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Offshore Wind Energy Technology offers a reference based on the research material
developed by the acclaimed Norwegian Research Centre for Offshore Wind Technology
(NOWITECH) and material developed by the expert authors over the last 20 years. This
comprehensive text covers critical topics such as wind energy conversion systems
technology, control systems, grid connection and system integration, and novel
structures including bottom-fixed and floating. The text also reviews the most current
operation and maintenance strategies as well as technologies and design tools for novel
offshore wind energy concepts.

The text contains a wealth of mathematical derivations, tables, graphs, worked
examples, and illustrative case studies. Authoritative and accessible, Offshore Wind
Energy Technology:

¢ Contains coverage of electricity markets for offshore wind energy and then
discusses the challenges posed by the cost and limited opportunities

e Discusses novel offshore wind turbine structures and floaters

e Features an analysis of the stochastic dynamics of offshore/marine structures

¢ Describes the logistics of planning, designing, building, and connecting an
offshore wind farm

Written for students and professionals in the field, Offshore Wind Energy Technology
is a definitive resource that reviews all facets of offshore wind energy technology and
grid connection.
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Foreword

Wind energy is playing an increasingly vital role in the efforts to decarbonise European
and international energy systems. Power grids have seen a strong increase in wind
power penetration, enhanced through the development of very large offshore wind
farms consisting of hundreds of multi-MW wind turbines. To optimally exploit these
very valuable assets, all aspects of the design, operations and maintenance will need to
be tightly integrated, and the strategies and algorithms required to achieve optimality
will need to be developed.

Since its creation back in 2009, I have followed NOWITECH activities and given
advice on its direction through my participation in its Scientific Committee.
NOWITECH facilitated an intense cooperation between outstanding researchers
(postgraduate students and academics) and strategic industry partners maintaining at
all times a strong connectivity with research organisations and programmes in Norway
and internationally.

Being an international precompetitive research cooperation with the required depth
of experience and breadth of expertise on offshore wind technology, NOWITECH was
ideally placed to successfully conduct innovative research on all relevant aspects of
offshore wind technology aiming to maximise energy production, minimise downtime,
reduce operational and maintenance costs and extend lifetime. This book presents
first-class material on some of these aspects.

It gives me great pleasure to write the Foreword for this timely book. I am confident
it will be of great value to students, practising engineers and the offshore wind industry
as a whole.

Peter Hauge Madsen

Head of Department

DTU Department of Wind Energy
Technical University of Denmark
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Preface

The motivation for this book is the rapid growth of offshore wind energy systems and
the implications this has on power system operation, control and protection.
Developments on wind turbine technology and power electronic converters along with
new control approaches have enabled offshore wind energy systems performance to be
improved. The authors identified the need for a book that covers up-to-date issues on
this dynamic topic. This reference book is based on research material developed by the
Norwegian Research Centre for Offshore Wind Technology (NOWITECH)' and teach-
ing material developed by the authors over the last 20 years. It is useful to final year
undergraduate and postgraduate students, and also practising engineers and scientists
in the offshore wind industry. The book addresses offshore wind farm electric design,
substructure and foundation design, operation and maintenance modelling, turbine
and park control, offshore transmission and power system integration.

The book is organized into eleven chapters. In Chapter 1 the reader is presented with
a brief overview on offshore wind developments and further introduced to the topics of
the book. Chapter 2 provides a general description on the various topologies of wind
turbine generators, main components and capacity sizes. Enhanced power electronic
converters for wind turbine generators are also presented. A thorough review of model-
ling and analysis of drivetrains in offshore wind turbines are presented in Chapter 3
while support structures for offshore wind turbines, that is substructures and founda-
tion, are covered in Chapter 4, which also provides a classification of wind turbine sub-
structure based on water depth covering both bottom-fixed and floating support
structures. Chapter 5 addresses the problem of controlling large bottom-fixed offshore
wind turbines. In order to make the material broadly accessible, we stick to relatively
simple control algorithms and focus on the interplay between the controls and the
dynamic response of the wind turbine. Alternative electrical designs of an offshore wind
farm are presented in Chapter 6, covering topologies and protection aspects. Chapter 7
provides an overview of, and a brief introduction to, operation and maintenance (O&M)
modelling for offshore wind farms, including transportation and logistics for O&M.

1 NOWITECH's objective is international precompetitive (2009—-2017) research cooperation on offshore
wind technology established as part of the Norwegian Centres for Environment-friendly Energy Research
(FME) scheme and cofinanced by the Research Council of Norway, industry and research partners.
NOWITECH is hosted by SINTEF Energi AS with SINTEF Ocean, SINTEF Stiftelsen, Norwegian
University of Science and Technology (NTNU) and Institute for Energy Technology (IFE) as research
partners (www.nowitech.no).
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xx | Preface

The main focus of the chapter is on strategic O&M modelling. Chapter 8 describes the
main objectives of supervisory control, namely: maximize energy production; minimize
fluctuating loads; provide ancillary services; handle faults; and global optimization,
including enhanced control to reduce O&M costs. The design of enhanced controls to
achieve these objectives is explained, including modelling-related issues. The connec-
tion to shore is addressed in Chapter 9, which presents the various technologies cur-
rently used by industry. The chapter discusses AC transmission, VSC-HVDC and gives
an overview of low-frequency AC transmission (LFAC). Chapter 10 discusses aspects of
operation and control of power systems with high penetration of wind power and
explores the possibilities for offshore wind power plants to provide power system oper-
ation support. Chapter 11 presents economics, regulatory and policy issues related to
offshore wind power developments.

The authors would like to thank the following authors for their contributions to this
book: Dr Amir Rasekhi Nejad (Chapter 3 in full), Dr Erin E. Bachynski (Chapter 4 in
full), Dr David Campos-Gaona (main parts of Chapter 6), Morten D. Pedersen (contri-
bution to Chapter 5) and Dr Thomas Michael Welte, Dr Iver Bakken Sperstad, Dr Elin
Espeland Halvorsen-Weare, Dr @yvind Netland, Dr Lars Magne Nonas and Dr Magnus
Stalhane (Chapter 7).

Olimpo Anaya-Lara
John O. Tande
Kjetil Uhlen

Karl Merz
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Acronyms

AC Alternating current

AEP Annual energy production

AGC Automatic generation control
AGMA American Gear Manufacturing Association
ALS Accidental limit state

BEM Blade element momentum

BP Band-pass

BTB Back-to-back

CAPEX  Capital expenditure

CB Circuit breaker

CDF Cumulative distribution function
CFD Computing fluid dynamics

CM Condition monitoring

CMS Condition monitoring system
CSC Current source converter

CTV Crew transfer vessel

DC Direct current

DECC Department of Energy and Climate Change
DFIG Doubly-fed induction generator
DMC Direct matrix converter

DOF Degree of freedom

DTU Danish Technical University

ENTSOE European Network of Transmission System Operators, ENTSO-E
EPSRC Engineering and Physical Sciences Research Council

EC Flying capacitor

FC/TCR  Fixed capacitor/thyristor-controlled reactor
FCR Frequency containment reserves

ECS Frequency control support

EE Force element

FEM Finite element method

FFT Fast Fourier Transform

FLS Fatigue limit state

FORM First-order reliability method

FR Frequency restoration

ERC Fully-rated converter
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FRR
ERT
ESIG
FWT
GBS
GDW
GRC
GSC
GTO
HPSTC
HTS
HV
HVAC
HVDC
Hz

I

IEC
IGBT
IGCT
iPMSG
L
LCC-HVDC
LCOE
LDD
LES
LEAC
LPSTC
LV
MBS
MC
MOSFET
MPPT
MV
MW
NOWITECH
NPC
NREL
NSC
NTNU
O&M
OPEX
ORT
OoOwWT
PAC
PCC
PEX/XLPE
PI

Frequency restoration reserves

Fault-ride through

Fixed-speed induction generator

Floating wind turbine

Gravity-based structure

Generalized dynamic wake

Gearbox reliability collaborative
Generator-side converter

Gate turn-off thyristor

Highest point of single tooth contact
High-temperature superconducting

High voltage

High-voltage alternating current
High-voltage direct current

Hertz

Current

International Electrotechnical Commission
Insulated-gate bipolar transistor

Integrated gate-commutated thyristor
Ironless permanent-magnet synchronous generator
Level

Line-commutated converter HVDC
Levelized cost of energy

Load duration distribution

Large-eddy simulation

Low-frequency alternating current

Lowest point of single tooth contact

Low voltage

Multibody simulation

Matrix converter
Metal-oxide—semiconductor field-effect transistor
Maximum power point tracking

Medium voltage

Megawatt

Norwegian Research Centre for Offshore Wind Technology
Neutral-point clamped

National Renewable Energy Laboratory
Network-side converter

Norges Teknisk-Naturvitenskapelige Universitet
Operation and maintenance

Operational expenditure

Offshore reference turbine

Offshore wind turbine

Power adjusting controller
Point-of-common coupling

Cross-linked polyethylene insulated cable
Proportional-integral



