link current control and reactive power control are implemented. The two 

controls are done independently in the dq frame. The PI controller of the DC current control 

outputs the d-axis grid current reference (idg-ref). The q-axis grid current reference (iqg-ref) is 

calculated according to the reactive power reference (Qs-ref) and the d-axis grid voltage (vdg) as 

shown below. 
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where idg and iqg are d-axis and q-axis grid currents respectively.      

The calculation of the dq-axis PWM currents (idwi-ref and iqwi-ref) requires the compensation of 

the filter capacitor currents. 
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where icd and icq are the dq-axis capacitor currents, and the vcd and vcq are the dq-axis capacitor 

voltages. 
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The dc current reference (idc-grid) and delay angle (αi) of the grid-side CSC are calculated based 

on the following. 

 

2 2

1

( ) ( )

tan ( / )

dc grid dwi ref qwi ref
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i i i
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− − −

−

− −
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 (3.10) 

 

The modulation index (mi) for the CSC is then obtained by idc-grid/idc. And the angle of the PWM 

current (θwi) is calculated based on θwi = θg - αi in which θs is the grid voltage angle. After applying 

mi and θwi to the grid-side CSC, reactive power and dc current controls are achieved. Note that 

different modulation schemes can be used here [29]. As discussed earlier, the reference dc current 

(Idc-ref) is the bigger one between Idc-grid and Idc-gen. Upon applying Idc-ref, the controls at both sides 

can be ensured. 
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3.3.2 Balancing control of proposed LV and MV converters 

Both LV and MV converters utilize the modular MFT-based DC-DC converter, employing 

multiple H-bridge converters. Figure 3.7 illustrates the equivalent circuits of these two DC-DC 

converters. Here, VC represents the input voltage of the MFT-based DC-DC converter, clamped by 

the output voltage of the diode rectifier. The DC inductor and grid-side CSC are replaced with a 

current source Idc. In both converters, the modules share the same Idc.  
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(a) Control for the proposed converter: LV version 
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(b) Control for the proposed converter: MV version 

 
Figure 3.6: Control scheme of the proposed converters. 

 

However, in practice, parameter tolerance exists, leading to imbalance issues. This tolerance 

results in voltage imbalance for the MV version and current imbalance for the LV version. For 

instance, the turn ratio of different MFTs cannot be guaranteed to be identical due to manufacturing 

tolerance. Consequently, in the MV converter, the module with a higher turn ratio suffers from a 

higher capacitor voltage, while in the LV converter, it experiences a lower input current. The MV 

version's structure, with series connection at both input and output, is unstable, necessitating 

voltage balancing control. Conversely, the LV version's structure, with parallel connection at the 

input and series connection at the output, is stable, resulting in a fixed and stable imbalance. With 

modern manufacturing techniques, mismatches can be limited, and power imbalance becomes 

insignificant. Consequently, current balancing control becomes optional for the LV version. 
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Figure 3.7: Equivalent circuits of proposed converters. 

 

Optional current balancing control of the LV converter: Shown in Figure 3.6, the average 

current is compared with the reference current to generate an error signal, which then passes 

through the PI controller, resulting in an additional duty cycle, ∆d1 for #1, and ∆d6 for #6. This 

additional duty cycle is used to correct the current imbalance. The reference current is obtained by 

averaging the currents of all modules. Finally, the duty cycles (d1, d2 …, and d6) are resulted by 

adding the common duty cycle dc and the additional one ∆d1, ∆d2 …, and ∆d6. The former ensures 

MPPT, while the latter current balancing. 

Mandatory voltage balancing control of the MV version: Shown in Figure 3.6, the measured 

capacitor voltages VC1 and VC6 are compared with their reference values. The resulting errors go 

through the respective PI controllers to generate extra duty cycles for voltage balancing. The duty 

cycles (d1, d2 …, and d6) ultimately consist of the common duty cycle dc and the extra ones (∆d1, 

∆d2 …, and ∆d6) outputted by the respective voltage balancing controllers. The former ensures 

MPPT, while the latter voltage balancing.  

 

3.4 Simulation and experimental results 

MATLAB simulations were conducted to investigate the performance of the proposed two 

converters. First, the wind turbine model is provided by MATLAB, and the optimal tip ratio is 

utilized for the MPPT control. Second, to effectively study the harmonic performance, a 3-phase 
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generator connected to a phase-shifting transformer is used to simulate the 6-phase generator. 

Third, six modular H-bridge converters are employed for both simulations, with a maximum 

tolerance of 10% introduced to six MFTs to verify the performance of the proposed balancing 

control. The key parameters are listed in Table 3.1. The converter circuits used for simulations are 

illustrated in Figure 3.8. 

 

Table 3.1: Simulation and experiment parameters  

Parameters 
Simulation Experiment 

MV  LV  MV LV 

System Rating 

Nominal 

power 
1 MW 1 MW 600 W 600 W 

Grid voltage 4160 V 4160 V 110 V 110 V 

PMSG 

Nominal 

voltage 
4000 V 690 V 

Variac + phase-

shifting 

transformer 

Number of 

poles 
16 26 

Rated speed  400 rpm 22.5 rpm 

Generators-side converter  

Number of 

modules 
6 4 

Transformer  

turn ratio 

1:1, 

1:1.01 

1:1.02, 

1:1 

1:1.02 

1:1.06 

1:1 

1:1.05 

1:1.1, 1:1 

1:1.05 

1:1.1 

1:1, 

1:1 

1:1, 

1:1 

(± 2%) 

1:1, 1:1 

1:1, 1:1 

(± 2%) 

Grid-side CSC 

DC-link 

inductor 
46 mH 46 mH 40 mH 40 mH 

Filter inductor 4.5 mH 4.5 mH 5 mH 5 mH 

Filter capacitor  77 μF 77 μF 150 μF 150 μF 
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Figure 3.8: Converter circuit used for simulations: (a) MV version; (b) LV version.  

 

3.4.1 Simulated results of LV converter 

Figure 3.9 illustrates the simulated waveforms of the proposed LV version. Before t = 2 s, the 

converter operates under rated conditions: the wind speed is set to 12 m/s (1 pu), the generator 

speed tracks its reference at 1 pu, the dc-link current is optimized at 1 pu, and the real and reactive 

power are fixed at 1 pu and 0 pu, respectively. At t = 2 s, the wind speed decreases to 0.8 pu. 
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Consequently, the generator speed decreases according to MPPT, the captured wind power reduces 

to around 0.5 pu, while the dc-link current is decreased to around 0.6 pu to reduce power loss as 

well as ensuring control objectives at both generator and grid sides simultaneously. At t = 4 s, the 

wind speed increases back to 1 pu. As a result, the generator speed, dc-link current, and captured 

wind power return to 1 pu. 

Figure 3.10 demonstrates the simulated current balancing control. The balancing control 

functions effectively under both steady state (wind speed = 1 pu) and dynamic states (wind speed 

reduced from 1 pu to 0.8 pu). Additionally, as previously analyzed, this modular structure remains 

stable upon disturbance, and the balancing control is optional. For instance, as shown in the figure, 

without current balancing, the power mismatch among the six modules remains stable and fixed 

at a maximum of around 10% mainly due to the mismatch in the used transformers. In practice, 

parameter mismatches are well below 10%, making this control optional. 

Figure 3.11 presents the simulated harmonics performance. The 6-phase generator with two 

sets of isolated 3-phase windings is equivalent to a 3-phase generator + a phase-shifting 

transformer. As depicted, is1 and is2 are predominantly distorted by the 5th and 7th harmonics, which 

are eliminated in the generator current is. 
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Figure 3.9: Simulated waveforms of the LV converter under steady and dynamic states. 
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Figure 3.10: Simulated current balancing performance of the LV converter. 
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Figure 3.11: Simulated simulated harmonics performance of the LV converter.  

 

3.4.2 Simulated results of MV converter 

Figure 3.12 displays the simulated waveforms of the proposed MV converter. Prior to t = 2 s, the 

converter operates under rated conditions, with the wind speed (vwind) set to 12 m/s (1 pu), the 

generator speed (ωm) tracking its reference (ωm-ref) at 1 pu, the dc-link current (Idc) at 1 pu, and the 

real power (Pg) and reactive power (Qs) at 1 pu and 0 pu, respectively. At t = 2 s, the wind speed 
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decreases from 1 pu to 0.8 pu. The generator speed control adjusts to a new speed reference 

according to MPPT. Once the new speed settles, the captured wind power reduces to around 0.5 

pu, and the dc-link current is regulated to around 0.6 pu to ensure control objectives on both sides 

and minimize power loss. At t = 4 s, the wind speed steps up to 1 pu. Consequently, the generator 

speed, dc-link current, and captured wind power are controlled back to 1 pu. All control variables 

are well-controlled in both steady and dynamic states. 

Figure 3.13 depicts the simulated voltage balancing control. Unlike the LV converter, where 

current balancing control is optional, the MV converter requires mandatory voltage balancing 

control. For instance, with a maximum mismatch of 10% in transformer turn ratios, the maximum 

power mismatch reaches 100% (VC4 = 2250 V and VC6 = 1100 V) without balancing control. 

However, with balancing control, capacitor voltages balance well (VC1 = VC2 = VC3 = VC4 = VC5 = 

VC6 = 1800 V) under both steady (wind speed = 1 pu) and dynamic states (wind speed reduced 

from 1 pu to 0.8 pu). 

Figure 3.14 illustrates the simulated harmonics performance of the MV converter. Similar to 

the LV version, the diode rectifier currents (is1 and is2) are highly distorted by the 5th and 7th 

harmonics, while the generator current is does not exhibit such issues. 
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Figure 3.12: Simulated waveforms of the MV converter under steady and dynamic states. 
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Figure 3.13: Simulated voltage balancing performance of the MV converter. 
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Figure 3.14: Simulated simulated harmonics performance of the MV converter.  

 

3.4.3 Experimental results of LV converter 

Lab-scale experiments have been conducted to verify the performance of the proposed converter. 

Since grid-side controls, including DC-link current control and reactive power control, have been 

well studied in previous research [8][106], they are not repeated here. As shown in Figure 3.15, 

grid + variac + phase-shifting transformer is used to simulate the turbine + 6-phase generator 

system. In experiments, 4 H-bridge modules with different connections are used for both LV and 

MV converters. The parameters used in experiments are listed in Table 3.1. 
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Figure 3.15: Converter circuit used for lab-scale experiments of both LV and MV converters. 

 

Figure 3.16 depicts the experimental results of the LV converter. In the top plot, the converter 

operates under rated conditions where the RMS of the input grid voltage is 35 V (1 pu), dc-link 

current Idc = 7 A (1 pu) and load current ig = 5 A (1 pu). The bottom plot illustrates the response 

when the input voltage vs increases from around 0.6 pu to 1 pu, resulting in proportional increases 

in Idc and ig. The experimental results demonstrate that the LV converter operates effectively under 

both steady and dynamic states. 

Figure 3.17 displays the experimental waveforms of the input average currents of the LV 

converter without current balancing control under steady and dynamic states. The transformers 

listed in Table 3.1 have a tolerance of ±2% in their turn ratios. Under rated conditions, as shown 

in the top figure, the average currents (I1, I2, I3, and I4) of the four H-bridge converter modules are 

almost balanced with a mismatch of around 2%. Similarly, under dynamic conditions, as depicted 

in the bottom figure, the average currents increase from around 0.6 pu to 1 pu, maintaining a similar 

level of imbalance. As previously analyzed, such current imbalance due to parameter tolerance is 

small, fixed, and stable. This aligns well with the earlier conclusion that current balancing control 

is optional. 

Figure 3.18 illustrates the experimental harmonic performance of the LV converter under rated 

conditions. is1 and is2 represent two secondary currents of the phase-shifting transformer, while is 

denotes the primary current of the phase-shifting transformer. Notably, is1 and is2 exhibit 

significant distortion primarily from the 5th and 7th harmonics, whereas is demonstrates 

considerably better harmonic performance. However, it is worth noting that is still contains some 

5th and 7th harmonics, attributed to transformer parameter tolerance. 
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Figure 3.16: Experimental waveforms of the proposed LV converter under steady and dynamic 

states. 
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Figure 3.17: Experimental waveforms of current balancing of the proposed LV converter. 
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Figure 3.18: Experimental harmonic performance of the proposed LV converter. 

 

3.4.4 Experimental results of MV converter 

Figure 3.19 illustrates the experimental waveforms of the MV version under both steady and 

dynamic states. The converter operates successfully under rated conditions, as depicted in the top 

figure, where RMS of vs is 50 V (1 pu), Idc = 7 A (1 pu), and ig = 5 A (1 pu). In the bottom figure, 

when vs increases from around 0.6 pu to 1 pu, both Idc and ig increase proportionally from around 

0.6 pu to 1 pu accordingly. The experimental results verify that the MV converter operates 

effectively under both steady and dynamic states. 

Figure 3.20 presents the experimental results of the balancing control under both steady and 

dynamic states. As discussed earlier, despite the small tolerance within ±2% in the turn ratios of 

the used transformers, significant voltage imbalance occurs, necessitating mandatory voltage 

balancing control. As depicted in the top figure, without voltage balancing control, the maximum 

imbalance occurs between the capacitor voltages of H-bridge modules 3 and 4, with VC3 = 1.35VC4. 

However, with the proposed voltage balancing control, well-balanced voltages are achieved under 

both steady and dynamic states, as shown in both figures. 

Figure 3.21 showcases the experimental harmonic performance of the MV converter under 

rated conditions. Similar to the LV version, is1 and is2 exhibit significant distortion from the 5th and 

7th harmonics, while is demonstrates better harmonic performance thanks to the use of multi-phase 

generators. 

 



 
 

62 
 

vs

Idc

ig

vs

Idc

ig

v s
(5

0
 V

/d
iv

)

I d
c

(5
 A

/d
iv

)

i g
(1

0
 A

/d
iv

)

v s
(5

0
 V

/d
iv

)

I d
c

(5
 A

/d
iv

)

i g
(1

0
 A

/d
iv

)

 
 

Figure 3.19: Experimental waveforms of the proposed MV converter under steady and dynamic 

states. 
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Figure 3.20: Experimental waveforms of voltage balancing of the proposed MV converter.  
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Figure 3.21: Experimental harmonic performance of the proposed MV converter. 

 

In summary, the following points have been verified through analysis, simulations and 

experiments: 1) the proposed converters, including the LV converter and the MV converter, 

maintain the advantages associated with passive rectifiers, 2) the proposed converters offer 

superior current harmonic performance thanks to the use of multi-phase generators, 3) the 

proposed converters exhibit reduced size and weight due to the use of MFTs rather than LFTs, and 

4) the proposed controls including balancing controls work well for the proposed converters. 

 

3.5 Conclusions 

The LFT and passive rectifier-based converters are well-studied power converters utilized on the 

generator side of WECS. The LFT, a mature technology, serves to isolate the generator from 

HVDC levels, allowing the use of generators with regular insulation levels. On the other hand, its 

large size and weight introduce significant burden to WECS where the space in nacelles is limited. 

The use of passive rectifiers offers WECS with low cost, high reliability, simplicity, and scalability. 

However, the utilization of passive rectifiers results in highly distorted generator stator currents, 

leading to increased power losses and reduced lifespan of generators. Though the proposed phase-

shifting transformer-based converter introduced in Chapter 2 well solves this issue, the adoption 

of a phase-shifting transformer, also an LFT, suffers from large size and weight. 

To address the respective challenges associated with the bulky LFT and passive rectifiers while 

preserving their respective advantages and functions, a new type of power converter is proposed. 

It is a multi-phase generator-based converter comprising a multi-phase generator, diode rectifiers, 

and a modular MFT-based DC-DC converter on the generator side, and a conventional CSC on 
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the grid side. The use of diode rectifiers allows the proposed converter to retain advantages 

associated with diode rectifiers, such as low cost and high reliability, while the utilization of a 

multi-phase generator enables the elimination of specific current harmonics generated by diode 

rectifiers, thereby significantly improving the performance of generator stator current harmonics, 

and reducing power losses, ultimately prolonging the service life of generators. The employment 

of MFT allows the use of generators with regular insulation requirements as well as contributing 

to reduced size and weight of WECS compared with the LFT. Considering that the MFT with high-

voltage insulation requirements and high-power ratings are not mature, modular MFTs are 

employed. Each MFT carries one part of the rated power, reducing its manufacturing burden. 

To enable the utilization of low-cost, low-voltage, low-current switches for generator systems 

with different voltage ratings, two versions of the proposed converter have been developed. The 

LV converter is tailored for generators with LV ratings, while the MV converter is designed for 

generators with MV ratings. Control schemes have been devised for both conversion systems. 

These schemes share common features such as generator-side MPPT control and grid-side DC-

link current and reactive power controls. However, the MV converter necessitates mandatory 

voltage balancing control, whereas an optional current balancing control is suggested for the LV 

converter. 

Both simulations and experiments have been conducted to validate the performance of the 

proposed converter and effectiveness of proposed controls. 
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Chapter 4  

Generator-Side Active Rectifier-Based Converter with 

Modular Medium-Frequency Transformers 

 

In CSC-type series DC-based WECS, the use of passive rectifier-based converters on the generator 

side offers advantages of low cost, high reliability, and scalability, but it generates highly distorted 

generator stator currents, resulting in significant torque ripples and a reduced lifespan of the 

generator. The use of LFT, including both conventional isolated transformers and phase-shifting 

transformers, provides a practical solution for addressing the generator insulation issue, but it 

suffers from large size and weight. On the other hand, active rectifier-based converters present 

superior current harmonics performance, making them a good candidate for addressing issues 

associated with passive rectifiers. Similarly, compared to LFT, MFT features smaller size and 

weight, making it a favorable solution for WECS, where space in the turbine nacelle is limited. In 

this chapter, a new converter using both an active rectifier and a modular MFT is proposed. The 

active rectifier ensures superior generator stator current harmonics performance, and the modular 

MFT gives the conversion system smaller size and weight. This chapter begins with an 

introduction to the proposed power converter, including its operational principles, features, and 

controls. Finally, the performance of the proposed converter is validated through both simulations 

and laboratory-scale experiments. 

 

4.1 Existing generator-side converters 

Figure 4.1 illustrates the existing passive rectifier-type converters used on the generator side of 

CSC-type series DC-based WECS. While passive rectifiers offer benefits such as low cost, high 

reliability, and scalability to WECS, they produce highly distorted generator stator current 

harmonics, resulting in increased power loss and reduced lifespan of generators. In contrast, Figure 

4.2 illustrates the existing active rectifier-type converters used on the generator side of CSC-type 

series DC-based WECS. Although active rectifiers cannot match their counterpart, passive 

rectifiers, in terms of cost, reliability, and scalability, they are also a mature technology and offer 
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superior harmonics performance. This contributes to reduced power loss and increased lifespan of 

generators. 

In series DC-based WECS, either LFT or MFT is utilized to ensure the use of generators with 

standard insulation levels. LFT [46-51], although a mature technology, is burdened by larger size 

and weight. Conversely, MFT [41-43] [52-53] offers the advantage of smaller dimensions and 

weight, making it well-suited for WECS installations where space within the turbine nacelle is 

constrained. However, the application of MFT with high-voltage insulation requirements and high-

power ratings is not yet matured in the industry. To alleviate manufacturing challenges, a modular 

design has been proposed, wherein multiple MFT units are employed, each handling a portion of 

the total power rating.  
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Figure 4.1: Existing generator-side converters with passive rectifies. 
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Figure 4.2: Existing generator-side converters with active rectifies. 
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In summary, depending on the types of transformers and converters utilized on the generator 

side of WECS, generator-side converters can be realized through four combinations: passive 

converter + LFT, passive converter + MFT, active converter + LFT, and active converter + MFT. 

Among these combinations, the last one, comprising an active converter + MFT, not only delivers 

superior generator stator current harmonic performance but also offers compact size and weight, 

making it a promising candidate for series DC-based WECS. However, this type of converter has 

not been extensively discussed for series DC-based WECS in the literature. To the best of the 

author's knowledge, only one such converter, comprising a matrix converter and an MFT, has been 

developed for WECS. While retaining all the associated advantages, this matrix converter-based 

system does have a couple of drawbacks, including the requirement of a high number of switches 

and the utilization of complex modulation, commutation, and control schemes.  

 

4.2 Active rectifier-based converter with modular medium-frequency 

transformers 

To address the challenges associated with the matrix converter-based WECS while retaining all 

the advantages of the active converter + MFT configuration, a new conversion system has been 

developed and is presented in this chapter, as shown in Figure 4.3. 
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Figure 4.3: Proposed generator-side converter with active rectifier and a modular MFT: LV version. 

 

As depicted in Figure 4.3, the proposed conversion system for high-power LV PMSG #n 

comprises an active rectifier (a conventional 2-level VSR) and a modular MFT-based converter 

on the generator side, along with a conventional CSC on the grid side. The modular MFT-based 

converter consists of m identical H-bridge converters connected in parallel at the input and in series 
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at the output. These MFTs serve to isolate the generator from high voltage, allowing for the use of 

generators with regular insulation levels. The modular structure of the MFT-based converter 

enables the utilization of low-cost low-voltage low-current devices and distributes the power 

evenly, with each MFT carrying 1/m of the rated power, thereby reducing the manufacturing 

burden of MFT. 

The active rectifier offers superior generator stator current harmonics performance compared 

with passive rectifiers. The use of modular MFTs enables size and weight reductions in comparison 

with LFT. Another advantage of the proposed converter is that its design can follow existing ones. 

For instance, the design of the 2-level VSC, which includes switch selection, filter design, and DC 

voltage selection, remains consistent with the existing three-phase 2-level VSCs used in WECS 

[106]. Similarly, the number of modules (m) in the modular MFT-based converter is determined 

in the same manner as the multi-phase generator-based converter described in Chapter 3. 

Additionally, the grid-side CSC, along with passive components such as the DC inductor and 

output AC LC filter, is designed using the same methodology as existing grid-connected CSCs [8]. 

To allow the use of low-cost, low-voltage low-current switches, the proposed converter is 

extended to different versions for turbine-generator systems with different power and voltage 

ratings.  

Figure 4.4 illustrates the converter modified for MV PMSG systems. In contrast to LV PMSG 

systems, MV PMSG systems operate at high voltage and relatively low current. Therefore, unlike 

the converter shown in Figure 4.3 for LV PMSG systems, the converter for MV PMSG systems 

utilizes a different configuration for the modular MFT-based converter. As depicted in Figure 4.4, 

the modules of the MFT-based converter are connected in series at the input, enabling the use of 

low-voltage switches. 
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Figure 4.4: Proposed generator-side converter modified for MV PMSG with 2-level VSR. 
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For MV WECS, the utilization of multi-level VSRs provides several advantages over two-level 

VSRs, including a smaller filter size and the elimination of the need for series-connected switches. 

Figure 4.5 illustrates another modified version of the proposed converter, where the two-level VSR 

is replaced with the three-level NPC converter. NPC-based WECS is a well-proven technology in 

the industry and can be directly adopted here [8]. 
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Figure 4.5: Proposed generator-side converter modified for MV PMSG with 3-level NPC. 

 

4.3 Control scheme 

The proposed CSC features a distinctive structure, comprising a two-stage VSC on the generator 

side and a CSC on the grid side. Theoretically, it can operate as either a VSC or a CSC. In the VSC 

mode, as depicted in Figure 4.6, the voltage VC is controlled to remain constant. Meanwhile, the 

modular MFT-based converter and the grid-side CSC function as the grid-side converter, allowing 

for variable dc current (Idc). Conversely, in the CSC mode, the dc-link current Idc is controlled to 

be constant, while the modular MFT-based converter and the 2-level VSC function as the 

generator-side converter, with variable voltage VC. The CSC mode preserves unique advantages 

for the series DC-based wind system. On the other hand, the VSC mode simplifies the control 

system design for the generator-side converter. To ensure the benefits of both modes, a hybrid 

control scheme that combines the CSC and VSC modes is proposed. 
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Figure 4.6: Simplified circuit of the converter under VSC and CSC modes. 

 

The overall control strategy of the CSC-type series DC-based WECS has been discussed in the 

previous chapter and will not be repeated in this chapter. The same as Chapter 2 and Chapter 3, 

the power converter, comprising a generator-side converter #n and a grid-side CSC #n, is taken as 

an example to illustrate the control system design of the proposed converter.  

The hybrid control scheme is illustrated in Figure 4.7, includes three parts: generator-side 

control, control of the modular MFT-based converter, and grid-side control. 

 

4.3.1. Control of generator-side active rectifier 

Generator-side controls include MPPT and generator speed control. The generator-side active 

rectifier controls the active wind power, while its output voltage, the DC voltage Vdc, is kept 

constant by controlling the MFT-based converter. Based on this premise, the proposed converter 

is simplified and equivalent to the one shown in Figure 4.8, where the two-level VSC is used as 

an example to illustrate the control, and a constant voltage source represents the load of the two-

level VSC. 
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Figure 4.7: Proposed hybrid control for the proposed converter.   

 

All well-proven controls, including zero d-axis current (ZDC) control, maximum torque per 

ampere control, and unity power factor control, can be applied to the proposed converter. In the 

following, ZDC is taken as an example. As shown in Figure 4.7, the MPPT is achieved by optimal 

torque control (OTC), and the generator is controlled by ZDC [19]. 

According to the measured rotor speed ωm, OTC outputs the reference torque Te-ref which then 

provides the torque-producing stator current reference iqs-ref. iqs-ref is calculated based on the ZDC 

scheme, in which the d-axis stator current reference ids-ref is set to 0.  

 

3

2
e r qsT P i=  (4.1) 

 

where P is the number of pole pairs and λr is the rotor flux linkage.   
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The measured three-phase stator currents (ias, ibs, ics) are transformed into dq-axis currents (ids, 

iqs) which are then compared with their respective reference currents (ids-ref, iqs-ref). The resultant 

errors are then sent to PI controllers, generating the dq-axis reference voltages (vds-ref, vqs-ref) for 

the generator-side converter. The use of dq/abc transformation gives abc-frame reference voltages 

(vas-ref, vbs-ref, vcs-ref) which are then sent to the PWM generation block. In this study, a conventional 

SPWM is used. and in both abc/dq and dq/abc transformations, the rotor position angle θr is used. 

The stator voltages of the generator are then controlled according to their references such that the 

active power is controlled. 
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Figure 4.8: Equivalent circuit for generator-side active rectifier control. 

 

4.3.2. Control of modular MFT-based converter 

The MFT-based modular converter controls the DC voltage Vdc to remain constant across its full 

operational range. The dc current Idc is regulated by the grid-side converter. Therefore, from the 

perspective of control system design, the proposed converter is equivalent to the one depicted in 

Figure 4.9. The input of the MFT-based converter is represented by a voltage-controlled current 

source Iin, and the output by a constant current source. It's important to note that the constant 

current source has varying values under different wind speeds, which will be addressed in the 

control of the grid-side converter.  
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Figure 4.9: Equivalent circuit for MFT-based modular converter: MV version with series 

connection at input. 
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Moreover, the modular structure of the MFT-based converter necessitates power balancing 

control. As illustrated in Figure 4.9, all modules share the same Idc output, but there's an issue of 

voltage imbalance due to parameter mismatches. For instance, although the turn ratio of all 

transformers is intended to be 1:1, this may not be guaranteed due to manufacturing tolerances. 

Consequently, modules with higher turn ratios experience higher capacitor voltages. However, the 

structure of the series connection, both at the input and output, is not stable in the event of a 

mismatch, necessitating voltage balancing control. 

As shown in Figure 4.7, the measured DC voltage VC is compared with its reference VC-ref value. 

Note that the reference voltage VC-ref is chosen to be consistent with existing VSC-based wind 

systems [106], thus not repeated here. The resulting error is fed into the PI controller, which 

generates the current reference Idc-ref1. The required duty cycle dc for DC voltage control is then 

obtained by comparing the reference current Idc-ref1 with the actual DC current Idc. 

To ensure voltage balancing, voltage balancing control is implemented. As depicted in Figure 

4.7, the measured capacitor voltages VC1 and VCm are compared with their respective reference 

values. Subsequently, these errors are processed by individual PI controllers to generate the 

required duty cycles for voltage balancing. The final duty cycle for each module comprises two 

components: dc for DC voltage control and ∆dm for voltage balancing. The former ensures DC 

voltage control, while the latter ensures voltage balancing across modules.   

The DC current reference Idc-ref1 as shown in Figure 4.7 is the current obtained upon achieving 

DC voltage control under MPPT conditions. Essentially, it represents the current necessary for 

MPPT operation. Conversely, if the actual current falls below this reference value Idc-ref1, MPPT is 

not achieved. Consequently, this DC current reference Idc-ref1 is transmitted to the grid-side 

converter to determine the final DC-link current reference. 

The modular MFT-based converter for the LV PMSG system employs parallel connections at 

the input and series connections at the output, as illustrated in its equivalent circuit in Figure 4.10. 

This configuration differs from the series-connected input and series-connected output 

configuration depicted in Figure 4.9. The parallel-input, series-output configuration is stable, 

unlike the former, where the current imbalance introduced by parameter mismatches remains 

stable. Consequently, current balancing control becomes optional. Detailed discussions and 

analyses concerning optional current balancing have been thoroughly addressed in the preceding 

chapter and will not be reiterated here. 
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Figure 4.10: Equivalent circuit for MFT-based modular converter: LV version with parallel 

connection at input. 

 

4.3.3. Control of grid-side CSC 

The grid-side converter is responsible for the DC current control and reactive power control. The 

simplified equivalent circuit is shown in Figure 4.11, where the input is represented by a current 

controlled voltage source in series with the dc inductor.  
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Figure 4.11: Equivalent circuit for grid-side CSC. 

 

The grid-side control includes two independent control loops in the dq frame, one is the dc 

current control loop and the other reactive power control loop. The d-axis grid current reference 

(idg-ref) is obtained by the dc current PI controller. The reference for the q-axis grid current (iqg-ref) 

is obtained according to the following reactive power reference (Qg-ref) and the d-axis grid voltage 

(vdg). idg and iqg are d-axis and q-axis grid currents respectively.      
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The calculation of the dq-axis PWM currents (idwi-ref and iqwi-ref) requires the compensation of 

the filter capacitor currents. 

 

dwi ref dg ref cd dg ref g f cq

qwi ref qg ref cq qg ref g f cd

i i i i C v

i i i i C v





− − −

− − −

= + = −


= + = +

 (4.3) 

 

where icd and icq are the dq-axis capacitor currents, and the vcd and vcq are the dq-axis capacitor 

voltages. 

 

cd dg g f qg

cq g f dg

v v L i

v L i





= −


=

 (4.4) 

 

The DC current reference (Idc-ref2) and delay angle (αi) of the grid-side CSC are calculated based 

on the following. 

 

2 2

2

1

( ) ( )

tan ( / )

dc ref dwi ref qwi ref

i qwi ref dwi ref

I i i

i i

− − −

−

− −

= +

=
 (4.5) 

 

It's essential to note that both the DC current references Idc-ref1 generated by the generator-side 

control and Idc-ref2 generated by the grid-side control need to be taken into consideration to 

determine the final DC current reference Idc-ref. The larger of the two references is selected to be 

the DC current reference Idc-ref to ensure that controls on both sides are achieved simultaneously. 

The modulation index (mi) for the CSC is then obtained by Idc-ref2/Idc. And the angle of the PWM 

current (θwi) is calculated based on θwi = θg - αi in which θg is the grid voltage angle. After applying 

mi and θwi to the grid-side CSC, reactive power and dc current controls are achieved. Upon 

applying Idc-ref, the controls at both sides can be ensured. 

 

4.4 Simulation and experimental results 

MATLAB simulations have been carried out to evaluate the performance of the proposed converter. 

The wind turbine model is provided by MATLAB, and MPPT control is implemented using the 

optimal tip ratio. To simplify the process and effectively assess the converter's performance, a two-
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level VSC is utilized on the generator side as an illustrative example. For the purpose of 

investigating the balancing control performance, six modular H-bridge converters are employed. 

These converters feature a maximum tolerance of 10% in the turn ratios of the six MFTs. This 

tolerance variation allows for thorough evaluation of the balancing control functionality. Key 

parameters utilized in the simulations are listed in Table 4.1. Figure 4.12 shows the converter 

circuit used for simulations. 

 

Table 4.1: Simulation and experiment parameters  

Parameters Simulation  Experiment 

Nominal power 1 MW 866 W 

Grid voltage, Vg 4160 V 110 V 

Generator PMSG, 4000 V Variac 

Generator-side converter 

Filter inductor, L  20 mH 10 mH 

DC voltage, Vdc 8000 V 160 V 

Switching frequency  1 kHz 1 kHz 

MFT-based modular converter 

Number of modules, m  6 2 

Transformer  6 2 

Transformer turn ratio 

1:1, 1:1.01, 

1:1.02, 1:1.03, 

1:1.04, 1:1.05 

1:1, 1: 1  

(Extra resistor  

Rp = 600 Ω) 

Capacitor, Cm 1000 uF 1000 uF 

Switching frequency  1.2 kHz 1.2 kHz 

Grid-side converter 

DC inductor, Ldc 45 mH 45 mH 

Filter inductor, Lf  5 mH 5 mH 

Filter capacitor, Cf  70 uF 100 uF 

Switching frequency  540 Hz 540 Hz 
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Figure 4.12: Converter circuit used for simulations. 

 

4.4.1 Simulated results  

Figure 4.13 displays the simulated waveforms during both steady and dynamic states. Before t = 

1.5 sec, the converter operates under rated conditions. On the generator side, the generator torque 

Te is controlled at its reference value Te-ref obtained by the OTC, and both terminal voltage (vas) 

and stator current (ias) remain at rated values. The controls of the MFT-based converter are also 

successfully achieved. The DC voltage is controlled at 1 pu and evenly distributed among the 

capacitors (VC1 = VC6). On the grid-side, the DC current is controlled at its rated value, and the real 

power and reactive power are maintained at 1 pu and 0 pu, respectively. 



 
 

78 
 

(a) Waveforms of generator-side converter

(b) Waveforms of MFT-based converter  

(c) Waveforms of grid-side converter  
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Figure 4.13: Simulated waveforms under steady and dynamic states-synchronous generator. 
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As previously analyzed, one of the advantages of the proposed converter is its superior 

performance in reducing generator stator current harmonics compared to diode rectifier-based 

converters. The zoomed waveform of stator current (ias) depicted in Figure 4.13(a) highlights such 

superior harmonics performance. 

At t = 1.5 sec, the voltage balancing control is deactivated. Consequently, the capacitor voltages 

begin to deviate due to mismatch in the transformers used. As discussed earlier, modules with 

higher turn ratios suffer from higher capacitor voltages. In this case, vc1 increases to 1.3 pu, while 

vc6 decreases to around 0.75 pu. 

At t = 2 sec, the voltage balancing control is reactivated, causing the capacitor voltages to track 

their reference values and return to a balanced state. During this period, the generator-side controls 

(Figure 4.13(a)), grid-side controls (Figure 4.13(c)), and the DC voltage control of the MFT-based 

converter (Figure 4.13(b)) are all achieved. 

At t = 2.5 sec, the generated reference torque Te-ref starts to decrease from -1 pu down to -0.5 

pu at t = 2.75 sec, and then remains constant. With the proposed control scheme, the actual torque 

tracks well with the reference torque. Consequently, the generated terminal voltage (vas) and 

current (ias) at the generator side decrease accordingly. The DC voltage (Vdc is maintained constant 

under control, and the capacitor voltages are well-balanced under control. The captured real power 

(Pg) decreases from 1 pu to around 0.25 pu at the grid-side accordingly. The DC current (Idc) tracks 

well with its reference Idc-ref, which is reduced from 1 pu to around 0.58 pu to lower power loss 

and ensure grid-side control. The reactive power is controlled to 0, achieving unity power factor 

at the grid-side. 

In summary, the simulated results validate the effectiveness of the proposed control scheme in 

achieving the defined control objectives. 

Figure 4.14 depicts the simulated waveforms during the start-up of the PMSG wind system. At 

t = 0.1 sec, the generator torque Te begins to increase following its reference up to its rated value 

at t = 0.6 sec, after which it remains constant. The rotor speed ωm changes correspondingly, 

reaching the rated speed at t = 0.6 sec. The generator outputs, including the phase voltage (vas) and 

current (ias), are also illustrated in Figure 4.14. During the start-up phase, the voltage VC of the 

generator-side converter is controlled to track its reference value VC-ref, which is set in proportion 

to the generator rotor speed. The DC-link current Idc is controlled differently during start-up. 

Before t = 0.6 sec, when the rotor speed has not yet reached its rated value and the captured power 
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is low, the DC-link current reference is set to a lower value. At t = 0.6 sec, when the system reaches 

its rated conditions, the DC-link current Idc starts to be controlled to follow its rated value. It's 

important to note that various control scenarios can be applied during start-up, and the one 

illustrated here serves as an example. Different strategies may be employed depending on specific 

system requirements and operational considerations. 
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Figure 4.14: Simulated waveforms of the proposed converter during start-up. 
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4.4.2 Experimental results of LV converter 

A downscaled setup, as depicted in Figure 4.15, has been constructed to validate the performance 

of the proposed converter and control system. In this setup, a variac is employed to operate the 

turbine-generator set, while a transformer is utilized at the grid to step up the output voltage to the 

grid voltage level. Additionally, an extra resistor (Rp = 600Ω) is incorporated to introduce voltage 

imbalance in the MFT-based converter. The parameters associated with this setup are listed in 

Table 4.1. The converter circuit of the setup is illustrated in Figure 4.15. 
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Figure 4.15: Converter circuit used for lab-scale experiments. 

 

Figure 4.16 presents the experimental waveforms of the proposed converter under rated 

conditions: the generator-side voltage (vs, line-to-line voltage) is 71 V, and the grid-side voltage 

(vg, line-to-line voltage) is 104 V. As illustrated in the figure, the generator-side current (ias, phase 

current) at 7.1 A is well controlled under steady-state conditions. The phase displacement between 

vs and ias is 30 degrees, indicating unity power factor at the generator side. Additionally, both the 

DC voltage (VC = 160 V) and the DC current (Idc = 6.5 A) are well controlled to their respective 

references. Also, as shown in Figure 16 (a), the generator-side current (ias) exhibits superior 

harmonics performance. Figure 4.16 (b) shows the steady-state waveforms of the grid voltage and 

grid current under the same rated conditions. As depicted, the grid voltage (vg, line-to-line voltage) 

is 104 V, and the grid current (iag, phase current) at 4.3 A is achieved under unity power factor 

control (Qg-ref = 0). These results demonstrate the effectiveness of the proposed converter in 

achieving stable and controlled operation under steady-state conditions. 

Figure 4.17 exhibits the experimental waveforms of the proposed converter under dynamic 

conditions. In a wind system utilizing a turbine-generator set, the generator-side voltage and 

current change simultaneously in response to changes in wind speed. However, due to the use of 

a variac in the experiments to simulate the turbine-generator set, it is not feasible to change both 

voltage and current simultaneously. Therefore, two separate experiments are conducted: one with 
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a constant generator-side voltage (vs) while the generator-side current (ias) is varied, and the other 

with a constant generator-side current while the generator-side voltage is varied. 
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Figure 4.16: Experimental waveforms of the proposed converter under steady states. 

 

In Figure 4.17(a), the performance under a stepped change of ias is depicted, where ias is 

controlled to step from 3.5 A to 7 A. Under such a change, the DC voltage (VC = 160 V) is well 

maintained, and the DC current (Idc) changes accordingly to ensure control objectives at both the 

generator and grid sides.  

Similarly, in Figure 4.17(b), ias is maintained at 7 A while vs is increased from around 35 V to 

70 V by manually adjusting the variac. The DC voltage control ensures VC = 160 V, and the DC 

current control adapts to the corresponding change.  

Figure 4.17(c) demonstrates the performance of the voltage balancing control under both 

steady-state and dynamic conditions. With the balancing control, VC1 = VC2 is ensured, while 

without the balancing control, a voltage deviation occurs. VC1 decreases while VC2 increases due 
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to the introduction of the extra resistor Rp. In summary, the simulated and experimental results 

validate the performance of the proposed converter and control scheme effectively. 
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Figure 4.17: Experimental waveforms of the proposed converter under dynamic states. 

 

4.5 Conclusions 

In the realm of CSC-type series DC-based WECS, the generator-side converters can be categorized 

into four types: passive rectifier + LFT, passive rectifier + MFT, active rectifier + LFT, and active 
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rectifier + MFT. While LFT technology is well-established, it tends to be bulky. In contrast, MFT 

technology offers a smaller size and weight, making it preferable for WECS installations where 

space in the nacelle is limited. Passive rectifiers are known for their low cost, high reliability, 

simplicity, and scalability, whereas active rectifiers provide superior performance in terms of 

generator stator current harmonics. 

In this chapter, a hybrid converter based on the active rectifier + MFT configuration has been 

proposed and studied. It comprises an active rectifier and a modular MFT-based converter on the 

generator side, while a conventional CSC is employed on the grid side. Different versions of the 

proposed converter have also been developed to accommodate various generator systems with 

different voltage ratings. The integration of an active rectifier ensures superior harmonics 

performance of generator stator currents, while the use of modular MFTs contributes to size and 

weight reductions in the generator-side conversion system. 

A hybrid control system has been devised for the proposed hybrid converter, offering the 

flexibility of operating in either CSC mode or VSC mode. The CSC mode retains the benefits of 

traditional CSC-type WECS, such as reliable short-circuit protection and variable DC-link voltage 

operation, while the VSC mode simplifies the control system design. To harness the advantages 

of both CSC and VSC modes, a hybrid control strategy comprising both CSC and VSC controls 

has been developed and examined. 

Both simulations and experiments have been conducted to validate the performance of the 

proposed converter and the effectiveness of the proposed control strategies. These investigations 

have demonstrated the feasibility and efficacy of the hybrid converter in wind energy systems. 
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Chapter 5  

Grid-Side Transformerless Series-Connected Current 

Source Converters 

 

In CSC-type series DC-based WECS [91-96], current source converters (CSCs) are employed as 

the grid-side converter. These CSCs require the use of line-frequency multi-winding transformers, 

which are bulky and costly. In this chapter, transformerless CSCs are developed to eliminate the 

use of line-frequency multi-winding transformers, thereby resulting in reductions in cost and size. 

The chapter begins with an introduction to the proposed transformerless CSC, followed by a 

modulation scheme developed for the transformerless CSCs. Finally, the performance of the 

proposed converter and the effectiveness of the developed modulation are validated through both 

simulations and laboratory-scale experiments. 

 

5.1 Existing grid-side current source converters 

Figure 5.1 illustrates the existing series-connected CSCs used on the grid side of CSC-type series 

DC-based WECS. These CSCs are connected in series at their inputs to withstand the HVDC, 

while they are connected in parallel at their outputs through multi-winding transformers [51-56] 

[103-105] before being connected to the grid. Figure 5.2 shows an improved version of series-

connected CSCs, where a smaller number of switches is needed, thanks to the specific 

configuration of the multi-winding transformers. Figure 5.3 shows phase-shifting transformer-

based CSCs operating at a fundamental switching frequency. Operating with a fundamental 

switching frequency reduces switching losses but generates highly distorted currents, particularly 

these low-order harmonics. The use of a phase-shifting transformer, on the other hand, eliminates 

these low-order harmonics, enabling the CSC to operate with low switching frequencies. 

The multi-winding transformers serve two functions: one mandatory and one optional. The 

mandatory function is to provide an independent current path for each CSC, allowing series 

connections at the inputs of CSCs. Additionally, they boost the output voltages of CSCs to higher 

values for grid connections. 
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Figure 5.1: Grid-side CSCs with multi-winding transformers. 
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Figure 5.2: Grid-side CSCs with multi-winding transformers-modified version. 
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Figure 5.3: Existing grid-side CSC with phase-shifting transformers. 

 

In summary, existing series-connected CSCs utilized on the grid side of CSC-type series DC-

based WECS require the utilization of line-frequency transformers. These transformers, due to 

their bulkiness, high cost, and low efficiency, pose challenges to WECS. 

 

5.2 Transformerless series-connected current source converters 

Fig 5.4 shows the single-phase version of the proposed series-connected CSCs without the need 

for transformers, and its three-phase version is illustrated in Figure 5.5. In this chapter, the single-

phase converter is studied. 

As depicted in Figure 5.4, the proposed transformerless CSCs consist of n identical single-phase 

CSC modules. Each single-phase CSC module comprises a conventional H-bridge CSC and an 

additional switch Sn (where n = 1, 2…). These identical CSC modules are connected in series at 

both inputs and outputs without transformers. The series connection at the inputs of CSCs allows 

the proposed converter to withstand HVDC, while the series connection at the outputs of CSCs 

enables the proposed converter to establish HVAC.  

The proposed converter operates in two modes: Mode 1 and Mode 2. Figure 5.6 demonstrates 

these modes using a 2-module converter as an example. 
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Figure 5.4: Proposed transformerless CSCs: Single-phase version. 
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Figure 5.5: Proposed transformerless CSCs: Three-phase version. 
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Mode 1: In Figure 5.6, the extra switches of each CSC module (S1 for CSC module #1 and S2 

for CSC module #2) are turned on simultaneously, while the H-bridge CSCs are off. The respective 

DC inductors of each CSC module (L1 for CSC module #1 and L2 for CSC module #2) charge in 

series, resulting in balanced DC inductor currents (IL1 = IL2). No power is delivered to the load due 

to the off-state of the H-bridge CSCs. 

Mode 2: The extra switches S1 and Sn are turned off, while the H-bridge CSCs operate in a 

synchronous manner, delivering power to the load. The respective DC inductors of each CSC 

module discharge independently through the respective H-bridge CSC to the load. The output 

capacitors are connected in series to realize HVAC. Since each conventional H-bridge CSC has 

four operation modes, Mode 2 is further divided into four modes: Mode 2_1 (positive cycle), Mode 

2_2 (positive cycle), Mode 2_3 (negative cycle), Mode 2_4 (negative cycle), as illustrated in 

Figure 5.6. Here, positive cycle refers to the positive cycle of the output PWM current iw1 and iw2 

of the CSC module #1 and #2, while negative cycle refers to the negative cycle of iw1 and iw2. For 

example, in Mode 2_1 (positive cycle), switches S11, S14, S21 and S24 are turned on, generating a 

positive current of iw1 = IL1 and iw2 = IL2, and in Mode 2_3 (negative cycle), switches S12, S13, S22 

and S23 are turned on, resulting in a negative current of iw1 = - IL1 and iw2 = - IL2. 

The capacitor currents for CSC module #1 and #2 are iC1 = iw1 – iout and iC2 = iw2 – iout according 

to KCL, where iC1 and iC2 are the capacitor currents for CSC #1 and 2, and iout is the load current 

shared by all CSC modules. In Mode 1, balanced DC inductor currents are achieved, IL1 = IL2. 

Under ideal conditions, balanced capacitor currents are obtained in Mode 2, iC1 = iC2, leading to 

balanced capacitor voltages, vC1 = vC2. To sum up, DC inductor currents and AC capacitor voltages 

are inherently achieved. 

 

5.3 Modulation scheme 

All CSC modules are identical: the switches at the same locations of CSC modules are controlled 

synchronously. For example, the extra switch S1 of the CSC module #1 and the extra switch Sn of 

the CSC module #n are turned on and off synchronously. Switches S11, S12, S13, and S14 of the CSC 

module #1 and their respective counterparts Sn1, Sn2, Sn3, and Sn4 of the CSC module #n are also 

turned on and off in a synchronous manner. Following this principle, the proposed transformerless 

CSCs are simplified to a converter with one CSC module, as illustrated in Figure 5.7, where the 
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input DC voltage and output AC voltage for each CSC module is remaining at Vin/n and vC/n 

respectively.  
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Figure 5.6: Operation modes of proposed transformerless CSCs. 
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Figure 5.7: Simplified converter for modulation scheme development.  

 

As discussed earlier, each CSC module operates at different modes, generating different output 

PWM currents iwn. These different modes are converted to two states: active state and zero state. 

The active state refers to the state where iwn = ILn in its positive half cycle or iwn = - ILn in its negative 

half cycle, while the zero state refers to the state where iwn = 0. The corresponding on-state switches 

to the active switch in each half cycle are fixed, while the zero state has two options of on-state 

switches. For example, in the positive half cycle, to receive an output PWM current of iwn = ILn, 

Sn1 and Sn4 need to be turned on, while iwn = 0 can be realized by either turning on Sn1 and Sn3 or 
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turning on Sn. The different states, their corresponding on-state switches and their dwell times, and 

the resultant output PWM current iwn are illustrated in Table 5.1. 

 

Table 5.1: Switching states and output PWM current iwn 

States  On-State Switches Dwell Time Output PWM 

Current iwn 

Active state (positive half cycle) Sn1 and Sn4 T1 ILn 

Active state (negative half cycle) Sn2 and Sn3 T1 - ILn 

Zero state (positive half cycle) 
Sn1 and Sn3 T01 0 

Sn T02 0 

Zero state (negative half cycle) 
Sn2 and Sn4 T01 0 

Sn T02 0 

 

Figure 5.8 shows the proposed modulation. The positive half cycle of iwn is taken as an example 

to illustrate the implementation of the proposed modulation.   

The dwell time T1 for the active state is obtained by applying the conventional SPWM. As 

shown in Figure 5.8, the reference wave T1 is compared with the carrier wave, resulting in the 

dwell time T1. 

 

1 sin( )a sT m t T=  (5.1) 

 

where ma is the modulation index, ω is the angular speed, and Ts is the switching period.  

 

The dwell time for the zero state is therefore expressed as  

 

0 11 1 sin( )a sT T m t T= − = −  (5.2) 

 

As discussed earlier, the dwell time for the zero state includes two parts: T01 and T02. 

 

0 01 02T T T= +  (5.3) 

 

The dwell time T01 is obtained by applying the voltage-second principle to the inductor Ln: 
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where θ is the phase displacement between capacitor voltage vCn and output current iwn, VC is the 

RMS value of the output capacitor voltage vC. θ is obtained based on the LRC circuit. 
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Figure 5.8: Proposed modulation: Positive half cycle of iw1.  

 

Assuming a lossless converter, the voltage gain of the proposed converter is obtained by 

combining (5.1), (5.2) and (5.4). 
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where k is defined as k = T01/T0 at the time instant of / 2t  = + , ranging from 0 to 1. 

As illustrated in Equation (5.6), for a given ma, the minimum and maximum gains occur at k = 

0 and k = 1, respectively. For a given k, ma = 0 results in an infinite gain, while the minimum gain 

approaches zero as ma approaches 1. This converter functions as a buck-boost converter. 

The passive components of the proposed CSC, including the DC inductor and AC filter, are 

designed using the same procedure as the conventional CSC. The DC inductor (Ln for CSC module 

#n) is calculated by applying the voltage-second principle to the inductor in either Mode 1, where 

the inductor is charging, or Mode 2_1, where the inductor is discharging. 

 

1Cn
n

Ln

v T
L

I
=


 (5.7) 

 

where ΔILn is the inductor current ripple, and vCn is the instantaneous value of the filter capacitor 

voltage of the CSC module #n. 

Substituting vCn and T1 into (5.7) results in 

 

21
sin( )sin( )Cn

n a

Ln s

v
L m t t

I f
  = −


 (5.8) 

 

where fs is the switching frequency.  

As shown in Equation (5.8), the required DC inductor is inversely proportional to the switching 

frequency and proportional to the modulation index (ma). Additionally, due to the variable dwell 

time (T1) and variable voltage (vCn) in a fundamental frequency cycle, the required inductance 

varies within a fundamental frequency cycle. The maximum value among these different 

inductances is selected as the final one for CSC module #n. The design procedure for the AC filter 

of the proposed CSC follows that of the conventional CSC and will not be repeated here. 
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5.4 Simulations and experimental results 

MATLAB simulations have been carried out to evaluate the performance of the proposed converter. 

Three CSC modules are utilized in simulation. The parameters used for simulation are listed in 

Table 5.2. And the converter circuit for simulation is illustrated in Figure 5.9.   

 

Vin

IL3
S31 S32

S33 S34

S21 S22

S23 S24

S3

S1

L3 C3

C2

L

R

iw3

iw2

Iout

vC3

vC

+

-

+

-

+

-

S11 S12

S13 S14

L1 C1

iw1

IL1 +

-

S2

A

B

VL3

IL2

L2 VL2

VL1

Module #3

vC2

vC1

Module #1

Module #2

 
 

Figure 5.9: Converter circuit used for simulation. 

 

5.4.1 Simulated results  

Figure 5.10 displays the simulated gating signals of the switches of the three-module 

transformerless CSCs over one fundamental-frequency cycle. Switches Sn1 and Sn2, situated at top 

of each CSC module, switch at the fundamental frequency of 60 Hz. The switching frequencies of 

switches Sn3, Sn4, and Sn are equal to the carrier frequency of 1080 Hz. 
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Table 5.2: Simulated and experiment parameters.   

Parameters Simulation Experiment  

Input DC voltage Vin 6000 V 120 V 

Output AC voltage VC (RMS of vC) 4160 V 70 V 

DC inductor current ILn 685 A 14 A 

Load current Iout 240 A 5 A 

Modulation index ma 0.5 0.5 

Coefficient k 0.95 0.95 

Switching frequency fsw (Sn1, Sn2) 60 Hz 60 Hz 

Switching frequency fsw (Sn3, Sn4, Sn) 1080 Hz 1080 Hz 

DC inductor Ln 10 mH 20 mH 

AC filter capacitor Cn 200 μF 200 μF 

AC filter inductor Lf 5 mH 5 mH 

Load resistor R 17 Ω 10 Ω 

Number of CSC modules n 3 2 
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Figure 5.10: Gating signals over a fundamental-frequency cycle. 
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Figure 5.11 shows simulated waveforms of the proposed transformerless CSCs under both 

steady and dynamic states. Prior to t = 1s, the converter operates under a DC-link voltage of Vin = 

3000 V (0.5 pu). The resultant DC inductor currents IL1, IL2, and IL3 balance around 340 A, the 

output AC capacitor voltages vC1, vC2, vC3 also balance at approximately 680 V, and the load current 

iout is approximately equal to 120 A. After t = 1s, the DC-link voltage Vin increases to its rated 

value at 6000 V (1 pu). Consequently, the resultant DC inductor currents IL1, IL2, and IL3 increase 

to 680 A, the output AC capacitor voltages vC1, vC2, vC3 also increase to at approximately 1360 V, 

and the load current iout increases to 240 A. In this process, DC inductor currents and AC capacitor 

voltages are well balanced. 
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Figure 5.11: Simulated waveforms of the proposed converter under both steady and dynamic states. 
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5.4.2 Experiment results  

A downscaled setup has been constructed to validate the performance of the proposed converter 

and modulation scheme. In this setup, the input DC voltage (Vin) is realized by using a variac and 

a diode rectifier. Two CSC modules are employed in the experiment setup. The parameters 

associated with this setup are listed in Table 5.2. The converter circuit of the experiment setup is 

illustrated in Figure 5.12. 
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Figure 5.12: Converter circuit used for lab-scale experiments. 

 

Figure 5.13 depicts the gating signals of the switches for the two-module transformerless CSCs 

over one fundamental-frequency cycle. Switches Sn1 and Sn2, situated at top of each CSC module, 

switch at the fundamental frequency. The switching frequencies of switches Sn3, Sn4, and Sn are 

consistent and equal to the carrier frequency. 

In Figure 5.14, experimental waveforms of the proposed transformerless CSCs under steady 

state are illustrated. When the inverter operates with Vin = 120 V, the DC inductor currents IL1 and 

IL2 balance around 14 A, and the output AC capacitor voltages vC1 and vC2 also balance at 

approximately 35 V. iw1 and iw2 represent the output PWM currents of the two CSC modules, while 

iout denotes the load current. 
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Figure 5.13: Gating signals over a fundamental-frequency cycle. 
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Figure 5.14: Experimental waveforms of the proposed converter under steady states. 
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Figure 5.15 showcases the proposed transformerless CSCs under dynamic conditions. As the 

input DC voltage Vin increases from 90 V to 120 V, the output AC capacitor voltages rise from 18 

V to 35 V, and the input DC inductor currents increase from 10 A to 14 A. Throughout this 

transition, both DC inductor currents and AC capacitor voltages remain well balanced. In summary, 

the proposed inverter exhibits inherent current and voltage balancing.  
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Figure 5.15: Experimental waveforms of the proposed converter under dynamic states. 

 

5.5 Conclusions 

In the domain of CSC-type series DC-based WECS, grid-side converters typically employ 

conventional three-phase CSC modules connected in series at their input and in parallel at their 

output. However, this configuration necessitates the use of line-frequency transformers to provide 

isolated current paths for each CSC module at the input and to boost low voltage to high voltage 

levels as required. These transformers, with power ratings matching that of the entire wind system, 

are cumbersome and expensive, posing a significant burden to WECS. 
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In this chapter, transformerless CSCs were introduced, eliminating the need for transformers in 

series-connected CSCs for the first time. This elimination yields substantial cost and size 

reductions. Additionally, a novel modulation scheme tailored for these transformerless CSCs was 

developed. This scheme enables the proposed converter to achieve buck-boost operation and 

inherently balance DC inductor currents and AC capacitor voltages without the need for extra 

balancing controls. 

The operational principles of the proposed transformerless CSCs and the accompanying 

modulation scheme have been thoroughly investigated. Furthermore, their performance has been 

examined and validated through lab-scale experiments. 
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Chapter 6  

Grid-Side Transformerless Series-Connected Current 

Source Converters without Series-Connected Switches 

 

In CSC-type series DC-based WECS, conventional CSCs are typically utilized as the grid-side 

converter. Identical CSC modules are connected in series at the input and in parallel at the output. 

However, this configuration necessitates the use of bulky and costly line-frequency transformers. 

In the preceding chapter, transformerless CSCs were introduced and investigated. The 

transformerless CSCs eliminate the need for bulky and costly transformers, leading to significant 

reductions in the size and weight of WECS. However, the transformerless CSCs require additional 

switches, including one with an HVDC-level rating, which results in the necessity of series-

connected switches. The operation of series-connected switches requires mandatory voltage 

balancing controls, which are expensive and complicated. Therefore, in this chapter, a modified 

version of the transformerless CSCs has been developed. This modification eliminates the need 

for series-connected switches while retaining all the advantages of the original transformerless 

CSCs. The chapter commences with an introduction to the proposed modified converter of the 

transformerless CSCs, along with a newly developed modulation scheme to accommodate the 

changes in the converter. Finally, the performance of the proposed converter and the effectiveness 

of the developed modulation are validated through both simulations and laboratory-scale 

experiments. 

 

6.1 Transformerless series-connected current source converters 

Figure 6.1 illustrates the transformerless CSCs presented in Chapter 5. The transformerless CSCs 

consist of n identical single-phase CSC modules. Each single-phase CSC module comprises a 

conventional H-bridge CSC and an additional switch Sn (n = 1, 2…). These CSC modules are 

connected in series at both inputs and outputs without transformers. The series connection at the 

inputs of CSCs allows the proposed converter to withstand HVDC, while the series connection at 

the outputs of CSCs enables the proposed converter to establish HVAC.  



 
 

103 
 

All CSC modules are controlled synchronously. Each CSC has two operation modes: Mode 1 

and Mode 2. In Mode 1, the extra switch of each CSC module (Sn for CSC module #n) is turned 

on, while the H-bridge CSC is off. The DC inductor of each CSC module (Ln for CSC module #n) 

is charging. No power is delivered to the load due to the off-state of the H-bridge CSCs in Mode 

1. In Mode 2, the extra switch Sn is turned off, while the H-bridge CSC operates and delivers power 

to the load. The DC inductor of each CSC module is discharging through the H-bridge CSC to the 

load. Since each conventional H-bridge CSC has four operation modes, Mode 2 is further divided 

into four modes: Mode 2_1 (positive cycle), Mode 2_2 (positive cycle), Mode 2_3 (negative cycle), 

Mode 2_4 (negative cycle). Here, positive cycle refers to the positive cycle of the output PWM 

current iwn of the CSC module #n, while negative cycle refers to the negative cycle of iwn. For 

example, in Mode 2_1 (positive cycle), switches S1n and S4n are turned on, generating a positive 

current of iwn = ILn, and in Mode 2_3 (negative cycle), switches S2n and S3n are turned on, resulting 

in a negative current of iwn = - ILn. 

One challenge posed by transformerless CSCs is that the additional switch S1 experiences high 

voltage stress and is implemented using series-connected switches. It's important to note that the 

extra switches S2, S3… Sn do not encounter such issues.  

The voltage stress (vs) of S1 under different operation modes is detailed in Table 6.1. The 

maximum value of vs occurs in Mode 2_1 (S11 = S14 = Sn1 = Sn4 = ON), where vs is equal to Vin + 

vC. Here, vC represents the instantaneous value of the output voltage of the transformerless CSCs. 

The equivalent circuit of transformerless CSCs under Mode 2_1 is shown in Figure 6.2. Figure 6.3 

illustrates the waveform of vs over one fundamental-frequency cycle. As shown, vs reaches its peak 

value: vs = Vin + vC-peak in Mode 2_1. vC-peak denotes the positive peak value of vC. The selection of 

switch Sn is based on its maximum value, necessitating the utilization of series-connected switches.  

For instance, considering a converter with n CSC modules and a voltage gain of 1 (Vin = vC-peak), 

the maximum voltage stress for S13 is vC-peak/n, whereas it is 2vC-peak for S1. If a switch with the 

same voltage rating as S13 is selected, it would necessitate the use of 2n switches connected in 

series to achieve the equivalent of S1. The voltage balancing of series-connected switches poses a 

challenge, requiring complex balancing schemes. 
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Figure 6.1: Transformerless CSCs. 

 

Table 6.1: Voltage stress of S1 

Modes On-state switches Voltage stress of S1  

Mode 1 S1, Sn vs = 0 

Mode 2 

Mode 2_1 S11, S14, Sn1, Sn4 vs = Vin + vC 

Mode 2_2 S11, S13, Sn1, Sn3 vs = Vin + vC(n-1)/n 

Mode 2_3 S11, S13, Sn2, Sn3 vs = Vin 

Mode 2_4 S12, S14, Sn2, Sn4 vs = Vin + vC(n-1)/n 

 

In summary, while transformerless CSCs eliminate the need for line-frequency transformers, 

they do require the utilization of series-connected switches to realize S1. However, the use of 

series-connected switches introduces voltage imbalance issues, presenting a significant challenge 

to the system. To tackle this challenge, a modified converter is proposed and will be discussed in 

this chapter. 
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Figure 6.2 Equivalent circuit of transformerless CSCs under Mode 2_1.  
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Figure 6.3 Voltage stress of S1 over one fundamental-frequency cycle. 

 

6.2 Transformerless series-connected current source converters 

without series-connected switches 

Figure 6.4 shows the modified transformerless CSCs without the need for series-connected 

switches. In the original converter, as shown in Figure 6.2, m switches connected in series are 
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needed to realize the switch S1. In the proposed modification depicted in Figure 6.4, these m 

switches are replaced with (m-1) half-bridge converters and one switch S1-m. The (m-1) half-bridge 

converters function as the (m-1) switches in the original converter. The remaining circuits of the 

modified converter remain the same as the original converter. If the switch with the same voltage 

rating as S13 is selected for these series-connected switches, then m equals to 2n. 
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Figure 6.4 Proposed modified transformerless CSCs without series-connected switches. 

 

6.2.1 Operation principles   

As discussed earlier, the modified converter differs from the original in that the additional switch 

(S1) for the #1 CSC module in the original converter is replaced by m-1 half-bridge converters 

connected in series with one switch, S1,m, in the modified converter. The remaining circuitry of the 

modified converter is identical to that of the original. The (m-1) half-bridge converters and the 

switch S1,m operate on the same principle as their counterparts, the m series-connected switches in 

the original converter. Additionally, the remaining circuitry of the proposed converter functions 

the same as that of the original. Consequently, the modified converter, depicted in Figure 6.4, 
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shares the same operational principles as the original converter shown in Figure 6.2, encompassing 

two operational modes: Mode 1 and Mode 2. 

Mode 1: In the same manner as the original converter, all H-bridge converters are off, while 

the additional switches of all CSC modules are on. Specifically, S2, Sn-1 and Sn correspond to the 

additional switches of CSC modules #2, #(n-1), and #n, respectively. Additionally, the switch S1,m, 

which serves as the extra switch of the #1 CSC module, is also turned on. All the half-bridge 

converters are turned off (bypass operation) by turning on the respective bottom switches: S1,1 for 

half-bridge converter #1, S1,2 for half-bridge converter #2, and S1,(m-1) for half-bridge converter 

#(m-1). DC inductors are charging in series in this mode, resulting in balanced inductor currents 

(IL1 = ILn). The equivalent circuit of the modified converter in this mode is shown in Figure 6.5. 

Shown in the figure, the equivalent circuit of the modified converter is the same as the original 

converter that the ON-state switches are providing path for DC inductor charging current.  

Mode 2: The same as the original converter, H-bridge converters are on, while the extra 

switches of all CSC modules are off. Specifically, switches S2 (CSC#2), Sn-1 (CSC #(n-1)), Sn (CSC 

#n) and the switch S1,m (CSC #1) are turned off. It is important to note that rather than turning off 

all half-bridge converters, some of half-bridge converters are selected to be on, while the remaining 

half-bridge converters are turned off. By doing so, the voltage stress of the switch S1,m is reduced 

and the use of a single switch for S1,m is allowed. 

For example, as shown in the equivalent circuit of the converter in Figure 6.5, two half-bridge 

converters are turned on by turning on their respective top switches, and the other half-bridge 

converters are bypassed by turning on their bottom switch. The resultant voltage stress of the 

switch S1,m for the #1 CSC module is now reduced from vs to vs - 2Vd. Vd is the input voltage of 

each half-bridge converter. The voltage stress of off-state switches of the half-bridge converters is 

clamped by the input voltage Vd. 

 



 
 

108 
 

Cn

ILn

Sn1 Sn2

Sn3 Sn4

S11 S12

S13 S14

Ln

C1

L

R

iout

vCn

vC1

ILn

L1

iwn

iw1

Sn

Vin

Iin

Mode 2

vC

+

-

S1,1

S1,1'

S1,2'

Cd1

Vin
ILn

Sn1 Sn2

Sn3 Sn4

S11 S12

S13 S14

Ln Cn

C1

L

R

iout

vCn

vC1

IL1

L1

iwn

iw1

Iin

Sn

Mode 1

+

-

Cd(m-1)

Vd

+

-

Vd

+

-

Vd

+

-

vC

+

-

S1,m
vs(1,m)

S1,2

S1,(m-1)

S1,(m-1)'

Cd2

+

-

Cd1

Cd2

Cd(m-1)

Vd

+

-

Vd

+

-

Vd

+

-

S1,m
vs(1,m)

S1,1'

S1,1

S1,2

S1,2'

S1,(m-1)

S1,(m-1)'

 
 

Figure 6.5 Equivalent circuits of the modified converter under Mode 1 and Mode 2. 
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As a general case where the number of bypassed H-bridge converters is h, the voltage stress of 

the switch S1,m for the #1 CSC module is reduced to:  

 

'  s s dv v hV= −  (6.1) 

 

where '  sv is the voltage across the extra switch S1,m of the #1 CSC in the modified converter, vs is 

the instantaneous voltage across the extra switch S1 of the #1 CSC in the original converter, and h 

is the number of ON-state half-bridge converters. ON-state half-bridge converters are converters 

with an output voltage of Vd, while OFF-state half-bridge converters are converters with an output 

voltage of zero. 

When m = 2n, the required input voltage of each half-bridge converter Vd is expressed as 

 

 
2

in C peak

d

V v
V

n

−+
=  (6.2) 

 

where Vin is the DC-link voltage of the system. 

The number of ON-state half-bridge converters is determined in such a way that the voltage 

across the switch S1,m of the #1 CSC module falls into the operating range of the selected single 

switch S1,m under all the operation modes as listed in Table 6.1. If a switch with the same voltage 

rating as S13 is selected for S1,m, the number of ON-state half-bridge submodules h is selected 

following the criteria shown below. 

 

13  /s d S C peakv v nhV v −−  =  (6.3) 

 

where vS13 is the maximum voltage stress of the switch S13, being equal to vC-peak/n. 

 

Rearranging (6.2) generates the required number of ON-state half-bridge converters. 

 

 
/s C peak

d

v v

V

n
h

−−
=  (6.4) 

 

where vs listed in Table 6.1 is the instantaneous voltage across the extra switch S1 of the #1 CSC 

in the original converter. 
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Substituting (6.3) into Table 6.1 results in Table 6.2, where different numbers of ON-state half-

bridge converters are needed in different modes of a fundamental-frequency cycle. As shown in 

Table 6.2, since vs is variable in a fundamental-frequency cycle, different number of ON-state half-

bridge converters are needed to reduce the voltage stress of the switch S1,2n of the #1 CSC to allow 

the use of a single switch for this switch in Mode 2. In other words, not all half-bridge converters 

are always involved in a fundamental-frequency cycle and in the full operation range. Only a 

portion of half-bridge converters are turned on in Mode 2, resulting in a reduced average switching 

frequency compared with their counterparts of the original converter where all series-connected 

switches are switched on and off simultaneously in all modes of a fundamental-frequency cycle. 

Reduced switching frequencies contribute to reduced switching losses. 

Substituting (6.3) into Table 6.1 yields Table 6.2, indicating varying numbers of ON-state half-

bridge converters required in different modes of a fundamental-frequency cycle. As shown in 

Table 6.2, due to the variable nature of vs in a fundamental-frequency cycle, a different number of 

ON-state half-bridge converters is necessary to reduce voltage stress on switch Sn-2n of the nth CSC 

module, enabling the use of a single switch for this switch S1,2n. In essence, not all half-bridge 

converters are consistently involved throughout a fundamental-frequency cycle or across the entire 

operational range. Only a portion of half-bridge converters is activated in Mode 2, resulting in a 

reduced average switching frequency compared to their counterparts in the original converter, 

where all series-connected switches are involved simultaneously in all modes of a fundamental-

frequency cycle. The reduction in switching frequencies contributes to reduced switching losses. 

 

Table 6.2: Selection of ON-state half-bridge converters  

Modes Voltage stress of S1  Number of ON-state half-bridge 

converters, h 

Mode 1 vs = 0 0 

Mode 2 

Mode 2_1 vs = Vin + vC 

 
/s C peak

d

v v

V

n
h

−−
=  Mode 2_2 vs = Vin + vC(n-1)/n 

Mode 2_3 vs = Vin 

Mode 2_4 vs = Vin + vC(n-1)/n 

 

6.2.2 Realization of half-bridge converters 

The half-bridge converters possess a unique feature: zero-load operation. As illustrated in Figure 

6.5, in Mode 1, all half-bridge converters are bypassed with an output voltage of zero. Meanwhile, 
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in Mode 2, regardless of the state of the half-bridge converter, all have an output current of zero. 

In both operation modes, the output power of each half-bridge converter is zero. 

This zero-load feature offers flexibility in realizing half-bridge converters, leading to smaller 

component sizes. For instance, the input DC voltage of each half-bridge converter can be achieved 

using conventional DC capacitors. These capacitors are supplied by passive rectifiers powered by 

grid-connected isolated transformers. Thanks to the zero-load operation, very small capacitors with 

just a few microfarads are sufficient. In addition, the VA ratings of isolated transformers and 

switches are small, with no significant burdens introduced to the system. An example of the half-

bridge converter realization is depicted in Figure 6.6. 
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Figure 6.6: An example of half-bridge converter realization. 

 

6.2.3 Modulation of modified converter 

The modulation of the modified transformerless CSCs remains the same as that of the original 

converter, except for that of the half-bridge converters. Figure 6.7 illustrates the implementation 

of the modulation scheme, where the modulation scheme of the original converter presented in 

Chapter 5 is entirely inherited. In Mode 1, the bottom switches of the half-bridge converters and 

the respective extra switches of CSC modules are on, while the H-bridge converters are off. In 

Mode 2, the H-bridge converters are on, while the extra switches of CSC modules are off. Among 

the total of 2n-1 half-bridge converters, h half-bridge converters are on, while the remaining half-

bridge converters are off. Consequently, the top switches of these ON-state half-bridge converters 

are turned on, and the bottom switches of these OFF-state half-bridge converters are turned on. 

The dwell times of these ON-state switches in Mode 1 and Mode 2 of the modified converter are 

the same as those of the original converter. 
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Figure 6.7: Modulation of the modified converter. 

 

6.2.4 Comparisons and discussions 

The original transformerless CSCs require the use of series-connected switches, necessitating 

expensive and complicated voltage balancing schemes. However, the modified converter in this 

chapter eliminates the need for series-connected switches, thus eliminating the use of complex and 

expensive voltage balancing schemes. 

The elimination of series-connected switches is achieved by using cascaded half-bridge 

converters, which require more switches and extra components, including isolated transformer-

based charging systems. Nonetheless, thanks to the zero-load operation of the half-bridge 

converters, the VA ratings of isolated transformers and switches remain very small, with no 

significant burdens introduced to the system. 

Furthermore, unlike the original converter, where the series-connected switches maintain the 

same constant switching frequency throughout the full operation range, the modified converter 

achieves reduced switching frequencies due to its unique operation in Mode 2. In Mode 2, rather 

than turning off all half-bridge converters, only a portion of them is selected to be turned off 

according to a variable voltage in the full operation range, resulting in a reduced average switching 

frequency. These reduced switching frequencies contribute to reduced switching losses. 
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It is also worth noting that the cascaded half-bridge converters used in the modified converter 

differ from those found in MMC and CHB converters [8] . Instead of generating AC voltages, they 

are designed to provide variable DC voltages to reduce the voltage stress of the switch S1,m, 

enabling the use of a single switch for S1,m. Additionally, they feature a variable switching 

frequency, which contributes to fewer switches and reduced switching losses. Moreover, they are 

characterized by a unique zero-load feature, allowing the use of components with small ratings. 

 

6.3 Simulation and experimental results 

The circuit used for simulations is depicted in Figure 6.8, with the parameters listed in Table 6.3. 

The simulation employs two CSC modules and three half-bridge converters. Vin is realized using 

a three-phase variac, while capacitor charging of the half-bridge converters is facilitated by three 

single-phase transformers. 
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Figure 6.8: Converter circuit used for simulation. 
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Table 6.3: Simulation and experimental parameters  

Parameters  Simulation Experiment 

Vin 5882 V 120 V 

VC (RMS of vC) 4160 V 70 V 

IL1 = IL2 400 A 14 A 

Iout 140 A 5 A 

fs (S11, S12, S21, 

S22) 

60 Hz 60 Hz 

fs (S13, S14, S23, 

S24, S2, S1,4) 

1080 Hz 1080 Hz 

fs (S1,1) ≤1080 Hz ≤1080 Hz 

fs (S1,2) ≤1080 Hz ≤1080 Hz 

fs (S1,3) ≤420 Hz ≤420 Hz 

L 5 mH 5 mH 

R  17.3 Ω  10 Ω 

 

 

6.3.1 Simulation results 

Figure 6.9 shows the simulated waveforms of the modified converter under steady and dynamic 

states. Before t = 1.6s, the converter is operating with rated conditions where both input voltage 

Vin and output voltage vC are 1 pu. At t = 1.6s, Vin is decreased to 0.5 pu, and vC is reduced to 0.5 

pu accordingly. As shown in the figure, under both steady and dynamic states, the inductor currents 

(IL1 = IL2) and the output capacitor voltages (vC1 = vC2) are all well balanced without extra balancing 

controls. The results well agree with the previous analysis that inherent current balancing and 

voltage balancing of the original converter are retained. 
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Figure 6.9: Simulated waveforms of the modified converter under both steady and dynamic 

states. 



 
 

115 
 

S1,1

S1,2

S1,3

S1,4

Vin

vC

Vin+vC

vs(1,4)

1 1.2 1.4 s1.1 1.3

Zoom 1 Zoom 2

1

0

1

0

1

0

1

0

(pu)

1

0

1

-1

1

0

1

0

0.5
0.25

Proposed Conventional

S1,2

S1,3

S1,4

Zoom 1

S1,1

S1,2

S1,3

S1,4

Zoom 2

S1,1

 
 

Figure 6.10: Simulated waveforms of the modified converter under different conditions: With and 

without the half-bridge converters; And with a change in output voltage. 
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Figure 6.11: Simulated waveforms of the modified converter under different conditions: With 

changes in both DC-link voltage and output AC voltage. 
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Figure 6.10 depicts simulated waveforms of the proposed modified transformerless CSCs under 

various conditions, including scenarios with and without the half-bridge converters, as well as 

variations in output AC voltage. During the time interval 1 < t < 1.1s, the bottom switches S1,1, 

S1,2, and S1,3 of half-bridge converters remain on, while switch S1,4 is switched on and off according 

to the original converter's modulation. The modified converter functions equivalently to the 

original one. Under rated conditions, with Vin = 1 pu and vC = 1 pu, the maximum voltage stress 

on S1,4 occurs during Mode 2_1 and is equal to Vin + vC-peak (1 pu). 

During the time interval 1.1 < t < 1.2s, the selection of the three half-bridge converters is guided 

by Equation (6.4) to manage the voltage stress on S1,4, limiting it to 0.25 pu (1 pu = Vin + vC-peak). 

The switches of the chosen half-bridge submodules are then turned on or off with details outlined 

in Zoom 1. Notably, the switching frequencies of S1,2 and S1,3 are lower than that of S1,4, while S1,1 

shares the same switching frequency as S1,4. This discrepancy arises from the earlier analysis 

indicating that not all half-bridge submodules are necessarily needed for operation, resulting in a 

reduced average of switching frequencies. Consequently, under rated conditions, the maximum 

voltage stress on S1,4 is effectively reduced to 0.25 pu with a reduced average of switching 

frequencies. 

During the time interval 1.2 < t < 1.4s, at t = 1.2s, the converter is regulated to function with 

Vin = 1 pu and vC = 0.3 pu. This ensures that the maximum voltage stress on S1,4 remains within the 

0.25 pu limit across all modes of operation. As illustrated in Zoom 2, S1,3 remains ON during this 

period, while the other two switches are switched according to Equation (6.4). This well agrees 

with the previous analysis that the average switching frequency of half-bridge converters is 

reduced. 

Figure 6.11 illustrates simulated waveforms of the proposed converter under various conditions, 

encompassing changes in both DC-link voltage and output AC voltage. During the time interval 

1.5 < t < 1.6s, the modified converter operates under rated conditions, with Vin = 1 pu and vC = 1 

pu. Utilizing the cascaded half-bridge converters, the maximum voltage stress on S1,4 is constrained 

to 0.25 pu. Notably, as depicted in Zoom 1, the switching frequencies of S1,2 and S1,3 are lower 

than that of S1,4, thanks to the distinctive operational principle of the half-bridge converters. 

In the subsequent period, 1.6 < t < 1.8s, the input voltage decreases to Vin = 0.5 pu at t = 1.6s, 

resulting in a corresponding reduction of the output voltage to vC = 0.5 pu. Despite this decrease, 

the maximum voltage stress on S1,4 remains within the 0.25 pu limit. As observed in Zoom 2, the 
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switching frequencies of S1,1, S1,2, and S1,3 are further reduced, reflecting the decreased need for 

half-bridge converters due to the lower Vin and vC values. This reduction contributes to a further 

decrease in switching losses. 

Both simulations have confirmed that the proposed modified converter successfully eliminates 

series-connected switches by incorporating the introduced half-bridge converters. These 

converters operate with reduced average switching frequencies compared to their counterparts in 

the original converter, contributing to reduced switching losses. 

 

6.3.2 Experiment results 

The circuit used for experiment is the same as that for simulation, depicted in Figure 6.8. The 

experiment also employs two CSC modules and three half-bridge converters. Vin is also realized 

using a three-phase variac, while capacitor charging of the half-bridge converters is realized by 

three single-phase transformers. 
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Figure 6.12: Experimental waveforms of the proposed converter under steady states. 
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Figure 6.12 shows the experimental waveforms of the modified converter under steady state. 

The converter is operating at rated conditions: the input voltage Vin is 1 pu (120 V), the output 

capacitor voltages vC1 and vC2 are 1 pu (35 V), the load current iout is 1 pu (5 A), and the two 

inductor currents (IL1 and IL2) are 1 pu (14 A). iw1 and iw2 are the respective output PWM currents 

of the two CSC modules. As shown in the figures, both inductor currents and output capacitor 

voltages are well balanced. 
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Figure 6.13: Experimental waveforms of the proposed converter under different conditions: With 

and without the half-bridge converters. 

 

Figure 6.13 displays the experimental waveforms of the modified converter under different 

operating schemes. Initially, the modified converter operates identically to the original converter, 

with all bottom switches of the three half-bridge converters turned on, resulting in zero outputs 

(vs(1,1) = vs(1,2) = vs(1-,3) = 0), as depicted in the figure. Consequently, the voltage stress on switch S1-

4 remains the same as in the original converter. 

Subsequently, the modified converter operates under the proposed scheme, where the three half-

bridge submodules are selectively turned on or off according to Equation (6.4) to reduce the 
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voltage stress vs(1,4). During the negative half cycle of vC, two half-bridge submodules are turned 

off while the third one remains on (vs(1,3) = 0), as illustrated in the figure. Conversely, during the 

positive half cycle, vs(1,4) reaches its maximum value around the peak of vC, during which all three 

half-bridge submodules are turned on. In this case study, the switching frequency of S1,3 is reduced 

from 1080 Hz in the original converter to just 300 Hz in the proposed scheme. 

Figure 6.14 illustrates the experimental waveforms of the modified converter operating under 

a load change. Initially, the converter operates at rated conditions, after which the load is reduced 

from 1 pu to 0.6 pu, resulting in a decrease in the output voltage vC. The waveform shows that the 

voltage stress vs(1,4) remains within the expected range before and after the load change. Notably, 

under the light load condition depicted in the figure, the third half-bridge converter (vs(1,3) = 0) 

remains off. This is due to the reduction in vC, which subsequently reduces the voltage stress on 

switch S1,4. This observation aligns with the previous analysis, demonstrating that the switching 

frequencies of the half-bridge submodule switches are further reduced under light load conditions. 
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Figure 6.14: Experimental waveforms of the proposed converter under load change. 
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6.4 Investigation of integration of generator- and grid-side converters  

On the generator side, three power converters are developed and presented in Chapters 2, 3, and 4. 

On the grid side, a transformerless converter and its modified version are introduced in Chapters 

5 and 6. The power conversion system of a wind system is realized by integrating one of the three 

generator-side converters and one of the two grid-side transformerless converters. As discussed 

earlier, the proposed converters have distinct features and preferred applications. Consequently, 

different combinations of generator-side and grid-side converters result in various power 

conversion systems with different performance characteristics and applications. In this section, we 

examine an example power conversion system, combining the phase-shifting transformer-based 

generator-side converter (Chapter 2) with the grid-side transformerless converter (Chapter 6), to 

investigate the performance of the integrated power conversion system. 

Figure 6.15 illustrates the simplified power conversion system, consisting of a generator-side 

phase-shifting transformer-based converter and a grid-side transformerless converter. The turbine-

generator is modeled as an ideal three-phase voltage source, and an RL load is used on the grid 

side. Lf and Cf form an LC filter, which filters the harmonics of the output voltage of the cascaded 

buck converter on the generator side, enabling long transmission to the grid-side converter. 

Controls on both sides, including generator-side MPPT and grid-side reactive power control, are 

beyond the scope of this thesis and will be addressed in future work. 
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Figure 6.15: Circuit used in the simulation. 
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Figure 6.16 shows the simulated waveforms of the integration of generator- and grid-side 

converters under both steady and dynamic states. Before t = 0.5s, the converter is operating under 

rated conditions. On the generator side, the current ip, used to simulate the generator stator current, 

exhibits superior harmonics performance thanks to the use of a phase-shifting transformer. On the 

grid side, both inductor currents balance (IL1 = IL2) and capacitor voltage balance (vC1 = vC2) are 

achieved.   

At t = 0.5s, vp, which simulates the generator output voltage, undergoes a step change from 1 

pu to 0.5 pu, while the controls of the cascaded buck converter and the grid-side converter remain 

unchanged. The resultant DC-link voltage Vin reduces from 1 pu to 0.5 pu, and the inductor currents 

and capacitor voltages also drop to 0.5 pu, respectively. During the transition, the diode rectifier 

on the generator side becomes reverse-biased, resulting in zero current ip, as shown in the figure. 

In summary, the integration of generator- and grid-side converters operates successfully, 

ensuring the desired performance of power converters on both sides. 
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Figure 6.16: Simulation results under both steady and dynamic states. 
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6.5 Conclusions 

In the CSC-type series DC-based WECS, grid-side CSCs traditionally incorporate bulky and 

expensive line-frequency transformers. To address this limitation, the preceding chapter 

introduced the first-ever transformerless CSCs, offering significant reductions in WECS size and 

weight. However, this solution necessitated additional switches, including one with an HVDC-

level rating, leading to the use of series-connected switches and the mandatory implementation of 

costly and complex voltage balancing controls. 

This chapter presents the development of a modified version of transformerless CSCs, achieved 

by using cascaded half-bridge converters. This modification eliminates the need for series-

connected switches, thereby eliminating the requirement for expensive and complex voltage 

balancing schemes, while retaining all the advantages of the original converter. Unlike 

conventional half-bridge converters that generate AC voltages, the half-bridge converters used in 

the modified converter are designed to generate variable DC voltages. This reduction in voltage 

stress on the extra switch of the nth CSC module eliminates the need for series-connected switches. 

Although the implementation of these half-bridge converters requires additional components, 

including extra switches and charging systems, they offer a unique zero-load operation. This 

feature enables the use of components with very small VA ratings without imposing significant 

burdens on the system. Additionally, the average switching frequencies of the half-bridge 

converters are reduced compared to their counterparts in the original converter, leading to reduced 

switching losses. 

The performance of the proposed modified transformerless CSCs under various conditions has 

been verified through both simulations and lab-scale experiments. 
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Chapter 7  

Conclusions and Future Work 

 

The thesis research objectives include the development of innovative generator-side power 

converters and grid-side power converters for the CSC-type series DC-based WECS. Existing 

generator-side converters are classified into four types: passive converter + LFT, passive converter 

+ MFT, active converter + LFT, and active converter + MFT, each of which has its own advantages 

and disadvantages. In this thesis, innovative power converters have been proposed for the 

generator-side converter of WECS. They effectively addressed the challenges of existing 

generator-side power converters. Existing grid-side power converters are realized by using 

conventional three-phase CSCs connected in series at input and in parallel at output through bulky 

and costly line-frequency transformers. In this thesis, transformerless CSCs were proposed. They 

eliminate the use of line-frequency transformers, contributing to reductions in size and weight. 

 

7.1 Contributions and conclusions 

The contributions and conclusions are listed below. 

(1) Generator-side passive rectifier-based converter with phase-shifting transformer 

The LFT and passive rectifier-based converters are well-studied power converters utilized on 

the generator side of WECS. The LFT, a mature technology, serves to isolate the generator from 

HVDC levels, allowing the use of generators with regular insulation levels. Passive rectifier-based 

converters offer WECS with low cost, high reliability, simplicity, and scalability. However, the 

utilization of passive rectifiers results in highly distorted generator stator currents, leading to 

increased power losses and reduced lifespan of generators. To address this issue while retaining 

the advantages of both the LFT and passive rectifier-based converters, a phase-shifting 

transformer-based converter was proposed. This converter comprises a phase-shifting transformer, 

a multi-pulse diode rectifier, and a cascaded DC-DC converter. The phase-shifting transformer has 

the capability to eliminate specific current harmonics, thereby significantly improving the 

performance of generator stator current harmonics and reducing power losses, ultimately 

prolonging the service life of generators. Furthermore, like the LFT, the phase-shifting transformer 
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is also a mature technology. The inclusion of a multi-pulse diode rectifier in the proposed converter 

ensures the retention of the advantages associated with passive rectifiers. Additionally, the 

cascaded DC-DC converter not only facilitates generator-side MPPT control but also features 

inherent capacitor voltage balancing. In summary, the proposed converter effectively addresses 

the shortcomings of existing LFT and passive rectifier-based converters while preserving all their 

advantages. 

(2) Generator-side passive rectifier-based converter with multi-phase generators and medium-

frequency transformers 

The proposed passive rectifier-based converters using phase-shifting transformer effectively 

addressed the challenges of highly distorted generator stator currents associated with passive 

rectifiers while retaining all advantages of passive rectifiers including low cost, high reliability, 

simplicity, and scalability. However, the phase-shifting transformer is also an LFT, featuring large 

size and weight, posing a significant challenge to WECS, where the space in the tower nacelle is 

limited. To address the challenge associated with the bulky LFT while preserving advantages of 

passive rectifier, a new generator-side power converter was proposed. It is a multi-phase generator-

based converter comprising a multi-phase generator, diode rectifiers, and a modular MFT-based 

DC-DC converter. The use of diode rectifiers allows the proposed converter to retain advantages 

associated with diode rectifiers, such as low cost and high reliability, while the utilization of a 

multi-phase generator enables the elimination of specific current harmonics generated by diode 

rectifiers, thereby significantly improving the performance of generator stator current harmonics, 

and reducing power losses, ultimately prolonging the service life of generators. The employment 

of MFT allows the use of generators with regular insulation requirements as well as contributing 

to reduced size and weight of WECS compared with the LFT.  

(3) Generator-side active rectifier-based converter with modular medium-frequency 

transformers 

Passive rectifiers are known for their low cost, high reliability, simplicity, and scalability, 

whereas active rectifiers provide superior performance in terms of generator stator current 

harmonics. While LFT technology is well-established, it tends to be bulky. In contrast, MFT 

technology offers a smaller size and weight, making it preferable for WECS installations where 

space in the nacelle is limited. A hybrid converter based on the active rectifier + MFT configuration 

was proposed and studied. It comprises an active rectifier and a modular MFT-based converter. 
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The use of an active rectifier ensures superior harmonics performance of generator stator currents, 

while the use of modular MFTs contributes to size and weight reductions in the generator-side 

conversion system. The hybrid converter achieves advantages associated with both active rectifiers 

and MFTs simultaneously. 

(4) Grid-side transformerless series-connected current source converters 

In CSC-type series DC-based WECS, grid-side converters employ conventional three-phase 

CSC modules connected in series at their input and in parallel at their output. However, this 

configuration necessitates the use of line-frequency transformers to provide isolated current paths 

for each CSC module at the input and to boost low voltage to high voltage levels as required. These 

transformers, with power ratings matching that of the entire wind system, are cumbersome and 

expensive, posing a significant burden to WECS. To address challenges associated with line-

frequency transformers, transformerless series-connected CSCs were proposed, eliminating the 

need for transformers in series-connected CSCs for the first time. This elimination yields 

substantial cost and size reductions. Additionally, a novel modulation scheme tailored for these 

transformerless CSCs was developed. This scheme enables the proposed converter to achieve 

buck-boost operation and inherently balance DC inductor currents and AC capacitor voltages 

without the need for extra balancing controls. 

(5) Grid-side transformerless series-connected current source converters without series-

connected switches 

In the CSC-type series DC-based WECS, grid-side CSCs incorporate bulky and expensive line-

frequency transformers. To address this limitation, transformerless CSCs were propsoed, offering 

significant reductions in WECS size and weight. However, this solution necessitated additional 

switches, including one with an HVDC-level rating, leading to the use of series-connected switches 

and the mandatory implementation of costly and complex voltage balancing controls. To address 

this challenge while retaining all advantages of the original transformerless CSCs, a modified 

version of transformerless CSCs was propsoed. This modification eliminates the need for series-

connected switches by using cascaded half-bridge converter, thereby eliminating the requirement 

for expensive and complex voltage balancing schemes, while retaining all the advantages of the 

original converter. In addition, although the implementation of these half-bridge converters 

requires additional components, including extra switches and charging systems, they offer a unique 

zero-load operation. This feature enables the use of components with very small VA ratings 
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without imposing significant burdens on the system. Additionally, the average switching 

frequencies of the half-bridge converters are reduced compared to their counterparts in the original 

converter, leading to reduced switching losses. 

 

7.2 Future work 

(1) DC-link current minimization of the CSC-type series DC-based WECS 

In CSC-type series DC-based WECS, the DC-link current plays an essential role. The 

achievement of generator-side control generates a DC-link current reference, and the achievement 

of grid-side control generates another DC-link current reference. To ensure control objectives at 

both the generator and grid sides, the greater of the two references is selected as the DC-link current 

reference of the system. Conversely, a lower DC-link current contributes to lower power losses of 

WECS. Achieving control objectives at both the generator and grid sides while minimizing the 

DC-link current simultaneously poses a challenge. A scheme to minimize the DC-link current of 

the proposed CSC-type WECS will be studied. 

(2) Control scheme of the proposed WECS with grid-connected three-phase 

transformerless CSCs 

In this thesis research, only the single-phase converter of the proposed transformerless CSCs 

with an RL load was studied, while its three-phase version under grid-connected operation was not 

investigated. One potential challenge involved in three-phase operation is the circulation of 

currents between interphases. Another challenge arises in its grid-connected operation, where DC-

link current control becomes challenging due to the different configuration of transformerless 

CSCs compared to conventional CSCs. Additionally, integrating the proposed generator-side 

converter and grid-side converter requires a coordinated control scheme. These aspects will be 

planned for future work. 

(3) Optimization of proposed transformerless CSCs 

The proposed transformerless CSCs eliminate bulky and costly line-frequency transformers, 

resulting in significant reductions in the size and weight of WECS. However, they face a couple 

of challenges. One challenge is the overvoltage issue resulting from the operation of series-

connected DC inductors. Another challenge is the need for charging systems consisting of isolated 

transformers and passive rectifiers, despite their small VA ratings. These challenges will be studied 

in future work.   
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Appendix 
 

Figure A.1 illustrates the lab-scale setup that is used for experimental verification of this thesis 

research. Modifications and rearrangements are made to accommodate the proposed different 

power converters in this research.  

 

(a)(b)(c)(d)(e)(f)

 
 

Figure A.1: Lab-scale setup for experimental verification: (a) Variac, (b) phase-shifting 

transformer, (c) multi-pulse rectifiers, (d) modular H-bridge converters, (e) CSC modules, and (f) 

dSPACE1103. 


