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Abstract

Offshore wind farms have recently emerged as promising renewable energy

sources. For increasing distances between offshore generation and onshore

distribution grid, HVDC transmission systems based on voltage source con-

verters can be a feasible and competitive solution. This thesis presents a

comprehensive evaluation of a novel integrated wind farm topology that

includes the generator drive system, the turbine interconnection and the

HVDC transmission.

In the proposed concept, every wind turbine is connected to a single-phase

medium-frequency collection grid via a distribution transformer and a cyclo-

converter, which allows the wind turbines to operate at variable speed. The

collection grid is connected to an HVDC cable via a transmission transformer

and a single-phase voltage source converter. This thesis evaluates in detail

the principle of operation, which is also verified with system simulations in

PSCAD.

The proposed concept promises several potential benefits. Converter switch-

ing losses and stress on the semiconductors for example can be considerably

reduced by applying a soft-switched commutation scheme in all points of

operation. Single-phase medium-frequency transformers have comparably

low losses and their compact size and low weight implies an important ben-

efit in an offshore environment. In addition, the voltage source converter is

considerably simplified by the reduction to one phase leg, which implies a

substantial cost saving.
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Several technical challenges are identified and critically evaluated in order to

guarantee the feasibility of the proposed concept. Especially the design of the

medium-frequency collection grid is crucial as unwanted system resonances

can cause dangerous overvoltages. Most of the technical challenges concern

the specific characteristics of the proposed concept. The insulation of the

single-phase medium-frequency transformers for example needs to withstand

the high voltage derivatives. This thesis contains also considerations regard-

ing the dimensioning and optimization of different system components.

A survey of different transmission systems for the grid connection of wind

farms shows the potential of the proposed concept, which addresses several

problems associated with electrical systems of wind farms. Both the require-

ments for variable-speed operation of the wind turbines and an interface for

HVDC transmission are fulfilled in a cost-effective way. Compared to con-

ventional voltage source converter based HVDC transmission systems, the

initial costs are reduced and the expected annual energy production is in-

creased. In addition, the proposed voltage source converter based HVDC

transmission system can fully comply with recent requirements regarding

the grid connection of wind farms.
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Preface

This licenciate work was performed at the department of electrical engineer-

ing, division of electrical machines and power electronics, between March

2003 and November 2005. The main focus was to show the feasibility of the

proposed voltage source converter (VSC) based high voltage direct current

(HVDC) transmission system for the grid connection of large offshore wind

farms. A comparison with other relevant transmission systems regarding

the semiconductor ratings and the total system losses reveals the potential

of the proposed transmission solution. The research presented in this thesis

has been conducted by the author, if not stated differently.

The main original contributions of this thesis can be summarized as follows:

• The losses and semiconductor ratings were analytically determined

for different converter topologies, such as conventional VSCs with a

rating of several hundred megawatt, back-to-back VSCs up to a couple

of megawatt (either full-scale converters or the frequency converters

in doubly-fed induction generators (DFIG)) as well as the cyclocon-

verters and single-phase VSCs of the proposed transmission system [1].

• A comprehensive benchmark of the estimated annual energy produc-

tion of a 200 MW wind farm with different transmission solutions

was carried out. The influence of the transmission distance and

the average wind speed on the total system losses allows important

conclusions to be drawn for future wind farm projects [2].
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• The single-phase collection grid within the wind farm will operate

with a square-wave voltage at a frequency well beyond the normal

grid frequency. The influence of the distributed cable and transformer

reactances on the power transmission capability as well as possible

resonances in the medium frequency (MF) collection grid are the

most critical issues regarding the feasibility of the proposed system.

The implications of these aspects are described in detail in Section 4.1.

The idea of applying the proposed topology for the interconnection of tur-

bines within a wind farm originates from Dr. S. Norrga [3]. The design con-

siderations for the single-phase MF transformers in Section 4.2 are inspired

by the work of M.Sc. T. Kjellqvist [4].
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Hailian Xie for interesting discussions.

I would especially like to thank Olle Brännvall and Jan Timmerman for run-

ning the laboratory, Eva Pettersson for the smooth administration, Peter

v
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1 Introduction

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

in different conferences, thus showing the evolution of the project. It also

includes a comprehensive introduction for different transmission and gener-

ation solutions for large wind farms, focusing on the proposed VSC based

HVDC transmission system. Previously unpublished research results regard-

ing the feasibility of the proposed topology conclude this thesis.

This chapter provides the background and objectives of this project. The list

of scientific papers that were published and the outline of the thesis present

a guidance through the content of this licenciate thesis.

1.1 Background

Over the past five years, the global wind power capacity has expanded

strongly at an average cumulative rate of 32 % [5]. This trend will hardly

change with regard to the ambition of the European Wind Energy Associa-

tion (EWEA) and Greenpeace among others to achieve 12 % of the wordwide

energy production from wind power by 2020. The “Wind Force 12” report

[5] demonstrates that there are no technical, economic or resource barriers to

reach this ambitious aim. Such a rapid development is made possible by the

emergence of larger and more efficient wind turbines. At the same time, the

applied technologies in wind power generation and grid connection are still

emerging, which offers good chances for the development of new concepts
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1 Introduction

and topologies. This will lead to further improvements in power quality, ef-

ficiency, reliability, functionality as well as reduced energy generation costs.

The latest development in the field of wind power generation is the trend

towards large offshore wind farms in the power range of several hundred

megawatts. Limited availability of suitable onshore sites and better offshore

wind conditions are driving the wind power generation offshore. The offshore

wind regime is generally more favourable with higher average annual wind

speeds and lower wind fluctuations than for onshore sites. Furthermore, the

newly proposed wind turbines in the range of up to 5 MW can be installed

easier offshore regarding their transportation and erection. Generally, sites

with shallow waters relatively close to the shore are prefered. However, it has

been found that the erection of near-shore wind farms is complicated by two

decisive factors. Firstly, there are environmental concerns such as the visibil-

ity, the noise disturbance, and the impact on the marine flora and fauna as

well as the birdlife. Secondly, near-shore areas are often subject to different

established interests, which would collide with the restraints of a wind farm.

These interests involve for example military restrictions, recreational activ-

ities, maritime traffic or coastal fishing. This leads to increasing distances

between offshore wind farms and the shore. Remote locations, however, of-

ten imply greater water depths, complicating the foundation of the wind

turbines in the seabed. Recent improvements in submarine foundations (i.e.

tripod, quadropod or lattice structures) allow deeper water depths with a

current economic limit in the range of 30 to 35 m [6]. On the other side, the

necessity of a strong grid connection point with a considerable short-circuit

ratio leads to prolonged onshore transmission distances. As a consequence

of the ongoing trend, the generated power from offshore wind farms has to

be transported over longer distances in order to make a connection to the

main grid for onword transmission and distribution.

For increasing transmission distances, VSC based HVDC transmission sys-

tems, commonly called VSC transmission systems, are a feasible and com-

petitive alternative to traditional high voltage alternating current (HVAC)

transmissions [7, 8]. An augmented application of VSC transmission systems

is mainly limited by the cost of the expensive converter stations at both

2



1.2 Project objectives

transmission ends and the high semiconductor losses due to high-frequency

pulse width modulation (PWM) switching [9]. On the other hand, VSC

transmission systems offer some valuable advantages overcoming the major

technical difficulties facing conventional HVAC transmission. Mainly, DC

cables are not affected by capacitive charging currents and thus can have

any length required. In addition, it is often easier to obtain the right-of-way

permission for underground or submarine DC cables due to reduced envi-

ronmental impacts. Furthermore, VSC substations can help to stabilize the

AC network in their connection points. This has become more important

in consideration of the augmented penetration of wind power production,

which occassionaly can exceed 100 percent of total electricity consumption

in Danmark or northern Germany (peak penetration levels > 100 % [10]).

The possibility to control the active power flow can support the regulation

of the network frequency. The independent control of the reactive power

at the two cable ends allows to both excite the induction generators of the

wind turbines and to assist the voltage control in the AC network [9]. These

features faciliate the capability of large wind farms to contribute to the net-

work stability and to handle grid faults and shutdowns of the farm.

This licenciate thesis proposes a novel soft-switched VSC transmission sys-

tem that looks promising regarding both the initial costs and the efficiency.

Consequently, the minimum cable length at which VSC transmission gets

competitive can be further decreased and the HVDC grid connection of large

offshore wind farms gets far more attractive.

1.2 Project objectives

In this project, the aim has been to improve and optimize a proposed VSC

based HVDC transmission system for the application in offshore wind farms

in the power range of several hundred megawatts. For that purpose, a novel

soft-switched AC/DC converter topology [11] is considered, which incorpo-

rates a VSC with capacitive snubbers and cycloconverters, connected via a

medium frequency collection grid. The main objective apart from validating

3



1 Introduction

the feasibility of the topology for the intended application was to reduce the

total system losses as well as the number of expensive and complex compo-

nents.

The following aspects should be studied:

Verification of the system feasibility. The feasibility of the proposed topol-

ogy for general use has already been confirmed earlier [12]. Thus, this

project will focuse on characteristics implied by its specific application,

namely the grid connection of large offshore wind farms. Thereby, all

individual components as well as the total system are critically exam-

ined. The applied methods are analytical calculations and computer

simulations, mainly in PSCAD [13].

Comparison to conventional transmission systems. In order to compare

the proposed transmission system, a profound survey is conducted on

conventional and emerging transmission and generation systems for

wind farms. This survey covers both HVAC and HVDC transmission

systems, where the latter can be distinguished in either current or

voltage source converter based solutions.

Reduction of total system losses. The implementation of a soft-switching

commutation scheme in combination with a reduction of lossy compo-

nents should result in a considerable decrease of the total system losses

compared to a conventional hard-switched topology. This was shown

by detailed loss calculations and a comparison of system efficiencies for

different transmission systems.

Reduction of expensive and complex components. The initial system

costs strongly depend on the number of complex and expensive

components, primarly the series-connected IGBTs in the VSC, and

the low-frequency transformers. A reduction of these components

is highly desirable and contributes to the competitiveness of the

proposed topology.

Improvement and optimization of the topology. It is desirable to find an

optimised system solution in terms of maximizing the lifetime prof-

4



1.3 Publications

itability. However, this is beyond the scope of this thesis, including

complex technical and financial issues like capital costs, energy loss

costs, energy unavailability costs or even costs due to balancing energy

needs. This thesis focuses on improving and optimizing the proposed

topology in order to ensure its feasibility and the desired functionality,

which is the basis for further improvements.

Analysis of failure modes. Possible failure modes were identified in order

to design the required protection functions for the wind turbines, the

wind farm as well as the network connection.

1.3 Publications

The research project has resulted in the publications listed below. They are

presented in chronological order and followed by a short summary of their

content.

Paper 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, Norway, June 2004.

- Describes the proposed topology regarding the principle of operation,

the commutation of the valves and a suitable modulation method.

- Surveys relevant VSC transmission systems and points out their

respective advantages and disadvantages.

Paper II:

S. Meier, S. Norrga and H.-P. Nee, “New Voltage Source Converter

Topology for HVDC Grid Connection of Offshore Wind Farms,” in

5



1 Introduction

Proceedings of the 11th International Power Electronics and Motion

Control Conference, EPE-PEMC ’04, Riga, Latvia, September 2004.

- Compares the proposed transmission system with a conventional

VSC transmission system in terms of converter losses and system

efficiency.

- Analyses the required semiconductor ratings of the different convert-

ers.

Paper III:

S. Meier and P.C. Kjær, “Benchmark of Annual Energy Production

for Different Wind Farm Topologies,” in Proceedings of the 36th

Annual Power Electronics Specialists Conference, PESC ’05, Recife,

Brazil, June 2005.

- Presents a benchmark of the estimated annual energy production

of a 200 MW wind farm depending on the transmission distance

and the average wind speed. The reference systems are wind farms

with variable-speed wind turbines comprising doubly-fed induction

generators and conventional HVAC or VSC based HVDC transmission

systems.

- Comprises detailed drive-train, converter, transformer, distribution

and transmission loss models.

All above listed publications are appended to this thesis. The format of the

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

The author has also been involved in another publication that is not directly

relevant to the project work:

• S. Norrga, S. Meier and S. Östlund, “A Three-phase Soft-switched

Isolated AC/DC Converter without Auxiliary Circuit,” in Proceedings

6



1.4 Outline of the thesis

of the 39th Annual Meeting of the Industry Applications Society,

IAS ’04, Seattle, United States, October 2004.

- Presents the operation principle of the proposed AC/DC converter

topology.

- Describes the design and operation of a 40 kW prototype converter

system based on the studied concept.

1.4 Outline of the thesis

The contents of this thesis are organised as follows:

Chapter 2 gives a survey on different transmission systems for the grid con-

nection of large offshore wind farms. The main focus lies on VSC

transmission systems. The chapter comprises also an overview of dif-

ferent variable-speed wind turbine concepts.

Chapter 3 presents the proposed transmission system and describes its prin-

ciple of operation. It also discusses suitable modulation methods and

alternative commutation schemes at low-load operation. The basic

waveforms obtained from PSCAD simulations illustrate the principle

of operation.

Chapter 4 discusses those components of the proposed VSC transmission

system that are critical due to the specific application in the grid con-

nection of large offshore wind farms. A main concern are the dynamic

impacts of the square-wave voltage on the collection grid within the

wind farm. Other issues are the choice of the wind turbine generator

and the design of the single-phase MF transformers, the cycloconvert-

ers and the single-phase VSC.

Chapter 5 discusses system properties that are particular for the consid-

ered application in large offshore wind farms. Therefore, the terms

7



1 Introduction

and conditions imposed by recent grid codes are reviewed. Required

protection functions for the individual wind turbine, the whole wind

farm and the network connection are then formulated. A discussion

on possibilities for the auxiliary power supply and the communications

demand conclude this chapter.

Chapter 6 explains the procedure of dimensioning the proposed VSC trans-

mission system. The main criterion is to ensure the system feasibility.

Other dimensioning criteria are initial costs, energy losses and the

availability.

Chapter 7 summarizes the conclusions of the work and provides some sug-

gestions for future work.

8



2 Survey of transmission and

generator systems for wind farms

This chapter comprises a survey of different transmission systems for the

grid connection of large offshore wind farms. It covers HVAC transmission

systems and both line commutated converter (LCC) and VSC based HVDC

transmission systems. A review of some relevant projects shows the devel-

opment as well as the state-of-the-art within the field of grid connection

systems for wind farms. A second part presents an overview of different

variable-speed wind turbine generator systems.

2.1 HVAC transmission

Conventional HVAC transmission systems offer a simple and cost-efficient

solution for the grid connection of wind farms. They consist of the following

main components: An AC collection grid, an offshore transformer station

and one or several three-core XLPE-insulated HVAC cables. Unfortunately,

the distributed capacitance of undersea cables is much higher than that of

overhead power lines. This implies that the maximum feasible length and

power transmission capacity of HVAC cables is limited. The reactive power

that is inherently generated in HVAC cables increases with both the voltage

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

voltage levels, reactive power compensation will be required at both cable

ends [2].

9
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Figure 2.1: Choice of transmission system for different wind farm capacities

and connection distances based on overall system economics

(according to [10]).

HVAC transmission systems have been used for the vast majority of offshore

wind farms commissioned to date. It can be concluded that they are the

most favorable and competitive solution for the grid connection of smaller

wind farms located in near-shore areas. Today, this covers distances up to

100 km and power transmission capacities up to 200 MW [10]. For larger and

more remote wind farms, transmission losses are increasing significantly due

to capacitive charging currents, which limits the use of HVAC transmission

systems according to Figure 2.1.
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2.2 LCC based HVDC transmission

2.1.1 The Horns Rev wind farm

With a rated power of 160 MW, Horns Rev in Denmark was the world’s first

large offshore wind farm. It was erected and commissioned in 2002. The

wind farm consists of 80 Vestas turbines, each rated at 2 MW (model V80-

2MW, see [14]). The V80-2MW is a variable-speed pitch controlled wind

turbine with a DFIG.

Due to the relatively short distance to the shore, a conventional HVAC

transmission system was installed. The 21 km long submarine cable is rated

at 170 kV and consists of a three-core XLPE-insulated cable with 630 mm2

copper conductors. With an additional 34 km long onshore cable, the total

length of the grid connection becomes 55 km. The capacitive cable charg-

ing current made it necessary to install a 80 MVAr reactor, located at the

connection point between the submarine and the onshore cable. The wind

farm itself is only equipped with a small controllable reactor in order to

balance the reactive power generation of the 34 kV collection grid. This is

particularly important during faults, when a diesel generator has to supply

the auxiliary power of the wind farm. Additional connectable reactive power

was required in order to support the comparably weak AC network at the

point of common coupling [15].

2.2 LCC based HVDC transmission

Classical HVDC transmission systems are based on current source converters

with naturally commutated thyristors, so called line-commutated converters

(LCC). This name originates from the fact that the applied thyristors need

an AC voltage source in order to commutate and thus only can transfer

power between two active AC networks. They are therefore less useful in

connection with wind farms as the offshore AC grid needs to be powered

up prior to a possible startup. Further disadvantages of LCC based HVDC

transmission systems are that they cannot provide independent control of

the active and reactive powers. They furthermore produce large amounts of
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2 Survey of transmission and generator systems for wind farms

harmonics which makes the use of large filters inevitable.

In order to find a feasible solution for the grid connection of offshore wind

farms, different solutions have been proposed, e.g. so-called “hybrid HVDC

transmission”. It combines a line commutated converter with a static com-

pensator (STATCOM). The STATCOM provides both the necessary commu-

tation voltage to the HVDC converter and the reactive power compensation

to the network during steady state, dynamic and transient conditions. It

also provides limited active power support to the offshore network during

transient conditions such as active power fluctuations from the wind farm

[16]. Figure 2.2a shows the schematic of an LCC based HVDC transmission

system with a STATCOM. Often, the cable transmission is 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

transmission with STATCOM support combines the technical advantages of

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

tem. Because classical HVDC transmission is a well established technol-

ogy, it offers high reliability and requires little maintenance. Compared

to VSC schemes, LCC based HVDC transmission has much lower power

losses (i.e. only 2-3 % converter losses) and for high ratings it has compa-

rably low capital costs. However, based on the overall system economics,

LCC based HVDC transmission becomes only interesting for transmission

capacities above approximately 600 MW [10], as shown in Figure 2.1.

2.2.1 Field of application

The first commercial LCC based HVDC link was installed as early as 1954.

It was rated at 20 MW and connected the island of Gotland and the Swedish

mainland with a 96 km long 100 kV submarine cable [17]. Since then, 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.
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Figure 2.2: Different HVDC transmission solutions. a) Classical LCC
based system with STATCOM, b) VSC based system.
(Note: F = Filter, PCC = Point of common coupling)

So far, there is no experience regarding LCC based HVDC transmission

in combination with wind power. However, it is under research by some

universities and companies, for instance by the transmission and distribution

department of Areva [16, 18].

2.3 VSC based HVDC transmission

VSC based HVDC transmission systems are gaining more and more atten-

tion, not least in context with the grid connection of large offshore wind

farms. Today, VSC based solutions are marketed by ABB under the name

“HVDC Light” [17] and by Siemens under the name “HVDC Plus” [19]. Fig-

ure 2.2b shows the schematic of a VSC based HVDC transmission system.

13



2 Survey of transmission and generator systems for wind farms

This comparatively new technology (first commercial installation in 1999)

has only become possible by the development of the IGBTs, which can switch

off currents. This means that there is no need for an active commutation

voltage. Therefore, VSC based HVDC transmission does not require a strong

offshore or onshore AC network and can even start up against a dead network

(black-start capability). But VSC based systems offer several other advan-

tages. The active and reactive power can be controlled independently, which

may reduce the need for reactive power compensation and can contribute to

stabilize the AC network at their connection points. In addition, the IGBT

semiconductors allow for much higher switching frequencies which reduces

the harmonic content of VSC based systems. Therefore, the filter require-

ments on the AC side are considerably reduced compared to conventional

HVDC converters. However, the high-frequency PWM switching results in

comparatively high converter losses. The total efficiency of the two converter

stations of a VSC based HVDC transmission system is therefore less than

that of an LCC based system. Furthermore, the cost of VSC based systems

is still 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, as 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 100 km or power

levels of between approximately 200 and 900 MW, as shown in Figure 2.1.

However, the application of VSC based systems may already be advanta-

geous for shorter transmission distances depending on the specific project

conditions.

2.3.1 Relevant projects

To date, no pure VSC based HVDC transmission system is in operation in

conjunction with a grid connection of a wind farm. However, two HVDC

Light [20] transmission systems that are bringing wind power to networks
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2.3 VSC based HVDC transmission

Table 2.1: VSC based grid connection of wind power.

Project Distance Rating Operation Motivation

Gotland Light, 70 km 65 MVA In operation Wind power

Sweden since Nov. 1999 infeed

Tjæreborg, 4 km 8 MVA In operation Demo wind

Denmark since Sep. 2000 power infeed

Læsø Syd, ca. 80 km 180 MVA Planned Feasibility

Denmark study

have been put into operation [8]. In both the Gotland Light and the Tjære-

borg project, the HVDC Light system was connected in parallel with an

existing AC line. From these two installations a lot of experience has been

gained regarding the applicability of VSC based systems for power transmis-

sion from offshore wind farms. Other projects are still in a planning stage,

as e.g. Læsø Syd. Table 2.1 provides general information about the projects

discussed below.

Gotland Light: The background to the Gotland Light project was to meet

the expected increase of wind power generation on Gotland and to keep

the power quality at the same level as it was before wind power was

first introduced [8]. The installed HVDC Light transmission connects

the southern parts of the island to Bäcks, which is a strong grid point

coupled to mainland Sweden by a conventional HVDC link. This DC

connection in parallel with the existing AC network enables power

transmission and contributes to improve the dynamic stability of the

entire local AC network. Detailed information about the Gotland Light

project can be found in [21, 22, 23].

Tjæreborg: The Tjæreborg project is a demonstration installation intending

to verify that HVDC transmission from a wind farm works properly

before applying the concept to larger offshore wind power projects [20],

in particular the Læsø Syd project. The 8 MVA HVDC Light trans-

15



2 Survey of transmission and generator systems for wind farms

mission link was laid in parallel with the existing AC cable in order to

allow extensive testing in three different operation modes: The Tjære-

borg wind farm can either be connected via the AC cables only (during

low wind power production), or via the DC cables only (during high

wind power production) or via the AC and DC cables in parallel [8].

From this demonstration project a lot of know-how and experience in

the field of HVDC transmission for wind farms has been gained. More

details about the project can be found in [24], preliminary studies and

simulations are given in [25], whereas the commissioning and testing

experiences are described in [20].

Læsø Syd: The background to the Læsø Syd project was the awareness that

a VSC based HVDC transmission system could be a feasible solution

due to the comparably long transmission distance of around 80 km. A

comprehensive study under various contingencies and control strategies

showed the feasibility of the project [7]. Nevertheless, the Læsø Syd

wind farm has not yet been built as the Danish government brought

the project to a halt. The results of the feasibility study can be found

in [26].

2.4 Wind farm topologies with variable-speed

turbines

This section gives an overview of different wind farm topologies that enable

the wind turbines to operate at variable speeds independent of each other.

During the past few years, the variable-speed wind turbine has become the

dominant type among newly-installed units. This overview comprises both

established solutions and novel approaches, to which the proposed system in

this thesis can be counted.

Variable-speed wind turbines are designed to achieve maximum aerodynamic

efficiency over a wide range of wind speeds by continuously adapting the rota-

tional speed of the wind turbine to the wind speed. Thereby, the generator

16
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torque is kept fairly constant and the variations in wind are absorbed by

changes in the generator speed. However, the electrical system of a variable-

speed wind turbine is more complicated than that of a fixed-speed turbine,

which is the major disadvantage of adjustable speed generators. It leads

to losses in the required power electronics, requires the use of more compo-

nents and increases the equipment cost. The advantages of variable-speed

wind turbines are an increased energy capture, improved power quality and

reduced mechanical stress on the structure. In addition, a variable-speed

concept increases the number of applicable generator and power converter

types, which permits several different system solutions, as seen in the fol-

lowing sections.

2.4.1 Full-scale frequency converter solutions

In this configuration, the generator is connected to the wind farm collection

grid through a full-scale frequency converter (back-to-back VSC), which al-

lows full variable-speed operation of the wind turbine. This concept offers

different alternatives regarding the choice of the wind turbine generator,

e.g. squirrel cage induction generator or both wound rotor and permanent

magnet synchronous generator. Some full-scale frequency converter solutions

have no gearbox, using a multipole synchronous generator with a correspond-

ingly large diameter. Enercon [27] is an example of a manufacturer using

this configuration.

The main disadvantage of the full-scale frequency converter solution is the

fact that the frequency converter has to be rated at nominal generator power.

This makes the converter large and expensive. Moreover, the efficiency of

the back-to-back VSC has a large impact on the total system efficiency as

it handles all the power generated by the wind turbine generator. Despite

its drawbacks, the full-scale frequency converter concept is an interesting

solution for larger wind turbines. It can be combined with both HVAC and

HVDC transmission systems, as shown in Figure 2.3.
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Figure 2.3: Wind farm topologies with variable-speed turbines. (1) HVAC

or (2) HVDC transmission with either (a) DFIG or (b) full-scale

frequency converter; HVDC transmission with (3) individual

AC/DC converters or (4) series-connected DC (a) or AC (b)

generators or (5) MF collection grid.18
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2.4.2 Doubly-fed induction generator solutions

Today, most variable-speed wind turbines are equipped with doubly-fed in-

duction generators (DFIG). They differ from full-scale frequency converter

solutions as the stator of the DFIG is directly connected to the offshore

collection grid whereas the rotor windings are connected to a frequency con-

verter (back-to-back VSC) over slip rings. The rotational speed of the wind

turbine is proportional to the frequency difference between the stator (grid)

and rotor (converter) frequency. However, this configuration does only pro-

vide a limited speed range, depending on the rating of the frequency con-

verter. For a typical converter rating of 25 % of nominal generator power,

the speed range of the generator is aproximately ±30 % around the syn-

chronous speed [28]. Vestas [14] is an example of a manufacturer using this

configuration.

The main disadvantages of DFIGs are the complicated protection during grid

faults and the use of slip rings. Especially the necessity of slip rings proves

to be delicate in an offshore environment and causes considerable mainte-

nance cost. On the other side, the smaller frequency converter makes this

concept attractive as it reduces the initial cost. In addition, the converter

losses are comparatively low which improves the system efficiency within the

operational speed range. The DFIG can also be combined with both HVAC

and HVDC transmission systems, as shown in Figure 2.3.

2.4.3 Individual connection to DC collection grid

The idea behind this topology is to separate the full-scale back-to-back VSC

into an AC/DC converter installed in the wind turbine and a DC/AC con-

verter close to the connection point to the onshore AC network (see Fig-

ure 2.3-3). Every wind turbine is individually connected to the offshore DC

collection grid by it own VSC, which offers all advantages of variable-speed

operation. As the AC generator usually operates at 690 V or 1 kV and the

HVDC transmission at ±150 kV, an additional DC/DC converter (DC/DC
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2 Survey of transmission and generator systems for wind farms

switch mode step-up converter) is required. However, such a configuration

puts high requirements on the system stability and the control of the com-

mon DC link voltage, which must be controlled with compromise between

all the wind turbines [29].

ABB [17] has proposed a novel concept based on individual AC/DC con-

verters in the year 2000, called Windformer [29]. The concept is based on a

multipole (gearless), high-voltage permanent magnet synchronous generator,

which can be directly connected to the VSC without transformer. Today,

the realisation of this concept is uncertain.

2.4.4 HVDC based system solutions

In this section, two HVDC based system solutions are explained, where the

wind turbines and the collection system are specific and inseparable.

A first solution is based on wind turbines with DC generators that are con-

nected in series in order to obtain a voltage level suitable for onward trans-

mission (see Figure 2.3-4a). However, this option would require an additional

DC/DC converter per wind turbine in order to allow individual variable-

speed operation. The advantage of series-connected DC wind turbines is

that there is no requirement for an offshore substation, despite a relatively

large possible size [30]. The drawback with this configuration is that the

DC/DC converters in the wind turbines must have the capability to operate

towards a very high voltage, in order to compensate the outage of possibly

several wind turbines by increasing their output voltage. Alternatively, this

solution can also be implemented with asynchronous or synchronous genera-

tors and a conventional switch-mode converter as indicated in Figure 2.3-4b.

The proposed transmission system in this thesis basically comprises a single-

phase VSC and cycloconverters, connected by a medium frequency (MF) col-

lection grid (see Figure 2.3-5). This configuration promises lower initial cost

and reduced converter losses compared to conventional VSC transmission

systems. It is described in detail in the following chapter.
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The proposed topology for the power collection and HVDC grid connection

of large offshore wind farms as shown in Figure 3.1 was first presented in

[31]. It represents a distributed version of the mutually commutated con-

verter system described in [3]. As an integrated solution, it includes the drive

system for the wind turbine generators, the electric turbine interconnection

and the conversion stage for onward HVDC transmission.

In the proposed electric system, the drive train of the wind turbine is housed

in its nacelle (machine head). It comprises a gearbox, a generator and a cy-

cloconverter, in order to allow each wind turbine to operate at full variable

voltage and variable frequency. A passive line filter may be necessary in order

to limit the harmonics from the cycloconverter. With an output frequency

of 50 Hz and no need for turn-off capability, the valves of the cycloconverter

can be implemented with fast thyristors connected in anti-parallel. This

would be attractive both in terms of losses and costs compared to IGBT

based valves. The connection between the wind turbine and the offshore

collection grid can be integrated in the bottom of the tower. There, an MF

distribution transformer increases the voltage to 32 kV. A circuit breaker

enables every wind turbine to disconnect from the offshore collection grid

(e.g. during faults, at low wind speeds or during maintenance). The aux-

iliary power demand of the wind turbine can be directly supplied from the

MF transformer over a frequency converter as shown in Figure 3.1 (refer to

Section 5.3 for further details).

In order to minimize the cable length of the offshore power collection grid,
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it has a radial layout with several wind turbines building up a chain. This

single-phase MF collection bus connects the distributed wind turbines to a

central offshore substation. It is planned to operate at a frequency of 500 Hz.

This offers substantial benefits regarding the design of the transformers that

adapt the turbine voltage to higher levels suitable for collection and onward

transmission. Single-phase MF transformers are not only cheaper than three-

phase transformers operating at line frequency, they are also very compact

and have a low weight, which is of great value in an offshore environment

(refer to Section 4.2).

The offshore substation comprises a circuit breaker, a single-phase MF trans-

mission transformer and a single-phase VSC. With the main circuit breaker

the wind farm can be shut down, e.g. during serious faults or when required

by the transmission system operator. The MF transmission transformer

raises the voltage of the collection grid to 150 kV, 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. These capaci-

tors provide the necessary DC voltage source for the dynamics of the system

and govern the voltage ripple on the DC line. Series-connected IGBTs with

antiparallel diodes and snubber capacitors form the valves of the VSC. The

snubber capacitors allow the IGBTs to turn off at zero-voltage conditions.

The ground reference of the VSC can be made at the midpoint in the DC

link.

Compared to conventional three-phase hard-switched VSCs, the proposed

single-phase VSC offers considerable advantages. Even though the power

rating of the converter remains unchanged, large cost savings are realized by

the reduction from three phase legs to one single. Both the overall IGBT

power rating and the number of series-connected IGBT valves are reduced

significantly. This is important as IGBTs are expensive and require com-

plex gate drives and voltage-sharing circuitries when series-connected. In

this context it should be pointed out that soft-switching with capacitive

snubbers facilitates the voltage sharing between different valves. By using

a soft-switching commutation scheme, the switching losses are also reduced
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Figure 3.1: Proposed electrical system for large offshore wind farms.

considerably. In addition, the reduction to one phase leg may improve the

reliability of the VSC.

3.1 Principle of operation

By alternately commutating the cycloconverters and the VSC it is possible

to achieve soft commutations for all semiconductor valves [11]. Soft com-

mutation means to turn on or off the semiconductor device with minimized

switching stress, i.e. at zero-voltage or zero-current conditions [32]. In the
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proposed mutually commutated converter, the cycloconverters can be solely

operated by natural commutation whereas snubbered or zero-voltage com-

mutation (ZVS) is always enabled for the VSC.

In order to simplify the analysis of the operation principle, coupling factors

kcyc and kvsc are introduced which relate the corresponding system voltages

and currents to each other. For every cycloconverter phase leg a coupling

function kcyc,i is defined such that kcyc,i = +1
2 when phase leg i is connected

to the upper transformer terminal, whereas kcyc,i = −1
2 when it is connected

to the lower transformer terminal. Similarly, a coupling function kvsc is de-

fined for the VSC such that kvsc = +1
2 when the upper valve of the VSC is

conducting and kvsc = −1
2 when the lower valve is conducting.

Figure 3.2 defines the relevant system voltages and currents. Thereby, the

primary transmission transformer voltage is correlated to the DC link voltage

as

utr = kvsc · Ud. (3.1)

The correlation between the instantaneous values of the wind turbine line

voltages and the primary transmission transformer voltage is given as

ui = kcyc,i · atadutr, (3.2)

where at and ad are the winding ratios of the transmission and distribution

transformer respectively. In the same way, the system currents are correlated
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according to (3.3) and (3.4).

itr = atad

∑

i

kcyc,i · ii (3.3)

id = kvsc · itr (3.4)

3.1.1 Commutation of the cycloconverter phase legs

The commutation of an arbitrary cycloconverter phase leg is shown in Fig-

ure 3.3. For simplicity, it is assumed that the leakage inductances of the

transformers and the distributed cable inductance of the collection grid can

be represented by an equivalent commutation inductance Lλe. At the same

time, the output voltage of the VSC is represented by a constant voltage Utr

during the commutation interval, thus providing the voltage atadUtr to the

cycloconverter. In order to achieve a natural commutation of a cyclocon-

verter phase leg, the equivalent conditions in (3.5) have to be fulfilled. The

voltage drop over the leakage inductance is neglected.

Utr · kcyc,i · ii < 0 ⇔ ui · ii < 0 (3.5)

In the example of Figure 3.3, a natural commutation is enabled for a negative

voltage Utr as indicated. The commutation cycle is initiated 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

commutation inductance Lλe and make the incoming valve gradually take
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over the current (Figure 3.3-2). Finally, the initially conducting valve turns

off as the current through it reaches zero (Figure 3.3-3). This natural com-

mutation is governed by the equivalent commutation inductance Lλe and the

output voltage of the VSC. The current derivative dii/dt is limited during

both turn-on and turn-off to

dii
dt

=
atadUtr

Lλe
. (3.6)

The ideal duration of a cycloconverter phase leg commutation is consequently

tcyc = Lλe
ii

atadUtr
. (3.7)

The commutation of a cycloconverter phase leg results in a change of the

respective coupling function kcyc,i, i.e. the condition (3.5) becomes invalid.

3.1.2 Commutation of the VSC

Successive commutations of the cycloconverter phase legs, as mentioned

above, eventually lead to a reversal of the current through the transmis-

sion transformer. Now the voltage utr and current itr have the same sign,

which means that the instantaneous power flow is directed from the DC to

the AC side. Thereby, the conditions for a snubbered commutation of the

VSC are fulfilled:

utritr > 0. (3.8)
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Figure 3.4 shows the stages of a VSC commutation where itr and utr are

initially positive. The process is started by turning off the conducting valve

at zero-voltage conditions. The current itr is thereby diverted to the snubber

capacitors which are getting recharged (Figure 3.4-2). When the potential of

the phase terminal 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 (Figure 3.4-3). Now, the instantaneous power flow is directed

from the AC to the DC side (id = −itr/2). Finally, the switches that are

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

zero-current conditions. The VSC commutation is governed by the total

series-connected snubber capacitors Cs and the transformer current itr. The

ideal duration is

tvsc = 2Cs
Ud

itr
. (3.9)

The reversal of the transformer voltage utr during the VSC commutation

establishes the possibility for natural commutations of the cycloconverter

phase legs. At the same time, the VSC is prepared for a subsequent rever-

sal of the transformer current by gating on the switches anti-parallel to the

conducting diodes. Thus the commutation cycle can be repeated.

From equation (3.9) it can be seen that the commutation of the VSC may

become unduly lengthy with a small transformer current itr as the recharg-

ing of the snubber capacitors becomes slower. When there is no energy

production, it is actually impossible to commutate the VSC in the fashion

described above. Nevertheless, two alternative solutions are proposed in the

following section.

3.2 VSC commutation during low energy production

During times of low energy production, the VSC commutation may become

unduly lengthy or even impossible with the above proposed commutation

scheme. If the transformer current itr goes below a critical level that is

determined by the maximum acceptable duration for a VSC commutation

(according to 3.9), an alternative commutation scheme has to be applied.
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A first potential solution is to use a quasi-resonant commutation scheme

as proposed in [11]. By short-circuiting the low voltage windings of all

distribution transformers in the wind farm by means of the cycloconverters

it is possible to initiate a resonant process during the VSC commutation.

This resonant process can be utilised to recharge the snubber capacitors.

Figure 3.5 shows the stages of such a resonant commutation together with

relevant voltage and current waveforms.

Like for a normal VSC commutation, the instantaneous power flow is initially

directed from the DC to the AC side (Figure 3.5-1). The process is then
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3.2 VSC commutation during low energy production

started by turning on all non-conducting cycloconverter valves that provide

a current path in the direction of the transformer voltage (Figure 3.5-2). As

a concequence, the current itr starts to increase linearly as the transformer

voltage utr appears across the equivalent commutation inductance Lλe. This

is called the enhancement stage. The rate of change of the transformer

current is
ditr
dt

=
utr

Lλe
. (3.10)

The enhancement stage continues until the current itr has increased to a

certain predefined level Itr0e, consisting of the combined initial transformer

current and enhancement current. Thereafter, the conducting valve of the

VSC is turned off at zero-voltage conditions, whereby a resonant process is

initiated (Figure 3.5-3). This resonant process is governed by the snubber

capacitors Cs and the equivalent commutation inductance Lλe. Neglecting

losses, the ideal duration of the resonant stage tres and the maximum trans-

former current îtr are

tres =
√

2CsLλe

[
π − 2 arctan

(
Itr0e

√
2Lλe/Cs

Ud

)]
, (3.11)

îtr =

√
U2

dCs

2Lλe

+ I2
tr0e. (3.12)

Once the voltage utr has fully swung to the opposite, the diodes in the ini-

tially blocked VSC valve take over the current and the anti-parallel IGBTs

can be gated-on at zero-voltage and zero-current conditions. Thereafter,

during the ramp-down stage (Figure 3.5-4), the current itr decreases linearly

until it reaches the level that corresponds to the actual energy production

(3.3). The current derivative ditr/dt according to (3.10) becomes negative

after the reversal of utr. Once the ramp-down stage is completed, all cyclo-

converter valves that were turned on at the beginning of the enhancement

stage turn off as the current through them goes to zero. Figure 3.5-5 shows

the conditions after a successful resonant VSC commutation.

The solution described above offers an alternative way of commutating the

VSC that is independent of the instantaneous energy production. The cur-

rent increase during the enhancement stage allows a complete commutation
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of the VSC despite losses in the resonant circuit. However, such a resonant

commutation scheme would be difficult to implement as it requires a high

level of coordination between the switchings of the central VSC and the

distributed cycloconverters. This would require high-speed communication

within the wind farm (refer to Section 5.4).

Another possibility that reduces the extent of coordination between the VSC

and the cycloconverters is the installation of an auxiliary circuit [3] as shown

in Figure 3.6. This auxiliary circuit enables a resonant commutation in a

similar way as described above but involves only equipment that is installed

besides the VSC in the offshore substation. By placing the auxiliary circuit

on the low-voltage side of the transmission transformer, fewer semiconductor

devices need to be series-connected. When the VSC is commutated normally

during high energy production, the auxiliary circuit stays inactive.

The two proposed solutions for the VSC commutation during low energy

production should be further scrutinized by means of system simulations.

3.3 Modulation

During steady-state operation, the control system should fulfill two main re-

quirements apart from continuously maintaining soft commutations as out-

lined before. Firstly, proper operation of the transformers should be ensured

by avoiding low frequency or DC components in the transformer voltages.
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Figure 3.7: Carrier-based modulation method.

This can be achieved by fixed VSC commutation intervals, thus generating

a square-wave voltage. Secondly, the control system should produce the de-

sired PWM patterns for the cycloconverters. By making the commutations

of the cycloconverter phase legs at appropriate instants in the interval be-

tween two VSC commutations, the width of the PWM pulses can be chosen

freely. This may be achieved in multiple ways, e.g. with a carrier-based

modulation method.

The basic voltage and current waveforms during a commutation sequence

are illustrated in Figure 3.7. To simplify matters, different assumptions have
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3 Topology

been considered. In order to better display the effect of the cycloconverter

commutations on the transformer current itr, only one cycloconverter is con-

nected to the collection grid. For the sake of clarity, the durations of the

cycloconverter commutation processes are also exaggerated in Figure 3.7. In

practice, they occupy only a minor fraction of the commutation cycle. Fur-

thermore, the impacts of the commutation processes on the waveforms are

not shown. Therefore, these waveforms should be seen in connection with

the simulated waveforms in Section 3.4.1.

The top of Figure 3.7 illustrates how the switching instants for the three cy-

cloconverter phase legs are determined by the comparison of the respective

reference phase voltages u∗
i with two repetitive sawtooth carriers. This can

be interpreted as a carrier-based modulation method with either positive or

negative slope depending on the direction of the current in the respective

cycloconverter phase leg. Such a modulation scheme becomes necessary in

order to comply with the criteria for continuous soft commutation. After a

VSC commutation and before the cycloconverter phase leg commutations,

the sign of each phase potential ui is opposite to the sign of the correspond-

ing phase current ii. This implies that the instants for commutating the

cycloconverter phase legs have to be determined in different ways depending

on the sign of the current in them. Furthermore, before a subsequent VSC

commutation, the sign of each phase potential ui should correspond to the

sign of the corresponding phase current ii. If this is not the case, i.e. one of

the phase currents changed sign during the commutation interval, the cor-

responding phase leg has to be recommutated. In practice, it may also be

necessary to adjust the timing of the switchings for the voltage-time area

lost or gained during the commutations.

In [33], various modulation schemes, e.g. a new space-vector based modula-

tion method, are compared and evaluated in terms of the RMS transformer

currents and the harmonic distortion of the cycloconverter phase voltages.
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3.4 PSCAD simulations

3.4 PSCAD simulations

In order to verify the proposed electrical system for the interconnection and

HVDC grid connection of large offshore wind farms, a simulation model has

been implemented in PSCAD [13]. PSCAD is a design and simulation tool

for all types of power systems. The simulation model comprises only two

wind turbines, however, it is sufficient to show the basic waveforms. Further

information about the implementation of the simulation model in PSCAD

can be found in Appendix A.

3.4.1 Basic waveforms

This section presents some basic waveforms obtained from PSCAD simula-

tions. The system operates at rated energy production (6MW). The mea-

suring points of the currents (A1-4) and voltages (V1-4) described below can

be found in Figure A.1.

A sinusoidal generator line voltage (V1) together with the corresponding cy-

cloconverter output line voltage (V2) is shown in Figure 3.8. The generator

line voltage has a peak value of 0.82 kV. The waveform of the cycloconverter

line voltage follows a two-level PWM pattern with a peak value of 1 kV

except during the commutations of the cycloconverter phase legs when the

voltage momentarily goes to zero. In order to compensate for the voltage

drop over the leakage inductance of the generator, the PWM-shaped cy-

cloconverter line voltages are slightly out of phase with the generator line

voltages.

The three generator line currents (A1) are shown in Figure 3.9 during two

and a half fundamental cycles. The peak value of the reference line current is

2.45 kA. The harmonic distortion in the generator currents is relatively high

due to the low frequency modulation ratio. With 500 Hz input frequency

and 50 Hz output frequency, the resulting frequency modulation ratio is 20

(as both the cycloconverter and the VSC contribute to the effective switch-

ing frequency in this two-stage conversion system). The notches during the

zero-crossing of the reference currents result from the changes between pos-

itive and negative carrier slopes in the modulation algorithm.
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Figure 3.8: Simulated waveforms of a PWM-shaped cycloconverter line

voltage (V2) together with the corresponding sinusoidal gen-

erator line voltage (V1).
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Figure 3.9: Simulated waveforms of the three generator currents (A1) to-

gether with the corresponding sinusoidal reference currents.

The voltage (V3) and current (A2) at the low voltage side of the distribution

transformer during a fundamental period of the wind turbine generator are

shown in Figure 3.10. The voltage has essentially a square waveform with

a peak value of 2 kV except during the commutations of the cycloconverter

phase leg when the voltage momentarily goes to zero. Stepwise changes

in the current waveform occur during the switchings of the cycloconverter

phase legs. It can be noticed that the transformer voltage and current are in
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Figure 3.10: Simulated waveforms of the distribution transformer voltage

(V3) and current (A2).

counterphase, i.e. the energy flow is directed from the wind turbine towards

the collection grid.

The voltage (V4) and current (A3) at the high voltage side of the transmis-

sion transformer during a fundamental period of the wind turbine generator

are shown in Figure 3.11. The voltage has a square waveform with a peak

value of 150 kV and the rise time during a VSC commutation is 50 µs. The

cumulative current from the two wind turbines (A3) is smoothed compared

to the one from a single turbine (A2). Considering a wind farm with many

more turbines, the transmission transformer current can be expected to be

very smooth with approximately the same waveform as in Figure 3.11.

Figure 3.12 shows the waveform of the pulsating DC current (A4), which has

an average value of approximately Id =-20 A. The pulsating DC current id
originates from the fact that a fixed DC voltage source is used in the PSCAD

simulation model. It reflects the nature of this mutually commutated con-

verter system with its high-frequency power pulsation. In reality, this power
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Figure 3.11: Simulated waveforms of the transmission transformer voltage

(V4) and current (A3).
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Figure 3.12: Simulated waveform of the pulsating DC current (A4) to-

gether with its average value.

pulsation is absorbed in the large DC-link capacitors of the VSC halfbridge,

which determine the voltage ripple on the HVDC cable as

∆Ud =
2

Cd

∫ t1

t0

(Id − id) dt. (3.13)

The waveforms presented in this section show that the simulation model is

behaving as expected. However, in order to simulate all critical aspects, the

simulation model has to be further improved by including the influence of

the collection grid, different control and protection strategies, etc.
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4 Application specific critical issues

The feasibility of the three-phase isolated bi-directional AC/DC converter

topology on which the proposed VSC transmission system is based has

already been confirmed earlier. In [11], the proper operation of the concept

was verified with system simulations. In [12], the experimental results from

a 40 kVA prototype converter proved the practical feasibility of the concept.

This chapter deals primarly with those issues that are specific to the

application of the proposed VSC transmission system for the grid connec-

tion of large offshore wind farms. The main concerns are the distributed

structure and the upscaling of the different system components.

4.1 Effects of the distributed collection grid

This section investigates the dynamic effects of the square-wave voltage on

the distributed collection grid. Harmonics generated by the VSC may be

amplified in the system if their frequencies are close to a resonance. Depen-

dening on the cable lenght and the circuit parameters on the source side,

the switchings of the converters can be accompanied by transient phenom-

ena leading to overvoltages and overcurrents. The insulation of equipment

in the wind turbine and the offshore substation may thereby be continu-

ously exposed to voltage stress which eventually may cause serious damage.

The proper functioning of the envisaged commutation and control schemes

may also be affected by extensive voltage ringing. Especially longer cables
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4 Application specific critical issues

may have severe problems since the increased length reduces the resonance

frequencies of the system. This can make operation impossible if the VSC

generates significant harmonic components at or near these resonance fre-

quencies. Therefore, frequency dependent models are required in order to

analyze the effects of the square-wave voltage on the distributed collection

grid.

4.1.1 Cable modeling

The basic model of the transmission line or cable, the telegrapher’s equations,

characterizes a transmission line by four electrical parameters. These cable

parameters are determined according to a cable arrangement as shown in

Figure 4.1, where the two cables lie side by side and have grounded shields.

The equivalent electric circuit of a transmission line section is also shown

in Figure 4.1. The inductance and resistance are series elements that cause

a voltage drop along the cable while the capacitance and conductance are

shunt elements that provide a current path between the two conductors. The

distributed cable parameters of one phase can be calculated as:

C ′
ph = 2πε

ln(R/r) (4.1)

G′
ph = ωC ′

phtan(δ) (4.2)

R′
ph = 1

σr ·r2π
(forDC) (4.3)

L′
ph = L′

i + L′
o = µ

8π + µ
2π · ln

(
s
r

)
(forDC) (4.4)

Further details about the calculation of the distributed cable capacitance,

resistance and inductance can be found in Appendix B. The dielectric losses

in the cable insulation are often specified in terms of a loss tangent tan(δ),

which is also called loss angle or dissipation factor. Within a limited fre-

quency range, it is approximately 0.005 for XLPE insulation materials. Di-

electric losses are due to the changes in polarisation, which make the insu-

lator absorb energy. This effect is approximately linear with frequency and

is modelled as a conductance G’.

For increasing frequencies, the skin effect influences the current distribution
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Figure 4.1: Cable arrangement and telegrapher’s equation model.

in the conductors. As the current is no longer homogenously distributed, the

cable resistance R′ and inner inductance L′
i become frequency dependent, as

shown in Figure 4.2 (check Appendix B for further details).

The characteristic cable impedance Zc and the propagation constant γ can

be determined from the cable parameters. The real and imaginary parts of

the propagation constant are the attenuation constant α (Np/m) and the

phase constant β (rad/m), respectively.

Zc =
√

R′+jωL′

G′+jωC′ (4.5)

γ = α + jβ =
√

(R′ + jωL′)(G′ + jωC ′) (4.6)

4.1.2 Frequency domain analysis

In order to identify potential amplifications of harmonics generated by the

VSC, a frequency domain analysis is performed. Critical frequency ranges

are determined with the aid of the voltage transfer functions, which are

derived from a frequency domain model of the collection system. The voltage

transfer function describes the ratio between the input voltage to the wind

turbine and the output voltage of the VSC. Figure 4.3 shows a simplified
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Figure 4.2: Frequency dependent cable parameters.

frequency domain model of the collection grid including the transmission

transformer and one cable in order to illustrate the derivation of the transfer

functions.

The magnetizing impedance of the transmission transformer is assumed to

be high compared to its leakage impedance. The transformer is therefore

modeled as a short circuit impedance Zl, which is calculated from the leakage

inductance of the transmission transformer Lλt transferred into secondary-

side quantities as

Zl = jω · Lλt
U2

2

U1
2 . (4.7)

The cable is represented by a symmetrical π-equivalent whose impedances

Z1 and Z2 take the distributed nature of the cable parameters into account.

Z1 = Zc sinh γl (4.8)

Z2 =
1

Zc
tanh

γl

2
(4.9)

The impedances of the distribution transformers and the wind turbine gen-

erators are neglected in this context as they practically do not influence the

voltage transfer function. The transfer function according to Figure 4.3 can

be derived as
U2

U1
=

Z2
2

Z2
2 + Z1Z2 + Z1Zl + 2Z2Zl

. (4.10)
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Figure 4.3: Frequency domain model of a simple collection system.

Figure 4.4a shows the voltage transfer functions at the connection points of

ten wind turbines that are equally distributed along an 11 km long cable. As

shown in Figure 4.4a, only one collection cable is connected to the offshore

platform as it is the case during e.g. the start-up of the wind farm. It can

be observed that the voltage transfer function at the connection point of

the most distant wind turbine (VTF1) causes the highest amplifications as

it represents an envelope for the transfer functions at the connection points

of the other wind turbines. As expected, the voltage transfer functions are

damped at higher frequencies due to the frequency dependence of the cable

parameters.

In order to determine critical frequency ranges that can cause extensive over-

voltages, it is necessary to know the harmonic spectrum of the collection

grid voltage. In this section it is assumed that the VSC basically generates

a square-wave voltage, which is the worst case with its broad spectrum of

harmonics and a total harmonic distortion (THD) of 48.4 % [32]. In practice,

however, the VSC commutation may occupy a considerable fraction of the

commutation cycle, which has significant effects on the harmonic spectrum

(refer to Section 4.1.3). As shown in Figure 4.4a, the harmonic spectrum of

the square-wave voltage contains no even harmonics, while the odd harmon-

ics decrease inversely proportional with the harmonic number (Uh = U1/h).

For a collection grid with the configuration as in Figure 4.4a, it is especially

the fifth harmonic that is amplified considerably. At the cable end, its peak

value is increased to over 3 p.u. This causes high transient overvoltages and

overcurrents. Also the third, seventh and fifteenth harmonics are increased

with more than 10 % of the fundamental voltage, thus exceeding an accept-

able level.
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In Figure 4.4b it can be seen how the connection of additional cables to

the offshore platform affects the voltage transfer functions in the collection

grid. For this purpose, the voltage transfer functions at the cable ends were

compared for grid configurations with one (VTF1) or several (VTF5 for five)

connected cables. It turns out that the resonance frequencies of the system

decrease with the number of connected cables. The fact that the resonance

frequencies change depending on the momentary configuration of the col-

lection grid may complicate the avoidance of critical amplifications. This

becomes evident for the start-up and during faults and maintenance, when

it is inevitable to disconnect parts of the collection grid. The amplitudes of

the resonances in the voltage transfer functions change also with the num-

ber of connected cables. As shown in Figure 4.4b, the amplitude of the first

and most critical resonance increases while the amplitudes of the other res-

onances decrease.

Regarding the arrangement of the collection grid, it is desirable to design

a system with few and small resonances that preferably appear at higher

frequencies. Higher order harmonics are often comparably small and there-

fore do not cause extensive overvoltages due to amplifications by the system

resonances. A main parameter determining the resonance frequencies of the

system is the length of the collection cables. A grid arrangement according

to Figure 4.4c decreases the maximum connection distance to 6 km, which

is approximately half the distance of the previous configurations. As a con-

sequence, however, the number of parallel cables is also increased, as every

collection cable splits up into two. Figure 4.4c shows the voltage transfer

functions at the cable ends for one (VTF1) or several (VTF5 for five) con-

nected cables. The result is less resonances in the voltage transfer functions;

but the first resonance causes significant higher amplifications and is spread

over a wider frequency range as the number of connected cables changes.

Considering that any number of wind turbines in any possible configuration

can be connected to the collection grid and that parts of the collection grid

can be disconnected due to maintenance or repair, it is possible to obtain a

worst-case voltage transfer function of the wind farm collection grid as shown
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Figure 4.4: Harmonic spectrum and voltage transfer functions.
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Figure 4.5: Worst-case voltage transfer function.

in Figure 4.5. It can be seen that the worst cases for the two collection grid

configurations introduced in Figure 4.4 do not differ significantly. However,

the amplitudes of the resonances are increased significantly compared to

the voltage transfer functions in Figure 4.4, which means that certain grid

configurations should be avoided under any circumstances.

4.1.3 Effect of the voltage rise time

In this section, it is investigated how the voltage rise time on the collection

grid affects the transient stability of the system. It is known that overvolt-

ages due to voltage reflections can be eliminated if the derivatives of switched

voltages can be reduced below a critical value for a certain cable length [34].

This can be explained by the fact that the harmonic spectrum of the col-

lection grid voltage changes depending on its rise time. Consequently, the

amplification of certain low-order harmonics can be avoided if their content

in the collection grid voltage is reduced below a critical level. Figure 4.6

shows how the voltage derivative influences the harmonic spectrum of the

collection grid voltage as the rise time covers up to 45 % of the cycle time.

It can be observed that an increasing rise time effectively reduces the ampli-
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4.1 Effects of the distributed collection grid

tude of the higher order harmonics. The THD that quantifies the amount

of distortion in the voltage waveform is also considerably decreasing as indi-

cated in Figure 4.6.

The influence of the voltage rise time can be explained with the aid of the

wave propagation theory. The voltage pulses generated by the VSC switch-

ings are traveling on the collection cable with a pulse velocity v that is given

by

v =
1√
L′C ′

. (4.11)

When a forward-traveling voltage pulse reaches a wind turbine generator

it is reflected at the generator impedance, which presents an effective open

circuit at high frequencies due to the dominating winding inductance. This

produces a reflected voltage pulse that is approximately equal in magnitude

and has the same sign as the original pulse. As a consequence, the resulting

voltage at the generator terminals has approximately twice the magnitude

of the incident voltage. The reflected pulse continues to propagate on the

collection grid, eventually reflected at the generator impedance of another

wind turbine or as backward-traveling wave at the VSC terminals. As the

VSC has a low impedance, the voltage reflection coefficient at the source

approaches -1. Therefore, the resulting reflected pulse traveling back into

the collection grid will be negative in amplitude.

The peak voltage magnitude due to reflections can be determined from wave

propagation theory and voltage reflection analysis. In order to avoid voltage

doubling at the generator terminals, the voltage rise time on the collection

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

travel the length of the collection cable. In this way it is ensured that the

negative pulse reflected from the source impedance attenuates the overvolt-

age at the generator terminals once the full amplitude of the voltage pulse

reaches them. However, multiple reflections between the wind turbines may

further aggravate the situation. Assuming that the reflection factor at the

generator approaches 1, the critical rise time tr that limits the maximum

voltage overshoot to an acceptable level of below 10 % can be calculated
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according to [34] as:

tr =
3 · l

0.1 · v . (4.12)

With the given cable parameters from Appendix B, the pulse velocity be-

comes 115 m/µs. This means that the critical voltage rise time is approxi-

mately 0.26 ms per kilometer of collection cable. For a frequency of 500 Hz,

this implies that the rise time for a 1 km long collection cable would already

occupy 26 % of the cycle time. The cable lengths in a practical wind farm

collection grid however are much longer. As a consequence, the rise time

cannot be sufficiently increased with the envisaged operational frequency,

which will result in overvoltages at the generator terminals.

It is obvious from the above discussion that the voltage rise time has a major

influence regarding the generation of overvoltages and overcurrents. In order

to avoid them, it is advantageous to have low voltage derivatives during the

switchings of the VSC. However, the maximum rise time is limited by the

constant cycle time that is determined by the switching frequency of the

VSC. It should also be considered that for example 20 % of the voltage-time

area is lost if the rise time is 40 %, thus requiring a higher current that in-

creases the necessary ratings of the semiconductor devices.

In order to avoid high voltage derivatives and ensure the optimum voltage

rise time in any point of operation, it becomes necessary to control the du-

rations of the VSC commutation. This is anything but trivial considering

the two different commutation schemes during high respectively low energy

production. Although the voltage rise time can be adjusted for a certain

generation level with appropriate snubber capacitors, the durations of the

VSC commutation will change depending on the actual generation level. As

a consequence of the additional requirements regarding the voltage rise time,

the VSC commutation schemes have to be revised.
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Figure 4.6: Influence of the voltage rise time on the harmonic spectrum.

4.1.4 Time domain analysis in PSCAD

A time domain analysis was performed in PSCAD based on a simplified wind

farm configuration with two wind turbines operating at nominal generation

and both connected to a single collection cable. The first wind turbine is

connected at 1 km distance from the offshore platform and the second one

at 11 km distance at the cable end. The simulated waveforms in Figure 4.7

confirm the predictions that a 11 km long collection cable will cause signifi-

cant overvoltages and overcurrents. In agreement with Figure 4.4a, it is as

expected the amplification of the fifth harmonic that causes concern. It is

very pronounced both in the transmission transformer current and in the

collection grid voltages at the connection points of the two wind turbines.
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From the upper graph in Figure 4.7, it is also obvious that the amplitude

of the voltage ringing increases with an increasing distance from the off-

shore platform. The peak overvoltage at the end of the collection cable

is more than twice the nominal voltage, making such a grid configuration

unsuitable in a practical application. However, it should be considered that

the frequency-dependent system attenuation is underestimated, which would

somewhat dampen the higher order harmonics. From the lower graph in Fig-

ure 4.7, it can be seen that the voltage rise time covers approximately 24 %

of the cycle time. It was not possible to further prolong the voltage rise time

with the implemented control scheme due to the extensive voltage ringing.
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Figure 4.7: Simulated waveforms in PSCAD. Upper: Collection grid volt-

age at the transmission transformer (bold), at 1 km distance

and at the cable end (11 km). Lower: Transmission transformer

voltage (V4) and current (A3, bold).
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4.1.5 Conclusions

In general, square-wave voltages should be avoided in systems with long ca-

bles as there is a high risk that voltage harmonics will interfere with system

resonances. Resulting overvoltages must be limited to a certain level in order

to ensure the feasibility of the proposed VSC transmission system. Basically,

this can be achieved in two different ways, regarding the results from the fre-

quency domain analysis of the collection grid and the considerations about

the voltage rise time.

One possibility is to influence the voltage transfer function of the collection

grid. Especially the first resonance is crucial. Therefore, it is important

to design a collection grid system where the first resonance is comparably

small and appears at a high frequency. The main factors that determine

the voltage transfer function are the cable characteristics, the layout of the

collection grid and the leakage inductance of the transmission transformer.

Another possibility is to avoid voltage harmonics in the critical frequency

ranges. Decreasing the rise time of the VSC output voltage reduces overvolt-

ages due to voltage reflections. However, this is only possible to a certain

extent as the switching frequency is relatively high (500 Hz). Otherwise the

commutation will occupy a too large part of the cycle time. If the rise time

cannot be further increased, it may be necessary to decrease the switching

frequency of the VSC. Decreasing the swiching frequency to 300 Hz moves

the critical low-order harmonics away from the system resonances and allows

the voltage rise time to be further increased. As a consequence, the genera-

tor frequency needs to be decreased accordingly in order to keep a sufficient

frequency modulation ratio.

If overvoltages cannot be avoided with a reasonable design, it may become

necessary to implement a filter in order to suppress critical voltage harmon-

ics that interfere with the system resonances of the collection grid. A single

VSC output filter may be superior to distributed input filters at every wind

turbine, designed to reduce overvoltages and ringing at the cycloconverter

terminals. However, further investigations are necessary regarding a suitable
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filter design.

Avoiding overvoltages on the collection grid is crucial in order to ensure the

feasibility of the proposed VSC transmission system. The situation is com-

plicated by the fact that both the system resonances change with the actual

grid configuration and the harmonic content in the grid voltage changes de-

pending on the VSC commutation. This section has explained this problem

and showed different measures in order to minimize the dynamic effects on

the collection grid. However, further investigations are necessary considering

the specific conditions of different project configurations.

4.2 Single-phase MF transformer design

The design of the single-phase MF distribution and transmission transform-

ers has to meet the specific requirements of the proposed topology. The

choice of the core material is based on economical criteria, balancing no-load

losses against initial costs. The transformer insulation needs to withstand

relatively high voltage derivatives and transient overvoltages caused by reso-

nances in the collection grid. This section is inspired by design considerations

for a comparable MF transformer in an electric railway propulsion system

[4].

4.2.1 Distribution transformer 32/2 kV

Wind turbine transformers have to meet a particularly demanding set of

specifications as they have to resist overloads, withstand vibration harmon-

ics and be made of environmentally-friendly materials. Additionally, they

must be compact in size. Cast resin dry-type transformers are often used in

wind farms as an alternative to liquid-filled distribution transformers, with

the emphasis on reduced environmental impact and increased fire safety.

However, in this case the transformer insulation is problematic as it is ex-

posed to high voltage derivatives.
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Core shape and cooling

Compared to conventional line frequency transformers the size of MF trans-

formers is considerably small due to the increased operational frequency.

Thus, the power density in MF transformers is very high and demands spe-

cial considerations regarding the insulation. Also the loss density is relatively

high due to the small volume, which complicates the cooling of the trans-

former. In order to meet the design requirements according to Table 4.1, a

shell-type core shape was chosen, see Figure 4.8.

The basic idea behind using a shell-type transformer is that the core ma-

terial is significantly more sensitive to high temperatures compared to the

winding and insulation material [4]. As the core encloses the winding, it

exposes a large area that can be cooled effectively. However, heat generated

in the windings must be conducted through the insulation material and the

core. Using a dry-type transformer significantly reduces the complexity and

weight of the cooling equipment. Avoiding oil as an insulation material is

also favorable from an environmental point of view and reduces the amount

of flammable substances in the wind turbine.

Core material

For higher operational frequencies, the choice of an appropriate core mate-

rial becomes more important. Amorphous or nanocrystalline core materials

are superior to ferrites due to their high saturation flux, mechanical strength

and decreased loss and noise levels. However, as the envisaged operational

frequency of 500 Hz is relatively low, a fully processed non-oriented electri-

cal steel lamination with a nominal thickness of 0.2 mm was selected [35].

This specific type of lamination is especially suitable for applications with

medium to high frequencies (typically 200 - 3000 Hz). Since it is sold at a

competitive price and in large quantities, it promises a good compromise

between costs and performance. At a peak magnetization of 1 T, typical

specific total losses are 14 W/kg with 500 Hz square-wave excitation volt-

age. Further material properties of the chosen lamination are included in
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Core

2 1 2
Winding

2 1 2

Core

Figure 4.8: Shell-type transformer: The core encloses the winding, whose

secondary side is split up into two and interleaved with the

primary winding in order to reduce the leakage inductance and

proximity effects.

Table 4.1.

The effective cross-sectional area of the core Ac can be determined from the

peak flux φ̂ and the peak flux density B̂. For given transformer requirements,

it can be expressed as a function of the number of primary turns N1:

Ac =
φ̂

B̂
=

U1

4 · mf · N1 · B̂
. (4.13)

Winding arrangement

It is beneficial to split up the windings into interleaved layers, in order to

reduce the leakage inductance and the proximity effects. The proximity

effect regarding a specific conductor describes the influence of the magnetic

field from the other conductors in the winding on its current distribution.

According to [4], it should be avoided to split up the primary winding as

this would introduce extra insulation gaps and thus increase the leakage

inductance. However, it is possible to split up the secondary winding into two
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Table 4.1: Transformer design requirements

General specifications

Rated power 3MVA Rated primary voltage U1 32 kV

Base frequency mf 500 Hz Rated secondary voltage U2 2 kV

Turn ratio ad 16:1 Rated primary current I1 93.75 A

Core material

Nominal thickness 0.2 mm Peak flux density B̂ 1.0 T

Density 7.65 g/cm3 Typical loss (1 T, 500 Hz u) 14 W/kg

Stacking factor 0.96

Winding and insulation

Winding fill factor 0.75 HV insulation thickness tHV 20 mm

Current density Ĵ 3A/mm2 LV insulation thickness tLV 1.3 mm

Copper density 8.92 g/cm3

and interleave it with the primary winding without introducing additional

insulation gaps. Such a winding arrangement is shown in Figure 4.8.

With respect to thermal considerations, the effective cross-sectional area of

the winding Aw is determined as

Aw =
2I1N1

Ĵ
. (4.14)

By comparing equations 4.13 and 4.14, it can be observed that the number of

winding turns is the main design parameter, determining both the winding

area and the core dimensions. By increasing N1 for example, the core area

Ac will decrease in the same proportion as the winding area Aw increases.

Insulation

The purpose of the insulation material is mainly to provide high-voltage

insulation between the windings, but it should also conduct the heat dis-

sipated in the windings. Epoxy cast resin is an insulation material with a

high dielectric strength and good heat conductivity. Compared to trans-
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former oil, the dielectric strenght of suitable epoxy is approximately twice

as high (18 kV/mm ). However, it has to be considered that liquid insulation

material instead has self healing properties since it is transported away from

where a discharge occurred.

The insulation thickness is chosen with respect to the dielectric strength of

the insulation material and the maximum expected electric field. The di-

electric strength of a material is defined as the voltage that causes electric

breakdown after 10 to 20 seconds. In an MF transformer, the maximum elec-

tric field during operation should not exceed 30 % of the dielectric strength

of the insulation material [4]. The maximum expected electric field depends

on the overvoltage protection of the system and can be sized accordingly.

Leakage inductance

The leakage inductance of the transformer is essentially determined by the

design and spacing of the windings and should be kept as low as possible, as

it limits the transferable power flow. The leakage inductance for the chosen

winding arrangement according to Figure 4.8 can be expressed as

Lλd =
µ0N

2 · lw
4hw

·
(

tw1 + tw2

3
+ 2tHV

)
, (4.15)

where lw is the mean turn length of the winding, hw is the winding height,

tw1 and tw2 are the primary respectively secondary winding thickness, and

tHV is the high-voltage insulation thickness.

Design

The core losses of the transformer are expected to be a dominant part of

the total losses due to the use of standard magnetic steel laminations. As

shown in Figure 4.9, this is the case for a design with a low number of wind-

ing turns. In order to reduce the total losses, the number of winding turns

has to be increased. The best transformer design regarding the efficiency is

reached with 28 secondary winding turns and total losses of 12.2 kW. There

is no point to further increase the number of winding turns as the additional
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Figure 4.9: Tradeoff between total losses and leakage inductance.

winding losses are no longer compensated by lower core losses.

The most efficient transformer design, however, has a very high leakage

inductance (8.6 mH). This is no surprise considering that the leakage induc-

tance quadratically depends on the number of winding turns. Therefore, a

tradeoff between the total losses and the leakage inductance has to be found.

Regarding the overall design requirements, a design with 14 secondary wind-

ing turns seems reasonable. The system losses are below 15 kW, which cor-

responds to a system efficiency of over 99.5 % while the leakage inductance

is 3.2 mH. The volume of this peculiar transformer design is 0.21 m3 and the

total active weigth approximately one tonne.

Further details about the chosen transformer design can be found in Ta-

ble 4.2, together with the design of a conventional 3 MW 50 Hz three-phase

dry-type transformer. The characteristics of the three-phase transformer

show good agreement with a real wind turbine transformer and emphasize

the advantages of the single-phase MF transformer in size, weight and effi-

ciency. However, it should be kept in mind that this is only a preliminary

proposal in order to give an idea about the design of the distribution trans-

formers.
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Table 4.2: 3 MW dry-type distribution transformer design

Characteristics: Single-phase Three-phase

Frequency: 500 Hz 50 Hz

Voltage ratio ad: 32 kV/2 kV 10.5 kV/1 kV

Winding turns N1/N2: 224/14 483/46

Leakage inductance Lλd: 3.2 mH 10 mH

Dimensions: 0.21 m3 1.44 m3

Height: 0.65 m 0.6 m

Width: 0.49 m 1.5 m

Length: 0.66 m 1.6 m

Active weight: 1008 kg 6400 kg

Core: 800 kg 4500 kg

Winding: 208 kg 1900 kg

Losses: 14.8 kW 24.3 kW

Core: 11.2 kW 4.3 kW

Winding: 3.6 kW 20 kW

4.2.2 Transmission transformer 150/32 kV

The general specifications of the single-phase MF transmission transformer

can be found in Table A.1. Its design, however, is not further investigated

in this work. But the design procedure can be similar to the one presented

for the distribution transformer. Some preliminary investigations showed

that a satisfactory design is possible with standard magnetic steel lamina-

tions. The total losses can be limited to below 350 kW, which corresponds

to a transformer efficiency of over 99.8 %. The leakage inductance for this

specific design was found to be 10 mH. However, the design of the trans-

mission transformer has to be further investigated with regard to the higher

power and voltage levels, the choice of the transformer type and the specific

requirements in an offshore environment.
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4.3 Converter design

This section discusses different aspects regarding the design of the converters,

namely the single-phase VSC and the cycloconverters. It summarizes the

requirements concerning the commutation of the semiconductor valves and

the modulation schemes that have been formulated earlier in this work. The

presented conclusions are important particularly with respect to a future

practical implementation of the converters.

4.3.1 VSC design

The valves of the VSC consist of series-connected IGBTs in order to with-

stand the high voltage levels of the HVDC link. Connecting IGBTs in series

implies a number of potential problems: Voltage sharing circuitries must

ensure that the DC link voltage is equally distributed between the IGBTs.

Complex gate drives are necessary in order to ensure that all IGBTs are

turned on and off simultaneously. However, the soft-switching with snubber

capacitors slows down the switchings and allows for simplifications of the cir-

cuitry for dynamic voltage sharing. In addition, it must also be guaranteed

that a component failure results in a short circuit in order to avoid that a

single failure will lead to the malfunction of the whole device. This is called

short circuit failure mode (SCFM).

The main challenge regarding the VSC design is to find an appropriate com-

mutation scheme that can fulfill the two main requirements: Enabling proper

commutation independent of the generation level (see Section 3.2) and con-

trolling the voltage rise time in order to avoid significant overvoltages (see

Section 4.1.3). These two requirements are crucial in ensuring the feasi-

bility of the proposed VSC transmission system. They must be prioritized

in comparison with for example the requirement to enable continuous soft

commutations or to minimize the switching losses.
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4.3.2 Cycloconverter design

Regarding the design of the cycloconverters, several important aspects have

been identified during this work. Most of them are associated with the use

of fast thyristors in the cycloconverter valves.

For a practical implementation of the cycloconverter, a thyristor drive circuit

has to be designed that supplies a pulse of gate current to turn the thyristor

on. Once the thyristor is triggered on, the thyristor continues to conduct

without any continuous gate current because of the regenerative action of

the device [32]. The thyristor drive circuit should also include possibilities

regarding the identification and handling of commutation faults.

The choice of an appropriate modulation strategy promises great potential,

even though the possibilities are somewhat diminished due to the fact that

thyristors do not have any turn-off capability. In [33] it is described how

the harmonic spectrum can be considerably reduced with an appropriate

modulation strategy. A cycloconverter output filter may become unneces-

sary depending on the harmonic spectrum in the switched voltage and the

requirements from the generator side.

4.4 Wind turbine generator

With today’s possibilities in power electronics, basically any type of gener-

ator can be used in modern wind turbines. However, the choice of the grid

connection solution according to Figure 2.3 is often limiting the options.

This is not the case for the proposed VSC transmission topology, where not

only the type of generator, but also its operational frequency and voltage

level are completely arbitrary. Regarding the system design, it is very ad-

vantageous to have as few constraints as possible in order to optimally adjust

the generator to the cycloconverter.

Table 4.3 summarizes the advantages and drawbacks of different AC genera-
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tor concepts that may be used in wind turbines. The most suitable solution

for the proposed VSC transmission topology has to be chosen individually,

considering factors like initial costs, losses, availability, complexity, main-

tenance, etc. In general the squirrel-cage induction generator may be the

preferred choice because of its mechanical simplicity, high efficiency and low

maintenance requirements.
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Table 4.3: Overview of different AC generator concepts.

Asynchronous generators:

Squirrel-cage induction generator:

+ Robustness and low maintenance requirements.
+ Low costs due to mass production and mechanical simplicity.
+ High efficiency.

− Consumes reactive power, low power factor.

I Direct grid connected fixed-speed wind turbines.
I Variable-speed wind turbines with full-scale frequency converter.

Wound-rotor induction generator:

+ Control of the electrical characteristics of the rotor.

− More expensive and less robust than the squirrel-cage induction generator.
− May require slip rings and brushes which are maintenance intensive.

I DFIG or slip control by variable external rotor resistance.

Synchronous generators:

Wound-rotor radial-flux generator:

+ Does not need a reactive magnetising current. High efficiency.

− More expensive and mechanically complex than an induction generator.
− Rotor winding is excited with slip rings and brushes or a rotating rectifier.

I Gearless multipole generators with full-scale converter.

Permanent magnet generator:

+ Self-excitation, high power factor, very high efficiency.

− Permanent magnets are expensive, tricky manufacturing.
− Temperature sensitivity, risk of demagnetisation.

Switched-reluctance generator:

+ Robust and simple mechanical structure, high efficiency.

− Low power density and low power factor, immature.

Transverse-flux generator:

+ High power density, can have a large number of poles.

− High leakage inductance and low power factor, immature.
− High number of individual parts, tricky manufacturing.

High-voltage generators:

+ Current reduction gives higher efficiency and compact size.

− Expensive, immature and increased requirements on safety.

I Wind turbines connected to the collection grid without transformer.
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This chapter discusses system properties that are particular for the appli-

cation of the proposed electrical system in large offshore wind farms. This

includes a discussion of the specific terms and conditions regarding the op-

eration of wind farms which are defined in the grid codes of the respective

transmission system operators (TSO). The protection of the whole offshore

installations as well as the supply of auxiliary power to the wind turbines is

also discussed. Another issue is the communication requirements both within

the wind farm and between the TSO and the wind farm control system. Fig-

ure 5.1 shows a detailed schematic of the proposed VSC transmission system

in order to illustrate the topics discussed in this chapter.

AUX

AUX

var

AUX
50 Hz

Disconnector

DC 500 Hz

150 kV+/− 150 kV

1 kV, f

32 kV, 500 Hz

2 kV, 500 Hz

Gearbox

Auxiliary power 500/50Hz−converter

Circuit breaker

Cycloconverter

Squirrel−cage induction generator

Single−phase VSC

Single−phase MF transformer

LC filter

Figure 5.1: Topology of the proposed VSC transmission system.
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5.1 Wind grid codes

Across Europe, TSOs are reviewing their grid codes regarding the connection

of wind farms to their transmission systems. The grid code is a technical

document containing the rules that govern the operation, development and

use of the transmission system. Along with an increasing level of wind power

generation, which temporarily can exceed 100 percent of the total electricity

consumption in parts of Danmark and Germany (peak penetration levels

> 100 % [10]), the grid codes need to be adjusted. Today, many TSOs are

developing particular wind grid codes that establish appropriate rules for

wind farms. However, it remains to validate if the wind farms actually can

comply with them.

With the changes on the grid codes regarding the increasing penetration

of new generation technologies, the TSOs intend to avoid that the system

operation may become risky under certain conditions and that higher system

operation and balancing costs may result. Therefore, the overall amount of

wind power able to connect to the electrical system in the future can only be

increased with an improved compliance with the wind grid codes. According

to [36], grid code changes will affect mainly the areas discussed below. The

influences on future offshore wind farms in general and on VSC transmission

systems in particular are pointed out.

5.1.1 Fault ride-through capability

From time to time, power networks are subject to faults comprising short

circuits with significant temporary voltage sags. For large wind farms in

the power range of several hundred megawatts it becomes essential to ride

through these faults in order to ensure dynamic stability and to prevent load

shedding followed by a possible system collapse. The requirement for gener-

ating units to revert to normal operation after a cleared fault on the power

network has therefore become a major issue in new wind grid codes.
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Figure 5.2: Voltage limit curve during a network fault.
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Figure 5.3: Requirement for reactive current infeed during a network fault.

The fault ride-through requirements for wind generation units connecting to

the E.On grid are defined in [37]. Figure 5.2 shows the voltage limit curve

at the network connection point above which the wind farm must not be

instable or disconnect from the network. Following fault clearing, active

power output must resume immediately with an increase rate of at least

20 % of the rated power per second. In addition, the generating unit is also

required to support the system voltage during and immediately following

a network fault. For voltage drops of more than 10 %, the generation unit

must be switched over to a voltage support mode to the extent indicated by

Figure 5.3.

VSC transmission systems can fully comply with the requirements for fault
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ride-through, as the wind farm is isolated from the AC network through

the DC link and will not be seriously affected by a short circuit. In [25],

simulations of a 120 ms long three-phase fault with 10 % remaining voltage

proved the efficient functioning of fault ride through for wind farms. The

line-side VSC limits the active power output once the fault occurs and sup-

ports the voltage by injecting reactive power into the network to the extent

indicated by Figure 5.3. The generated power will then be stored in the dis-

tributed cable capacitance and the DC-link capacitors, which increases the

HVDC voltage somewhat. Once it rises above a certain threshold, the wind

farm converters will limit the active power generation and the energy will be

temporarily stored in the inertia of the wind turbine rotors, which will thus

start to accelerate. Once the fault is cleared, voltage support with reactive

power becomes gradually unnecessary and the active power output can be

smoothly increased according to the requirements. The disturbance is then

considered cleared when the generating unit has resumed normal operation.

5.1.2 Active power and frequency control

The active power and the frequency control are related to each other as the

frequency indicates the balance or imbalance between power production and

consumption in a power system. In this context, generally three require-

ments are formulated in new interconnection regulations for wind power. A

first one is the requirement for generating units to be able to deliver power

and remain connected to the power network when the system frequency de-

viates from 50 Hz.

In European countries, the frequency is usually kept within 50± 0.1 Hz.

However, in the case of an imbalance between production and generation,

the frequency may further diverge from its nominal value. If so, the TSO

requires that the wind farm is able to deliver power and remain connected

within a certain frequency range. E.On for example requires the wind farms

to have the capability to operate continuously at normal rated output at

frequencies in the range of 49.5 to 50.5 Hz [37]. Reaching 47.5 or 51.5 Hz,

the generation unit must be automatically isolated from the network (see
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Figure 5.4: Output power requirements as a function of the network fre-

quency.

Figure 5.4).

VSC transmission systems can fully comply with this requirement, as the

frequency in the connection point is variable and completely independent of

the actual energy production. In addition, VSC transmission systems can

still provide nominal output power at lower frequencies, meeting additional

requirements in systems with an increased likelihood for frequency distur-

bances.

Another requirement for generating units is that they have to be able to

increase or decrease their power output in order to control the system fre-

quency. The demand for frequency control in a power network with a high

wind power penetration is increasing due to the nature of wind power gener-

ation with its short-time fluctuations and its low predictability. Therefore,

wind farms are often required to be able to reduce the power output to

a signalled level by the TSO (secondary control). In some weaker grids,

wind farms are also required to participate in the primary control and thus

keep some generating reserve in order to be able to increase the power out-

put during underfrequency. The latest E.On grid code, however, exempts

renewable energy sources from the basic requirement of providing primary

control power, even if the rated power exceeds 100 MW [37]. This makes

sense from a commercial point of view as wind power cannot be stored and

would be partially wasted when participating in primary frequency control.
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From a technical point of view there is no barrier for the latest design of

wind turbine generators to provide frequency response. It can be simply im-

plemented at minimal extra cost in variable-speed wind turbines with pitch

control. Short-time output power control is fully enabled as energy can be

temporarly stored or extracted from the rotational energy of the wind tur-

bines or the DC link. During overfrequencies, some turbines in the wind

farm can be shut down or their power output can be reduced by pitch con-

trol. During underfrequencies, the control capabilities are limited by the

instantanous maximum generating capacity, determined by the rated wind

farm power and the actual wind conditions.

A third requirement for generating units is that they have to be able to limit

the rate of rise or fall in their power output. Limits need to be set for wind

farms regarding maximum ramp rates so that the operation of the trans-

mission system is not unduly subject to frequency deviations or frequency

balancing costs. Normal requirements are that it must be possible to reduce

the power output in any operation condition to a setpoint value specified by

the TSO without the system being disconnected from the network. In addi-

tion the increase of the active power must not exceed a maximum gradient.

In the E.On grid code for example, both rise and fall gradients under normal

operation are limited to 10 % of the network connection capacity per minute

[37]. Stepping is possible if the individual step does not exceed 10 % of the

network connection capacity per minute. For frequencies above 50.5 Hz, the

power output must be reduced at a rate of 5 % per second according to Fig-

ure 5.4 (primary control).

Requirements regarding the ramp rates can be easily fulfilled by modern

wind farm controllers. An abrupt loss of power due to decreasing winds can

however not be avoided if there is no energy storage integrated in the wind

farm.
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5.1.3 Reactive power and voltage control

In order to keep the voltage within certain limits and to avoid voltage stabil-

ity problems, wind farms are required to contribute to voltage regulation in

the system. For this purpose, the reactive power at the network connection

point is controlled, which formulates the requirement for generating units to

be able to supply inductive and capacitive reactive power without restric-

tions on the active power output.

Contrary to the system frequency, which is a global quantity, the voltage

is a local quantity. This means that the voltage in a certain node can only

be controlled at that particular node or in its direct vicinity. Due to this

reason, the voltage control capability of larger wind farms is often a greater

concern than the frequency control capability. In the latest E.On grid code

for example, the basic requirement for wind farms with a rated power of

below 100 MW is that they have to be able to operate with a power factor

of between 0.95 inductive and 0.95 capacitive at rated active power output

[37]. For larger wind farms, the range of reactive power provision is shown

in Figure 5.5. In justified cases, the TSOs may even expand the reactive

power exchange capacity as additional requirement. In addition it must be

possible to continuously adjust the power factor within the agreed design

range.

Wind farms with VSC transmission systems can fully comply with voltage

control requirements as the reactive power in the connection point is con-

trollable independent of the active power. Only the rating of the line-side

VSC has to be increased depending on the required reactive power provision.

This is a comparably low investment considering that alternatives like grid

enforcements or external voltage control devices can be avoided. It is in the

responsibility of the wind farm operator to install the required equipment in

order to provide voltage control. The operating point for the reactive power

exchange is determined in the network connection agreement with the TSO

and can be determined either by the power factor, the reactive power or

the voltage in the connection point. Working points are then specified by
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Figure 5.5: Requirement for reactive power provision.

agreeing upon a value or a schedule if applicable, by an online setpoint value

specification or by voltage control.

5.1.4 Other requirements

Voltage quality: The wind farm has to comply with the requirements from

the TSO concerning the voltage quality at the point of common cou-

pling (PCC). Rapid voltage changes caused by switching operations in

the wind farm and certain voltage harmonics can damage or shorten

the lifetime of utility or customer equipment. Low-frequency voltage

disturbances, so called voltage flicker, can cause irritating variations

in the light intensity of lamps.

VSC transmission systems should generally not cause any problems

regarding the voltage quality. The HVDC link effectively decouples

the wind farm grid from the AC network and acts as a storage device.

The critical voltage harmonics from the PWM-switched VSC at the

PCC can be filtered appropriately.

Islanding: Islanding means the formation of an asynchronous sub-network

that is disconnected from the main network, for example after a net-

work fault. The requirements for islanding operation of the wind farm

are defined in the network connection agreement with the TSO, as a
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part of the concept for the behaviour during major disturbances. Nor-

mally it is stated that a generating unit must be designed to switch

over to islanding mode from any point of operation, which may imply

the requirement for black-start capability. Details about regulations

and control demands during the islanding mode are individually agreed

upon with the TSO.

Wind farms are often exempted from the basic requirement of islanding

operation, as for example in the E.On grid code [37]. VSC transmission

systems, however, can feature both island operating and black-start

capability without substantial additional expenses.

Negative phase sequence: Generating units should be able to withstand

negative phase sequence currents caused by line voltage unbalance

or phase-to-phase faults. The general requirements in the grid codes

have not been specifically adapted and apply accordingly also for wind

farms.

The main concern for VSC transmission systems is that the unbal-

anced network voltage could produce non-characteristic harmonics on

the HVDC link or collection grid that may excite resonances.

5.2 Protection

The protection system of a wind farm must comply with the wind grid codes.

The extent and type of relay protection systems in a wind farm is therefore

governed by two considerations: One is the need to protect the wind turbines

and associated equipment against damage originating from faults in the net-

work or the wind farm itself. The other is to comply with the requirements

of the TSO for normal operation and for support of the network during and

after faults, i.e. to secure safe operation under all circumstances.

In this section, different relay protection systems and their fields of appli-

cation are described. The protection system of the proposed VSC trans-

mission system differs somewhat from conventional solutions, as the wind
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turbine converters, the power collection between the wind turbines and the

conversion for onward transmission are inseparable.

5.2.1 Survey of protection and monitoring relays

Protection systems are installed in order to selectively disconnect the af-

fected equipment from operation during short circuits and other abnormal

conditions that can cause damage to equipment or disturb the effective op-

eration of system. Protection systems are based on blocking the converter

valves and opening circuit breakers, which deenergizes the system and elim-

inates dangerous currents and voltages.

Protection systems are based on different protection relays and monitoring

relays. Protection relays detect abnormal system conditions and initiate

appropriate protective measures. Monitoring relays are used to verify con-

ditions in a power system. Different protection and monitoring relays and

their field of application are described below.

Frequency-sensitive relays can detect overfrequency or underfrequency and

monitor the rate of change of frequency. If the network frequency

exceeds a predefined range, they can automatically signal the circuit

breakers to disconnect the wind farm. Relays that are monitoring the

rate of change of frequency can detect abrupt changes in the network

frequency which may indicate that the wind farm is operating in an

isolated part of the network. Overfrequency relays can monitor the

generator frequency and protect the wind turbines from overspeed due

to e.g. wind gusts or the effects of primary frequency control.

Voltage-sensitive relays can detect overvoltage, undervoltage and differen-

tial voltage. Ground faults and neutral voltage displacements can re-

sult in dangerous overvoltages. The protection system has to selec-

tively disconnect the affected components in order to avoid damage to

other equipment. Short circuits on the power network on the other

hand can cause temporary voltage sags, which can be monitored by an
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undervoltage relay in order to ensure fault ride-through according to

Figure 5.2.

Current-sensitive relays can detect overcurrent, differential current and rec-

ognize two- and three-phase short circuits. These short circuits can

cause large overcurrents that lead to overheating and breakdown of

sensitive equipment. Overcurrent protection is especially important

for converters, as the thermal time constants of semiconductors are

short. Overcurrent protection systems need to be selective, provide

maximum protection and absolutely avoid disconnection during normal

operation. Therefore they have to consider the specific characteristics

of the circuit, as e.g. the maximum current at continuous operation or

the maximum inrush currents of the transformers. In addition, over-

current relays often trigger time delayed.

Phase-sensitive relays can monitor the phase sequence, power factor and

power flow and detect phase reversals, ground or earth faults, phase

failures and phase unbalances. A relay that monitors the power flow

can be used to disconnect a wind turbine operating in motor mode after

a certain time delay. Another application of phase-sensitive relays is

to detect phase angle jumps that can indicate that the wind farm is

operating in an isolated part of the network.

Differential protection relays respond to any difference between two mea-

surement values, which allows the accurate localization of faults. Dif-

ferential protection is primarily used to protect transformers and to

monitor cables, in which case remote end communication is required.

Distance protection relays are working after the function principle of mon-

itoring the measured impedance at the location of their installation.

At failure-free conditions, the network impedance is high whereas it

becomes low during short-circuit failures. Distance protection is used

for the network protection in transmission and distribution systems,

but is also suitable as backup protection system for generators and

transformers.
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Thermal relays monitor different temperatures and compare them with a

reference temperature map of the protected equipment. Depending on

the severity of the overheating, thermal relays can initiate appropriate

measures like alarm, start forced cooling, reduce the load or finally

turn the equipment off. Thermal relays are often used in large power

transformers.

Converter protection systems are working after the function principle of

blocking the semiconductor valves during faults. They are designed

to handle overcurrents, short circuits, overvoltages and ground faults.

Converter protection systems need to be adapted to the specific char-

acteristics of the particular converter topology and its active elements,

which are IGBTs in the VSC and thyristors in the cycloconverters.

Blocking the VSC is simple due to the gate turn-off capability of the

IGBT; the device current can be interrupted by removing the gate drive

voltage. Thyristors, however, are latched on once the device begins to

conduct and cannot be turned off by the gate. Thyristor turn-off can

only be accomplished by an external circuit that has to reduce the de-

vice current below the holding current for a minimum specified period

of time.

This section has given a general overview of different protection strategies

applied in wind farms but does not claim completeness. Different equipment

utilizes more specific protection systems. A Buchholz relay for example is

sensitive to dielectric failures inside oil-filled power transformers and can

indicate low oil levels or leaks.

5.2.2 Wind turbine protection system

Generally, wind turbine protection is the responsibility of the wind turbine

manufacturer and comprises all equipment up to and including the wind

turbine circuit breakers, i.e. the gearbox, the generator, the possible con-

verter and filter, the collection transformer and the auxiliary power supply.

In the proposed VSC transmission system, the wind turbine converter and
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the power collection between the different wind turbines are inseparable and

specific. Therefore, it is necessary to harmonize the wind turbine protection

system with the requirements of the transmission system with respect to the

necessary communication and protection levels.

The converter protection system has to be especially adapted to the specific

characteristics of the cycloconverter, while the generator and transformer

protection systems are standard solutions. Generators are often protected

against overfrequency, overcurrent and overvoltage in combination with a

thermal protection relay. The collection transformers may be protected

against overcurrents and are often equipped with differential and thermal

protection relays. Distance protection is also suitable as backup protection

for both generators and transformers in order to detect short circuits and

ground faults. The capability of the wind turbines to fulfil the protection

requirements is verified and certified by an independent organization.

5.2.3 Network protection system

The protection devices that are installed at the network connection point

must be equivalent to the concepts of the TSO in terms of triggering times,

availability and redundancy. The wind farm must be equipped at least with

a distance protection relay and a main circuit breaker. Further protection

devices may be required in accordance with the requirements of the TSO. In

this way, the capability of the wind farm to meet the grid protection specifi-

cations defined in the wind grid code is assured. Tests check and record the

reaction and response times of the wind farm to different events like e.g. the

loss of the mains or voltage and frequency exceeding upper and lower limits.

The present development of large offshore wind farms requires new protec-

tion schemes in the case of network faults. The permanent tripping of a

transmission line due to e.g. overload or loss of production capacity results

in a power unbalance with a large frequency and voltage drop that is often

followed by the complete loss of power. In this case, all operating generators

have to be immediately disconnected from the network. The majority of
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network faults, however, are short circuits that range in severity from the

single-phase earth fault over two-phase faults to three-phase short circuits.

Many of these faults are cleared by the network relay system after a few

hundred milliseconds and the voltage returns after a short period with low

or no voltage. The wind farm is required to ride through these situations,

as a disconnection would further aggravate the dynamic stability of the net-

work.

The network protection system must also cover the transmission and col-

lection equipment inside the wind farm, i.e. the two VSCs, the main trans-

former and the HVDC and collection cables. The converter, transformer

and cable protection systems are standard solutions based on overcurrent,

thermal, differential and distance protection relays. The protection of the

collection grid, however, requires special protection equipment similar to the

one of busbar protection systems. It has to prevent unnecessary tripping

and selectively switch those circuit breakers that isolate the fault. In order

to limit the damage caused by the fault current, the clearing time should

be short and it must be ensured that other circuit breakers isolate the fault

if it cannot be cleared by the considered circuit breaker due to a breaker

failure. The arrangement of circuit breakers in the collection grid according

to Figure 5.1 allows to flexibly disconnect individual wind turbines or parts

of the collection grid without having to shut down the whole wind farm.

5.3 Auxiliary power supply

Modern wind turbines need a simple and reliable auxiliary power supply.

For a 3 MW wind turbine, the auxiliary power demand is approximately in

the range of 60 to 120 kW depending on the specific requirements. Auxiliary

power is not only required during normal operation but also when the wind

turbine is standing still or out of operation. Safety critical consumers of

auxiliary power are the position lights, the pitching and yawing mechanisms

as well as the emergency breaks. The heating that protects the equipment

from frost and condensation damages and the cooling of the drive train are
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other large consumers. During maintenance and repair, lights, elevators and

tools need to be powered.

Figure 5.1 shows that the auxiliary power demand of the proposed VSC

transmission system can be directly supplied from the wind turbine collection

grid over the single-phase transformer and a frequency converter. This has

the advantage that no separate auxiliary power supply is necessary. However,

when a wind turbine is not connected to the collection grid or when the

collection grid is deenergized, the auxiliary power supply has to be provided

in another way. Therefore, every wind turbine needs a backup power supply

like a battery. In addition, a diesel generator has to supply the auxiliary

power to the wind farm when the HVDC link is shut down during faults and

maintenance in order to enable the wind turbines to power safety critical

equipment as well as to black start in islanding operation.

5.4 Communication

Communication is required both within the wind farm and between the net-

work management system of the TSO, the control system of the wind farm

and the wind farm itself. The communication requirements vary according

to the transmittable information. Control and protection relevant signals

may require real-time data processing, while the requirements for other in-

formation may be much lower.

Internal: The distributed structure of the proposed VSC transmission sys-

tem is the reason that the communication requirements inside the wind

farm differ from conventional solutions. Especially the requirements

on the communication between the VSC and the distributed cyclo-

converters have to be considered carefully in order to ensure their

proper commutation. High-speed communication is most likely not

practicable and can be avoided if the cycloconverters can be operated

autonomously. This can be possible provided that the cycloconverter
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controller can accurately determine the switching instants of the VSC

from measurements of the collection grid voltage.

Between the wind farm and its control system: The wind farm is contin-

uously providing the wind farm control system with relevant measure-

ment values and feedback messages. Measurement values comprise

electrical parameters like voltage, current, active and reactive power,

but also wind speed, wind direction, ambient temperature and pres-

sure. Feedback and warning messages inform about the operation sta-

tus of different equipment, e.g. transformer tap positions or the status

of switchgear equipment like circuit breakers. The wind farm control

system on the other hand sends commands and setpoint values to the

different equipment in the wind farm.

Between the wind farm and the TSO: During normal operation, the in-

teraction between the wind farm and the network management sys-

tem of the TSO is limited to the transmission of information from the

wind farm that is necessary for the operation of the power system.

This comprises electrical measurements of voltage, current, active and

reactive power as well as feedback and warning messages of different

equipment. This information is often communicated via the wind farm

control system. During faults in the power system, the main circuit

breaker of the wind farm is often required to operate by remote control

by the network management system of the TSO.

Between the TSO and the wind farm control system: Many TSOs re-

quire real-time data processing in order to transmit information be-

tween their network management systems and the wind farm control

system [37]. The wind farm control system transmits information that

is necessary for the operation of the power system, like the operation

status of the wind farm, its regulation capability and if frequency or

voltage control is enabled. The network management system of the

TSO on the other hand transmits commands and setpoint values to

the wind farm control system, according to the negotiated agreements

and the requirements defined in the grid code.
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This chapter deals with different questions concerning the dimensioning of

a wind farm, both from a technical and economic point of view. At first, it

provides an overview of necessary permits and different requirements that

affect the design of a wind farm. The dimensioning of the different system

components must primarly ensure the feasibility and functionality of the

proposed VSC transmission system, but it is also important to strengthen

the competitiveness by reducing both the investment and operation costs

and by increasing the annual energy production (AEP). Lastly, the value of

a wind farm in a power system and the economic consequences for a wind

farm owner are discussed in a more general perspective.

The dimensioning process is illustrated by means of an example of a 200 MW

offshore wind farm. Paper II describes in detail the converter ratings and

losses of both the VSC and the cycloconverters [1]. Paper III provides details

about the considered wind farm layout and a detailed benchmark of the

estimated AEP depending on the transmission distance and the average

wind speed [2].

6.1 Permits and requirements

The installation of a wind farm requires a concession from the government

or the responsible energy authority in the respective country. A concession

for an offshore area normally includes a license to carry out preliminary sur-
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veys and the right to exploit the wind energy with a wind farm of a certain

size. The concession may also comprise environmental and infrastructural

requirements.

The location of the offshore area assigned in the concession determines the

necessary transmission distance to a suitable network connection point. To-

gether with the capacity of the wind farm, the choice and dimensioning of

the transmission system can be made according to Figure 2.1. The transmis-

sion system has to follow the technical regulations for the interconnection of

a power plant to an existing power system as discussed in Chapter 5. Sec-

tion 6.4.1 provides more details about the economic aspects of the network

connection and specifies the duties of both the transmission system operator

(TSO) and the wind farm owner.

The wind farm owner finally decides about the required functionality of the

wind farm during different conditions, which is then tested and certified by

an independent organization. The various permits and requirements men-

tioned in this section form the constraints for the dimensioning of the wind

farm.

6.2 Technical dimensioning

The wind turbine converters, the power collection between the wind turbines

and the conversion for onward transmission are inseparable in the proposed

wind farm topology. Therefore it is important to consider the correlation

between different system components during the technical dimensioning in

order to ensure the feasibility and desired functionality the proposed VSC

transmission system.

A critical point during the technical dimensioning of the wind farm is the

collection grid, which must be designed in order to avoid overvoltages and

extensive voltage ringing as discussed in Section 4.1. The dimensioning of

the collection grid starts with the choice of a suitable voltage level and sub-
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marine cable. The layout of the collection grid must be optimized with

regard to the number of parallel cables and their lengths by means of an

analysis of the voltage transfer functions (see Section 4.1). The maximum

allowable overvoltage determines then the choice and dimensioning of the re-

maining parameters like the frequency and voltage rise time of the collection

grid voltage, the leakage inductances of the MF transmission and collection

transformers and the design of filters (if necessary).

Once the collection grid is dimensioned properly, the neighbouring compo-

nents have to be adjusted accordingly. The VSC design is influenced by

the operation frequency of the collection grid and the requirements for the

voltage rise time. The proper switching frequency and switching durations

must be ensured by the commutation scheme while the thermal design of

the VSC valves needs to be adjusted to the expected switching losses. The

single-phase MF transformers have to be designed with special regard to the

leakage inductance (see Section 4.2). The operation frequency of the col-

lection grid influences also the cycloconverter design and the choice of the

wind turbine generators. Based on this fundamental dimensioning process

that ensures the system feasibility, other technical requirements regarding

the functionality and system protection can be considered.

6.3 Economic dimensioning

Existing VSC transmission systems tend to be expensive and can often not

offer an economically competitive solution compared to conventional AC

transmission systems. Therefore it is important to reduce the initial costs of

VSC transmission systems. However, low operation costs and a high relia-

bility are also crucial in an offshore installation due to the complicated and

expensive access for maintenance and repairs. Additionally, it is important

to design a system with a high efficiency in order to optimize the energy

production and consequently the revenues of the wind farm owner.
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6.3.1 Investment and operation costs

The investment costs for the VSC can be decreased significantly by reduc-

ing the number of series-connected IGBTs. In Paper II it was shown that

the IGBT power rating of the main VSC is 3.9 GW, which is over 30 % less

compared to a conventional three-phase VSC with the same effective switch-

ing frequency [1]. The IGBT power rating represents the number of IGBTs

times their current rating times their voltage rating and indicates the costs

related to the IGBTs and their gate drives. Lower switching losses and less

thermal stress due to the soft-switching commutation scheme make it pos-

sible to reduce the required active silicon area and consequently the IGBT

power rating.

The dimensioning of the cycloconverters should facilitate that their valves

can be implemented with comparably cheap and well-established fast thyris-

tors. This is an important step to keep down the investment costs, especially

in consideration of the fact that the cycloconverters are rated at nominal tur-

bine power.

Another advantage of the proposed VSC transmission system is the applica-

tion of single-phase MF transformers which are cheaper and more compact

than three-phase transformers. As shown in Section 4.2, the dimensioning

of the single-phase MF transformers is a compromise between low invest-

ment costs, a high efficiency and the desired characteristics as e.g. a certain

leakage inductance. It is quite common that a reduction of the investment

costs is achieved at the expense of higher losses and increased operation and

maintenance costs, which must be considered in a careful design.

6.3.2 Revenues

The revenues from a wind farm depend on its energy production. The

expected AEP of a wind farm can be calculated according to standard

IEC61400-1 [38] and depends on the number of wind turbines, their power
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curve and the annual average wind speed. For a 200 MW wind farm with an

average wind speed of 9m/s, the AEP exclusive of collection and transmis-

sion losses is approximately 780 GWh [2].

The collection and transmission losses should be kept as small as possible in

order to maximize the energy infeed to the main network. Converter losses

are normally dominating with a short VSC transmission system, especially

during periods of low power generation. It is described in Paper II how the

converter efficiency is increased by a significant reduction of series-connected

IGBTs in the VSC and the application of a soft-switching commutation

scheme. The total losses of the main VSC are only 0.8 MW at nominal en-

ergy production, which is a reduction of approximately 70 % compared to

a conventional VSC with the same effective switching frequency [1]. The

thyristors in the cycloconverters have also low losses compared to IGBTs.

The cycloconverter losses are considerably lower than the losses of a full-scale

frequency converter and comparable with the losses of a frequency converter

in a DFIG. The converter losses in a 200 MW wind farm are estimated to

be approximately 1 % [1]. Paper III explains how transmission and collec-

tion cable losses can be accurately calculated considering their temperature

dependence [2].

Drive-train losses are another important loss source, comprising mechani-

cal losses in the gearbox and the bearings as well as electrical losses in the

generator, converter, transformer and filter. The wind turbine power curve

according to standard IEC61400-1 [38] is determined by measurements of

the power output on the high-voltage side of the wind turbine transformer.

This means that the power curve comprises both drive-train losses and the

auxiliary power consumption of the wind turbine. Therefore, it is often

put in the charge of the wind turbine manufacturer to reduce the drive-

train losses. With the proposed topology, the power output may increase

somewhat by utilizing more efficient single-phase MF transformers instead

of conventional three-phase transformers. A 3 MVA distribution transformer

has a calculated efficiency of over 99.5 % as shown in Section 4.2.
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6.4 The value of a wind farm in a power system

The value of a new wind farm in a power system depends on different factors

that can be evaluated individually in order to get a general idea of the project

profitability. The true value of a new wind farm is the possible decrease in

the power system costs. The market value, however, may be significantly

higher, due to governmental incentives or green certificates that represent

the environmental attributes of the power produced from renewable energy

sources. The different values of a new power plant in an existing power

system are specified below [39]. They are particularly evaluated with regard

to wind power.

The operating cost value relates to the capability of a new power plant to

decrease the operating costs in a power system. The common situation

is that wind power production replaces fuels in those thermal power

stations with the highest operation costs.

The capacity credit refers to the capability of a new power plant to increase

the reliability of a power system by reducing the risk of capacity deficit.

The capacity credit of wind power has been estimated to approximately

20 % of the installed capacity [39].

The energy reliability value relates to the capability of a new power plant

to increase the energy reliability in a power system, i.e. the possibility

to produce electric energy. On the one hand, wind power has a slightly

lower energy reliability value than e.g. thermal power that has the

same potential all the year round. On the other hand, wind power has

a higher energy reliability value than e.g. hydro power that is strongly

correlated to the amount of precipitation [39].

The control value is related to the capability of a new power plant to fol-

low the production demand. Wind farms normally produce as much

electric energy as possible and therefore have a negative control value.

To what extent future wind farms may be obliged to contribute in

primary, secondary and long-term control is discussed in Chapter 5.
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The loss reduction value considers the capability of a new power plant to

reduce the grid losses in a power system. The loss reduction value may

also become negative if there is no local load close to the wind farm

and the produced electric energy needs to be transported over a long

distance.

The grid investment value relates to the capability of a new power plant

to decrease the need of grid investments in a power system. The grid

investment value may also become negative, especially for large and

remote wind farms.

The sum of all these values gives an estimate of the total value of a wind

power plant from the power system point of view. However, it is generally

quite difficult to accurately determine the different values.

6.4.1 Economic aspects

The network connection of a new wind farm often causes conflicts between

the TSO, the network owner and the wind farm owner. Most of these con-

flicts are only indirectly related to technical problems and rather concern

questions about what costs wind power causes and how these costs should

be split between the involved partners. This does not only concern the actual

network connection costs but also neccessary network upgrade and system

operation costs.

The costs for the network connection and possible network upgrades are de-

termined differently in different countries. Some countries have fixed connec-

tion charges independent of the actual connection costs. In most deregulated

markets however, the connection charges have to represent the actual costs

for the network connection. In practice it may differ significantly between

two countries what is included in the specific network connection charges.

Some include only the costs for new transmission lines to an existing net-

work point (shallow connection charges), while others also include the costs

for necessary step-up transformers and network reinforcements (deep con-
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nection charges) [39].

System operation costs result from the necessity to continuously balance the

electricity supply with the demand and to assure the supply quality in a

power system. In principal, system operation costs should be divided be-

tween all power system users based on their network usage. However, it is

usually difficult to determine the required system operation costs caused by

a new wind farm. The network connection of a wind farm via e.g. a VSC

transmission system may even increase the system robustness by providing

both primary and secondary control as well as black-start capability (refer

to Chapter 5). Nevertheless, it is difficult for a wind farm operator to receive

payments that correspond to the true value of his investment.
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7.1 Conclusions

The proposed VSC transmission system addresses several problems associ-

ated with the electrical systems of large offshore wind farms. It provides

both variable-speed operation of the wind turbine generators and an inter-

face for HVDC transmission in a cost-effective way. In addition, it can fully

comply with the requirements of recent wind grid codes regarding the net-

work connection of wind farms. The main conclusions of this thesis can

be summarized with respect to the initially defined project objectives from

Section 1.2.

Verification of the system feasibility:

As for every novel topology, it must be ensured that a practical implementa-

tion is feasible and fully complies with prevailing requirements. A compre-

hensive evaluation revealed that the proposed concept can fully satisfy all

the different requirements from the TSOs and the wind turbine manufactur-

ers. However, different critical issues have been identified that can jeopardize

the system feasibility, all of them related to the design of different system

components. The design of the single-phase MF collection grid proves to be

the greatest challenge in order to avoid excessive system resonances. Their

extent depends in a complex manner on the interaction between the design

and control of the VSC, the characteristics of the single-phase MF trans-

formers, the choice of the collection cables, the layout of the collection grid

and the influence of possible filters. In this context, more theoretical and
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not least practical work is required in order to ensure the feasibility of the

proposed concept.

Comparison to conventional transmission systems:

The proposed concept was compared to different variable-speed wind turbine

topologies and transmission systems, namely HVAC transmission and both

LCC and VSC based HVDC transmission. The comparison takes both dif-

ferent average annual wind speeds and different transmission distances into

account. It shows that the proposed concept features all the advantages of

conventional VSC transmission systems, whereas the system losses and the

number of expensive components are reduced. Compared to conventional

AC transmission, the proposed concept has lower losses for transmission

distances of more than approximately 100 km. However, the application of

the proposed VSC transmission system may already be advantageous for far

shorter transmission distances due to its specific properties.

Reduction of total system losses:

It was expected that the implementation of a soft-switching commutation

scheme in combination with a reduction of lossy components will result in a

considerable decrease of the total system losses compared to a conventional

hard-switched VSC transmission system. Detailed loss models of the differ-

ent system components allowed a profound analysis of the dependence on the

transmission distance and the average annual wind speed. It was found that

the annual energy production of the proposed concept is approximately one

percent higher compared to conventional VSC transmission systems under

all conditions.

Reduction of expensive and complex components:

In conventional VSC transmission systems, the initial costs are increased

by the large number of series-connected IGBTs and the low-frequency trans-

formers. In the proposed concept, it was shown that the IGBT power rating,

which indicates the costs related to the IGBTs and their gate drives, can be

decreased by over 30 % with the same effective switching frequency. The cost,

weight and volume of the transformers can also be decreased considerably

by applying single-phase transformers at an increased operation frequency.
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A reduction of expensive and complex components contributes to increase

the competitiveness of the proposed VSC transmission system.

Analysis of failure modes:

This thesis contains a comprehensive evaluation of different requirements

during diverse fault conditions, different protection systems for the wind

turbine and the network as well as requirements regarding the auxiliary

power supply and the communication. It was shown that the proposed VSC

transmission system can fully comply with these requirements.

Finally, offshore wind farms are a quite recent phenomenon, which explains

that the design considerations held by offshore engineers are often guided by

the advice to keep them as simple as possible and based on well-established

technologies [10]. The proposed concept for the electric system of offshore

wind farms, however, is more complex as it integrates the wind turbine de-

sign and the transmission system into a system solution. In the near future,

the focus will definitely lie on adapting well-established technologies to the

offshore environment, with focus on reliability, robustness and modularity.

All this aims at reducing the costs for maintenance and repair, which are very

complicated in an offshore environment. In a later stage and with increasing

availability, it will become more important to also increase the system effi-

ciency. Here, a system solution like the proposed VSC transmission system

can certainly create more advantageous and cost-effective electric systems

for offshore wind farms.

7.2 Future work

This thesis contains a comprehensive evaluation of the proposed VSC trans-

mission system, on which the emphasis of future research activities can be

based. In order to take another step forward towards the implementation of

the proposed concept, it is important to further concentrate on the following

aspects:
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• The MF collection grid voltage with its high voltage derivatives can

excite system resonances that can cause excessive overvoltages and

make the proposed concept impossible. In Section 4.1, it is explained

how to identify critical system resonances and how to limit them

by an appropriate design of the grid layout. The characteristics of

different system components, i.e. the collection cable, the transmission

and distribution transformers as well as the VSC, also plays a decisive

role. However, further investigations are necessary regarding different

grid layouts, the implementation of filters, the loss determination and

the connection between different system components.

• Different aspects regarding the converter design are discussed in

Section 4.3. For the VSC, the main issues concern the control of the

voltage rise time and the proper commutation during low power gen-

eration. In the latter case, an alternative commutation scheme with

an auxiliary circuit has been proposed (see Figure 3.6). It should be

verified with system simulations that a controlled commutation of the

VSC is possible in any point of operation. The cycloconverter design

on the other hand brings up more practical questions, concerning the

application of thyristors, like e.g. the design of the thyristor gate drive

circuit.

• Basic design considerations for single-phase MF transformers are

described in Section 4.2. However, the transformer design has to be

further improved and adapted to the specific characteristics of the

proposed concept. Both the distribution and transmission transformer

must be optimized in terms of the electrical properties, the losses, the

initial costs, and the weight.

• Different system properties are discussed in Chapter 5. It should be

verified with system simulations that the proposed concept can fully

comply with the requirements concerning the network connection of

the wind farm. An appropriate simulation model should comprise the

wind farm, the HVDC transmission with a conventional three-phase

VSC at the network side, and a representative part of the network.
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The simulations should verify the control and protection equipment

during normal operation as well as during different fault conditions

and test the capability for frequency and voltage control, fault

ride-through and black-start.

• Different questions concerning the dimensioning of the proposed VSC

transmission system in a wind farm are discussed in Chapter 6, based

on which further optimizations are made possible. In addition to low

costs, it is especially important to reduce maintenance and repair

costs, which can become very significant in an offshore environment.

Another important aspect is to increase the annual energy production,

which is a result of the availability and the system losses. In order to

show the potential of the proposed concept, it should be compared to

a recently implemented wind farm project.

• With an appropriate modulation strategy for the cycloconverters,

it is possible to decrease the harmonic losses in the wind turbine

generators and to avoid filters. It has to be further investigated to

what extent this is feasible and economically advantageous.

• In order to further establish the proposed concept, it should be verified

experimentally as described in the following section.

7.2.1 Experimental activity

A down-scaled experimental setup allows to simulate and verify different

system properties of the proposed VSC transmission system. The planned

experimental activity can be based on previous work done by Dr. S. Nor-

rga [3]. Figure 7.1 shows a photograph of the existing prototype converter,

which is rated at 40 kVA. It comprises a VSC with snubber capacitors, an

MF transformer and a 2-phase by 3-phase cycloconverter. Further details

about this prototype and its control hardware can be found in [12].

Figure 7.2 shows a possible experimental setup that permits flexible and
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meaningful system simulations. It is partially based on existing and well

proven components, which are highlighted in grey in the figure. The ex-

perimental setup comprises the generators G1 and G2 representing two

independent wind turbines, each driven by its own motor (M1 and M2).

LC filters smoothen the output voltage of the cycloconverters. The semi-

conductor valves of the existing cycloconverter consist of standard IGBT

modules. The collection grid comprises three single-phase MF transform-

ers with a turns ratio of 1:1 each (distribution transformers T1 respectively

transmission transformer T2) as well as two cable models. The existing VSC

and the bus-splitting capacitors may have to be slightly modified. The power

from the two generators is fed back to the grid via a DC motor (ML).

The experimental activity should include the following important aspects:

• Implementation and verification of different proposed modulation

strategies [33] in order to increase the modulation index and to

decrease the harmonic content in the cycloconverter output voltage.

• Design and implementation of a second subsystem in parallel to the

already existing cycloconverter with LC filter. Its design will differ

substantially from the present subsystem considering the specific

requirements of its application in an offshore wind farm. It is planned

to implement the cycloconverter control in a way that it can function

autonomously from the main control system. Another intention is to

equip the cycloconverter with fast thyristors in order to establish and

confirm an appropriate control scheme.

• Investigations regarding the interaction between the two subsystems,

different control strategies on the converter and wind farm level, the

handling of different fault conditions, etc.
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Figure 7.2: Possible experimental setup.
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a Medium Frequency Transformer in a Line Side Power Conversion

System,” in Proceedings of the 35th Annual IEEE Power Electronics

Specialists Conference, PESC ’04, Aachen, Germany, 2004.

[5] European Wind Energy Association, “www.ewea.org.”

[6] R. Gasch and J.Twele, “Wind Power Plants - Fundamentals, Design,

Construction and Operation.” Solarpraxis AG, Germany, 2002.

[7] K. Sœbrink, P. Sœrensen, E. Joncquel, and D. Woodford, “Feasibility

study regarding integration of the Læsø Syd 160 MW wind farm using

VSC transmission,” in CIGRE SC14 Colloquium, Three Gorges Dam

Site, VR China, August 31, 2001.

93



References

[8] K. Eriksson, C. Liljegren, and K. Sœbrink, “HVDC Light Experiences

applicable for power transmission from offshore wind power parks,”

No. AIAA-2004-1010, Published by the American Institute of Aero-

nautics, 2004.

[9] N. Kirby, L. Xu, M. Luckett, and W. Siepmann, “HVDC transmission

for large offshore wind farms,” in Power Engineering Journal, vol. 16,

pp. 135–141, June 2002. Issue 3.

[10] T. Ackermann, ed., Wind Power in Power Systems. John Wiley & Sons,

Ltd, 2005.

[11] S. Norrga, “Novel Soft-switching Isolated Three-phase Bidirectional

AC/DC Converter,” in Proceedings of the Nordic Workshop on Power

and Industrial Electronics, Norpie ’02, Stockholm, Sweden, August

2002.
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List of symbols and acronyms

Ac Effective core cross-sectional area [m2]

ad Turns ratio of the distribution transformer −
at Turns ratio of the transmission transformer −
Aw Effective winding cross-sectional area [m2]

B Magnetic flux density [T]

C ′ Distributed cable capacitance [F/m]

Cd DC link capacitance [F]

Cs Total series-connected snubber capacitance [F]

e Natural base (≈ 2.7182818 . . . ) −
f0 Fundamental frequency [Hz]

G′ Distributed cable conductance [S/m]

Ic Cable charging current [A]

id DC link current [A]

ii Cycloconverter line current in phase i [A]

Imax Maximum allowable cable current [A]

itr Transmission transformer current [A]

Itr0e Current level at the beginning of the resonant stage [A]

I1, I2 Primary, secondary transformer current [A]

j Imaginary unit (j2 = −1) −
J Current density [A/m2]

kcyc, kvsc Cycloconverter, VSC coupling factor −
l Cable length [m]

L′ Distributed cable inductance [H/m]

L′
i, L

′
o Distributed inner, outer cable inductance [H/m]

Lλd Leakage inductance of the distribution transformer [H]

Lλe Equivalent commutation inductance [H]
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List of symbols and acronyms

Lλt Leakage inductance of the transmission transformer [H]

ma Amplitude modulation ratio −
mf VSC switching frequency [Hz]

Nh Number of hours in one year (≈ 8760) −
N1, N2 Primary, secondary transformer winding turns −
p Frequency modulation ratio −
Pd Dielectric cable losses [W]

Pi Average power output during measuring interval i [p.u.]

Pmax Maximum ohmic cable loss [W]

r Radius of the cable conductor [m]

R Outer cable radius [m]

R′ Distributed cable resistance [Ω/m]

s Distance between the axes of the cable conductors [m]

tcyc Duration of a cycloconverter phase leg commutation [s]

tr Critical voltage rise time [s]

tres Duration of the resonant stage in a VSC commutation [s]

tvsc Duration of a normal VSC commutation [s]

Ud DC link voltage (±Ud/2) [V]

ui Cycloconverter line voltage in phase i [V]

utr Transmission transformer voltage [V]

U1, U2 Primary, secondary transformer voltage [V]

v Pulse velocity [m/s]

Vavg Average wind speed [m/s]

Vi Average wind speed during measuring interval i [p.u.]

Zc Characteristic cable impedance [Ω]

Zl Transformer short circuit impedance [Ω]

Z1, Z2 Cable impedances of the symmetrical π-equivalent [Ω]

α Attenuation constant [Np/m]

α20 Temperature coefficient of the conductor resistivity −
β Phase constant [rad/m]

γ Propagation constant [rad/m]

tan(δ) Dielectric loss tangent / Dissipation factor −
ε0 Permittivity constant (≈ 8.85418. . . ·10−12) [ As

Vm ]

θamb Ambient temperature [◦C]

θmax Maximum allowable conductor temperature [◦C]

∆θ Temperature increase in the cable core [◦C]
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∆θmax Maximum allowable temperature rise in cable core [◦C]

µ0 Permeability constant (= 4π · 10−7) [ Vs
Am ]

π Constant (≈ 3.14159265 . . . ) −
σ Normalized standard deviation of the wind speed −

distribution relative to the average wind speed

σr Conductor conductivity [S/m]

φ Magnetic flux [Wb]

ω Angular frequency [rad/s]

Acronyms

ABB Asea Brown Boveri

AC Alternating Current

AEP Annual Energy Production

ASG Adjustable Speed Generator

B2B Back-to-back VSC

DC Direct Current

DFIG Doubly-Fed Induction Generator

EWEA European Wind Energy Association

HS Hard Switching

HV AC High Voltage Alternating Current

HV DC High Voltage Direct Current

IEC International Electrotechnical Commission

IGBT Insulated Gate Bipolar Transistor

LCC Line Commutated Converter

MF Medium Frequency

PCC Point of Common Coupling

PSCAD Power Systems Computer Aided Design

PWM Pulse Width Modulation

RMS Root Mean Square

SCFM Short Circuit Failure Mode

SCR Short Circuit Ratio

SS Soft Switching

SSOA Switching Safe Operating Area

STATCOM STATic COMpensator

TCR Thyristor-Controlled Reactor
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List of symbols and acronyms

THD Total Harmonic Distortion

TSO Transmission System Operator

V SC Voltage Source Converter

V TF Voltage Transfer Function

WT Wind Turbine

WTGS Wind Turbine Generator System

XLPE Cross-linked Polyethylene

ZCS Zero-Current Switching

ZV S Zero-Voltage Switching
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A Simulation setup in PSCAD

An overview of the system structure implemented in PSCAD is given in

Figure A.1. A custom control system was programmed in Fortran code

and implemented in four different PSCAD components, which are designed

as coupled state machines in order to achieve the desired commutation se-

quence. Thereby, the main controller coordinates the switchings of the VSC

and the cycloconverters. The VSC controller initiates the snubbered com-

mutation of the VSC and confirms its successful completion to the main

controller. The cycloconverter controller calculates the switching instants

for the three phase legs according to the active and reactive power demand.

It also reports the state of the cycloconverter to the main controller. Three

identical phase leg controllers initiate then the natural commutations of the

cycloconverter phase legs and confirm their successful completion to the cy-

cloconverter controller.

The simulation model comprises two separately modelled wind turbines with

3MW active power production each. They operate at 50 and 51 Hz respec-

tively. In order to better illustrate the operation principle by means of the

basic waveforms in Section 3.4.1, the influence of the collection grid was ne-

glected (transmission lines with l =0 m). A detailed analysis of the dynamic

impacts of the MF collection grid on the feasibility of the proposed system

can be found in Section 4.1. All semiconductor elements are modeled as

essentially ideal.

The selected simulation parameters can be found in Table A.1. These pa-

rameters have been chosen in order to model authentic conditions. The
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VSC controllerMain controller
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Figure A.1: System structure in PSCAD.

leakage inductance of the squirrel-cage induction generator was assumed to

be 0.25 p.u. The determination of the transformer parameters is described

in Section 4.2. The DC link capacitors were set to a high value in order to

model a strong and stable DC link voltage. The snubber capacitors were

dimensioned with regard to the duration of the VSC commutation, which

was adjusted to take approximately 5% (50 µs) of the commutation interval

at nominal energy production.
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Table A.1: Simulation parameters

Wind turbine generator

Type Squirrel-cage induction generator

Rated apparent power S 3MVA

Rated line-to-line voltage Ull 1 kV

Rated phase current Iph 1.73 kA = S√
3·Ull

Rated frequency f0 50 Hz

Base inductance Lbase 1.06 mH = Ull√
3·Iph·2πf0

Leakage inductance Lσ 0.27 mH = 0.25 p.u.

Distribution transformer1

Type Cast resin dry-type

Rated apparent power S 3MVA

Base operation frequency mf 500 Hz

Primary winding voltage U1 32 kV

Secondary winding voltage U2 2 kV

Base impedance Zbase 341.3 Ω =
U2

1

S

Leakage reactance Lλd 3.2 mH = 0.03 p.u.
(
= 2π·mf ·Lλd

Zbase

)

Transmission transformer1

Rated apparent power S 200 MVA

Base operation frequency mf 500 Hz

Primary winding voltage U1 150 kV

Secondary winding voltage U2 32 kV

Base impedance Zbase 112.5 Ω =
U2

1

S

Leakage reactance Lλt 10 mH = 0.28 p.u.
(
= 2π·mf ·Lλt

Zbase

)

Voltage source converter

DC link capacitance Cd 1mF

Snubber capacitance Cs 7 nF
1Details about the transformer design can be found in Section 4.2.
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B Determination of the cable

parameters

This appendix provides considerations and calculations that were used to

determine the main parameters of the distribution cables. Depending on the

frequency range, the influence of the skin effect has to be considered as it

increases the cable damping at higher frequencies. A comparison with the

cable parameters of a real cable verifies the derived equations.

B.1 Distributed cable capacitance

Figure B.1 illustrates the considerations behind the calculation of the dis-

tributed cable capacitance. With a distributed charge Q′ on the conductor,

the electric field strength E(x) in an arbitrary point of the cable insulation

is

E(x) =
Q′

2πε · x. (B.1)

The permittivity of the polyethylene insulation material is approximately

ε = 2.5ε0. The voltage between the conductor and the cable shield is

U =

∫ R

r
E(x) dx =

Q′

2π · ε · ln
(

R

r

)
. (B.2)

The distributed single-phase capacitance C ′
ph is defined as

C ′
ph =

Q′

U
=

2πε

ln
(

R
r

) . (B.3)
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+Q’

−Q’

R
r
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Figure B.1: Determination of the distributed cable capacitance C ′
ph.

The frequency dependency of the cable capacitance is negligible.

B.2 Distributed cable resistance and skin effect

The distributed cable resistance is related to the conductivity and the cross-

sectional area of the conductor according to

R′
dc =

1

σr · r2π
. (B.4)

The conductivity of the conductor depends on its material and is σr =

33 · 106S/m in the case of aluminium. The above equation is only valid for

low frequencies, when the current in the conductor is equally distributed.

Alternating current, however, has the tendency to distribute itself within a

conductor so that the current density near the surface of the conductor is

greater than that at its center. This tendency is called skin effect, which

causes the effective resistance of a conductor to increase with the frequency

of the current.

The current density J in an infinitely thick plane conductor decreases expo-

nentially with the depth x from the surface as

Jx = J0 · e−
x
δs (B.5)
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B.2 Distributed cable resistance and skin effect

0 5 10 15 20 25
0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25
0

0.5

1

1.5

2

2.5

3

3.5

4

PSfrag replacements

R′
dc

δs

1
σrπδs(2r−δs)

R′

dc

2 ·
√

f
fs

C
ab

le
re

si
st

an
ce

R
′
(Ω

/k
m

)

S
k
in

d
ep

th
(m

m
)

Frequency (kHz)

Figure B.2: Skin depth and cable resistance as a function of the frequency.

where δs is the skin depth. It is defined as the depth below the surface of a

conductor at which the current density has decreased to approximately 0.37

times the current density at the surface (Jx = J0/e).

δs =

√
2

ωµσr
=

√
1

πfµσr
(B.6)

The relative permeability of the conductor is one (µ = µ0). It can be shown

that the resistance of a plate that is much thicker than the skin depth with

alternating current is exactly equal to the resistance of a plate of thickness δs

with direct current. In this case, the distributed resistance of a cable becomes

approximately that of a hollow tube with a wall thickness δs carrying direct

current:

R′
ph =

1

σrπδs(2r − δs)
≈ 1

σr2πrδs
=

R′
dc

2
·

√
f

fsk
. (B.7)

The approximation above is accurate for cables with pronounced skin effect,

i.e. when the cable radius is much larger than the skin depth (r � δs). The

limiting frequency fsk for pronounced skin effect of a round conductor with

radius r is

fsk =
1

πµσrr2
. (B.8)

Figure B.2 shows the skin depth and the distributed cable resistance accord-

ing to equation B.7 as a function of the frequency. The limiting frequency
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B Determination of the cable parameters

for pronounced skin effect of the cable AXLJ TT (see table B.1) is approx-

imately 150 Hz, which is well below the fundamental frequency of the MF

distribution grid. Therefore, the influence of the skin effect on the cable

parameters has to be considered in order to obtain accurate results.

B.3 Distributed cable inductance

Figure B.3 illustrates the considerations behind the calculation of the dis-

tributed cable inductance, which comprises two parts. The inner inductance

L′
i is due to the magnetic field in the conductor itself while the outer induc-

tance L′
o arises from the magnetic field in the cable insulation. The total

effective distributed cable inductance is then

L′ = L′
i + L′

o. (B.9)

Distributed outer inductance

The distributed outer inductance L′
o is due to the magnetic field outside the

cable conductor, whose strength decreases with the distance according to

H(x) =
I

2πx
. (B.10)

The inductance can then be determined from the distributed magnetic en-

ergy stored around the conductor, with s being the distance between the

conductor axes according to Figure B.3.

W ′
o = L′

o ·
I2

2
=

∫

A

H(x) · B(x)

2
dA

=

∫ s

r

µH2(x)

2
· 2πxdx =

µI2

4π
· ln
(s

r

)
(B.11)

L′
o =

µ

2π
· ln
(s

r

)
(B.12)

The relative permeability of the polyethylene insulation material is one (µ =

µ0). The distributed outer inductance L′
o does not depend on the frequency

and normally dominates over the inner inductance (for s � r). This becomes
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B.3 Distributed cable inductance
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Figure B.3: Determination of the distributed cable inductance L′
ph.

even more pronounced at higher frequencies as shown below.

Distributed inner inductance

The calculation of the distributed inner inductance L′
i is more complex as

it depends on the current distribution in the conductor. The magnetic field

strength H(x) in the conductor is related to the current I flowing within the

radius x according to
∮

H(x) dl = 2πx · H(x) = I(x). (B.13)

For low frequencies, the current distribution within the conductor can be

assumed to be homogenous (equation B.14). For higher frequencies, one

has to consider that the current density decreases exponentially with the

depth from the surface according to equation B.5. This results in a current

I flowing within the radius x according to equation B.15.

forDC : I(x) = I · x2

r2 (B.14)

for f >fsk : I(x) = I · δse
−

r
δs +(x−δs)e

x−r
δs

r−δs+δse
−

r
δs

(B.15)

The distributed inner inductance can then be determined from the dis-

tributed magnetic energy stored within the conductor as

L′
i =

2

I2
W ′

i =
2

I2

∫

A

µH2(x)

2
dA =

µ

4π2I2

∫ r

0

I2(x)

x2
2πxdx. (B.16)
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B Determination of the cable parameters

Table B.1: Cable parameters

Type AXLJ TT 36 kV 1 x 150/35

Coductor radius r 7.05 mm

Outer radius R 15.05 mm

Conductor distance s 44 mm

AXLJ TT Analytical

Line capacitance C ′
ph 0.18 µF/km 0.183 µF/km

Line inductance L′
ph 0.41 mH/km 0.416 mH/km

Line DC-resistance R′
ph 0.206 Ω/km 0.194 Ω/km

The distributed inner inductance for a conductor with a homogenous cur-

rent distribution (DC current) is independent of the conductor radius r and

amounts to 0.05 mH/km. The calculation of the distributed inner inductance

considering the skin effect is much more complexe and results are therefore

only presented graphically (see Figure 4.2).

L′
i =

µ

2πr4

∫ r

0
x3dx =

µ

8π
= 0.05mH/km (forDC) (B.17)

B.4 Verification

In order to verify the derived equations, a comparison of the cable parameters

with the Nexans cable AXLJ TT 36 kV [40] was done. This is a longitudi-

nally and radially watertight, XLPE-insulated, copper wire screened, PVC

sheathed single-core cable with a circular aluminium conductor. Table B.1

gives the dimensions of the cable and a comparison of the manufacturers and

the analytically calculated distributed cable parameters.
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