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Abstract

In this thesis, a new HVDC-based converter system for wind farms is investigated.

It is based on a mutually commutated soft-switching converter system and provides

a unique integrated solution for the wind turbine generator drive systems, the wind

turbine interconnection, and the power conversion for HVDC transmission.

In a wind farm, the mutually commutated converter system is a distributed sys-

tem. A medium-frequency collection grid connects the converter station, equipped

with a single-phase voltage source converter and a medium-frequency transmis-

sion transformer, with the wind turbines, each containing a cycloconverter and a

medium-frequency distribution transformer. In this thesis, various system aspects

regarding the application of a distributed mutually commutated converter system

in a wind farm are investigated. Special attention is paid to the design of a medium-

frequency collection grid that has an acceptable level of transient overvoltages, the

design of medium-frequency transformers with suitable magnetic, electric and ther-

mal properties, and the development of a strategy to commutate the voltage source

converter during low power generation.

In order to adapt the mutually commutated converter system for an application in

a wind farm, it had to be further developped. Different carrier-based and space-

vector oriented modulation methods have been investigated. It turns out that for

any load angle there is a quasi-discontinuous pulse width modulation strategy that

can produce the same pulse patterns as space vector modulation. In addition, a

modulation strategy has been developed that allows to replace the insulated gate

bipolar transistors (IGBT) in the cycloconverter with cheap, robust, and reliable

fast thyristors, despite their absence of turn-off capability. The feasibility of different

modulation strategies for mutually commutated converter systems has been verified

on a down-scaled prototype converter system with both IGBT- and thyristor-based

cycloconverters.

Finally, a feasible wind farm layout is proposed, which considerably reduces the

energy generation costs for large winds farms distant to a strong grid connection

point. As a consequence, the proposed solution may facilitate the establishment of

remotely located wind farms.

Keywords:

Isolated AC/DC Converter, Mutual Commutation, Soft Switching, Voltage Source

Converter, Cycloconverter, Modulation Strategies, Medium-Frequency Transformer,

HVDC Transmission, Wind Power, Offshore Wind Farms.
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Preface

The work presented in this thesis has been carried out at the Division of Electrical

Machines and Power Electronics (EME), School of Electrical Engineering, Royal

Institute of Technology (KTH), Stockholm, Sweden, between March 2003 and May

2009. This project was part of the wind energy research program VindForsk [1],

administrated by Elforsk [2] and financed by the Swedish Energy Agency [3].

The research presented in this thesis has been conducted by the author himself, if

not stated differently.

This thesis is organised as an extended summary of the articles published in different

international conferences.

The following remarks may ease the reading of this thesis:

• This thesis and all attached papers are available for download in pdf-format

at http://www.eme.ee.kth.se. The pdf-files offer the possibility to zoom

the pictures, do a keyword search, etc.

• The author’s publications are distinguished from the other references by the

use of Roman numbers. They are listed in Section 1.5.

• The sequence of authors in the publications follows this approach: The first

author has done the major part of the work. Co-authors have contributed

with ideas, helped to achieve results and proofread the publications. The

contributions of the co-authors are approximately similar. The last author is

the most senior one.

• For the help of the reader, acronyms are introduced the first time they are

used in this thesis. A complete list of acronyms can be found on page 79.
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1 Introduction

This chapter provides the background and objectives of this project. Furthermore,

the original scientific contributions of the author are presented. The outline of the

thesis and the list of publications provide guidance through the content of this thesis.

1.1 Background

In 1954, the world’s first commercial high-voltage direct current (HVDC) trans-

mission system was commissioned, see Fig. 1.1 (for technical details refer to Sec-

tion 2.2.1). The 100kV, 20MW submarine HVDC cable connects the Swedish

mainland to the island of Gotland in the Baltic Sea. Ever since, HVDC transmis-

sion technology has been improving with more than 100 installations so far. Today,

an emerging application area for HVDC transmission systems is the grid connection

of large offshore wind farms [4]. The rapid development in wind power generation

offers good chances for new concepts and technologies. This will eventually lead to

Figure 1.1: During the summer 1953, the cable of the first commercial HVDC

link is drawn ashore south of Visby on the island of Gotland, Sweden

(courtesy of ABB).
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1 Introduction

improvements in power quality, efficiency, reliability, and functionality, thus reduc-

ing the energy generation costs for wind power.

In recent years, the installed global wind power capacity has expanded strongly.

This trend will hardly change regarding the general environmental awareness and

the ambition of the European Commission to generate 12 - 14% of EU electricity

from wind by 2020 [5] (up from approximately 3.5% in 2007). Large offshore wind

farms rated at several hundred megawatts are one of the key technologies in order

to achieve the energy and climate goals of the EU. At the moment, offshore wind

farms are still more expensive than onshore installations. Usually, the costs for the

turbine foundations grow rapidly as the water depth and wave height increases. In

addition, the costs for repairs and maintenance are also significantly higher at sea.

Nevertheless, locating wind farms offshore has several important advantages:

• Huge unexploited wind resources. On the contrary, profitable onshore loca-

tions in Europe are often already developed or in conflict with other interests.
• Less obtrusive than wind turbines on land. Projects are experiencing less

resistance from NIMBYs (Not In My Back Yard) and BANANAs (Build Ab-

solutely Nothing Anywhere Near Anything).
• Better wind conditions with higher and more predictable wind speeds and

lower wind fluctuations due to the lower surface roughness of water.
• Economies of scale, i.e., the cost of a wind turbine is increasing slower than its

power rating. Generally, larger wind turbines can more easily be transported

and erected offshore than on land.

Normally, sites with shallow waters relatively close to the shore are preferred for off-

shore wind farms. An important factor is the transmission distance which strongly

influences the grid connection costs. Still, there are incentives for siting wind farms

further offshore. Environmental concerns such as visibility, noise disturbance, and

impact on the marine flora and fauna are mitigated. In addition, near-shore ar-

eas are often subject to different established interests, involving military restric-

tions, recreational activities, maritime traffic, or coastal fishing. When technical

challenges, such as the foundation of the wind turbines, will be overcome, future

offshore wind farms may be built much further offshore, perhaps even on floating

platforms at sea.

With more and larger remotely located wind farms, new solutions are needed to feed

the generated power into the grid for onward transmission and distribution. Tradi-

tional high-voltage alternating current (HVAC) transmission (refer to Section 2.1)

used in the first, smaller offshore wind farms is often reaching its limits. The main

reason is the high reactive power demand of AC cables, which for long cables even-

tually would take up the entire current carrying capacity, such that no active power

could be transmitted anymore. Therefore, voltage source converter (VSC) based

HVDC transmission, commonly called VSC transmission (refer to Section 2.2.2),

is the ideal means to transmit large amounts of electric power through long sub-

marine cables. At the same time, VSC transmission systems assure a good power

quality [6, 7], which is especially important with regard to the augmented pene-

tration of wind power generation, which occassionaly can exceed 100% of total

2



1.1 Background

Figure 1.2: Inside a valve enclosure of a VSC station (courtesy of ABB).

electricity consumption in Denmark or northern Germany (peak penetration levels

> 100%) [8]. Today, large wind farms are therefore required to contribute to the

network stability and to handle grid faults in the same way as conventional power

plants, which is one of the essential advantages of VSC transmission systems:

• Has full black-start capability, i.e., it can even start up against a dead network.
• The VSC substations at both ends of the HVDC transmission system can

contribute to the regulation of the network frequency as they have the ability

to control the active power flow. Short-term power demands can mainly be

handled by rotational energy stored in the wind turbine rotors.
• By controlling the active power flow, HVDC connections can be operated

very close to the physical limits of the cables. This increases the transmission

capacity compared to HVAC connections, which need a certain margin for

power flow fluctuations.
• VSC transmission systems can be connected to weak power grids. However,

it may be beneficial from a system point of view to make the connection at a

major substation further inland. This is no problem with DC cables, which are

not affected by capacitive charging currents and can have any length required.
• Compared to new overhead transmission lines, it is much easier to obtain the

necessary permits to build submarine or underground cables.
• The unsteady operating conditions in wind farms can cause variations in re-

active power, which can deteriorate the power quality on the grid and cause

flicker. The VSC substations can independently control the reactive power,

which helps to stabilize the grid in its connection point by assisting in the

voltage control of the AC network [9]. This is of special importance for the,

generally, comparably weak grids along the coastlines.

HVDC transmission transfers power by converting AC to DC at one end and con-

verting it back to AC at the other end. This power conversion is performed by

solid state converter stations (see Fig. 1.2), which are costly and bulky. In addi-

tion, the high-frequency switching of the power semiconductor switches generates

considerable losses [10]. In this thesis, a novel soft-switched VSC transmission sys-

tem is investigated that differs significantly from conventional solutions as shown in

3
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DC

DC

AC

AC

Hard-switched VSC

Snubbered VSC

Line-frequency transformer

Medium-frequency

transformer

Naturally commutated

cycloconverter

(a)

(b)

Figure 1.3: Overview of isolated AC/DC power conversion systems: (a) Conven-

tional VSC system, (b) Mutually commutated converter system.

Fig. 1.3(a). The proposed mutually commutated converter (MCC) system shown in

Fig. 1.3(b) aims to increase the system efficiency and at the same time reduce the

initial costs as well as the footprint and weight of the converter platform, which is

of particular importance for an offshore application. As a consequence, VSC trans-

mission gets more competitive and attractive for the grid connection of large wind

farms.

1.2 Objectives

The aim of this project is to apply an MCC system in a wind farm, providing a

unique integrated solution for the generator drive systems, the turbine intercon-

nection, and the power conversion for onward HVDC transmission. The objectives

of this thesis focus mainly on finding technical solutions with regard to a specific

application.

In principle, the feasibility of a compact MCC system as shown in Fig. 1.3(b) has

already been confirmed prior to this thesis, both with simulations [11] and experi-

mentally [12]. Nevertheless, several project objectives are directly concerned with

MCC systems, thus making the results generally valid regardless of the specific

application.

1. Practical implementation and evaluation of pulse width modulation (PWM)

and space vector modulation (SVM) methods in a cycloconverter equipped

with IGBTs (see [VI, IX, X] and Section 5.1).

2. Development of a modulation strategy that allows to replace the IGBTs in

the cycloconverter with fast thyristors (see [V, VII], [13] and Section 4.5).

4



1.3 Original contributions

3. Modification, implementation, and evaluation of a prototype converter system

operating with thyristors in the cycloconverter (see [VII], [14] and Section 5.2).

In case of an application in a wind farm, the MCC system will become distributed.

A medium-frequency (MF) collection grid connects the converter station, equipped

with a single-phase VSC and an MF transmission transformer, with the wind tur-

bines, each containing a cycloconverter and an MF distribution transformer. The

following project objectives are therefore focusing on issues regarding the applica-

tion of a distributed MCC system in a wind farm.

4. Design and evaluation of an MF collection grid that has an acceptable level

of transient overvoltages (see [IV], [15] and Section 3.2.1).

5. Magnetic, electric, and thermal design of MF transformers with suitable leak-

age inductances and parasitic capacitances (see [VIII] and Section 3.2.2).

6. Development of a strategy to commutate the VSC during low power generation

(see [IV, V] and Section 3.2.3).

7. Design of a feasible wind farm layout (see Section 3.3).

8. Realisation of a study about the system efficiency and initial costs, showing

that the proposed topology has considerably lower energy generation costs

than conventional solutions for large winds farms distant to a strong grid

connection point (see [II, III] and Section 3.2.5).

Summing up, the driving force of this work has been to further develop the MCC

system and, based on it, establish a feasible and profitable solution combining the

power collection and conversion in large wind farms.

1.3 Original contributions

The following list summarizes the key original contributions of this work. According

to the author’s knowledge, these have not been published prior to this thesis or the

included publications.

1. System studies of distributed MCC systems in large wind farms:

a) Investigations about the influence of different parameters on the elec-

tromagnetic oscillations in the MF collection grid as described in Sec-

tion 3.2.1. Discussion about how these parameters can be modified and

how this influences the system performance.

b) Proposal of how to enable the VSC commutation during low power gen-

eration without auxiliary circuit, refer to Section 3.2.3.

5



1 Introduction

c) Proposal of a thyristor-controlled snubber capacitor, which controls the

VSC commutation duration independent of the actual power generation,

see Fig. 3.10. A thyristor-controlled snubber capacitor solves also the

problem with the VSC commutation during low power generation, refer

to Section 3.2.3.

d) Loss calculations, both on the converter level [II] and system level [III].

e) Calculation of converter ratings [II].

f) Proposal of a wind farm layout as described in Section 3.3.

2. Implementation and experimental verification of an SVM method in an MCC

system as described in [VI]. Interpretation of the measurement results.

3. Modulation of an MCC system with thyristors in the cycloconverter:

a) Proposal of a current-clamping control strategy, as first described in [V],

that solves the problem with the zero-crossings of the cycloconverter

currents and respects that a thyristor must be reverse-biased for a cer-

tain duration before a positive voltage can be reapplied. Verification by

simulations.

b) Comparison of the current-clamping control strategy with other modu-

lation methods regarding the maximum possible modulation ratio, see

Table I in [VII].

c) Construction of a prototype converter, including main circuit, cyclocon-

verter gate drive, MF transformer and adaptation of control system, as

described in Section 5.2 and in [VII].

d) Identification of requirements for a successful implementation of the

current-clamping control strategy, namely the need for precise measure-

ment and prediction of the current vector [VII].

4. Investigation of quasi-discontinuous PWM (QDPWM) for MCC systems:

a) Mathematical formulation of zero-sequence components for different

clamping strategies in Table 4.1.

b) Identification of vector sequence selection for different clamping strate-

gies and comparison to SVM as shown in Fig. 4.6.

c) Proposal of a load angle dependent choice of QDPWM strategy that

corresponds with SVM, refer to Table 4.2.

5. Design of MF power transformers:

a) Standardization of equations for analytical calculations of parasitic ca-

pacitances, see Tables III and IV in [VIII].

b) Reformulation of the modified Steinmetz equation based on the form

factor of the voltage waveform, according to Eq. (17) in [VIII].

6



1.4 Outline of the thesis

1.4 Outline of the thesis

The contents of this thesis are organised as follows:

Chapter 2 gives a general overview of different transmission systems, particularly

with regard to the suitability for the grid connection of large wind farms. The

main focus is on VSC-based HVDC transmission systems.

Chapter 3 first describes the proposed MCC system for the grid connection of

large wind farms and its principle of operation. Thereafter, technical and

economical aspects are discussed in order to propose a suitable wind farm

layout.

Chapter 4 gives an overview and comparison of different modulation methods for

MCC systems. A modulation method considering all modulation constraints

is proposed that does not require any turn-off capability in the cycloconverter

valves.

Chapter 5 covers the experimental work carried out during this project.

Chapter 6 summarizes this thesis and provides some suggestions for future work.

1.5 Publications

This doctoral thesis has resulted in the following publications, presented in chrono-

logical order. Most of them have been published at international conferences. Those

publications that are appended to this thesis for reference are provided with a link

to the corresponding page number highlighted in grey. The format of the attached

articles is rescaled from the original size to fit into the layout of this thesis.

[I] S. Meier, S. Norrga and H.-P. Nee, “New Topology for more efficient AC/DC

Converters for Future Offshore Wind Farms” in Proceedings of the 4th Nordic

Workshop on Power and Industrial Electronics, Norpie ’04, Trondheim, Nor-

way, June 2004.

→ appended to this thesis, see page 81.

[II] S. Meier, S. Norrga and H.-P. Nee, “New Voltage Source Converter Topology

for HVDC Grid Connection of Offshore Wind Farms” in Proceedings of the

11th International Power Electronics and Motion Control Conference, EPE-

PEMC ’04, Riga, Latvia, September 2004.

→ appended to this thesis, see page 89.

[III] S. Meier and P. C. Kjær, “Benchmark of Annual Energy Production for Dif-

ferent Wind Farm Topologies” in Proceedings of the 36th Annual Power Elec-

tronics Specialists Conference, PESC ’05, Recife, Brazil, June 2005.

→ appended to this thesis, see page 97.
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[IV] S. Meier, “Novel Voltage Source Converter based HVDC Transmission Sys-

tem for Offshore Wind Farms”, Licentiate thesis, Royal Institute of Technol-

ogy, Stockholm, Sweden, December 2005.

[V] S. Meier, S. Norrga and H.-P. Nee, “Modulation Strategies for a Mutually

Commutated Converter System in Wind Farms” in Proceedings of the 12th

European Conference on Power Electronics and Applications, EPE ’07, Aal-

borg, Denmark, September 2007.

→ appended to this thesis, see page 107.

[VI] S. Meier, M. Kuschke and S. Norrga, “Space Vector Modulation for Mutually

Commutated Isolated Three-Phase Converter Systems” in Proceedings of the

39th Annual Power Electronics Specialists Conference, PESC ’08, Rhodes,

Greece, June 2008.

→ appended to this thesis, see page 119.

[VII] S. Meier, S. Norrga and H.-P. Nee, “Control Strategies for Mutually Com-

mutated Converter Systems without Cycloconverter Turn-off Capability” in

Proceedings of the 39th Annual Power Electronics Specialists Conference,

PESC ’08, Rhodes, Greece, June 2008.

→ appended to this thesis, see page 127.

[VIII] S. Meier, T. Kjellqvist, S. Norrga and H.-P. Nee, “Design Considerations

for Medium-Frequency Power Transformers in Offshore Wind Farms” in Pro-

ceedings of the 13th International European Power Electronics Conference and

Exhibition, EPE ’09, Barcelona, Spain, September 2009.

→ appended to this thesis, see page 135.

In addition, during the course of the work the author has co-authored the following

publications:

[IX] S. Norrga, S. Meier and S. Östlund, “A Three-phase Soft-switched Isolated

AC/DC Converter without Auxiliary Circuit” in Proceedings of the 39th An-

nual Meeting of the Industry Applications Society, IAS ’04, Seattle, United

States, October 2004.

[X] S. Norrga, S. Meier and S. Östlund, “A Three-Phase Soft-Switched Isolated

AC/DC Converter without Auxiliary Circuit” in IEEE Transactions on In-

dustry Applications, May/June 2008.

[XI] F. Meier, S. Meier and J. Soulard, “Emetor - An educational web-based de-

sign tool for permanent-magnet synchronous machines” in Proceedings of the

18th International Conference on Electrical Machines, ICEM ’08, Vilamoura,

Portugal, September 2008.
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1.5 Publications

The author has also supervised or been involved in project works or master theses

that resulted in the following reports:

• M. Kuschke, “Practical implementation of a cycloconverter in a soft-switching

isolated AC/DC converter” [14].

• Z. Shuang, “Mutually commutated converter equipped with thyristor-based cy-

cloconverter” [13].

• L. Nian, “Transients in the collection grid of a novel wind farm topology” [15].
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2 Survey of transmission systems for

wind farms

This chapter presents a survey of different transmission systems that are suitable

for the grid connection of large wind farms. Both HVAC and HVDC transmission

systems are covered, of which the latter are either line-commutated converter (LCC)

or VSC based. Finally, different VSC topologies are investigated.

2.1 HVAC

Conventional HVAC transmission systems offer a simple and cost-efficient solution

for the grid connection of wind farms. In principle, they consist of an AC wind

farm collection grid, a transformer station and one or several three-core cross-linked

polyethylene (XLPE) insulated HVAC cables, see Fig. 2.1. Unfortunately, the dis-

tributed capacitance of undersea cables is much higher than that of overhead power

lines. This implies that the maximum feasible length and power transmission capac-

ity is limited. The reactive power demand of HVAC cables increases both with the

voltage level and the cable length. Thus, for increasing transmission distances and

voltage levels, reactive power compensation is required at both cable ends [III]. The

reactive power compensation can be realized by a static VAr compensator (SVC)

for example, both offshore and onshore if necessary.

HVAC transmission has so long been the self-evident choice for offshore wind farms,

since it is the most favorable and competitive solution for the grid connection of

SVC

XLPE cables

SVC

Figure 2.1: Priciple of an HVAC transmission solutions.
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2 Survey of transmission systems for wind farms

smaller wind farms located close to shore. Today, this comprises distances of up to

100 km and power transmission capacities of up to 200MW [8]. For larger and more

remote wind farms, transmission losses are increasing quickly and new solutions for

the grid connection become necessary.

2.2 HVDC

Looking at HVDC transmission systems, there a two different technical solutions

which are either based on current source converters (LCC) or voltage source con-

verters (VSC).

2.2.1 LCC-based HVDC

Classical HVDC transmission technology is based on naturally commutated thyris-

tors. The name line-commutated converter originates from the fact that the thyris-

tors need an alternating voltage source in order to commutate. Therefore, LCC-

based HVDC can only transfer power between two active AC networks. This is less

useful for a wind farm since the offshore AC grid needs to be powered up prior to

a possible startup. A further disadvantage of LCC-based HVDC is that it cannot

provide independent control of active and reactive power. In addition, it produces

extensive amounts of harmonics which have to be filtered, thus making the con-

verter stations relatively large.

In order to find a feasible approach for an LCC-based HVDC grid connection of

wind farms, different solutions have been proposed, e.g. a combination with a static

compensator (STATCOM), see Fig. 2.2(a). The STATCOM provides both the nec-

essary commutation voltage to the LCC and the reactive power compensation to the

offshore grid. It can also provide limited active power support to the offshore grid

during transient conditions [16]. As shown in Fig. 2.2(a), the cable transmission is

often monopolar with only one metallic conductor between the converter stations,

using the ground as the return path for the current.

For connecting large wind farms over long distances, LCC-based HVDC with shunt

capacitors, STATCOM support or other reactive equipment combines the technical

advantages of classical HVDC with those of an equivalent VSC-based transmission

system. Since classical HVDC transmission is a well established technology, it offers

high reliability and requires little maintenance. Compared to VSC transmission sys-

tems, LCC-based HVDC transmission has much lower power losses (i.e., about 0.6

- 0.7% of the rated HVDC transmission capacity (per station) at rated load [17])

and for high ratings it has comparably low capital costs. However, based on the

overall system economics, LCC-based HVDC transmission becomes only interesting

for power capacities above approximately 600MW [8].
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F
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F

F

(b)

STATCOM

reactor
Phase DC capacitors

(a)

reactor
Smoothing

DC filter

Figure 2.2: Principles of HVDC transmission systems: (a) Classical LCC-based
system with STATCOM, (b) VSC-based system. (F = Filter)

LCC-based HVDC transmission has been installed frequently, primarily for bulk

power transmission over long geographical distances and for interconnecting non-

synchronised or isolated power systems. So far, there is no experience regarding

LCC-based HVDC transmission in combination with wind power.

2.2.2 VSC-based HVDC

As discussed in Section 1.1, VSC-based HVDC transmission offers many advan-

tages and is gaining more and more attention, not least in context with the grid

connection of large wind farms. This comparatively new technology (first commer-

cial installation in 1999 [18]) has only become possible by the development of the

IGBT, which can switch off current. This means that there is no need for an active

commutation voltage. Today, VSC-based HVDC is marketed by ABB under the

name “HVDC Light” and by Siemens under the name “HVDC Plus”. Fig. 2.2(b)

shows the principle of a VSC-based HVDC transmission system.

Compared to conventional HVDC, IGBTs allow much higher switching frequencies,

which reduces the harmonic distortion and consequently the filter requirements on

the AC side. However, the high-frequency PWM switching results in comparably

high converter losses, which are in the range of approximately 1.6% of the rated
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2 Survey of transmission systems for wind farms

HVDC transmission capacity (per station) at rated load [17]. The total efficiency

of VSC-based HVDC is therefore less than that of an LCC-based system. Further-

more, the cost of a VSC is relatively high due to the more advanced semiconductor

valves required. In order to handle the high voltage, multiple IGBTs have to be

connected in series, which makes the valves expensive, since complex gate drives

and voltage sharing circuitries are required.

Looking at the overall system economics, VSC-based HVDC transmission systems

are most competitive at transmission distances over 100km and power levels of be-

tween approximately 200 and 900MW [8]. However, the application of VSC-based

systems may already be advantageous for shorter transmission distances depending

on the specific project conditions. To date, no pure VSC-based HVDC transmis-

sion system is in operation in conjunction with the grid connection of a wind farm.

However, several projects are in the planning stage right now and a demonstration

installation has been put into operation back in the year 2000 [6, 7].

2.2.3 Basic VSC topologies

The application of the IGBT, which is a self-commutated semiconductor device,

makes many different topologies suitable for VSC. Different solutions, such as two-

level, three-level, and multi-level converters, have extensively been discussed and

compared in terms of harmonic spectrum, DC capacitor volume, commutation in-

ductance, costs, and footprint, see e.g. [19]. Regarding multi-level solutions, four

main topologies are known [20]: Diode-clamped, capacitor-clamped, cascaded H-

bridge, and modular multilevel converter (M2LC [21]). With such an abundance of

different technical solutions, it is a good idea not to depart from the core topolo-

gies of the main manufacturers, if one hopes to have his ideas ultimately imple-

mented [22].

According to Ooi [22], manufacturers will keep developing their core topologies of

VSC:

• The two-level three-phase bridge of Fig. 2.3: This simple topology has been

widely used in many applications, e.g. in the ABB product “HVDC Light” [17].

The phase outlets can either be connected to the positive or negative DC-link

terminal, thus generating a two-level output voltage (+Ud/2, −Ud/2), which

can be modulated by a PWM or SVM scheme.
• The three-level three-phase bridge of Fig. 2.4: By clamping the neutral point

of the DC-link terminal with diodes, it is possible to generate a three-level

output voltage (+Ud/2, 0, −Ud/2), which can be modulated by a PWM or

SVM scheme.
• The cascaded single-phase H-bridge of Fig. 2.5(a): Extending a diode- or

capacitor-clamped VSC to more levels drastically increases the complexity

and the number of clamping diodes or flying capacitors. Therefore, a strictly

modular construction is important in order to enable scaling to different power

and voltage levels, using the same hardware [20]. A common solution is the

14



2.2 HVDC
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Figure 2.3: Classical two-level three-phase VSC.

Ud

ua

uc

ub

N

Figure 2.4: Neutral point clamped three-level three-phase VSC.

cascaded H-bridge shown in Fig. 2.5(a), which is fully modular (one module is

highlighted in grey). However, every H-bridge module needs its own isolated

DC power supply. Recently, a novel multilevel VSC topology called M2LC

[20, 21] has been proposed, which has a common DC-link, but no DC-link

capacitors, see Fig. 2.5(b). The DC-link voltage is directly controlled via

the switching states of the submodules [20], which therefore do not need an

isolated DC power supply. The M2LC topology is utilized in the Siemens

product “HVDC Plus” [23].

The example of the M2LC topology shows that there is no problem to get good ideas

commercialized, if only they are based on a core topology of a manufacturer and

offer significant improvements. This applies also to the two-stage isolated mutually

commutated VSC shown in Fig. 2.6, which was first proposed in its current state by

Norrga [24]. It is a further development of the classical two-level three-phase VSC
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Figure 2.5: Single-phase multilevel VSC: (a) Cascaded H-bridge, (b) M2LC.

shown in Fig. 2.3.

The basic principle of operation is that a single-phase VSC generates an MF square-

wave voltage (+Ud/2, −Ud/2), which energizes the MF transformer. The VSC

valves are equipped with parallel snubber capacitors, which allow the semiconductor

switches to be turned off under zero-voltage conditions. The MF transformer is then

connected to a three-phase cycloconverter, which can be commutated in order to

obtain the desired three-phase alternating voltage. The cycloconverter valves do

not need any turn-off capability and can be entirely naturally commutated, which

makes it suitable to utilize anti-parallel fast thyristors.

Even though a two-stage conversion system normally has more components and

tends to have higher losses than a single-stage conversion system, the MCC system

in Fig. 2.6 has several advantages compared to a classical two-level VSC:

• Considerably reduced switching losses due to a soft-switching commutation

scheme (refer to [II]), allowing snubbered zero-voltage switchings of the VSC

valves and natural commutations of the cycloconverter valves.
• Cheaper, lighter, and more compact single-phase MF transformers compared

to three-phase line-frequency transformers (refert to [VIII]).
• Reduction of series-connected IGBT valves (refer to [II]), which are expensive

and require complex gate drives and voltage sharing circuitries.
• The thyristors in the cyclcoconverter are comparably cheap, have low conduc-

tion losses, and their robustness and reliability is unsurpassed.
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Figure 2.6: Two-level three-phase isolated mutually commutated VSC.

2.3 Conclusions

This chapter intends to present a short survey of different transmission systems for

large wind farms, which is an area of growing worldwide interest. Table 2.1 lists

some interesting references for further reading, especially with regard to relevant

projects. Today, there are still not many large offshore wind farms in operation,

and the few installations are exclusively using HVAC transmission. However, since

the responsibility for network connection of offshore wind farms nowadays often

lies with the transmission system operators (TSO), the network connection can be

optimized irrespective of the particular wind farms involved [4]. Hence, TSO’s will

rather provide “seaborne power sockets”, to which complete wind farms can be con-

nected [4]. In this case, HVDC transmission is the ideal solution. Further in the

future, these power sockets could be linked together in order to create an offshore

HVDC supergrid [8], ranging from Scandinavia in the north of Europe down to

northern Africa. Such an offshore supergrid based on LCC or VSC (or a combina-

tion of the two) HVDC transmission systems, could connect offshore wind farms as

well as large-scale photovoltaics in northern Africa.

VSC-based HVDC transmission is the most recent technology and has large po-

tential for further development. Therefore, the basic VSC topologies have been

introduced in Section 2.2.3 in order to guide the reader towards the topology that

is proposed for the grid connection of large wind farms in the next chapter.
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2 Survey of transmission systems for wind farms

Table 2.1: Further reading about transmission systems, especially for offshore

wind farms.

[8] (p. 479 ff) General textbook description.

HVAC

[25] Comparison with HVDC transmission.

[26] Project: 160MW Horns Rev wind farm.

LCC-based HVDC

[10, 16] Feasibility investigations.

VSC-based HVDC

[6, 7] Application of HVDC Light in offshore wind farms.

[18, 27, 28] Project: 20MW Gotland HVDC Light. First commercial

small-scale DC transmission.

[29, 30] Project: 7.2MW Tjæreborg HVDC Light. Demonstration in-

stallation for wind farm connection.

[4] Project: 400MW Borkum offshore “power socket”. Links up

the world’s largest offshore wind-farm area.
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3 System properties

A distributed version of a mutually commutated soft-switching converter system

seems to be tailored to the particular needs for the power collection and HVDC

conversion in large wind farms. At first, the operation principle of this topology is

described, such as the mutual commutation of the VSC and the cycloconverters.

Some basic voltage and current waveforms from measurements further illustrate

the operation principle. Then, different system aspects which are specific to the

application in a wind farm are investigated, such as the design of the collection

grid, the MF transformers, and the VSC commutation at low load. Finally, a

technically feasible wind farm layout is proposed, considering economical aspects

such as initial costs and conversion losses.

A simplified schematic of the proposed topology for the power collection and

HVDC grid connection of large wind farms is shown in Figure 3.1. This topology

represents a distributed version of the two-level three-phase isolated MCC system

shown in Fig. 2.6. The application in a wind farm as an integrated solution for the

drive systems of the wind turbine generators, the electric turbine interconnection,

and the conversion stage for onward HVDC transmission was first considered by

Norrga [24] and is described in detail in [I,IV].

As shown in Fig. 3.1, the drive train of the wind turbine is housed in its nacelle. It

comprises a gearbox, a generator (of arbitrary type, but preferably a squirrel-cage

induction generator), and a cycloconverter, which allows every wind turbine to

operate with variable voltage and variable frequency. A filter connected between

the cycloconverter and the generator could limit the harmonic distortion in the

cycloconverter output voltage and reduce undesired losses in the generator. The

connection between the wind turbines and the collection grid can be integrated in

the bottom of the wind turbine towers. There, an MF distribution transformer

increases the voltage to 33 kV and a circuit breaker enables the wind turbines to

disconnect from the collection grid, e.g. during faults, at low wind speeds, or for

maintenance.

The collection grid has a radial structure with several wind turbines building up

a chain, refer to Fig. 3.14. The single-phase MF collection grid connects all wind

turbines to a central converter station, which comprises the main circuit breaker,

an MF transmission transformer, and a single-phase VSC, see Fig. 3.1. The main

circuit breaker allows the wind farm to be shut down, e.g. during serious faults or
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150 kV, 500 Hz

33 kV, 500 Hz

3 kV, 500 Hz

150 kV DC

1 kV, fvar

Gearbox

Circuit breaker

Cycloconverter

Squirrel−cage induction generator

Single−phase VSC

Single−phase MF transformer

+

Figure 3.1: Simplified schematic of the proposed topology for the power collection

and HVDC conversion in large wind farms.

on demand of the TSO. The MF transmission transformer raises the voltage of

the collection grid to 150kV, which is half the DC link voltage. The high-voltage

side of the transformer is connected to a single-phase VSC, whereas one of the

transformer terminals is connected to the midpoint in the DC link created by

bus-splitting capacitors (see Fig. 2.6). These capacitors provide the necessary

direct voltage source for the dynamics of the system and govern the voltage ripple

on the HVDC link.

3.1 Principle of operation

In the proposed topology in Fig. 3.1, the VSC converts the direct voltage to an MF

alternating voltage that magnetizes the MF collection grid. The MF transmission

and distribution transformers provide isolation and voltage transformation. Finally,

the MF alternating voltage is converted to desired three-phase voltages by the

cycloconverters.

By consistently commutating the VSC and the cycloconverters in alternation, see

Fig. 3.2, it is possible to mutually set up the conditions for soft commutations for

all semiconductor devices [11]. Soft commutation means to turn on or turn off

the semiconductor devices with minimized switching stress, i.e., at zero-voltage or

zero-current conditions [31]. Thereby, the switching losses are considerably reduced.

In the proposed topology, the cycloconverters can be entirely operated by natural

commutations, whereas snubbered or zero-voltage commutations are always enabled

for the VSC. The special case of a VSC commutation during low energy generation
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Figure 3.2: Soft-switching commutation cycle.
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Figure 3.3: Sequence of a cycloconverter phase leg commutation.

is discussed in Section 3.2.3. Different suitable modulation strategies for MCC

systems are described in Chapter 4.

3.1.1 Cycloconverter phase leg commutation

The sequence of an arbitrary cycloconverter phase leg commutation is shown in

Fig. 3.3. For simplicity, the leakage inductances of the transformers and the dis-

tributed cable inductance of the collection grid are represented as an equivalent

inductance, which determines the current slope during the cycloconverter phase leg

commutations. At the same time, the output voltage of the VSC is represented as

a constant voltage during the entire commutation duration.

In order to be able to naturally commutate a cycloconverter phase leg, the sign of

the transformer voltage has to be opposite to the sign of the respective line current,

as it is the case in Fig. 3.3(a). The cycloconverter phase leg commutation is initi-

ated by turning on the non-conducting valve in the direction of the current through

the phase terminal. The transformer voltage will then appear across the equivalent

inductance and make the incoming valve gradually take over the current, refer to

Fig. 3.3(b). Finally, the initially conducting valve turns off as the current through

it goes to zero, see Fig. 3.3(c).
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(a) (b) (c)

Figure 3.4: Sequence of a VSC commutation.

Successive commutations of the cycloconverter phase legs eventually lead to a re-

versal of the transformer current, see Fig. 3.2. Now the transmission transformer

voltage and current have the same sign, which means that the instantaneous power

flow is directed from the DC to the AC side.

3.1.2 VSC commutation

The conditions for a snubbered commutation of the VSC are fulfilled whenever the

transmission transformer voltage and current have the same sign. This is the case

in Fig. 3.4(a), where both the transmission transformer voltage and current are

positive. The VSC commutation sequence is started by turning off the conducting

valve under zero-voltage conditions. The transformer current is thereby diverted to

the snubber capacitors as shown in Fig. 3.4(b), which are getting charged or dis-

charged, respectively. When the transformer voltage has fully swung to the opposite,

the snubber capacitors in the incoming valve will be completely discharged and the

diodes can take over the current, refer to Fig. 3.4(c). Now, the instantaneous power

flow is directed from the AC to the DC side, see Fig. 3.2. Finally, the IGBTs that

are anti-parallel to the conducting diodes can be gated on at zero-voltage and zero-

current conditions, thus preparing the VSC for a subsequent current reversal due to

the cyloconverter phase leg commutations. The reversal of the transformer voltage

after the VSC commutation establishes the possibility for natural commutations of

the cycloconverter phase legs. Thus, the commutation cycle can be repeated.

The VSC commutation is governed by the snubber capacitance and the transmis-

sion transformer current. Unfortunately, the commutation of the VSC may become

unduly lengthy with a small transformer current, since the recharging of the snubber

capacitors becomes slower, refer to Section 3.2.3.
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Figure 3.5: Measured waveforms: (a) Transformer voltage [V] (left scale) and

transformer current [A] (bold, right scale), (b) Cycloconverter phase

voltages [V].

3.1.3 Basic waveforms

In order to further illustrate the operation principle of the proposed topology, some

basic waveforms from measurements on a prototype converter system (Prototype I,

refer to Section 5.1) are shown in Fig. 3.5. The transformer voltage is basically a

square wave with a period of 167µs, corresponding to an operating frequency of

6 kHz. As expected, the transformer voltage and current have the same sign before

a VSC commutation. The overall power flow is directed from the DC to the AC

side, which corresponds with the experimental setup.

In Fig. 3.5(b), the three cycloconverter output voltages are shown, which have half

the voltage amplitude of the transformer voltage. It can be noticed that one of

the edges of each voltage pulse during a commutation period is due to the VSC

commutation, while the other edge is due to the cycloconverter commutation. Fur-

ther waveforms can be found in [II,IV,V] from simulations and in [VI,VII] from

measurements.
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3.2 System aspects

In this section, different aspects regarding the application of the proposed MCC

system in a wind farm are investigated. It is discussed to what extent the advan-

tages of MCC systems presented in Section 2.2.3 outbalance the complications from

distributing the converter system over an entire wind farm. The following system

aspects of a distributed MCC system are investigated:

Medium-frequency collection grid: The effect of switched voltages applied to ca-

bles is well known since the early unexpected insulation failures of inverter-fed

AC motor drives with long motor leads. Voltage harmonics from switched volt-

ages interfere with cable resonances, which results in transient overvoltages,

refer to Section 3.2.1.

Medium-frequency transformer: Single-phase MF transformers are not only

cheaper than three-phase transformers operating at line frequency (refer to

Section 3.2.5), they are also more compact and have a lower weight, which is

especially advantageous in offshore environments. However, the insulation of

MF transformers is exposed to steep voltage slopes and transient overvoltages,

which requires a careful winding design as discussed in Section 3.2.2.

Switching losses: Although an MCC system is a two-stage conversion system, the

switching losses can be considerably reduced by a soft-switching commuta-

tion scheme, refer to Section 3.2.4. The VSC switching losses during low

power generation may be somewhat increased depending on the commutation

strategy, refer to Section 3.2.3.

Cycloconverters: In the cycloconverters, fast thyristors are preferred to other

switching devices since they are comparably cheap, robust, reliable, and have

low conduction losses at high current levels, refer to Section 3.2.4. With a

special modulation method, the thyristor-based cycloconverters can be sat-

isfactorily commutated despite their absence of turn-off capability, refer to

Section 4.5.

Voltage source converter: The series-connected IGBT valves in the VSC are ex-

pensive and require complex gate drives and voltage sharing circuitries. There-

fore, a VSC with a single phase leg is highly desirable, refer to Section 3.2.5.

3.2.1 Medium-frequency collection grid

One of the objectives of this work has been to design a single-phase MF collection

grid that has an acceptable level of transient overvoltages. A comparison with

measurements on a buried sea cable shows that the cable models included in the

power system simulation software PSCAD [32] are sufficiently accurate for transient

studies. Based on simulations of the MF collection grid, a solution is proposed
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that limits the transient overvoltages in all operating points to an acceptable level.

Accordingly, a suitable wind farm layout is proposed in Section 3.3.

Background

Transients occuring in the collection grids of large wind farms have been recently in-

vestigated [33,34], considering both fault conditions as well as switching operations

during normal operation, such as energizing feeders. Contrary to these comparably

infrequent events, the cables in a distributed MCC system are continuously exposed

to a switched voltage from a VSC. The effects of switched voltages applied to ca-

bles are well known from inverter-fed AC motor drives with long motor leads, see

e.g. [35].

The steep slopes of a switched voltage inherently cause voltage harmonics, which

interfere with resonances between the cable capacitance and inductance of the MF

collection grid, resulting in transient overvoltages [IV]. Fig. 3.6 shows results from

a frequency domain analysis of an MF collection grid with a single feeder, where 10

wind turbines are equally distributed along an 11 km long cable [IV]. Assuming a

fast VSC commutation, the harmonic spectrum of the MF alternating voltage will

be close to the one of a square-wave voltage, which consists of odd harmonics with

amplitudes that are decreasing inversely proportional to their harmonic order, see

Fig. 3.6. In addition, the same figure shows different voltage transfer functions of

the collection grid. A voltage transfer function is the ratio between a wind turbine

voltage and the output voltage of the VSC as a function of the frequency. For a

cable configuration as in Fig. 3.6, the fifth harmonic is amplified from 0.2 p.u. to

over 3.6 p.u., which causes high transient overvoltages. Also the third, seventh, and

fifteenth harmonics are increased with more than 10% of the fundamental voltage.

The occurrence of transient overvoltages in the MF collection grid has been previ-

ously investigated in a comprehensive way [IV], arriving at the following conclusions:

• The resonance frequencies change depending on the actual configuration of the

collection grid. Therefore, only certain predefined grid configurations should

be allowed, preferably with cable feeders of the same length. It should be

avoided to disconnect parts of a feeder, since this changes the voltage transfer

functions of the collection grid.

• At higher frequencies, the resonances are more and more damped due to the

frequency dependence of the cable parameters, see Fig. 3.6. Therefore, it is

important to design a collection grid with few and small resonances, which

preferably appear at high frequencies.

• The longer the cables, the lower the frequencies of the resonances. This is a

limiting factor for how long a cable feeder can be in an MF collection grid.
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Figure 3.6: Interference between harmonic spectrum and voltage transfer func-

tions in an MF collection grid [IV].

However, a shorter cable does not always signify lower transient overvoltages

compared to a longer cable, cf. Fig. 3.9.

• The rise time of the MF alternating voltage depends on the snubber capaci-

tance and the transformer current (i.e., the actual power generation). It is an

important factor for influencing the harmonic spectrum of the collection grid

voltage.

• In order to reduce transient overvoltages, the rise time of the collection grid

voltage should be at least three times the time it takes a voltage pulse to

travel the length of the cable [36]. This is not technically feasible in a wind

farm collection grid with cable lengths up to 10 km or more, since the VSC

commutation would take too long time.

Verification of the PSCAD cable model with measurements

The power system simulation software PSCAD contains three different types of

distributed transmission line models, with the frequency-dependent (phase) model

being the most advanced and accurate time domain model [32]. This model is based

on a detailed description of the real cable parameters, such as geometrical layout

and material properties, see Fig. 3.7.

In order to verify the suitability of the PSCAD cable model for transient analysis,

results from simulations have been compared with measurement on a 162m long

buried three-phase sea cable from ABB. The XLPE-insulated cable is rated at 24 kV

and has 240mm2 solid aluminum conductors and 85mm2 copper screens [37]. It

is buried in a depth of between 0.3 to 0.5m in relatively dry soil with an assumed

ground resistivity of 200Ωm, see Fig. 3.7. According to Fig. 3.8, the simulations
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Figure 3.7: Graphical definition of a cable system in the PSCAD cable configura-

tion editor [32]. Here, the three-phase submarine cable configuration

on which the measurements in Fig. 3.8 were performed is shown.
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Figure 3.8: Setup for (a) step response and (b) pulse response measurements on a

162m long buried three-phase sea cable (top). Comparison between

measurements (middle) and simulations (bottom).

and measurements show good agreement both regarding the step response and the

pulse response, which makes the frequency-dependent (phase) model in PSCAD

suitable for transient analyses.

Simulations in PSCAD

For an MF collection grid with a rated voltage of 33 kV, single-core XLPE-insulated

submarine cables from ABB [37] have been chosen and implemented in PSCAD for
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Table 3.1: Choice of single-core submarine cables with copper conductor and a

nominal voltage of 30 kV (Um = 36kV) [37].

Conductor cross- Current Number of connected

sectional area [mm2] rating [A] wind turbines

95 508 1-4

120 577 5

185 734 6

240 853 7

300 972 8

400 1116 9-10

simulations. The cross-sectional area of the copper conductor has been chosen de-

pending on the number of wind turbines that are connected to the cable, refer to

Table 3.1. The further out on a cable feeder, the smaller the cross-sectional area

of the conductor. The smallest cable with a cross-sectional area of 95mm2 can

carry the nominal current from up to four wind turbines. Table 3.1 shows the cur-

rent rating for single-core cables with wide spacing, non-magnetic armour, and an

armour resistance corresponding to 50% of the conductor resistance. It was as-

sumed that the cable laying depth is 0.5m, the ground temperature 20 ◦C, and the

ground thermal resistivity 0.7Km/W. Such realistic conditions allow an increase

of the current rating by approximately 25% compared to the continuous current

ratings calculated according to IEC 60287 under standard conditions (20 ◦C ground

temperature, 1 m laying depth, and 1Km/W thermal resistivity). The ground re-

sistivity of the seabed soil is assumed to be 0.2Ωm. In practice, the resistivity

varies widely and is determined by the content of electrolytes (moisture, minerals

and dissolved salts) in the seabed soil. For further details about different rating

factors, the geometrical layout, and the electrical parameters of the chosen cables,

refer to [37].

Fig. 3.9 shows results from simulations of transient overvoltages in the MF col-

lection grid, depending on the cable length and the voltage slope during the VSC

commutation. The simulations were performed at no-load conditions, i.e., no wind

turbines were connected to the MF collection grid. The length of the cable feeder

varies between 5 to 10 km. Assuming that the wind turbines are located at intervals

of 1 km, it would be possible to connect between 5 to 10 wind turbines to one cable

feeder. The voltage slope during the VSC commutation was varied between 0.4

and 0.2 kV/µs. With a frequency of 500Hz and a voltage level of 33 kV of the MF

collection grid, the VSC commutation would consequently occupy between 16.5%

and 33% of the commutation interval.

Fig. 3.9 shows that the resonances in the MF collection grid, as expected, strongly

depend on the cable length. For the same cable length, on the other hand, the

transient overvoltages can also vary considerably depending on the voltage slope of
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Figure 3.9: Amount of transient overvoltages in the MF collection grid as a func-

tion of the cable length and voltage slope during the VSC commuta-

tion.

the MF alternating voltage. Therefore, it is inevitable to control the voltage slope

during the VSC commutation independent of the actual power generation, in order

to be able to limit the transient overvoltages (light gray areas in Fig. 3.9).

Voltage slope control of the MF alternating voltage

A possibility of controlling the voltage slope during the VSC commutation indepen-

dent of the actual power generation is shown in Fig. 3.10. A thyristor-controlled

snubber capacitor, which is an original contribution, allows to control the duration

of the VSC commutation and, consequently, the slope of the MF alternating volt-

age. Assuming that the cable feeders have a length of 8 km, a voltage slope between

0.375 and 0.3 kV/µs would limit the transient overvoltages to below approximately

30%, refer to Fig. 3.9. For a wind farm that should be able to operate down to 10%

of the rated transformer current, two different configurations of snubber capacitors

are proposed according to Fig. 3.10(a). Both snubber configurations have a total

capacitance of 100%, i.e., the value that limits the voltage slope to the upper limit

during operation with nominal transformer current.

A thyristor-controlled snubber capacitor consists of thyristors in order to connect

parallel capacitors, and anti-parallel diodes that allow the snubber capacitors to

be discharged during the turn-on of the VSC valve. Both the thyristors and the

diodes have to support the full DC-link voltage, but their current rating can be

comparably small since they only conduct current during every second commuta-
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Figure 3.10: Voltage slope control during the VSC commutation: (a) Thyristor-

controlled snubber capacitor with (top) or without (bottom) fixed

capacitor, (b) Voltage slope as a function of the transformer current.

tion period, i.e., when they charge or discharge the snubber capacitors during the

VSC commutation. In addition, the transformer current splits in half (charging,

respectively discharging the snubber capacitors) and is proportional to the rating

of the snubber capacitor in the respective leg (i.e., if the snubber capacitor is rated

at 2 %, the current through the corresponding thyristor and diode will not exceed

2 % of the maximum snubber current).

The snubber configuration on top of Fig. 3.10(a) consists of five thyristor-controlled

snubber capacitors and a fixed snubber capacitor. Such a configuration is more

beneficial with regard to leakage inductances than the snubber configuration on the

bottom of Fig. 3.10(a), which only consists of five thyristor-controlled snubber ca-

pacitors. Both snubber configurations can keep the voltage slope within the desired

limits up to nominal transformer current, see Fig. 3.10(b). In order to ensure fast

VSC commutations, the voltage slope was kept as close as possible to the upper

limit of the reference band (0.375kV/µs). In addition, thyristor-controlled snub-

ber capacitors inherently solve the problem with the VSC commutation during low

power generation, refer to Section 3.2.3.

3.2.2 Medium-frequency transformers

One of the objectives of this work has been to investigate the magnetic, electric,

and thermal design of MF transformers. Since the transformers in the MCC system

are exposed to high voltage slopes, parasitic capacitances may cause undesirable

voltage ringing or non-uniform voltage distributions across the winding turns, with

the consequence of increased stress on the transformer insulations. In [VIII], stan-

dardized analytical equations of parasitic inter and intra winding capacitances have

been derived. Apart from minimizing the parasitic capacitances, an appropriate

winding design should also eliminate the risk for electrical breakdown of the trans-

former insulation and keep the leakage inductance within a certain range suitable
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Figure 3.11: MF transformer design: (a) 3MW single-phase shell-type design ex-

ample, (b) Equivalent circuit including parasitic capacitances (ignor-

ing winding resistances and assuming an ideal magnetic core).

for the cycloconverter phase leg commutations.

The design of MF transformers has been previously discussed, e.g. in [38], consider-

ing the frequency-dependency of winding, core, and dielectric losses. Compared to

three-phase line-frequency transformers, single-phase MF transformers are cheaper,

lighter, and more compact. In [VIII], a 3 MW distribution transformer operating

at a frequency of 500Hz was designed, see Fig. 3.11(a). Such a transformer has

an efficiency of over 99.7% and an active weight of approximately 2 metric tons.

The design process in [VIII] has been especially adapted to the requirements of an

application in an offshore wind farm. Using dry insulation is favorable due to envi-

ronmental and safety aspects, but requires a thermal design adapted to the higher

loss density in MF transformers. Since a transformer in a wind turbine is often op-

erating below rated power, the relative importance of the core losses is higher than

for the winding losses. Further details about the magnetic, electric, and thermal

design of MF transformers, together with a reformulation of the modified Steinmetz

equation based on the form factor of the voltage waveform can be found in [VIII].

The arrangement of the transformer windings determines the electrical parameters

of the transformer, such as its leakage inductance and its parasitic capacitances,

and thus its high-frequency behavior. In order to simulate the transient behavior

of a transformer, both non-linearities and frequency dependencies must be taken

into account. Since the interest lays on analysing the interaction of the transformer

with the surrounding system, a terminal model seems to be most adequate. Trans-

former models in PSCAD consider hysteresis and saturation, but do not take the

high-frequency behavior of the transformer into account. By including the parasitic

capacitances, it should be possible to adequately characterize frequency components

up to 100 kHz, including surge transfer [39]. Parasitic capacitances include primary

and secondary intra winding capacitances, as well as the inter winding capacitance,

which can be externally connected to the standard PSCAD single-phase transformer

model for transient analyses, refer to Fig. 3.11(b).
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Figure 3.12: Solutions that enable the VSC commutation during low power

generation: (a) Thyristor-controlled snubber capacitors, (b)

Resonant commutation initiated by an auxiliary circuit.

3.2.3 VSC commutation during low power generation

An important objective of this work has been to investigate different possibilities of

commutating the VSC during low power generation. According to (3.1), the dura-

tion of the VSC commutation tvsc becomes unduly lengthy with a small transformer

current itr, assuming a constant snubber capacitance Cs and DC-link voltage Ud.

tvsc = 2 · Cs ·
Ud

itr
(3.1)

As a consequence, an alternative way of commutating the VSC has to be chosen

whenever the transformer current drops below a certain value. Different alternatives

to influence the duration of the VSC commutation are possible:

1. Influence the snubber capacitance Cs: Considering both mechanically and

electronically controlled variable capacitors, thyristor-controlled snubber ca-

pacitors as shown in Fig. 3.12(a) look most promising for the intended ap-

plication. Thyristor-controlled snubber capacitors can arbitrarily control the

voltage slope during the VSC commutation, refer to Fig. 3.10(b), and hence

the duration of the VSC commutation.
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2. Influence the transformer current itr: Assuming fixed snubber capacitors, the

only remaining possibility according to (3.1) is to influence the transformer

current. Different solutions have been proposed:

a) Control strategy of the wind turbine induction generators: By decreasing

the stator voltage proportional to the frequency below nominal speed

(maintaining nominal flux in the induction generator), a sufficient trans-

former current can be established with just a few wind turbines in op-

eration. Such a control strategy causes the induction generators in the

wind turbines to operate with a low power factor at low frequencies. For

example, when a wind turbine after the start-up generates 4% of the

rated active power, the amplitude of the fundamental stator current al-

ready amounts to 0.38 p.u. (power factor of 0.13) [V]. The effect could

be further increased depending on the chosen modulation strategy for

the cycloconverters, refer to Fig. 5.6. This solution does not need any

auxiliary ciruit, but considerably increases the losses during low power

generation. To some extent, the voltage slope during the VSC commu-

tation could be indirectly controlled by the cycloconverter modulation

strategy and by adjusting the amplitude of the stator voltage of the

wind turbine generators.

b) Resonant commutation: The transformer current can be temporarily

increased during the VSC commutation by a quasi-resonant commutation

scheme.

i. Without auxiliary circuit: It is possible to initiate a resonant pro-

cess during the VSC commutation by short-circuiting the low volt-

age windings of all distribution transformers in the wind farm by

means of the cycloconverters, as described in [IV,IX,X]. This reso-

nant process can be utilized to recharge the snubber capacitors and is

governed by the snubber capacitance and the equivalent inductance

from the transformers and collection cables. The current increase

allows a complete commutation of the VSC despite losses in the res-

onant circuit. However, such a resonant commutation scheme, which

does not need any auxiliary circuit, would be difficult to implement

as it requires a high level of coordination between the switchings

of the VSC and the cycloconverters. This solution has originally

been described in [11] and is verified both with simulations [24] and

measurements [12].

ii. With auxiliary circuit: Another possibility that reduces the extent of

high-speed communication between the VSC and the cycloconvert-

ers is the installation of an auxiliary circuit as shown in Fig. 3.12(b),

which was originally proposed in [24]. The auxiliary circuit initi-

ates a resonant commutation in a similar way as described above,

but involves only equipment that is installed besides the VSC [IV].

By placing the auxiliary circuit on the low-voltage side of the trans-

mission transformer, fewer thyristors need to be series-connected.
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When the transformer current is sufficiently high for a normal VSC

commutation, the auxiliary circuit stays inactive.

In this section, different possibilities for commutating the VSC during low power

generation have been proposed. Thyristor-controlled snubber capacitors, which

are an original contribution, have the best characteristics and seem most suitable

for the intended application of the MCC system. However, thyristor-controlled

snubber capacitors add more complexity to the system and require a lot of auxiliary

semiconductor devices. As a conclusion, the different proposed solutions, as well

as combinations between them, should be evaluated regarding the equipment cost

and the possibilities of controlling the VSC commutation duration. In addition, the

losses during low power generation may be somewhat increased depending on the

VSC commutation strategy.

3.2.4 Loss calculations

One of the contributions of this work has been to calculate the losses in MCC sys-

tems, both on a converter level [II] and a system level [III]. The converter losses are

considerably reduced due to the soft-switching commutation scheme, which allows

snubbered zero-voltage switchings of the VSC valves and natural commutations of

the cycloconverter valves. In combination with a reduction of lossy components,

such as the line-frequency transformers, a considerable decrease of the total losses

may be achieved in MCC systems compared to conventional systems.

Paper [II] describes in detail how to calculate the conduction and switching losses

in a VSC and in a cycloconverter. The pulse number (frequency modulation ratio)

of the conventional three-phase hard-switching VSC is 19, which assures a similar

effective switching frequency as in an MCC system operating at 500Hz (where both

the VSC and the cycloconverters mutually contribute to the effective switching fre-

quency). The converter losses of a conventional VSC are based on and confirmed

with measurements. In a wind farm with a rated active power of 200MW, the

switching losses are reduced by 81%, the conduction losses by 44%, and the total

losses by 71% in a single-phase soft-switched VSC compared to a conventional VSC,

refer to Table 3.2.

Thyristors have very low switching losses compared to IGBTs. In a cycloconverter

equipped with thyristors, the switching losses are reduced by over 93% compared

to a conventional full-size back-to-back VSC, refer to Table 3.2. Considering that

a back-to-back VSC in a state-of-the-art doubly-fed induction generator (DFIG)

is rated at approximately 10-15% of the rated power, the switching loss reduction

is still considerable. The conduction losses of a thyristor-based cycloconverter are

comparably low, since only one of four thyristors per phase leg is conducting at

a given instant. The conduction losses of a cycloconverter in an MCC system are

approximately half the ones of a conventional full-size back-to-back VSC [II].
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Table 3.2: Component losses at rated power: Comparison between an MCC sys-

tem operating at 500Hz and a conventional system with a three-phase

VSC and a full-size back-to-back VSC (both operating with pulse num-

ber 19) [II,VIII].

MCC system Conventional system

VSC losses [kW] 825 2840

Switching losses [kW] 405 2092

Conduction losses [kW] 420 748

Cycloconverter losses [kW] 727

Back-to-back VSC losses [kW] 3590

Switching losses [kW] 164 2560

Conduction losses [kW] 563 1030

Distribution transformer losses [kW] 449 2100

As discussed in Section 3.2.2, operating a transformer at medium frequency can

considerably reduce the losses [VIII]. Looking at the losses of all distribution trans-

formers in the wind farm, the reduction amounts to approximately 79%, refer to

Table 3.2. The loss reduction of the MF transmission transformer is expected to be

less significant, since three-phase line-frequency transformers in the power range of

200MW have a quite high efficiency of up to approximately 99.6% [III].

Paper [III] presents a benchmark of the annual energy production of different con-

verter systems for a wind farm rated at 200MW. Two wind farm topologies with

DFIG-equipped wind turbines and either HVAC or HVDC transmission system were

compared with the proposed MCC system. Fig. 3.13 shows the combined wind farm

and transmission system losses of the three topologies as a function of the trans-

mission distance and the average wind speed, respectively. It can be concluded that

the critical length for an HVAC transmission system, where the transmission losses

are the same as for an HVDC transmission system, is reduced from over 100km to

approximately 80 km, see Fig. 3.13(a). This is due to the loss reduction in the MCC

system by approximately 1% of the annual energy production compared to conven-

tional HVDC transmission systems. In addition, the MCC system has the lowest

losses of all three considered topologies for transmission distances above 100 km

independent of the average wind speed, see Fig. 3.13(b). Further details about the

benchmark of the annual energy production for different wind farm topologies can

be found in [III].

3.2.5 Economical aspects

In order to be able to compare different wind farm topologies on a fair basis, it is

not sufficient to just consider the system losses. The most appropriate procedure
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Figure 3.13: Combined wind farm and transmission system losses of three differ-

ent topologies [III]: (a) as a function of the transmission distance at

an average wind speed of 8 m/s, (b) as a function of the average wind

speed with a transmission distance of 100km.

Table 3.3: Characteristic figures indicating possible cost reductions of MCC sys-

tems [II,VIII].

MCC system Conventional system

Number of series-connected 224 1440

IGBTs in a 200MW VSC (one phase leg) (three phase legs)

Maximum IGBT voltage [kV] 5.2 2.5

Rated IGBT voltage [kV] 2.7 1.25

IGBT power rating of a
3.91 (500Hz)

5.12 (pulse number 9)

200MW VSC [GW] 5.69 (pulse number 19)

Active weight of a 3MW ≈ 2000 ≈ 7000
distribution transformer [kg]

is to compare the effective energy generation cost, which apart from the losses also

considers the initial equipment costs (neglecting currently not assessable factors

such as the operation and maintenance costs, reliability issues, loss of production

due to downtime, interest rates and economic depreciation of the investment, etc.).

However, it is difficult to estimate the equipment costs, especially when it concerns

a novel converter system which so far has not yet been constructed. However, the

initial system cost strongly depends on the number of complex and expensive compo-

nents, primarily the series-connected IGBTs in the VSC valves and the distribution

transformers. Table 3.3 indicates that these components may have considerably

lower initial costs in an MCC system compared to a conventional system.

Compared to a conventional hard-switched three-phase VSC, the proposed soft-

switched single-phase VSC offers considerable advantages, even though the power

rating of the converter remains unchanged. As a consequence of the reduction from

three phase legs to a single phase leg, the IGBT power rating is reduced by at least

23% (or more, depending on the pulse number), refer to Table 3.3. The reduction
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to a single phase leg may also improve the reliability of the VSC.

The number of series-connected IGBTs, which are expensive and require complex

gate drives and voltage-sharing circuitries, is also significantly reduced [II]. In addi-

tion, soft-switching with capacitive snubbers facilitates the voltage sharing between

different IGBTs. Despite an increasing device current, the required active silicon

area of the IGBTs in a 200MW MCC system does not exceed the manufacturing

limits of approximately 50 cm2. Therefore, no parallel IGBTs are required. IGBTs

in hard-switched applications are often thermally limited, i.e., the conduction and

switching losses exceed the rated loss power density of the device. In a soft-switched

application, the silicon area is often better utilized and the IGBTs are limited by

the maximum turn-off current density of the device. As shown in Table 3.3, the

reduction of the number of IGBTs is larger than an expected factor three, since

the voltage rating of soft-switched IGBTs with 5.2 kV is higher than the 2.5 kV for

hard-switched IGBTs. The higher voltage capability of soft-switched IGBTs can be

explained by the snubbered commutation. The limited current slope capability and

the consequently longer turn-off time allows in trade-off a higher blocking voltage

capability, still with an acceptably low on-state voltage drop. In addition, the rated

IGBT voltage in a snubbered application requires smaller margins for e.g. voltage

spikes caused by diode reverse recovery currents, refer to Table 3.3.

Looking at the active weight of a 3MW distribution transformer, it can be con-

cluded that a weight reduction with over 70% may result in cost reductions in

the same range [VIII]. Other important factors contributing to the total system

costs are the collection cables, where the three-phase cables are replaced by two

single-phase cables, and the wind turbine converters. Cost estimations comparing

a back-to-back VSC in a DFIG with a thyristor-based cycloconverter are out of the

scope of this thesis. However, considering that thyristors are comparably cheap and

reliable, it may not be a disadvantage to replace a state-of-the-art wind turbine

converter with a full-size thyristor-based cycloconverter. In order to get more than

just indications about economical aspects of MCC systems in a wind farm, more

detailed investigations should be done.

3.3 Wind farm dimensioning proposal

One of the objectives of this work was to propose a feasible design of a wind farm

based on an MCC system. As discussed in the previous sections, the most critical

aspect is the design of the MF collection grid, which is distinct from previous appli-

cations of compact MCC systems. In [15], the influence of different parameters on

the electromagnetic oscillations in the MF collection grid was investigated, namely

the collection grid layout, the collection grid cable parameters, the voltage slope dur-

ing the VSC commutation, and the electrical parameters of the MF transformers.

In order to limit transient overvoltages on the collection grid, it is very important

to be able to adjust the most critical design parameters. In Section 3.2.3, different
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Figure 3.14: Example of a 144MW wind farm layout consisting of 48 wind tur-

bines rated at 3 MW each.

possibilities are described of how to control the voltage slope during the VSC com-

mutation, with thyristor-controlled snubber capacitors according to Fig. 3.10 as the

most promising alternative. In [VIII], it is described in detail how to influence the

leakage inductance and the parasitic capacitances in MF transformers by changing

the winding design.

Fig. 3.14 shows an example of how a feasible wind farm design could look like. With

six cable feeders that each connect eight 3MW wind turbines to a converter station,

the rated power of the wind farm gets 144MW. Since the frequencies of the reso-

nances decrease for longer cables, the length of a cable feeder cannot be increased

much more without causing extensive transient overvoltages on the MF collection

grid. With a centrally locacted converter station, the maximum rated power of a

wind farm based on a single MCC system is therefore limited. Such a wind farm

has favorably a width of approximately 16 km perpendicular to the prevailing wind

direction, and consists of three displaced rows of cable feeders as shown in Fig. 3.14.

Fig. 3.15 shows the no-load collection grid voltages at the wind turbine terminals,

where the worst case originates from the wind turbines located farthest from the

converter station, i.e., at a distance of 8 km. The peak overvoltage at these wind tur-

bines amounts to approximately 30%, while the transient overvoltages at the wind

turbines closest to the converter station are below 10%. Even though the VSC

commutations occupy 18% of the commutation cycle, the transient overvoltages

are comparably high.

3.4 Conclusions

The application of an MCC system in a wind farm is possible, as shown in Sec-

tion 3.3. However, some disadvantages arise when the converter system is dis-

tributed across a wind farm. Especially the long cables between the cycloconverters

in the wind turbines and the VSC in the central converter station cause problems.

In order to avoid extensive transient overvoltages, the duration of the VSC com-

mutation has to be considerably prolonged. Consequently, the VSC commutation

will occupy up to over 20% of the commutation cycle with an operating frequency

of 500Hz. The voltage-time area lost during the VSC commutation considerably
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Figure 3.15: No-load collection grid voltages at the wind turbine terminals along

an 8 km long cable feeder.

reduces the maximum possible modulation ratio and results in unintentional power

pulsations on the collection grid. As a consequence of the low utilization of the

commutation cycle, the rating of the converter system increases unnecessarily.

A feasible solution that results in a lower percentage of lost commutation time

with the same voltage slope is to reduce the operating frequency. A reduction of

the operating frequency by 50% to 250Hz would require some adjustments of the

converter system. For example, the lower the operating frequency, the smaller the

advantage of the MF transformers. In order to get a suitable modulation of the

output voltages, the frequency modulation ratio of the cycloconverters cannot be

further decreased. Therefore, the frequency of the wind turbine generators should

be reduced accordingly (i.e., from 50Hz to 25Hz). A squirrel-cage induction gen-

erator can be operated down to approximately 20Hz without any problems. The

output filter of the cycloconverters should also be adjusted accordingly. Decreasing

the switching frequency by 50% probably moves critical low-order harmonics away

from system resonances, thus allowing the voltage rise time to be increased.

Finally, it should be investigated whether or not it may be more beneficial to re-

move critical voltage harmonics with filters rather than to reduce the voltage slope

during the VSC commutation. Such filters may be very advantageous, since they

may reduce the need to overrate the equipment for the transient overvoltages on

the collection grid.
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Apart from providing the desired voltage waveform, a suitable modulation method

should also have a high maximum modulation ratio and reduce the harmonic content

in the output voltage. This chapter gives an overview and comparison of different

modulation methods for MCC systems, which have comparably restrictive modulation

conditions. Finally, a modulation method is proposed that does not require any turn-

off capability in the cycloconverter valves.

4.1 Modulation constraints of mutually commutated

converter systems

In Section 3.1 it was shown that it is possible to maintain soft-switching condi-

tions for all semiconductor devices by consistently commutating the VSC and the

cycloconverter in alternation. This implies that one of the edges of each voltage

pulse is due to the switching action of the VSC. The other edge of the voltage pulse

may be arbitrarily placed in the interval between two VSC switching instants by

commutating the corresponding cycloconverter phase leg. With this in mind, two

main modulation constraints regarding the possibilities for modulating the AC-side

voltages arise:

1) The VSC should be commutated with a constant frequency in order to gen-

erate an MF transformer voltage without low-frequency or DC components.

As a consequence, one of the slopes of each voltage pulse occurs at a con-

stant interval. This corresponds to a carrier-based modulation method with

sawtooth carrier, where the carrier frequency equals twice the transformer

frequency [24].

2) In order to be able to naturally commutate the cycloconverter phase legs, the

sign of each phase voltage has to be opposite to the sign of the correspond-

ing line current after a VSC commutation. This implies that the instanta-

neous direction of the line current determines if the pulse will be of the type

low→ high with the leading edge modulated (for positive current directed out

of the phase outlet) or of the type high→ low with the trailing edge modu-

lated (for negative current directed into the phase outlet) [24]. Consequently,

the type of pulses has to be altered twice every fundamental period for each

cycloconverter phase leg.
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4.2 Sinusoidal pulse width modulation

Essentially, sinusoidal PWM (SPWM) attempts to synthesize a sine-wave output by

a series of width-modulated pulses, determined by the instantaneous intersections

between a sinusoidal reference wave and a carrier wave [40, 41]. The carrier is

typically a triangular or sawtooth waveform with a frequency that is considerably

higher than that of the reference waveform. The ratio between carrier and reference

frequency equals the number of pulses per fundamental cycle and is therefore called

pulse number or frequency modulation ratio.

The amplitude modulation ratio is defined as the ratio between the amplitude of

the reference waveform and the carrier amplitude [31]. The maximum possible

modulation ratio (amplitude of the normalized fundamental-frequency component in

the output voltage) for SPWM under idealized conditions is 1.0 in the linear region,

i.e., the reference waveform never exceeds the amplitude of the carrier. When the

reference waveform is further increased, so called overmodulation, the maximum

possible modulation ratio can be extended up to 1.28 (= 4/π), corresponding to

a square-wave output voltage. During overmodulation, however, the modulation

ratio does no longer vary linearly with the amplitude modulation ratio as in the

linear region. The output voltage also contains a considerable number of additional

harmonics in the sidebands [31].

SPWM with sawtooth carriers [11,42] is a simple and straightforward solution that

can cope with the modulation constraints of MCC systems described in Section 4.1.

Fig. 4.1(a) illustrates how the switching instants for the cycloconverter phase legs are

determined by the comparison of the reference phase voltages u∗ with two repetitive

sawtooth carriers. In order to be able to naturally commutate a cycloconverter

phase leg, the sign of each phase voltage has to be opposite to the sign of the

corresponding line current prior to the cycloconverter commutation. This implies

that the slope of the carrier is either positive or negative, depending on the direction

of the current in the respective cycloconverter phase leg. Furthermore, before a

subsequent VSC commutation, the sign of each phase voltage should correspond to

the sign of the corresponding line current. If this is not the case, i.e., one of the

currents changed sign during the commutation interval, the corresponding phase

leg has to be recommutated.

4.3 Space vector modulation

SVM has gained great popularity as it is relatively simple to implement digitally and

inherently compatible with modern current and torque control schemes. For MCC

systems, a space vector representation simplifies the analysis of the different con-

straints and possibilities for the modulation of the cycloconverter. Equation (4.1)

describes how the three-phase quantities are transformed into their space vector
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Fig. 4.2 shows that the actual direction of the three line currents defines six different

current sectors. It is also shown that the voltage space vectors corresponding to

the switching states of the cycloconverter (base vectors) form a hexagon, with two

zero voltage vectors in its center, where all the phase legs are connected to the same

DC-link terminal. As illustrated in Fig. 4.2(b), the modulation ratio for SVM is

extended up to 1.15 (= 2/
√

3) in the linear region.

In SVM for conventional VSCs, a modulation interval is always starting with a zero

vector and ending with the opposite zero vector. The switching sequence is chosen

such that the active base vectors are the ones adjacent to the reference voltage vec-

tor. The switching instants are determined such that the vectorial time-average of

the base vectors during the modulation interval corresponds to the reference voltage

vector.

The modulation constraints of an MCC system differ from those of a conventional

VSC in several aspects, see Section 4.1. In order to allow the cycloconverter phase

legs to be naturally commutated, the sign of each phase voltage has to be opposite

to the sign of the corresponding line current after the VSC commutation. This im-

plies that the modulation interval begins with an active voltage vector opposite to

the instantaneous direction of the current vector and ends with the voltage vector of

opposite direction (unless one of the line currents is changing sign). Fig. 4.3 shows

all possible base-vector sequences for the case where the current vector is located

in the first sector. Every cycloconverter phase-leg commutation corresponds to a

transition along one of the segments in the voltage hexagon. The vector sequences

consist of four base vectors. In practice, either the first or last base vector is sup-

pressed (moved to the immediate beginning or end of the modulation interval), such

that a three-vector sequence is obtained. Consequently, voltage vectors of opposing

direction can be avoided during the same modulation interval, which reduces un-

necessary power pulsations.
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first sector.

Suitable SVM methods for MCC systems have been previously described, at first

only for low values of the load angle [43], but then as well for the general case [44].

The latter has been adapted from a modulation method originally developed for

quasi-resonant DC-link converters, which have similar modulation constraints as

MCC systems [45]. The SVM method described in [44] offers a systematic ap-

proach on how to choose the vector sequence for a modulation interval, based on

information about the line currents and the desired reference voltage vector (refer

to Fig. 5.4). The functional principle of this SVM method is illustrated in Fig. 4.4.

The problem is reduced to the case where the current vector is located in the first

sector. Depending on the actual current-direction region k, the reference voltage

vector uref is transformed in such a way that it corresponds to the case where the

current vector would be located in the first sector. At the end of the procedure, the

calculated base vectors are reverse transformated accordingly.

The main task of the SVM method is to identify a suitable vector sequence and

to calculate the duty cycle, i.e., the durations of the calculated base vectors, refer

to Fig. 4.1(c) for an example. The choice of vector sequence depends on where

the transformed reference voltage vector u′

ref
is located. For load angles around

0◦ and 180◦ (regions A, D, E and H in Fig. 4.4), a sequence of two adjacent base

vectors and a zero vector can be used. For load angles around 90◦ and 270◦, the

choice of vector sequence becomes more complex. In the regions B1, C1, F1, and

G1, combinations of two non-adjacent vectors and a zero vector are possible. The

regions B2, C2, F2, and G2, however, can only be reached by a sequence consisting

of three adjacent vectors. Such a choice of vector sequence ensures that the zero
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Figure 4.4: SVM method for choosing the vector sequence during one modulation

interval [VI].

vectors are maximized, which reduces unnecessary internal power pulsations along

with related power losses.

4.4 Quasi-discontinuous pulse width modulation

The SVM method proposed in [44] and introduced in Section 4.3 consistently gen-

erates three-vector sequences with a maximized zero vector. The three-vector se-

quences are obtained as subsets of the basic four-vector sequences by suppressing

one of the base vectors, i.e., one of the cycloconverter phase-leg commutations will

occur either immediately before or after the VSC commutation. The same effect

can be obtained by adding a zero-sequence component uoff to the sinusoidal PWM

reference waveforms. Thereby, one of the reference waveforms will be temporarily

fixed to one of the DC-link terminals, either the upper as in Fig. 4.1(b) or the lower

as in Fig. 4.1(c). Even though the switching of the concerned cycloconverter phase

leg will not cease, in practice it will be effectively clamped to the concerned DC-link

terminal, which explains the name quasi-discontinuous PWM.

The addition of a zero-sequence component to the reference waveforms represents

an important degree of freedom that can be used for many purposes, e.g. harmonic

elimination or extension of the linear modulation region up to 1.15 (= 2/
√

3 as for

SVM). Fig. 4.5 shows different relevant clamping strategies and Table 4.1 gives the

equations for calculating the zero-sequence component uoff from the three voltage

reference waveforms.
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Figure 4.5: Clamped waveform sections for QDPWM: (a) QDPWM1 (clamp at

voltage peaks), (b) QDPWM2 (clamp opposite to voltage peaks), (c)

QDPWM3 (clamp to lower DC-link terminal), (d) QDPWM4 (clamp

to upper DC-link terminal).

Table 4.1: Equations for calculating the zero-sequence component uoff for the

clamping strategies shown in Fig. 4.5.

QDPWM1 (1 − max(|u∗
1|,|u∗

2|,|u∗
3|)) · sign(u∗

1 · u∗
2 · u∗

3)

QDPWM2 −max (1 − max(u∗
1,u

∗
2,u

∗
3),1 + min(u∗

1,u
∗
2,u

∗
3)) · sign(u∗

1 · u∗
2 · u∗

3)

QDPWM3 − (1 + min(u∗
1,u

∗
2,u

∗
3))

QDPWM4 1 − max(u∗
1,u

∗
2,u

∗
3)

According to Holmes and Lipo [46], discontinuous PWM is often the most effective

way to implement digital SVM control. Fig. 4.6 shows which three-vector sequences

that are used in different voltage regions for the four investigated QDPWM meth-

ods, assuming that the current vector is located in the first sector. Those voltage

sectors that use the same optimum vector sequence as SVM are highlighted in grey.

Compared to SVM, clamping the phase with the largest reference magnitude (QD-

PWM1) only results in identical pulse patterns for load angles that are 0◦ and 180◦,

refer to Fig. 4.6. However, Table 4.2 shows that it is possible for all load angles

to choose a suitable QDPWM strategy that produces the same pulse patterns as

SVM.
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Table 4.2: Load angle dependent choice of QDPWM strategy that corresponds

with SVM.

Load angle: QDPWM strategy:

0◦ - 60◦ QDPWM4

60◦ - 120◦ QDPWM2

120◦ - 240◦ QDPWM3

240◦ - 300◦ QDPWM2

300◦ - 360◦ QDPWM4

4.5 Space vector modulation for thyristor-based

cycloconverters

Thyristors are often prefered to other switching devices due to the low conduction

losses at high current levels and due to the unsurpassed robustness and reliability.

In MCC systems it is often possible to utilize thyristors, since the VSC and the

cycloconverter are alternately commutated, which reduces the effective switching

frequency and allows the cycloconverter valves to be naturally commutated. As

a consequence, the cycloconverter valves do not need any turn-off capability and

the IGBTs can be replaced by fast thyristors in order to gain the full benefits of
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MCC systems. In this section, the detailed theory behind SVM for thyristor-based

cycloconverters in MCC systems is described.

4.5.1 Additional modulation constraints and their significance

Utilizing thyristors in the cycloconverter imposes additional constraints on the mod-

ulation strategy in addition to those of conventional MCC systems described in

Section 4.1. Therefore, the proposed modulation strategies in the previous sections

are not suitable and adapted for cycloconverters equipped with thyristors and have

to be modified in order to comply with:

1) Absence of turn-off capability: Thyristors cannot be switched off from the gate.

It is only possible to turn off a thyristor when its anode current tries to go

negative under the influence of the external circuit. Since the cycloconverter

phase legs are naturally commutated, this is normally the case. However, if

one of the line currents changes sign, the conditions for a natural commutation

are no longer fulfilled in the respective cycloconverter phase leg.

2) Thyristor turn-off time: After turning off a thyristor, it must be reverse-biased

for a certain duration (thyristor turn-off time tq) before a positive voltage can

be reapplied. If a thyristor gets forward biased before the turn-off time tq has

elapsed, it may unintentionally be self-triggered, which is often destructive.

The second constraint above is associated with the timing of the commutation

scheme and can be coped with relatively easy. In practice, it implies that the last

base vector in every modulation interval has to be maintained during at least the

time tq in order to prevent the thyristors from accidentally turning on during the

subsequent VSC commutation. This is especially critical for MCC systems where

the power flow is directed from the AC side to the DC side, which signifies that

the commutation instants are located towards the end of the modulation interval.

In order to avoid any problems, a safety margin corresponding to tq should be

kept at the end of the modulation interval during which no cycloconverter phase

leg commutations are allowed. However, since the last base vector will always be

present during the time tq, this has to be balanced by also applying the first base

vector for the same duration (see Fig. 5.12). This reduces somewhat the maximum

possible modulation ratio at the same time as it slightly increases the current ripple.

The absence of turn-off capability appears to be an even greater limitation for the

operation of the cycloconverter, especially when the current vector moves out of

the initial sector during a modulation interval (i.e., one of the line currents changes

sign). If the phase leg commutation appears prior to the current sign reversal, see

Fig. 4.7(a), the subsequent zero current crossing re-establishes the conditions for

another natural commutation of the corresponding cycloconverter phase leg, which

makes an extra re-commutation at the end of the modulation interval possible [VII].
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However, if the current sign reversal appears prior to the phase leg commutation, a

natural commutation of the corresponding phase leg is no longer possible and one

of the directions in the voltage hexagon will be inhibited, see Fig. 4.7(b). Therefore,

the desired base vector sequence is no longer possible. From the two possible vector

sequences, refer to Fig. 4.7(b), the latter (b2) is the most attractive with regard

to the given voltage reference vector, even if it cannot provide the desired pulse

pattern during the actual modulation interval. However, both vector sequences in

Fig. 4.7(b) have the advantage that an additional phase leg commutation at the

end of the modulation interval can be avoided.

4.5.2 Current-clamping control strategy

In order to ensure that the cycloconverter can be commutated satisfactorily despite

the limited controllability of the thyristor valves, a new modulation strategy is

required whenever one of the line currents approaches zero. Previously proposed

solutions, such as the dead-time control strategy [47], where the gate pulses to the

thyristors are simply stopped for a constant time period if the output current is

lower than a certain threshold value, are not suitable in the considered application

[VII]. The proposed current-clamping control strategy is instead stopping the gate

pulses in the phase leg where the current is close to zero for a controlled time

period during every modulation interval [V].

The current-clamping control strategy determines the initial base vector sequence

and the commutation instants according to the SVM strategy shown in Fig. 4.4.

Then, a current predictor determines the trajectory of the current vector for the

calculated base vector sequence, in order to predict in advance if and exactly when

the current vector will leave the initial sector. In case of an imminent change of

current sector, there is enough time to alter the base vector sequence accordingly

(refer to Fig. 5.12).
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If the current trajectory is only temporarily leaving the initial current sector during a

modulation interval as for instance in Fig. 4.8(a), a zero current transition should be

avoided. This is done by not gating on the anti-parallel thyristor in the conducting

valve of the corresponding phase leg. This implies that the line current through

the initially conducting device is turned off once it gets zero and the phase outlet is

getting isolated from the DC-link terminals. By correctly choosing the commutation

instant of the corresponding phase leg, it is still possible to provide the desired

reference voltage during this modulation interval. In the example in Fig. 4.8(a),

which is the most common and basic case, the commutation of the second phase

leg (c2) is delayed to the instant when the current would originally have re-entered

the initial current sector.

Fig. 4.8(b,c) shows two different examples where the current vector is actually

required to change into a neighboring current sector. In this case it is not possible

to maintain the desired voltage sequence in a conventional manner due to the fact

that the phase leg in which the current is changing sign can either not at all be

commutated or not at the desired instant. The proposed current-clamping control

strategy compensates this drawback by controlling the dead-time during which the

corresponding line current is kept to zero. Once the anti-parallel thyristor to the

previously conducting thyristor in the same cycloconverter valve is gated on, the

current will start flowing into the new current sector. In this way the control over

the phase leg in which the current is changing sign can be regained. Therefore, it

is possible to provide the desired reference voltage during every single modulation
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interval. The example in Fig. 4.8(c) differs from the case in Fig. 4.8(b) in the way

that a commutation takes place in another phase leg while the current is clamped.

Fig. 4.8 shows also the voltage vector sequences, which now contain voltage vectors

during the current clamping that differ from the eight base vectors. Therefore, it is

not trivial to determine the exact timing for the phase leg commutations and the

release of the current clamping. The switching instants have to be determined prior

to the start of the modulation interval by means of a current predictor.

4.6 Conclusions

In this chapter, different modulation strategies for MCC systems have been dis-

cussed, such as PWM, SVM, and QDPWM. It has been shown that it is always

possible to choose a suitable QDPWM strategy that produces the same pulse pat-

terns as SVM. In addition, a current-clamping control strategy has been proposed

that allows to replace the IGBTs in the cycloconverter with thyristors. Despite the

reduced controllability of thyristors, the current-clamping control strategy can pro-

vide the desired reference voltage during every single modulation interval. Table 4.3

provides some references about different modulation strategies, primarily regarding

MCC systems.

All discussed modulation strategies in this chapter have the drawback that they just

consider a single modulation period. Due to the characteristics of MCC systems, the

type of pulses has to be altered twice every fundamental period. This implies that

the moving average of the phase voltage diverges from its reference value during the

zero current crossing, even though the average phase voltage is correct both during

the precedent and the subsequent modulation period. As a consequence, the line

current gets distorted during the zero current crossing, which results in low-order

harmonics. The proposed current-clamping control strategy further deteriorates the

harmonic properties [13] by clamping the current before its zero crossing.

It should be investigated if a trajectory tracking approach, which would either con-

trol the current trajectory [48] or the stator flux trajectory [49] could mitigate the

current distortion during zero current crossings.
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Table 4.3: Further reading.

SPWM

[31] (p. 200ff.) General textbook description.

[40, 41] Original references.

[11, 12, 24, 42]
Application to MCC systems.

[I,IV,IX,X]

[44] Evaluation of output voltage harmonic distortion and RMS

transformer current.

QDPWM

[46] (p. 299ff.) General textbook description.

[44] Evaluation of output voltage harmonic distortion and RMS

transformer current (QDPWM1).

SVM

[46] (p. 24 ff.) General textbook description.

[43, 44] Original references of SVM for MCC systems.

[44] Evaluation of output voltage harmonic distortion and RMS

transformer current.

[VI] Experimental implementation and measurement results.

SVM with current-clamping control strategy

[V] Original description and simulation results.

[13] Evaluation of output voltage harmonic distortion and cas-

caded MCC systems.

[VII] Experimental implementation and measurement results.
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5 Experimental activities

The practical implementation of the different modulation methods for MCC systems

presented in Chapter 4 was an important part of this project. The experimental

activities have been focusing on a first converter system with an IGBT-based cy-

cloconverter (Prototype I) and a second converter system with a thyristor-based

cycloconverter (Prototype II). In this chapter, the two prototype converter systems,

their control hardware, and the implementation of the SVM and current-clamping

control strategy are described in detail. Finally, the most important experimental

results are presented and evaluated.

5.1 Prototype I with IGBT-based cycloconverter

Dr. Staffan Norrga designed and built up Prototype I, see Fig. 5.1. A detailed

description of the main circuit, the gate drive units, and the control system of

Prototype I can be found in [12, 24]. These two references also provide measured

characteristic voltage and current waveforms, as well as overall system efficiency

and harmonic spectrum measurements under different operating conditions using

SPWM. In this section, Prototype I is briefly introduced before focusing on work

done during this project, i.e., the implementation and evaluation of SVM.

The rated power of Prototype I is approximately 40 kVA and it operates with a

DC-link voltage of 600V. The operating frequency of the MF transformer is 6 kHz.

Further relevant prototype parameters can be found in Table 5.1. In the experimen-

MF transformer

Cycloconverter

VSC with snubber capacitors

DC-link

capacitors

Figure 5.1: Photograph of Prototype I.
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DC generator                                   Medium-frequency                                                                      Resistive

(600 V, 90 A)                                         transformer                                                                                load

G

Snubbered VSC                                            Cycloconverter              LC filter

V

V

V

A

A

A

Yokogawa WT3000 power analyzer

Figure 5.2: Schematic of Prototype I, setup for efficiency measurements.

Table 5.1: Parameters of Prototype I.

Rated power 40 kVA

DC-link voltage 600V

DC-link capacitance 2.9mF

VSC snubber capacitance, per valve 0.1µF

Transformer operating frequency 6 kHz

Transformer turns ratio 1:1

Transformer leakage inductance 2.3µH

Cycloconverter RC-snubbers 50Ω / 15 nF

AC-side filter inductors 1.2mH

AC-side filter capacitors (Y-connected) 33µF

tal setup, the VSC was connected to a DC generator and the cycloconverter to a

variable resistive load, via an LC-filter, see Fig. 5.2. The inductive filter on the AC

side allows to control the power flow, which was directed from the DC to the AC

side. It should be mentioned that the cycloconverter valves are equipped with small

RC-snubbers for overvoltage protection during diode reverse recovery. More details

about the implementation of the cycloconverter and VSC valves as well as the MF

transformer can be found in [IX, X]. Since the control system for Prototype I is the

same as for Prototype II, a short summary is presented below.
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PC DSP FPGA

ADC

Gate Drive

Units

JTAG (for programming)

RS232

IRQ

32

FB_
ER_
C_

Figure 5.3: Control hardware overview.

5.1.1 Control system

The digital control functions in the system are shared between a digital signal pro-

cessor (DSP) which performs computational tasks and a field-programmable gate

array (FPGA) which handles logic functions that have to be executed with low la-

tency [24]. These two devices are coupled by the external bus of the 32-bit floating-

point DSP, see Fig. 5.3.

The DSP (Analog Devices 21065L) is basically a processor that sequentially ex-

ecutes programming code, which makes it useful for computational tasks. Once

every commutation cycle, initiated by an interrupt from the FPGA, it computes

the switching instants for the following commutation cycle and evaluates the ana-

logue inputs. These analogue inputs are the three line currents and the DC-link

voltage, which are measured by Hall-element based voltage and current sensors,

whose outputs are sampled by A/D converters (ADC) that can be accessed from

the DSP bus. The DSP monitors possible over- and undervoltages on the DC side

and overcurrents on the AC side, in order to protect the prototype converter. The

DSP also handles the communication with a PC via an RS232 link, see Fig. 5.3.

The FPGA (Xilinx Virtex XCV200) is a programmable logic circuit, which holds

most of the key control functions in the system, such as the timing and control

of the commutation processes [12]. A description of the FPGA development and

debugging environment can be found in [24]. The control algorithms are basically

realized with a set of coupled finite state machines embedded in the FPGA. Since

the commutation instants of the cycloconverter phase legs depend on the respec-

tive current sign, the current sensors are also directly connected to the FPGA via

fast comparators, in order to create digital signals with low latency indicating the

direction of the line currents. In addition, the commutations of the VSC and the

cycloconverter (digital signals ’C ’) must be precisely coordinated. Therefore, it is

desirable to be able to rapidly detect the switching states of the converter valves.

This is realized by feeding information about the voltage across each converter valve

back to the FPGA (digital signals ’FB ’). The gate drive units are also designed

to detect fault conditions from both the VSC and cycloconverter valves (digital

signals ’ER ’). Whenever a fault condition appears, the prototype converter is

immediately shut down by turning off all VSC valves and short-circuiting all cyclo-

converter valves [24].
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A more detailed description as well as a functional overview of the control system

can be found in [24]. It should also be mentioned that no closed-loop control was im-

plemented. Instead, the DSP was directly generating sinusoidal voltage references

with the desired frequency and magnitude.

5.1.2 Implementation of space vector modulation

One of the objectives of this project was to practically implement SVM in Proto-

type I. This implementation is described in detail in [VI] and is a prerequisite for the

implementation of the current-clamping control strategy described in Section 5.2.3.

The software implementation of the SVM method shown in Fig. 4.4 mainly differs

from previously described carrier-based modulation methods in how the switching

instants for the three cycloconverter phase legs are calculated in the DSP.

Fig. 5.4 shows a time diagram over two consecutive commutation cycles in order

to clarify the implementation of SVM. Once every commutation cycle, the FPGA

alerts the DSP via an interrupt (’IRQ’) to calculate a new set of control signals

and timing intervals. However, since the current sector at the beginning of the

next commutation cycle is still unknown, the cycloconverter phase leg switching

instants are calculated for all six possibilities, see Fig. 5.4. After the sampling of

the current directions at the beginning of the commutation cycle, the FPGA decides

which switching instants that should be used. In case that a line current changes

sign prior to the commutation of the respective phase leg, the conditions for a soft

commutation are no longer given. However, the resulting hard switching is not

critical, neither in terms of losses nor in terms of stress on the valve, since such a

commutation occurs at a very low current magnitude and at most a few times per

fundamental cycle.

Another characteristic of modulation methods suitable for MCC systems is the ne-

cessity of establishing soft-switching conditions at the end of each commutation

cycle. For example, a sign reversal of one of the line currents implies that the con-

dition for the respective phase leg is no longer fulfilled. A power reversal check of

all cycloconverter phase legs at the end of the commutation cycle ensures that soft-

switching conditions are re-established if necessary. During the time interval tprc,

additional cycloconverter phase leg commutations (under soft-switching conditions)

are still possible.

5.1.3 Measurement results

During this project, various measurements have been performed on Prototype I,

both under operation with SPWM [VI,IX,X] and SVM [VI]. These measurements

comprise voltage and current waveforms, frequency spectrum, transformer current,
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tcyc = 83.3 µs = 5500 FPGA clk cycles

(FPGA clk frequency: 66 MHz,

Switching frequency: 6 kHz)

tcyc

∆tvsc < 3 µstsmpdel = ∆tvsc + 0.5 tprc
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Figure 5.4: Implementation of SVM in Prototype I : Time diagram over two con-

secutive commutation cycles [VI].

Table 5.2: Measurement equipment.

Measurement: Equipment:

Voltage waveform Tektronix P5200 high-voltage differential probe

Current waveform
PEM CWT6R Rogowski current waveform

transducer

Harmonic spectrum HP 3562A signal analyzer

Efficiency, power loss Yokogawa WT3000 power analyzer

Oscilloscope Agilent MSO6034A

Capacitance, inductance
WK TMPRO 4230 LCR meter

and resistance

power loss, and system efficiency. For example, the experimental setup for system

efficiency measurements is illustrated in Fig. 5.2, with a Yokogawa WT3000 power

analyzer connected to the input and output of Prototype I. The measurement equip-

ment used during this project can be found in Table 5.2. Since all measurement

results have been published and discussed in the references given above, only the

most relevant results are included in this section.

With a modulation ratio of 0.96 and an active power output of 44 kW, a maximum

total system efficieny of 93.2% was measured [VI]. Fig. 5.5 shows the system effi-

ciency as a function of the output line-to-line voltage. It can be noticed that SVM

has a superior performance compared to SPWM especially at low-voltage conditions.

Once the transformer current is sufficient to allow for non-resonant VSC commuta-

tions (for details about resonant VSC commutation, refer to [24]), the power losses

are somewhat reduced, which shows in a slight step in system efficiency.
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Figure 5.5: Measured total system efficiency of Prototype I as a function of the

line-to-line voltage (with constant load resistance).

Fig. 5.6 shows a comparison of the RMS transformer current using either SPWM or

SVM. The analytically calculated transformer currents show good agreement with

the measurements, especially at high output voltages with non-resonant VSC com-

mutations. The resonant current necessary for the VSC commuation at low load

was not considered in the analytical calculations, which explains that the trans-

former current is somewhat underestimated for both SPWM and SVM at low out-

put voltages. Comparing SVM with SPWM, the transformer current is considerably

reduced at low output voltages due to the fact that SVM inherently maximizes the

zero voltage vectors, during which no transformer current can flow. For higher

output voltages, however, the transformer current converges for SVM and SPWM.

This is due to the fact that the pulse patterns for SPWM and SVM are looking

more and more alike at higher modulation ratios, where the zero voltage vectors

are limited or entirely impossible.

5.2 Prototype II with thyristor-based cycloconverter

In order to experimentally verify the practical feasibility of an MCC system without

cycloconverter turn-off capability, the 20 kVA Prototype II has been designed and

manufactured, see Fig. 5.7. Compared to Prototype I, the IGBTs in the cyclocon-

verter have been replaced with fast thyristors, see Fig. 5.8. This made a redesign of

the cycloconverter main circuit and gate drive unit necessary, refer to Section 5.2.1.

The MF transformer has also been replaced with a transformer adapted for the

lower power rating and the 500Hz operating frequency of Prototype II, refer to Sec-

tion 5.2.2. All relevant parameters of Prototype II can be found in Table 5.3.
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Figure 5.6: Measured and analytically calculated transformer current of Proto-

type I as a function of the line-to-line voltage (with constant load
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Table 5.3: Parameters of Prototype II.

Rated power 20 kVA

DC-link voltage Ud 600V

DC-link capacitance 2.9mF

VSC snubber capacitance, per valve 0.22µF

Transformer operating frequency 500Hz

Transformer turns ratio 2:3

Transformer leakage inductance 179µH

Transformer magnetizing inductance 60mH

Cycloconverter RC-snubbers 25Ω / 0.1µF

AC-side filter inductors 24.4mH

The VSC in Prototype II is the same as in Prototype I. Its design has been described

in detail in [12, 24]. The VSC valves are implemented with standard IGBT mod-

ules BSM150GB120DLC from Eupec [50], designed for hard-switching applications.

These IGBT modules, which are optimised for a low on-state voltage drop, have a

blocking voltage of 1200V and a rated current of 150A. The modules are internally

connected in a phase leg configuration and two modules are required for an H-bridge

VSC. The 0.22µF snubber capacitors of polypropylene type can be directly screwed

onto the IGBT module terminals. Ten parallel-connected dry-film capacitors form

the DC-link capacitance of 2.9mF. A low-inductive connection between the IGBT

modules and the DC-link capacitors is realized by a simple busbar consisting of two

copper plates with a Mylar sheet in-between for insulation.
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MF transformer

Cycloconverter
VSC with snubber

capacitors

Figure 5.7: Photograph of Prototype II.

DC generator                                   Medium-frequency                                                                      Resistive
(600 V, 90 A)                                         transformer                                                                                load

G

Snubbered VSC                                            Cycloconverter                   LC filter

Figure 5.8: Schematic of Prototype II.

62



5.2 Prototype II with thyristor-based cycloconverter

One cycloconverter phase leg:

Snubber resistor
Snubber capacitor
Thyristor module SKKT 20/16E

Fan

Heat sink

Gate drive signals

Phase outlets

Figure 5.9: Main circuit of the thyristor-based cycloconverter.

5.2.1 Cycloconverter implementation

The cycloconverter, which is rated at approximately 20 kVA, is equipped with

Semikron SKKT 20/16E dual thyristor modules [51]. These thyristor modules are

rated for 1600V repetitive peak reverse voltage and 40A on-state current. Their

specified turn-off time tq is 80µs. The thyristors are connected in such a way that

one thyristor module forms a bidirectional valve, see Fig. 5.9. The cycloconverter

valves are interconnected by cables, directly screwed onto the thyristor module

terminals. No low-inductive connections are necessary, since the cycloconverter is

anyway inductively coupled both on the input and output side.

The phenomenon of reverse current during the thyristor turn-off is well known. In

this state, the thyristor has still a high amount of charge remaining and is able to

conduct current in the reverse direction. Once the excess carriers in the thyristor no

longer sustain the growing reverse current, it will start to fall towards zero, which

results in an overvoltage due to the circuit inductance. This overvoltage has to be

limited to an acceptable level with adequate RC-snubbers across the cycloconverter

valves, see Fig. 5.9. References such as [31, 52–54] contain different considerations

regarding the overvoltage limitation and the snubber circuit dimensioning. How-

ever, since the design of the thyristor snubber circuit depends on the operating

conditions (junction temperature, commutation inductance, commutation voltage

and current derivative during the turn-off) and on the thyristor component itself

(waveform of the reverse recovery current and recovered charge) [53], measurements

in a single-pulse test circuit have been performed in order to determine the opti-

mum snubber parameters. Different thyristor snubber circuits and their capability

to limit the overvoltage during thyristor turn-off have been evaluated. Finally, a

snubber resistance of 25Ω and a snubber capacitance of 0.1µF was chosen. The

snubber losses are independent of the snubber resistance, which can be chosen freely

in order to limit the overvoltage. The choice of the snubber capacitance should be
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Voltage detection

Pulse generation and gate drive circuit

Auxiliaries: Connectors, optocouplers and power supply

Pulse transformer

Figure 5.10: Gate drive unit for the thyristor-based cycloconverter.

large enough to avoid extensive overvoltages and small enough to limit the snub-

ber losses. An RC-snubber is not ideal with respect to the snubber losses, since

the snubber capacitor energy is fully dissipated in the snubber resistor during each

commutation. Therefore, the mechanical design of the cycloconverter should en-

sure efficient cooling of the snubber resistor by direct contact with a heat sink, see

Fig. 5.9. The arrangement should also be chosen in a way to limit unnecessary

inductances in the cabling between the snubber circuits and the thyristors.

The main purpose of a gate drive unit for thyristors is to provide a gate current

of the right amplitude and right duration at the right time. The gate drive unit

for the cycloconverter in Prototype II shown in Fig. 5.10 was built up according

to recommendations in [31, 55]. Since the thyristor is a current-controlled bipolar

semiconductor, the gate drive unit is primarily a controlled current source. It is im-

plemented as a pulse amplifier where the pulse signal turns on a MOSFET, which

supplies an amplified gate current pulse to the thyristor through a pulse trans-

former [31]. In order to provide the desired current pulse shape to the thyristor

gate, the pulse signal generation was implemented with an astable multivibrator.

The first gate pulse should be large and long enough to reliably fire the thyristor, but

not so long that it saturates the pulse transformer. Once triggered on, a thyristor

continues to conduct even without any gate current. However, if the anode current

falls below the holding current, a back-porch gate current is required to keep the
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Figure 5.11: No-load impedance and winding resistance of the 500Hz MF trans-

former in Prototype II.

thyristor in the on-state, which can be provided by picket fence current pulses [55].

These back-porch current pulses must be long enough to ensure that the thyristor

is able to trigger at any time, at the same time as the repetition rate should be

low enough to let the pulse transformer demagnetize between pulses. In addition to

the gate drive function, circuitry for voltage detection and feedback of the switch-

ing state of the cycloconverter valves was integrated on the printed circuit board,

see Fig. 5.10. The circuitry based on an RC voltage divider followed by a rapid

comparator is described in [12]. It provides the control system with a digital signal

telling whether the anode-cathode voltage is below or above a certain predefined

level. This signal is used for determining when a commutation is finished.

5.2.2 Medium-frequency transformer implementation

The MF transformer design is adapted from a conventional 50Hz sine-wave SLDC10

transformer from the manufacturer AQ Trafo AB [56], but with oriented steel sheets

in order to reduce the no-load losses. The transformer windings are manufactured

with regard to low leakage inductance, which is motivated by the demand for fast

cycloconverter commutations. The flux density (down to 0.3T) and the number of

winding turns has also been adjusted in order to account for the increased operating

frequency and the square-wave voltage that the transformer is exposed to. The

characteristics of the transformer were measured with an LCR-meter and are shown

in Fig. 5.11. The no-load impedance curve shows a parallel resonance between

the winding capacitance and the magnetizing inductance around 18 kHz, which is

confirmed by the measurement of the magnetizing inductance, which is in the range

of 60mH, see Table 5.3. Fig. 5.11 shows also the measured winding resistance at

different frequencies. With increasing frequency, the winding resistance becomes

more frequency dependent due to the skin and proximity effect.
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Figure 5.12: Implementation of current-clamping control strategy in Prototype II :

Time diagram over two consecutive commutation cycles [VII].

5.2.3 Implementation of the current-clamping control strategy

The current-clamping control strategy proposed in Section 4.5 returns the control

over the phase leg in which the current is changing sign by controlling the instant

when the current clamping is released. However, such a control strategy is difficult

to implement as it requires an accurate prediction of the current trajectory as well

as the voltage vector during the current clamping [VII]. Fig 5.12 shows graphically

how the current-clamping control strategy could be implemented in Prototype II.

At the beginning of a commutation cycle, the following information is available: The

actual current vector i(x), the phase leg commutation instants tacc1, tacc2, tacc3(x)

for the actual commutation cycle, and the reference voltage vector uref (x+1) for

the next commutation cycle. With the help of a load model embedded in the DSP,

the current trajectory for the actual commutation cycle can be predicted, and thus

the current sector k(x+1) at the beginning of the next commutation cycle. This is

a prerequisite in order to calculate the preliminary phase leg commutation instants

t′acc1, t
′
acc2, t

′
acc3(x+1) with the standard SVM method [V]. With the help of the

load model, the current vector trajectory during the next commutation cycle can

be determined for the preliminary base vector sequence. In case of an imminent

change of current sector, the base vector sequence can be altered according to the

current-clamping control strategy, either to prevent a temporary current transition

or to enhance a permanent current transition. In such a way, the modified switching

instants for the cycloconverter phase leg commutations tacc1, tacc2, tacc3(x+1) are

calculated prior to the start of the commutation cycle. For more details about the

implementation of the current-clamping control strategy, refer to [VII].
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Figure 5.13: Measured waveforms from Prototype II operating at 20% of rated

load: (a) Line-to-line voltages, (b) Line currents.

5.2.4 Measurement results

This section presents and discusses measurement results from Prototype II. The

measurements have been done at 20% of rated load, i.e., at an output power of

approximately 4 kVA. The presented results are preliminary, the current-clamping

control strategy discussed above has not yet been implemented. Instead, a very

rudimentary control strategy has been used, where either a current-sign reversal or

a normal phase leg commutation is allowed during a commutation cycle. Therefore,

the measurements should be considered as a first step towards the implementa-

tion of more advanced control strategies, showing the feasibility of a cycloconverter

without turn-off capability in an MCC system. The measurements presented below

indicate that only a software refinement remains to be done.

Fig. 5.13(a) shows the measured line-to-line output voltages. The relatively high

voltage ripple is mainly due to the low switching frequency, but also due to the fact

that the desired reference voltage vector could not be provided whenever one of the

line currents was changing sign (due to the fact that the corresponding phase leg

was not at all commutated). Fig. 5.13(b) shows the three line currents. A closer

observation of the zero current crossings reveals some irregularities. Indeed, some-

times the same line current is changing sign under three consecutive commutation

cycles, which is highly undesirable. This causes unnecessary distortion in the output

voltage and confirms that a more advanced control strategy is necessary. Additional

measurement results from Prototype II can be found in [VII].

The experimental results from Prototype II indicate that it is feasible to replace

the IGBTs with fast thyristors in the cycloconverter of an MCC system. A cyclo-

converter without turn-off capability can be operated even with a very rudimentary

control strategy. However, since there were some occasional commutation failures,

an appropriate control strategy must ensure the proper turn-off of the thyristors

in order to avoid accidental short-circuits. This is particularly important whenever
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one of the line currents changes sign, which means that both anti-parallel thyristors

in a valve had been turned on during the same commutation cycle.

5.3 Conclusions

The experimental activities covered the practical implementation of different modu-

lation methods in a prototype converter system with an IGBT-based cycloconverter

(refer to [VI]) and a second prototype converter system with a thyristor-based cy-

cloconverter (refer to [VII]). Measurement results verified that both SVM for MCC

systems and MCC systems without turn-off capability in the cycloconverter valves

are practically feasible. However, only the proposed current-clamping control strat-

egy is expected to be able to ensure a proper thyristor turn-off and at the same time

provide the desired voltage output. Therefore, the practical implementation of the

current-clamping control strategy is an obvious future activity, see Section 6.2.

The experimental activities have consciously been kept very general, thus not ac-

counting for the special requirements of an MCC system in an offshore wind farm.

This implies that aspects such as the distributed collection grid, the parallel op-

eration of multiple cycloconverter sub-systems, etc. have not been considered. To

integrate these aspects into the prototype converter systems is an important future

activity, see Section 6.2.
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This chapter presents the conclusions of this thesis and suggests future work.

6.1 Conclusions

In this thesis, a mutually commutated soft-switching converter system is investi-

gated, which provides a unique integrated solution for the wind turbine genera-

tor drive systems, the wind turbine interconnection, and the power conversion for

HVDC transmission. This project has been focusing on finding solutions that en-

able an application of the MCC system in a wind farm.

Regarding the converter system itself, different carrier-based and space-vector ori-

ented methods suitable for the modulation of the output voltages have been investi-

gated. An analogy between space vector modulation and quasi-discontinuous pulse

width modulation has been established, which works for any load angle. In addi-

tion, a modulation strategy for thyristor-based cycloconverters has been developed,

which can provide the desired output voltage during every single commutation cycle

despite the lack of turn-off capability of the thyristors. The feasibility of different

modulation strategies for MCC systems has been verified on a down-scaled 40 kVA

prototype converter system with both IGBT- and thyristor-based cycloconverters.

Regarding the application of an MCC system in a wind farm, different system as-

pects have been investigated. Special attention is paid to the design of the MF

collection grid, including the magnetical, electrical, and thermal design of the MF

distribution and transmission transformers. In order to limit transient overvoltages

on the collection grid, which are caused by interference between system resonances

and low-order voltage harmonics, the voltage slope during the VSC commutation

should be kept within a certain limit depending on the layout of the collection grid.

A possible solution is the use of thyristor-controlled snubber capacitors, which can

control the duration of the VSC commutation independent of the actual power gen-

eration. At the same time, thyristor-controlled snubber capacitors solve the problem

with the VSC commutation during low power generation.

In this thesis, it is shown that both the conversion losses and the initial costs in a

wind farm based on an MCC system may considerably be decreased, thus reducing

the energy generation costs. However, design proposals of feasible wind farm layouts
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Converter station 1 Converter station 2

HVDC grid

Figure 6.1: Proposal of a modular approach of a scalable wind farm layout.

for large wind farms show that some of the advantages of the mutual commutation

are countervailed by disadvantages of a distributed collection grid. Therefore, larger

wind farms should favorably be divided into smaller sections, each with an offshore

converter platform that is connected to an HVDC grid, refer to Fig. 6.1. Such a

solution would not only significantly reduce the size of the collection grids and the

associated problems with transient overvoltages, but also somewhat reduce the col-

lection grid losses due to the higher voltage level on the DC grid. In addition, such

a modular approach would increase the reliability and allow to scale a wind farm

ad libitum.

6.2 Future work

During the progess of work, several suggestions for future work have come up:

Implementation of current-clamping control strategy: The feasibility of a MCC

system with a cycloconverter equipped with thyristors has been experimen-

tally verified [VII]. The current-clamping control strategy, which is an original

contribution proposed in [V], seems to have superior properties regarding the

maximum possible modulation ratio as well as the harmonic distortion in

the output voltage. Therefore, the practical implementation of the current-

clamping control strategy is an obvious future activity.

The main challenge regarding the implementation of the current-clamping

control strategy is the requirement for accurate current measurement and

current prediction. In order to be able to precisely predict the current vec-

tor trajectory for the two subsequent commutation cycles, an accurate wind

turbine generator model is necessary. In practice, oversampling the current

measurement could increase the accuracy of the current prediction and reduce

the computational time of the DSP.

Experimental setup: The prototype converter could be extended by a second sub-

system (MF transformer and cycloconverter), representing a second wind tur-

bine connected to the collection grid. Such an arrangement would enable

investigations about the interaction between different subsystems and reveal

possible problems.
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Another improvement of the experimental setup would be to replace the re-

sistive load by a squirrel-cage induction generator driven by a motor. This

would not only change the direction of power flow as it is the case in a real

wind farm, but also allow the verification of the wind turbine generator model

in the current predictor of the current-clamping control strategy.

Filter design: In order to limit transient overvoltages and damp voltage ringing on

the MF collection grid, an input filter could be installed in every wind turbine.

Such a filter should have a characteristic that is resistive at high frequencies

and capacitive at low frequencies. A possible solution could be a second order

shunt filter, which fulfills the filtering requirements independent of the cable

length [57].

Depending on the modulation method of the cycloconverter, the harmonic

distortion in the output voltage causes additional losses in the wind turbine

generator. Therefore, it should be investigated to what extent a cycloconverter

output filter could reduce these harmonic losses. The required ratings of the

elements of such a filter must also be determined in order to predict the

additional cost for the filter.

Failure conditions: Different failures can disrupt the operation of a wind farm:

Trip, fault or overspeed of a wind turbine generator, converter commutation

faults, cable faults, transformer faults, short circuits, etc. Nevertheless, the

control and protection system of a wind farm is required to comply with

current network connection regulations, such as fault ride-through and black-

start capability requirements. Even though the proposed topology does not

differ significantly from conventional VSC-based HVDC transmission systems,

it should be investigated how exactly different failure conditions could be

handled best.

A natural first step towards the implementation of the proposed topology would be

to focus on a compact MCC system as shown in Fig. 2.6. Without affecting the

surrounding system, this would permit to simply replace the three-phase VSC and

line-frequency transformer in a conventional converter station with a single-phase

VSC, an MF transformer, and a cycloconverter. However, the overall advantages

of a compact MCC system should first be investigated in order to justify such an

approach.
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ABB Asea Brown Boveri
AC Alternating Current
ADC Analog-to-Digital Converter
AEP Annual Energy Production
ASG Adjustable Speed Generator
B2B Back-to-back VSC
DC Direct Current
DFIG Doubly-Fed Induction Generator
DSP Digital Signal Processor
FPGA Field-Programmable Gate Array
FSM Finite State Machine
HV AC High-Voltage Alternating Current
HV DC High-Voltage Direct Current
IEC International Electrotechnical Commission
IGBT Insulated Gate Bipolar Transistor
KTH Kungliga Tekniska Högskolan (Royal Institute of Technology)
LCC Line-Commutated Converter
MCC Mutually Commutated Converter
MF Medium-Frequency
M2LC Modular MultiLevel Converter
PC Personal Computer
PSCAD Power Systems Computer Aided Design
PWM Pulse Width Modulation
QDPWM Quasi-Discontinuous Pulse Width Modulation
RMS Root Mean Square
SPWM Sinusoidal Pulse Width Modulation
STATCOM STATic COMpensator
SV C Static VAr Compensator
SV M Space Vector Modulation
THD Total Harmonic Distortion
TSO Transmission System Operator
V SC Voltage Source Converter
XLPE Cross-linked Polyethylene
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