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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 fundamental and up-to-date issues on this dynamic topic
suitable for beginners or advanced readership. The contents offer information on technology
trends for offshore wind energy systems, detailed modelling of variable-speed wind generator
technologies and easy-to-use grid integration examples. The textbook is useful to final year
undergraduate and postgraduate students, and also practising engineers and scientists in the
wind industry with research interest in aspects of wind generator technology and electrical
systems for grid integration.

The book is organised in seven chapters and two appendices. Chapter 1 reviews wind turbine
basics and discusses challenges of offshore wind farm connection and grid code compliance.
Chapter 2 covers in detail the operation in normal and abnormal conditions of DFIG wind
generators while Chapter 3 focuses on Fully-Rated Converter technologies. In Chapter 4
electrical collectors and offshore transmission schemes are covered (including multi-terminal
dc transmission). Chapter 5 describes technical challenges arising as a result of integrating
offshore wind farms into the power grid and provides various case studies. Chapter 6 discusses
protection aspects of offshore wind energy systems. Chapter 7 reviews emerging technologies
for offshore wind integration, including energy storage and condition monitoring. Topologies,
control and operation of voltage source converters are covered in Appendix A. Appendix B
presents a number of worked-out examples well suited for university students.

The text presented in this book draws together material on electrical systems of offshore
wind farms from many sources such as graduate courses that the authors have taught over
many years at universities in the UK, a large number of technical papers published by the
IEEE and IET, and research programmes with which they have been closely associated such
as the EPSRC-funded SUPERGEN Wind Technologies and the ETI Helmwind project. The
authors would like to thank Professor William Leithead for his strong and continued support
on how these research programmes are conducted. Special thanks are given to Mr John O.
Tande and Professor Kjetil Uhlen for their support and cooperation through the Norwegian
Research Centre for Offshore Wind Technology (NOWITECH). The authors wish to thank Dr
Giddani O. A. Kalcon who provided very valuable input on VSC-HVDC offshore transmission
in Chapter 4 and Dr Nolan Caliao who gave permission to include material from his PhD thesis
in Chapter 3. The authors would also like to acknowledge Dr Gustavo Quinonez-Varela and
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xii Preface

Dr Ryan Tumilty for the useful discussions during the preparation of the manuscript, Mr
William Ross, Mr Alexander Giles, Mr Edward Corr and Mr Philip Morris, who assisted in
proofreading the manuscript and Mr Victor Velazquez Cortes and Ms Kamila Nieradzinska
who assisted in the preparation of drawings.

Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia, Grain Adam
2014
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1
Offshore Wind Energy Systems

1.1 Background

With construction restrictions inhibiting the deployment of wind turbines onshore, offshore
installations are more attractive (e.g. in the UK) (The Crown State, 2011). By mid-2012,
offshore wind power installed globally was 4620 MW, representing about 2% of the total
installed wind power capacity. Over 90% of the offshore wind turbines currently installed
across the globe are situated in the North, Baltic and Irish Seas, along with the English
Channel. Most of the rest is in two demonstration projects off China’s coast. According to
the more ambitious projections, a total of 80 GW of offshore wind power could be installed
worldwide by 2020, with three quarters of this in Europe (GWEC, 2013).

All current offshore wind installations are relatively close to shore, using well-known
onshore wind turbine technology. However, new offshore wind sites located far from shore
have been identified, with clusters of wind farms appearing at favourable locations for wind
power extraction, like in the UK Dogger Bank and German Bight (Figure 1.1) (European
Union, 2011). The depths of the waters at these sites are in excess of 30 m.

1.2 Typical Subsystems

The typical subsystems in an offshore wind farm are shown in Figure 1.2. At first glance, it
comprises the same elements of an onshore wind farm. However, the environment in which a
turbine operates allows a distinction to be made. Considering that the nature of the sea state will
act to prohibit accessibility of wind turbines for repair, there is a greater need for offshore wind
turbines to be reliable and not require regular repair. This requirement means that the designs
and controllers of offshore wind turbines differ from those seen with onshore wind turbines.
This is to ensure that performance is maximised whilst minimising cost (German Energy
Agency, 2010).

Offshore Wind Energy Generation: Control, Protection, and Integration to Electrical Systems, First Edition.
Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia and Grain Adam.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
Companion Website: www.wiley.com/go/offshore wind energy generation
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2 Offshore Wind Energy Generation

Figure 1.1 Europe’s offshore wind farms in operation, construction and planning (Source:
www.4coffshore.com/offshorewind).
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Figure 1.2 Subsystems of an offshore wind farm installation (Anaya-Lara et al., 2013).
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Figure 1.3 Impacts on a bottom-fixed wind turbine (Fischer, 2006).

In the offshore environment, loads are induced by wind, waves, sea currents, and in some
cases, floating ice (Figure 1.3), introducing new and difficult challenges for offshore wind
turbine design and analysis. Accurate estimation and proper combination of these loads are
essential to the turbine and associated controllers design process. Offshore wind turbines have
different foundations to onshore wind turbines. The foundations are subjected to hydrody-
namic loads. This hydrodynamic loading will inevitably exhibit some form of coupling to the
aerodynamic loading seen by the rotor, nacelle and tower. This is an additional problem that
must be considered when designing offshore wind turbines. Ideally, the total system composed
of rotor/nacelle, tower, substructure and foundation should be analysed using an integrated
model (Nielsen, 2006). Development of novel wind turbine concepts optimised for operation
in rough offshore conditions along with better O&M strategies is crucial. In addition, turbine
control philosophy must be consistent and address the turbine as a whole dynamic element,
bearing in mind trade-offs in terms of mechanical performance and power output efficiency
(Anaya-Lara et al., 2013).

At the wind farm level, the array layout and electrical collectors must be designed on a
site-specific basis to achieve a good balance between electrical losses and wake effects. For
power system studies, it is typical to represent the wind farm by an aggregated machine model
(and controller). However, more detailed wind farm representations are required to take full
advantage of control capabilities, exploring further coordinated turbine control and operation
to achieve a better array design. Full exploitation of the great potential offered by offshore wind
farms will require the development of reliable and cost-effective offshore grids for collection
of power, and its transmission and connection to the onshore network whilst complying with
the grid codes. It is anticipated that power electronic equipment (e.g. HVDC and FACTs), and
their enhanced control features, will be fundamental in addressing these objectives.
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4 Offshore Wind Energy Generation

1.3 Wind Turbine Technology

1.3.1 Basics

Wind turbines produce electricity by using the power of the wind to drive an electrical generator
(Fox et al., 2007; Anaya-Lara et al., 2009). Wind passes over the blades generating lift and
exerting a turning force. The rotating blades turn a shaft that goes into a gearbox, which
increases the rotational speed to that which is appropriate for the generator. The generator uses
magnetic fields to convert the rotational energy into electrical energy. The power output goes
to a transformer, which steps up the generator terminal voltage to the appropriate voltage level
for the power collection system.

A wind turbine extracts kinetic energy from the swept area of the blades (Figure 1.4).
The power in the airflow is given by (Burton et al., 2001; Manwell et al., 2002):

Pair =
1
2
𝜌A𝜐3 (1.1)

where 𝜌 is the air density, A is the swept area of the rotor in m2, and 𝜐 is the upwind free
wind speed in m/s. The power transferred to the wind turbine rotor is reduced by the power
coefficient, Cp:

Pwind turbine = CpPair =
1
2
𝜌A𝜐3Cp (1.2)

A maximum value of Cp is defined by the Betz limit, which states that a turbine can never
extract more than 59.3% of the power from an air stream. In practice, wind turbine rotors have
maximum Cp values in the range 25–45%. It is also conventional to define a tip-speed ratio,
𝜆, as

𝜆 = 𝜔R
𝜐

(1.3)

where 𝜔 is the rotational speed of the rotor and R is the radius to tip of the rotor.

Wind

Figure 1.4 Horizontal-axis wind turbine.
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Figure 1.5 Illustration of power coefficient/tip-speed ratio curve, Cp∕𝜆.

The tip-speed ratio, 𝜆, and the power coefficient, Cp, are dimensionless and so can be used to
describe the performance of any size of wind turbine rotor. Figure 1.5 shows that the maximum
power coefficient is only achieved at a single tip-speed ratio. The implication of this is that
fixed rotational speed wind turbines could only operate at maximum efficiency for one wind
speed. Therefore, one argument for operating a wind turbine at variable rotational speed is
that it is possible to operate at maximum Cp over a range of wind speeds.

The power output of a wind turbine at various wind speeds is conventionally described by
its power curve. The power curve gives the steady-state electrical power output as a function
of the wind speed at the hub height. An example of a power curve for a 2-MW wind turbine
is given in Figure 1.6.

The power curve has three key points on the velocity scale:

� Cut-in wind speed – the minimum wind speed at which the machine will deliver useful
power.

� Rated wind speed – the wind speed at which rated power is obtained.
� Cut-out wind speed – the maximum wind speed at which the turbine is allowed to deliver

power (usually limited by engineering loads and safety constraints).
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Figure 1.6 Power curve for a 2-MW wind turbine.
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6 Offshore Wind Energy Generation

Below the cut-in speed of about 4–5 m/s, the wind speed is too low for useful energy
production, so the wind turbine remains shut down. When the wind speed is above this value,
the wind turbine begins to produce energy; the power output increases following a broadly
cubic relationship with wind speed (although modified by the variation in Cp) until rated
wind speed is reached at about 11–12 m/s. Above rated wind speed, the aerodynamic rotor is
arranged to limit the mechanical power extracted from the wind and so reduce the mechanical
loads on the drive train. Then at very high wind speeds, typically above 25 m/s, the turbine
is shut down. The choice of cut-in, rated and cut-out wind speed is made by the wind turbine
designer who, for typical wind conditions, will try to balance obtaining maximum energy
extraction with controlling the mechanical loads (Anaya-Lara et al., 2009).

1.3.2 Architectures

Figure 1.7 shows the main wind turbine generator concepts which are divided into fixed-speed
wind turbines (type A), and variable-speed wind turbines (types B, C and D) (Tande et al.,
2007; Fox et al., 2007).

1.3.2.1 Fixed-Speed Wind Turbines

A fixed-speed wind turbine (Type A in Figure 1.7) employs a three-phase squirrel-cage
induction generator (SCIG) driven by the turbine via a gearbox and directly connected to
the grid through a step-up transformer. Thus, the induction generator will provide an almost

Control system

IG

Control system

Gearbox

Control
system

Control
system

G

Type A: Fixed speed Type B: Variable slip

Type C: Doubly-fed IG Type D: Full-rated converter 
(IG/PM/SG)

Gearbox

DFIG

ac
ac

ac
ac

Gearbox Gearbox

Figure 1.7 Overview of wind turbine concepts (Tande et al., 2007).
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constant rotational speed, that is only varying by the slip of the generator (typically about
1%). The reactive power consumption of the induction generator is provided via a capacitors
bank, whereas a soft-starter limits the inrush current to the induction generator during start-up.
At wind speeds above rated, the output power is limited by natural aerodynamic stall or by
active pitching of the blades before the wind turbine is stopped at cut-out wind speed. Modern
fixed-speed wind turbines are commonly equipped with capacitors that are connected in steps
using power electronic switches for fast reactive power compensation control. A Static VAr
Compensator (SVC) can be applied either for controlling the reactive power exchange to a
certain value (e.g. zero for unity power factor), or for contributing to voltage control with
droop settings just as any other utility-scaled power plant (Tande et al., 2007).

1.3.2.2 Variable-Speed Wind Turbines

Variable-speed operation offers increased efficiency and enhanced power control. The variable-
speed operation is achieved either by controlling the rotor resistance of the induction generator,
that is slip control (Type B in Figure 1.7), or by a power electronic frequency converter between
the generator and the grid (Types C and D in Figure 1.7). The variable slip concept yields a
speed range of about 10%, whereas the use of a frequency converter opens for larger speed
variations. All variable-speed concepts are expected to yield quite small power fluctuations,
especially during operation above rated wind speed. They are also expected to offer smooth
start-up.

In regards to power quality, the basic difference between the three variable-speed concepts is
that Type B does not have a power electronic converter and thus reactive power capabilities as
a fixed-speed wind turbine, whereas Types C and D each have a converter that offers dynamic
reactive power control. The reactive power capability of Types C and D may differ as the
Doubly-Fed Induction Generator (DFIG) concept of Type C uses a converter rated typically
about 30% of the generator and not 100% as is the case for the Fully-Rated Converter (FRC)
wind turbine of the Type D concept. The network-side converters of all major wind turbine
suppliers offering Types C or D concepts are voltage source converters (VSCs), allowing
independent control of active and reactive power (within the apparent power rating of the
converter). The converters are based on fast-switching transistors, for example insulated-gate
bipolar transistors (IGBTs); consequently, they are not expected to cause harmonic currents
that may significantly distort the voltage waveform (Tande et al., 2007).

1.3.3 Offshore Wind Turbine Technology Status

Currently installed offshore wind turbines are adapted from standard onshore wind turbine
designs with significant upgrades to account for sea conditions. These modifications include
strengthening the tower to handle the added loading from waves, along with pressurized
nacelles and environmental control to keep corrosive sea spray away from critical drive train
and electrical components.

Offshore turbine power capacity is greater than standard onshore wind turbines, currently
ranging from 2 to 5 MW (Figure 1.8). The current generation of offshore wind turbines typi-
cally are three-bladed horizontal-axis, yaw-controlled, active blade-pitch-to-feather controlled,
upwind rotors, which are nominally 80 m to approximately 130 m in diameter (E.ON Climate
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Project
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Figure 1.8 Offshore wind turbine development (E.ON Climate and Renewables, 2012).

and Renewables, 2012). Offshore wind turbines are generally larger because there are fewer
constraints on component and assembly equipment transportation, which limit land-based
machine size. In addition, larger turbines can extract more total energy for a given project site
area than smaller turbines (Dolan et al., 2009). A critical issue in developing very-large wind
turbines is that the physical scaling laws do not allow some of the components to be increased
in size without a change in the fundamental technology.

In onshore wind turbines, the drive train is typically designed around a modular, fixed-ratio,
three-stage, gearbox speed with planetary stages on the low-speed side and helical stages
on the high-speed side. Offshore towers are shorter than onshore ones for the same output
because wind shear (the change in wind velocity resulting from the change in elevation) is
lower offshore, which reduces the energy capture potential of increasing tower height (Dolan
et al., 2009).

1.4 Offshore Transmission Networks

Recent research has produced a number of proposals for a future integrated European trans-
mission network (Supergrid), where large quantities of new offshore wind farms in the North
Sea are connected to each other and to major load centres (Figure 1.9). In the long term,
benefits of the operation of renewable energy sources are predicted to arise from better inter-
connection. Energy derived from renewable sources such as wind is inherently variable; that
is, their energy output is variable and often difficult to accurately predict. If wind farms from
different geographical regions are connected to a single transmission system, in addition to
inputs from solar and hydroelectric schemes, then the total output from the renewable sources
is expected to become ‘smoother’ and easier to predict.

It is anticipated that the development of the Supergrid will involve complex interconnections
integrating wind farms into clusters and wind power plants. By way of example, Figure 1.10
presents a schematic of a generic ideal scenario interconnecting wind generation, and oil and
gas platforms with various onshore grids (Anaya-Lara et al., 2011).
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Figure 1.9 Phase 1 Supergrid (Source: www.friendsofthesupergrid.eu).

1.5 Impact on Power System Operation

There are significant differences between wind power and conventional synchronous genera-
tion (Slootweg, 2003):

� Wind turbines use different, often converter-based, generating systems compared with those
used in synchronous generation.
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Figure 1.10 Generic offshore power network (Td stands for transmission distance) (Anaya-Lara et al.,
2011).
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10 Offshore Wind Energy Generation

� The wind is not controllable and fluctuates stochastically.
� The typical size of individual wind turbines is much smaller than that of a conventional

utility synchronous generator.

Due to these differences, wind energy systems interact differently with the power system
and may have both local and system-wide impacts on operation. Local impacts, such as busbar
voltages and power quality, occur in the electrical vicinity of a wind turbine or wind farm, and
can be attributed to a specific turbine or farm. System wide impacts, such as power system
dynamics and stability and frequency support, affect the behaviour of the power system as a
whole (UCTE, 2004).

1.5.1 Power System Dynamics and Stability

Squirrel-cage induction generators used in fixed-speed turbines can cause local voltage collapse
after rotor speed runaway. During a fault (and consequent grid voltage depression), they
accelerate due to the imbalance between the mechanical power from the wind and the electrical
power that can be supplied to the grid. When the fault is cleared, these machines absorb
reactive power, further depressing the network voltage. If the voltage does not recover quickly
enough, the wind turbines continue to accelerate and to consume larger amounts of reactive
power. This eventually leads to voltage and rotor speed instability. In contrast to synchronous
generators, whose exciters increase reactive power output during low network voltages and
thus support voltage recovery after a fault, squirrel-cage induction generators tend to impede
voltage recovery (Anaya-Lara et al., 2009).

With variable-speed wind turbines, the sensitivity of the power electronics to over-currents
caused by the network voltage depressions can have serious consequences for the stability
of the power system. If the penetration level of variable-speed wind turbines in the system
is high and they disconnect at relatively small voltage reduction, a voltage drop over a wide
geographic area can lead to a large generation deficit. Such a voltage drop could, for instance,
be caused by a fault in the transmission grid. To prevent this, Grid Companies and Transmis-
sion System Operators require that wind turbines have a Fault Ride-Through capability and
withstand voltage drops of certain magnitudes and durations without tripping. This prevents
the disconnection of a large amount of wind power in the event of a remote network fault.

1.5.2 Reactive Power and Voltage Support

The voltage on a transmission network is determined mainly by the interaction of reactive
power flows with the reactive inductances of such network. Fixed-speed induction generators
absorb reactive power to maintain their magnetic field and have no direct control over their
reactive power flow. Therefore, in the case of fixed-speed induction generators, the only way
to support the network voltage is to reduce the reactive power drawn from the network by
using shunt compensators. Variable-speed wind turbines have the capability of reactive power
control and may be able to support the voltage of the network. In many situations, the reactive
power and voltage control at the point of connection of the wind farm is achieved by using
reactive power compensation equipment such as static VAr compensators (SVCs) or static
compensators (STATCOMs).
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Figure 1.11 Frequency control in England and Wales (Erinmez et al., 1999).

1.5.3 Frequency Support

With the projected increase in wind generation, a potential concern for transmission system
operators is the capability of wind farms to provide dynamic frequency support in the event of
sudden changes in power network frequency (see Figure 1.11). To provide frequency support
from a generation unit, the generator power must increase or decrease as the system frequency
changes. Thus, in order to respond to low network frequency, it is necessary to de-load the
wind turbine leaving a margin for power increase. A fixed-speed wind turbine can be de-
loaded if the pitch angle is controlled such that a fraction of the power that could be extracted
from wind will be “spilled”. A variable-speed wind turbine can be de-loaded by operating it
away from the maximum power extraction curve, thus leaving a margin for frequency control
(Anaya-Lara et al., 2009).

1.5.4 Wind Turbine Inertial Response

A FSIG wind turbine acts in a similar manner to a synchronous machine when a sudden change
in frequency occurs. For a drop in frequency the machine starts decelerating. This results in
the conversion of kinetic energy of the machine to electrical energy, thus giving a power surge.
The inverse is true for an increase in system frequency. In the case of a DFIG wind turbine,
equipped with conventional controls, the control system operates to apply a restraining torque
to the rotor according to a pre-determined curve against rotor speed. This is decoupled from
the power system frequency so there is no contribution to the system inertia.

With a large number of DFIG and/or FRC wind turbines connected to the network, the
angular momentum of the system will be reduced and the frequency may drop very rapidly
during the phase OX in Figure 1.11. Therefore, it is important to reinstate the effect of the
machine inertia within these wind turbines. It is possible to emulate the inertia response by
manipulating their control actions. The emulated inertia response provided by these generators
is referred to as fast primary response (also called ‘virtual’ or ‘synthetic’ inertia).
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12 Offshore Wind Energy Generation

1.6 Grid Code Regulations for the Connection of Wind Generation

Grid connection codes define the requirements for the connection of generation and loads to
an electrical network, which ensure efficient, safe and economic operation of the transmission
and/or distribution systems (Anaya-Lara et al., 2009). Grid Codes specify the mandatory
minimum technical requirements that a power plant should fulfil and additional support that
may be called on to maintain the second-by-second power balance and maintain the required
level of quality and security of the electricity supply. The additional services that a power
plant should provide are normally agreed between the transmission system operator and the
power plant operator through market mechanisms. The connection codes normally focus on
the point of connection between the Public Electricity System and the new generation. This
is very important for wind farm connections, as the Grid Codes demand requirements at the
point of connection of the wind farm not at the individual wind turbine generator terminals.

Grid Codes specify the levels and time period of the output power of a generating plant that
should be maintained within the specified values of grid frequency and grid voltages. Typically
this requirement is defined as shown in Figure 1.12 where the values of voltage, V1 to V4, and
frequency, f1 to f4, differ from country to country. Grid Codes also specify the steady-state
operational region of a power plant in terms of active and reactive power requirements. The
definition of the operational region differs from country to country. For example, Figure 1.13
shows the operational regions as specified in the Great Britain and Ireland Grid Codes.

Traditionally, wind turbine generators were tripped off once the voltage at their terminals
reduced to less than 20% retained voltage. However, with the penetration of wind generation
increasing, Grid Codes now generally demand Fault Ride-Through (FRT) – or Low-Voltage
Ride-Through (LVRT) – capability for wind turbines connected to transmission networks.
Figure 1.14 shows a plot illustrating the general shape of voltage tolerance that most grid
operators demand. When reduced system voltage occurs following a network fault, generator
tripping is only permitted when the voltage is sufficiently low and for a time that puts it in the
shaded area indicated in Figure 1.14.
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V4

Voltage [kV]

f1 f2 f3 f4

Frequency [Hz]

Continuous 
Operation 

Short time and/or reduced 

Figure 1.12 Typical shape of continuous and reduced output regions (after GB and Irish Grid Codes).
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The large-scale deployment of offshore wind turbines in the North Sea will potentially
involve various wind turbine providers, introducing different turbine designs, with varying
specifications and performance characteristics. It is envisaged that control requirements and
dynamic performance of these future offshore wind power systems, with such a variety of tech-
nology and complex grid arrangements, may be significantly different from conventional and
comparatively simpler existing power networks. Consequently, the establishment of suitable
Grid Codes satisfying so many variables is a difficult challenge that needs to be addressed.
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2
DFIG Wind Turbine

2.1 Introduction

The 2009 technology report of the European Wind Energy Association surveys 95 different
models and 29 different brands of wind turbines above 1 MW showing that the large majority
(72 models) use some kind of variable-speed technology (Paul Gardner, 2009). Variable-speed
wind turbines have the ability to track the maximum power for the prevailing wind speed and
the possibility of reducing loads in the mechanical structure by damping, to some extent, the
torque peaks generated by intermittent wind gusts.

The Doubly Fed Induction Generator (DFIG) wind turbine has been the dominant variable-
speed technology in the market for models above 1.5 MW. The stator windings are connected
directly to the ac grid through the turbine transformer, whilst the rotor windings are connected
to the ac grid via slip-rings and a back-to-back (B2B) power electronic converter. The power
exchange between this converter and the ac grid depends on the operating point of the machine
and the desired control over the speed and reactive power of the DFIG. The B2B converter
partially decouples the network electrical frequency from the rotor mechanical frequency,
enabling variable-speed operation of the wind turbine. A DFIG typically provides ±30%
speed range around the synchronous speed, assuming the B2B converter is rated at around
30% the power rating of the wind turbine (WT). Figure 2.1 shows a schematic diagram of a
DFIG and main components.

The main components of a DFIG wind turbine are described below (Manwell et al., 2010,
Nelson, 2009).

2.1.1 Induction Generator (IG)

The IG is of the wound-rotor type with slip-rings. Usually, the stator-to-rotor winding turns
ratio is adjusted to attain a lower rotor current magnitude suitable for the current ratings of the
B2B converter.

Offshore Wind Energy Generation: Control, Protection, and Integration to Electrical Systems, First Edition.
Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia and Grain Adam.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
Companion Website: www.wiley.com/go/offshore wind energy generation
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Figure 2.1 Schematic diagram of a DFIG wind turbine.

2.1.2 Back-to-Back Converter

The B2B converter consists of two three-phase Voltage Source Converters (VSCs) that is the
rotor-side converter (RSC) and the grid-side converter (GSC), linked via a common dc bus.
The RSC is connected to the rotor windings and the GSC is connected to the ac grid via a
coupling reactor. The RSC controls the wind turbine speed and reactive power consumption
by modifying the rotor currents. The GSC mainly keeps a steady dc voltage level on the B2B
dc bus (which is of primary importance for the correct operation of the RSC) and provides, to
some extent, reactive power support to the ac grid. The architecture of both converters allows
bidirectional power flow making the B2B converter a rotor slip-power recovery device (i.e.
recovers the power generated in the rotor windings that otherwise would have been lost as heat
in the windings) for the IG.

2.1.3 Gearbox

The gearbox steps up the speed of the low-speed rotor to a higher speed suitable for the
electrical generator. The gearbox speed ratio depends on various factors such as rated wind
speed and number of poles of the generator, amongst others. By way of example, a 5-MW
wind turbine with 11 m/s rated wind speed has a gearbox ratio of about 1:90 (Jonkman, 2006).

2.1.4 Crowbar Protection

The crowbar protects the B2B converter from over currents induced in the rotor circuit during
an ac grid fault. The crowbar protection disconnects the RSC and shorts circuit the rotor
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windings to a bank of resistors. The resistance is chosen large enough to reduce the transient
currents back to a safe level in a short period of time. Modern crowbar protection circuits use
power electronic devices such as IGBTs or GTOs.

The use of the crowbar protection in DFIG wind turbines is necessary to comply with
the Fault Ride-Through requirements defined in Grid Codes. Without the crowbar protection
the DFIG cannot remain connected to the ac grid in the event of a fault because the RSC
cannot withstand the large transient currents of the rotor. Also, the B2B dc circuit has limited
capacity to withstand the sudden inrush of energy coming from the rotor. However, when
the crowbar protection is used, the RSC is protected from the initial transient rotor currents,
and the additional rotor resistance allows the IG to transiently over speed without reaching a
critical operating point or consuming high amounts of reactive power. Therefore, the DFIG
can remain connected to the ac grid and ride through the fault.

2.1.5 Turbine Transformer

The transformer is typically located at the base of the wind turbine tower. The low-voltage side
levels are usually between 575 and 690 V at 50/60 Hz (although modern offshore turbines are
now using higher voltages). These voltages are transformed to the voltage level of the wind
farm collector system, for example 33 kV.

2.2 DFIG Architecture and Mathematical Modelling

2.2.1 IG in the abc Reference Frame

The equivalent circuit of the IG is shown in Figure 2.2. The generator is represented by six
circuits: three for the stator and three for the rotor. Each circuit of the IG is composed of a
self-inductance; and five mutual inductances. For modelling purposes we use in this chapter
the motor convention to represent power and currents.

ari

bri

cri

av

bv cv
+

arr

brr crr

asi

bsi

csi

av

bv

cv
cs csL −

+ ++ +

+

++
csr bsr

asr

bs bsL −

as asL −

br brL − cr crL −

ar arL −

Figure 2.2 Equivalent circuit of an IG.
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brv
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+

bsi

+
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+

+

asi
ari r

r +120°θ

θ

r –120°θ

Figure 2.3 Magnetic axes of an IG.

The rotor and stator self-inductances and the mutual inductances between the rotor and
stator phases do not depend on the rotor position. Only the mutual fluxes between the rotor
and stator are dependant of the rotor position as shown in Figure 2.3.

The voltage equations of the IG in the abc domain are given below:

vas = rasias +
d
dt
𝜓as

vbs = rbsibs +
d
dt
𝜓bs

vcs = rcsics +
d
dt
𝜓cs

⟩
(2.1)

var = rariar +
d
dt
𝜓ar

vbr = rbribr +
d
dt
𝜓br

vcr = rcricr +
d
dt
𝜓cr

⟩
(2.2)

where vas, vbs, vcs, ras, rbs, rcs, ias, ibs, ics, 𝜓as,𝜓bs,𝜓cs are the voltage, resistance, current
and flux linkage of the stator a, b, c phases, respectively. var , vbr, vcr rarrbr, rcr, iar, ibr, icr
𝜓ar,𝜓br,𝜓cr are the voltage, resistance, current and flux linkage of the rotor a, b, c phases
respectively.
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If the stator and rotor three-phase circuits are balanced then the following is true:

vas = vbs = vcs = vs
ras = rbs = rcs = rs
ias = ibs = ics = is
var = vbr = vcr = vr
rar = rbr = rcr = rr
iar = ibr = icr = ir

⟩
(2.3)

The equation that defines the flux linkages of the IG is:

[
𝜓as,𝜓bs,𝜓cs,𝜓ar,𝜓br,𝜓cr

]T = LIG

[
ias

, ibs
, ics

, iar
, ibr

, icr

]T
(2.4)

where LIG is the IG inductance matrix, defined below:

[
LIG

]
=

⎛⎜⎜⎜⎜⎜⎜⎝

Las−as Las−bs Las−cs Las−ar Las−br Las−cr
Las−bs Lbs−bs Lbs−cs Lbs−ar Lbs−br Lbs−cr
Las−cs Lbs−cs Lcs−cs Lcs−ar Lcs−br Lcs−cr
Las−ar Lbs−ar Lcs−as Las−ar Lar−br Lar−cr
Las−br Lbs−br Lcs−br Lar−br Lbr−br Lbr−cr
Las−cr Lbs−cs Lcs−cr Lar−cr Lbr−cr Lcr−cr

⎞⎟⎟⎟⎟⎟⎟⎠
(2.5)

where the subscript of L in the matrix indicates the self-inductance or the mutual inductance
between the stator and rotor phases. For example the inductance Las−cr is the mutual inductance
between the stator phase a and the rotor phase c. In order to calculate the inductance matrix in
Eq. (2.5) it is necessary to compute the flux linkages between the windings of the IG.

The computation of the flux linkages of the IG using the construction parameters of
the windings, (i.e. spatial distribution, number of turns, core material, air-gap width, machine
length along with magnetic equations) is out of the scope of this book; however, it is valuable
to show the final results of the magnetic equations that define such flux linkages because they
allow the self- and mutual inductances in Eq. (2.5) to be defined.

The IG total flux linkage of the stator winding in phase a linked by the differential flux
crossing the air gap, considering a sinusoidal winding distribution on an iron core, is defined
as follows (Novotny and Lipo, 1996):

𝜓as = 𝜇0N2
asias

(
rl
g

)(
𝜋

4

)
(2.6)

where 𝜇0 is the permeability of free space (4𝜋 × 10−7Wb∕(A ⋅ m)), Nas is the effective number
of turns of the stator winding in phase a, r is the radius of the air gap annulus, l is the effective
length of the machine (i.e. the effective length of the pole area) and g is the air-gap length
respectively.
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Thus, the magnetizing inductance associated to the stator winding in phase a, given a flux
linkage 𝜓as, (also referred as the self-inductance of the stator phase a) is

Lmas =
𝜓as

ias
= 𝜇0N2

as

(
rl
g

)(
𝜋

4

)
(2.7)

The remaining windings of the IG are also linked by the current circulating in the stator
winding in phase a, producing a mutual flux linkage.

If the three-phase circuits of the stator are assumed balanced with identical effective winding
turns Ns, then

Lmas = Lmbs = Lmcs = Lms (2.8)

The remaining stator and rotor windings of the IG are also linked by the current circulating
in the stator winding in phase a, producing a mutual flux linkage. For the case of the stator
winding in phase b, the total flux linkages due to a current in the stator winding in phase a are
defined as

𝜓as−bs = 𝜇0NasNbsias

(
rl
g

)(
𝜋

4

)
cos(𝛽) (2.9)

where Nbs is the number of effective turns of the stator winding in phase b, and 𝛽 is the
magnetic axis separation, in degrees, of the stator winding in phase b from the magnetic axis
of stator winding in phase a. Thus, the magnetizing inductance associated to the stator winding
in phase b, given a flux linkage 𝜓as−bs, with 𝛽 = 120◦, (also referred as mutual inductance
between the stator a and b phases) is

Lmas−bs =
𝜓as−bs

ias
= −𝜇0NasNbs

(
rl
g

)(
𝜋

8

)
(2.10)

In addition, since the magnitude of the currents and the number of turns of the windings in the
stator phases are the same, and since cos(120◦) = cos(−120◦), then the mutual inductances
between the stator phases a, b, and c due to the currents in the stator phases a, b and c
respectively, can be calculated from (2.9), as

Lmas−mbs−mcs = Lmbs−mas−mcs = Lmcs−mbs−mas = −
Lms

2
(2.11)

Given that the phase circuits in the rotor are also balanced with identical effective winding
turns Nr, the self- and mutual inductances between the rotor phases can be readily calculated
from (2.7) and (2.10) (if changing Nas by Nr), this is

Lmar = Lmbr = Lmcr = Lmr = 𝜇0N2
r

(
rl
g

)(
𝜋

4

)
=
(

Nr

Ns

)2

Lmr (2.12)

Lmar−mbr−mcr = Lmbr−mar−mcr = Lmcr−mbr−mar = −
Lmr

2
= −
(

Nr

Ns

)2 Lms

2
(2.13)
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Notice in (2.12) and (2.13) that the rotor’s self- and mutual inductances can be written in
terms of the stator mutual inductance if the turns-ratio Nr∕Ns is taken into account; this is
useful to reduce the number of variables in the inductance matrix.

The next step is to obtain the expression for the flux linkage between the stator winding
in phase a and the rotor winding in phase a, for a current circulating in the stator winding in
phase a. Making use of (2.9) and taking into account the separation 𝜃r (in degrees), between
the magnetic axis of the stator winding in phase a and the magnetic axis of the rotor winding
in phase a, then the flux linkage 𝜓as−ar, is given by the following expression:

𝜓as−ar = 𝜇0NsNrias

(
rl
g

)(
𝜋

4

)
cos(𝜃r) (2.14)

Thus, the magnetising inductance associated to the rotor winding in phase a given a flux
linkage of 𝜓as−ar is

Las−ar = 𝜇0NsNr

(
rl
g

)(
𝜋

4

)
cos(𝜃r) =

(
Nr

Ns

)
Lms cos(𝜃r) (2.15)

Knowing that the three-phase rotor and stator circuits are balanced, it can be proven that
the mutual inductances between the stator windings in phases a, b and c with their rotor
counterparts and vice-versa are

Las−ar = Lbs−br = Lcs−cr = Lar−as = Lbr−bs = Lcr−cs =
(

Nr

Ns

)
Lms cos(𝜃r) (2.16)

The remaining mutual inductances between the stator and rotor phases, those which are not
calculated using Eq. (2.16), are a function of both the rotor position and the angle between the
magnetic axis of the windings in stator and rotor phases; these inductances turn out to be:

Las−br = Lbs−cr = Lcs−ar = Lar−bs = Lbr−cs = Lcr−as =
(

Nr

Ns

)
Lms cos(𝜃r + 120◦) (2.17)

Las−cr = Lbs−ar = Lcs−br = Lar−cs = Lbr−as = Lcr−bs =
(

Nr

Ns

)
Lms cos(𝜃r − 120◦) (2.18)

Finally, the flux that does not link the turns of the different windings of the IG has to be taken
into account. This flux instead closes around the stator slot itself and/or the air-gap and/or the
ends of the machine. This flux is called the leakage flux and the inductance it produces, called
leakage inductance, is only reflected as series inductance on each winding of the stator and
the rotor phases. Thus, the total inductance of the stator and rotor windings in the abc phases
are given by the following expression:

Las−as = Lbs−bs = Lcs−cs = Lls + Lms

Lar−ar = Lbr−br = Lcr−cr = Llr +
(

Nr

Ns

)2

Lms
(2.19)

where Lls and Llr are the stator and rotor leakage inductance produced by the leakage flux in
the stator and rotor phases respectively.
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Thus, using (2.7), (2.8), (2.11)–(2.13), (2.15)–(2.19) LIG can be represented as shown:[
LIG

]
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Lls + Lms −Lms∕2 −Lms∕2

−Lms∕2 Lls + Lms −Lms∕2

−Lms∕2 −Lms∕2 Lls + Lms(
Nr

Ns

)
Lms cos 𝜃

(
Nr

Ns

)
Lms cos

(
𝜃r − 120◦

) (
Nr

Ns

)
Lms cos

(
𝜃r + 120◦

)
(

Nr

Ns

)
Lms cos

(
𝜃r + 120◦

) (
Nr

Ns

)
Lms cos 𝜃r

(
Nr

Ns

)
Lms cos

(
𝜃r − 120◦

)
(

Nr

Ns

)
Lms cos

(
𝜃r − 120◦

) (
Nr

Ns

)
Lms cos

(
𝜃r + 120◦

) (
Nr

Ns

)
Lms cos 𝜃r(

Nr

Ns

)
Lms cos 𝜃r

(
Nr

Ns

)
Lms cos

(
𝜃r + 120◦

) (
Nr

Ns

)
Lms cos

(
𝜃r − 120◦

)
(

Nr

Ns

)
Lms cos

(
𝜃r + 120◦

) (
Nr

Ns

)
Lms cos 𝜃

(
Nr

Ns

)
Lms cos

(
𝜃r + 120◦

)
(

Nr

Ns

)
Lms cos

(
𝜃r + 120◦

) (
Nr

Ns

)
Lms cos

(
𝜃r − 120◦

) (
Nr

Ns

)
Lms cos 𝜃

Llr +
(

Nr

Ns

)2

Lms −
(

Nr

Ns

)2

Lms∕2 −
(

Nr

Ns

)2

Lms∕2

−
(

Nr

Ns

)2

Lms∕2 Llr +
(

Nr

Ns

)2

Lms −
(

Nr

Ns

)2

Lms∕2

−
(

Nr

Ns

)2

Lms∕2 −
(

Nr

Ns

)2

Lms∕2 Llr +
(

Nr

Ns

)2

Lms

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(2.20)

Finally, the electrical power at the terminals of the IG is

[I]T [V] = [I]T [R] [I] + d
dt

([
LIG

]
[I]
)
= [I]T [R] [I] + 𝜕

𝜕𝜃r

([
LIG

]
[I]
)
⋅
𝜕𝜃r

𝜕t

+ 𝜕

𝜕 [I]

([
LIG

]
[I]
)
⋅
𝜕 [I]
𝜕t

(2.21)

where [V] , [I] and [R] are vectors containing the six terms of the voltage, current and resistance
of the IG, respectively.

Solving the partial derivatives in (2.21), the following equation is obtained:

[I]T [V] = [I]T [R] [I] + d
dt

(1
2

[
LIG

]
[I] [I]T

)
+ 1

2
[I]T d

d𝜃r

[
LIG

]
[I]𝜔r (2.22)
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The first term on the right-hand side of (2.22) represents the winding copper losses; the
second term represents the rate-of-change of the energy stored in the magnetic field between
windings. The term 1∕2 [I]T d∕d𝜃r

[
LIG

]
[I]𝜔r represents the rate of energy converted to

mechanical work, also known as the electromechanical power. The electromechanical torque
Te is given by dividing the electromechanical power by the mechanical speed of the IG (Boldea
et al., 2001), this is:

Te =
pg

2
1
2

[I]T d
d𝜃r

[
LIG

]
[I] (2.23)

where pg is the number of pole-pairs of the IG.

2.2.2 IG in the dq0 Reference Frame

The detailed simulation of an IG in abc components requires solving a seventh-order model
(this is if the equations describing the dynamics of the rotor speed are omitted). Moreover, the
inductance matrix and its derivative need to be solved for the rotor electrical angle on each
integration step. This requires a considerable computational effort and does not provide an
easy framework to establish the control rules of the DFIG generator.

To reduce the computational effort and to simplify control design and analysis of the IG, a
transformation to dq0 coordinates is used (also named the Park transformation first proposed in
1929 by Robert H. Park). This transforms a three-phase time-domain signal from a stationary
coordinate system, abc, to a rotating coordinate system of two orthogonal phases dq, and a
zero sequence component. The q axis of the dq0 coordinate system is chosen to be leading the
d axis by 90◦. The angular speed of the dq0 coordinate system can be chosen, in case of the
IG, to match the synchronous speed or the rotor speed; this allows mathematically ‘seeing’
any voltage, current or flux vector that is rotating at the same angular speed to that of the
dq0 frame as a constant spatial distribution. Hence, any balanced three-phase ac quantities
can be transformed to two dc quantities and a zero-sequence component, simplifying the
calculation of the IG control rules and its analysis. The dq0 transformation also allows the
representation of any transient event between phases (balanced or not) (Ong, 1998). Figure 2.4
shows the application of the dq0 transformation to a three-phase function where 𝜃dq is the

Figure 2.4 Illustration of the dq0 transformation applied to a three-phase system.
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angle between the d axis of the rotating frame and phase a of the three-phase system, 𝜔 is the
angular speed of the three-phase abc system and 𝜔dq is the angular speed of the dq0 rotating
frame.
𝜃dq is a function of 𝜔dq and of the initial value 𝜃dq(0):

𝜃dq = ∫
t

0
𝜔dq(t)dt + 𝜃dq(0) (2.24)

A three-phase system is transformed to dq0 reference frame by applying the mathematical
transformation Tdq0 given in Eq. (2.25).

Tdq0 = 2
3

⎡⎢⎢⎢⎢⎢⎢⎣

cos 𝜃dq cos
(
𝜃dq −

2𝜋
3

)
cos
(
𝜃dq +

2𝜋
3

)
sin 𝜃dq sin

(
𝜃dq −

2𝜋
3

)
sin
(
𝜃dq +

2𝜋
3

)
1
2

1
2

1
2

⎤⎥⎥⎥⎥⎥⎥⎦
(2.25)

Assuming for convenience that the dq0 reference frame rotates at the same angular frequency
of the electrical system, that is 𝜔dq = 𝜔s, and that 𝜃dq(0) = 0, then the following equations for
the voltage and flux linkages of the IG in dq0 coordinates can be obtained:

vds = rsids +
d𝜓ds

dt
− 𝜔s𝜓qs (2.26)

vqs = rsiqs +
d𝜓qs

dt
+ 𝜔s𝜓ds (2.27)

v0s =
d𝜓0

dt
+ rsi0s (2.28)

vdr = rridr +
d𝜓dr

dt
− (𝜔s − 𝜔r)𝜓qr (2.29)

vqr = rriqr +
d𝜓qr

dt
+ (𝜔s − 𝜔r)𝜓dr (2.30)

v0r =
d𝜓0r

dt
+ rri0r (2.31)

where vds, vqs and v0s are the dq0 components of the stator voltage; vdr, vqr and v0r are the
dq0 components of the rotor voltage; ids, iqs and i0s are the dq0 components of the stator
current; idr, iqr and i0r are the dq0 components of the rotor current; 𝜓ds,𝜓qs and 𝜓0s are the
dq0 components of the stator flux; 𝜓dr,𝜓qr and 𝜓0r are the dq0 components of the rotor flux.
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A common practice when modelling an IG is to refer all the rotor variables to the stator
windings. For the dq0 quantities of the IG this can be done as follow:

v′
dr =

Ns

Nr
vdr, v′qr =

Ns

Nr
vqr, v′0r =

Ns

Nr
v0r

𝜓 ′
dr =

Ns

Nr
𝜓dr,𝜓

′
qr =

Ns

Nr
𝜓qr,𝜓

′
0r =

Ns

Nr
𝜓0r

i′dr =
Nr

Ns
idr, i′qr =

Nr

Ns
iqr, i′0r =

Nr

Ns
i0r

L′
lr =
(

Ns

Nr

)2

Llr, r′r =
(

Ns

Nr

)2

rr

⟩
(2.32)

where the primed quantities denote the rotor values referred to the stator side. In this way, the
equations that define the flux linkages of the IG in the dq0 frame, after applying Tdq0 to

[
LIG

]
,

are given as

⎡⎢⎢⎢⎢⎢⎢⎢⎣

𝜓ds
𝜓qs
𝜓0s

𝜓 ′
dr

𝜓 ′
qr

𝜓 ′
0r

⎤⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎣

Lls + Lm 0 0 Lm 0 0
0 Lls + Lm 0 0 Lm 0
0 0 Lls + Lm 0 0 0

Lm 0 0 L′
lr + Lm 0 0

0 Lm 0 0 L′
lr + Lm 0

0 0 0 0 0 L′
lr + Lm

⎤⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎣

ids
iqs
i0s

i′dr

i′qr

i′0r

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(2.33)

where Lm is the magnetising inductance defined as

Lm = 3
2

Lms (2.34)

It is important to notice in (2.33) that the IG inductance matrix is now independent of
the rotor-position when expressed in dq0 form. This translates into a substantial reduction in
the computation time of the IG model since

[
LIG

]
is computed only once and not on each

integration step.
The instantaneous power of the IG in dq frame is given below:

Sdq0 = vqsiqs + vdsids + v′dri
′
dr + v′qri

′
qr + v0si0s + v′0ri

′
0r (2.35)

Sdq0 = 3
2

(
iqs

d
dt
𝜓qs + ids

d
dt
𝜓ds + i′qr

d
dt
𝜓 ′

qr + i′dr
d
dt
𝜓 ′

dr + i′0s
d
dt
𝜓 ′

0s + i′0r
d
dt
𝜓 ′

0r

)
+ 3

2

(
i2ds + i2qs + i20s

)
rs +

3
2

(
i′2dr + i′2qr + i′20r

)
r′r +

3
2

(
i′dr𝜓

′
qr − i′qr𝜓

′
dr

)
𝜔r

+ 3
2

(
−i′dr𝜓

′
qr + i′qr𝜓

′
dr − ids𝜓qs + iqs𝜓ds

)
𝜔s (2.36)
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In Eq. (2.36) the id𝜓∕dt terms represent the rate-of-change of the energy stored in the
magnetic field between windings. The i2r terms represent the winding copper losses. The 𝜔𝜓 i
terms represent the electromechanical power. The electromechanical torque Te is given by
dividing the electromechanical power by the mechanical speed of the IG:

Te =
(3

2

)( pg

2𝜔r

)[(
i′dr𝜓

′
qr − i′qr𝜓

′
dr

)
𝜔r +

(
i′qr𝜓

′
dr − i′dr𝜓

′
qr + iqs𝜓ds − ids𝜓qs

)
𝜔s

]
(2.37)

From (2.33) the following relationship can be obtained:

iqs𝜓ds − ids𝜓qs = −i′qr𝜓
′
dr + i′dr𝜓

′
qr (2.38)

Using (2.38) Te reduces to

Te =
(3

2

)(pg

2

)
(i′dr𝜓

′
qr − i′qr𝜓

′
dr)

=
(3

2

)(pg

2

)
(iqs𝜓ds − ids𝜓qs) (2.39)

=
(3

2

)(pg

2

)
Lm(i′driqs − i′qrids)

The derivation of the zero sequence components of the stator and rotor voltages, currents
and fluxes was included in order to show the complete application of the dq0 transformation
to a three-phase system. However, given the type of connection of a DFIG wind turbine (i.e.
three-wire delta or wye connection between supply and stator windings and three-wire wye
connection between rotor phases), the zero sequence currents are zero by physical constraints
– regardless of the phases being balanced or not (Novotny and Lipo, 1996; Ong, 1998). Thus,
the sixth order dq0 model of the IG can be reduced to a simpler fourth order without losing
information. The reduced fourth-order model of the IG used in this book for control design
and analysis purposes is given by the following set of equations:

vds = rsids +
d𝜓ds

dt
− 𝜔s𝜓qs (2.40)

vqs = rsiqs +
d𝜓qs

dt
+ 𝜔s𝜓ds (2.41)

v′dr = r′ri′dr +
d𝜓 ′

qr

dt
− (𝜔s − 𝜔r)𝜓 ′

qr (2.42)

v′qr = r′ri′qr +
d𝜓 ′

qr

dt
+ (𝜔s − 𝜔r)𝜓 ′

dr (2.43)

𝜓qs = Llsiqs + Lm

(
iqs + i′qr

)
(2.44)

𝜓ds = Llsids + Lm

(
ids + i′dr

)
(2.45)
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𝜓 ′
qr = L′

lri′qr + Lm

(
iqs + i′qr

)
(2.46)

𝜓 ′
dr = L′

lri′dr + Lm

(
ids + i′dr

)
(2.47)

Te =
(3

2

)(pg

2

)
Lm(i′driqs − i′qrids) (2.48)

2.2.3 Mechanical System

The mechanical system of a DFIG wind turbine is modelled in some literature as a lumped
single-mass system that comprises the masses of the turbine and IG rotor producing a first-order
model (which is simple to compute). However, the use of a two-mass model that considers the
stiffness of the shaft connecting the IG rotor mass to the turbine mass is more accurate. This is
because the transient behaviour of a two-mass system can be considerably different from that
of a single-mass system if the stiffness of shaft in the two-mass model is not rigid enough (i.e.
below 0.3 pu torque/rad (Akhmatov, 2003)).

In the case of the DFIG the stiffness of the shaft is considered low enough to justify the use
of a two-mass model (Akhmatov, 2003; SHIMA et al., 2008) as shown in Figure 2.5.

The rotor speed of the induction generator is defined as (Ackermann, 2012):

d𝜔r

dt
= 1

Jg

(
Te − Tshaft

)
(2.49)

where 𝜔r is the angular speed of the IG in radians per second, Te is the electrical torque
produced by the IG in N⋅m, Tshaft is the incoming torque form the shaft connecting the IG with
the wind turbine rotor in N⋅m, and Jg is the IG mass moment of inertia in kg⋅m2.

The rotor speed of the turbine 𝜔t is defined as

d𝜔t

dt
= 1

Jt

(
Tmech − Tshaft

)
(2.50)

tω
rω gJ

mechT K

DtJ

shaftT

eT

IG 
rotor mass

Shaft

Turbine mass

Figure 2.5 Schematic diagram of the mechanical system of a DFIG wind turbine.
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where Tmech is the mechanical torque produced by the wind turbine in N⋅m, Jt is the moment
of inertia of the turbine mass in kg⋅m2.

The shaft torque is given by

Tshaft = Ttorsion + Tdamping (2.51)

where Ttorsion represents the elasticity of the shaft, and Tdamping represents the damping torque
of the shaft.

Ttorsion is expressed as a function of the angle of the turbine rotor 𝜃t and the angle of IG
rotor 𝜃r (in radians).

These angles are given as

d𝜃r

dt
= 𝜔r (2.52)

d𝜃t

dt
= 𝜔t (2.53)

Using 𝜃r and 𝜃t the equation for Ttorsion is

Ttorsion = Ktot

(
𝜃t − 𝜃r

)
(2.54)

where Ktot is the torsion constant of the shaft given in N⋅m/rad; that is, the effective shaft
stiffness of the mechanical system. Ktot can be calculated as a parallel connection of the shaft
stiffness of the IG Kr and turbine rotors Kt in N⋅m/rad:

Ktot = Kt||Kr =
(

1
Kt

+ 1
Kr

)−1

(2.55)

The stiffness of each shaft is calculated, in turn, using the following equation:

K =
𝜋Gr4

shaft

2lshaft
N⋅m∕rad (2.56)

where G is the shear modulus of the shaft material (80 GN/m2 for steel (Hearn, 1997)), lshaft
is the shaft length (m) and rshaft is the shaft radius (m).

Ktot is primarily determined by the lower stiffness value, which in the case of a DFIG wind
turbine corresponds to Kt.

Tdamping is related to the speed of the wind turbine 𝜔t and the speed of the IG rotor 𝜔r as
follows:

Tdamping = D(𝜔t − 𝜔r) (2.57)

where D is the shaft damping constant in N⋅m/(rad/s) and represents the damping torque in
both the wind turbine and the IG.
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2.2.4 Crowbar Protection

When a fault occurs near the DFIG terminals a series of events follow that prompt the need
for additional protection for the DFIG B2B converter (Pannell et al., 2010).

� As a consequence of the sudden drop in the stator voltage, transient current peaks are
induced (including transient dc components).

� Due to the magnetic coupling between stator and rotor windings, and the law of flux
conservation, the transient currents are induced as rotor transient currents that add up to the
steady-state currents. Consequently, the transient currents in the rotor can reach up to two
or three times their nominal value. These currents are also transmitted to the terminals of
the RSC.

� Because of the high RSC currents the dc voltage of the B2B converter increases and may
damage the capacitor if it exceeds its design specifications. Also, the capability of the GSC
to transfer energy from the dc circuit to the ac grid during the fault reduces and consequently,
the extra energy charging the dc capacitor cannot be delivered to the ac network to maintain
the dc voltage within limits.

� The RSC is unable to handle the transient currents coming from the rotor because its
power handling capacity, SB2B, is a fraction of the nominal power of the DFIG (around
0.3 pu). This makes the RSC the most fault-sensitive component of the DFIG system and
is disconnected rapidly to avoid permanent damage to its components. Thus, the crowbar
protection monitors ir and the dc link voltage, vdc, of the B2B. If any of these exceeds a
pre-defined limit the crowbar protection is activated. The limit values are usually of <2 pu
for i′r and <1.3 pu for vdc (Petersson, 2005; Pannell et al., 2010).

The crowbar protection disconnects the RSC from the rotor circuits and short circuits the
rotor phases using an external crowbar resistance rcb. The value of rcb is chosen to provide an
effective damping of i′r and Te which could be achieved with an rcb of at least ten times that of
r′r. Some typical values for rcb are in the range of 0.5 to 1.5 pu (Hansen et al., 2007).

The effects of shorting the rotor windings via the rcb are equivalent to changing the rotor
voltage Eqs. (2.29) and (2.30) to

0 = (r′r + rcb)i′dr +
d𝜓 ′

dr

dt
− (𝜔s − 𝜔r)𝜓

′
qr (2.58)

0 = (r′r + rcb)i′qr +
d𝜓 ′

qr

dt
+ (𝜔s − 𝜔r)𝜓

′
dr (2.59)

The triggering logic for the crowbar protection controller can be explained using the
schematic shown in Figure 2.6. The magnitude of the rotor currents and the magnitude of
vdc are compared with the thresholds ith and vth respectively, in case any of the two condi-
tions becomes true, the crowbar protection trigger signal activates, and a monostable device
produces a continuous crowbar activation signal for a period of time tcr (Pannell et al., 2010;
Campos-Gaona et al., 2013).

The electric circuit of the crowbar protection can be constructed using a three-phase full-
bridge rectifier and a switching device such as a GTO or IGBT connected in parallel between
the rotor and the RSC terminals as shown in Figure 2.7.
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Figure 2.6 Trigger logic of the crowbar protection.
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Figure 2.7 Crowbar protection connected in parallel between the rotor and the RSC terminals.

2.2.5 Modelling of the DFIG B2B Power Converter

Figure 2.8 shows a two-level B2B based on IGBTs where Qx1, dx1, Qx2 and dx2 refer to a
specific IGBT and anti-parallel diode number of circuit 1 or circuit 2 respectively. The VSCs
can perform four-quadrant operation (i.e. the direction of the power flow can be reversed at
any time). Notice that each phase branch is composed of a set of two IGBT-diode devices
connected to a dc circuit.

The switching pattern of the IGBTs (along with associated anti-parallel diodes) allows
generating a specific voltage at the converter terminals and a constant current flow between

VAC 1VAC 2

dc 
capacitor

Inductance 1Inductance 2
a

b
c

a
b

c

5Q 1 3Q 1 1Q1

5d 1 3d 1 1d1

2Q 1 6Q 1
4Q 1

2d 1
6d 1 4d 1

1Q 2 3Q 2 5Q 2

1d 2 3d 2
5d 2

4Q 2 6Q 2 2Q 2

2d 2 6d 2 4d 2

dc+vCircuit 2 Circuit 1

Figure 2.8 An IGBT-based B2B converter.
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Figure 2.9 Circuit 1 a phase current paths.

the converter and the ac source. This is regardless of the current flowing from the converter
to the ac circuit (positive direction) or flowing from the ac circuit to the converter (negative
direction). Figure 2.9 is used to analyse the voltage and current behaviour of phase a in circuit 1
(Figure 2.8) for both positive and negative current direction. For analysis purposes it is assumed
there is a common point o in the dc circuit that splits the dc voltage vdc into two voltage sources
of amplitude vdc∕2. This point is also connected to the neutral terminal of the ac voltage source.
The IGBT firing pulses, and the voltage and current behaviour of this circuit are shown in
Figure 2.10.

As shown in Figure 2.10 (a) and (b), the firing pulses pwm41 for IGBT4 are inverted from the
firing pulses pwm11 for IGBT1 to avoid a short circuit between the dc source terminals; also, it
can be seen that the polarity of converter voltage va vsc1 depends on the IGBT that is currently
turned on (i.e. va vsc1 = vdc∕2 when pwm11 = 1 and va vsc1 = −vdc∕2 when pwm14 = 1) but
is independent of the current direction. The current ia1 is constant between the converter
and the ac source. If the current ia1 is positive, it flows through Q11 when pwm11 = 1 (see
Figure 2.9 (a) and iQ1

1 in Figure 2.10 (a)) or through d41 when pwm41 = 1 (see Figure
2.9 (b) and id41 in Figure 2.10 (a)). If the current ia1 is negative it flows through d11 when
pwm11 = 1 (see Figure 2.9 (c) and id11 in Figure 2.10 (b)) or through Q41 when pwm41 = 1 (see
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Figure 2.11 Ideal switch representation of a B2B converter.

Figure 2.9 (d) and iQ4
1 in Figure 2.10 (b))1. The voltages of the converter phase b and c are

produced with firing pulses shifted in phase to reproduce the phase shift of the b and c voltages
of a three-phase circuit. The current of each phase follows the same flow pattern described
above for ia1.

The efficiency of the B2B converters has been proven to be around 94 to 98% (Blaabjerg
et al., 1995). Consequently, it is common practice to represent the IGBTs as ideal switches
as shown in Figure 2.11 where the set of two IGBT-diode pairs of each phase branch is

1 Here it is important to notice that IGBTs not necessarily conduct current when they are commanded to turn on, but
only when the turn on command is applied and the current has a collector-to-emitter flow direction, otherwise the
current flows through the anti-parallel diode of the complementary IGBT of the phase branch.
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represented as a single switch which connects either to the positive or negative terminal of the
dc capacitor.

The voltage equations for converter 1 in Figure 2.11 are obtained by analysing the circuit
formed by the converter and the ac grid 1 (valid for any of the two converters). For a balanced
three-phase system the converter voltage equations are given by

va1 = r1ia1 + L1
dia1

dt
+ va vsc = r1ia1 + L1

dia1

dt
+ vdc

2sa1 − sb1 − sc1

3

vb1 = r1ib1 + L1
dib1

dt
+ vb vsc = r1ib1 + L1

dib1

dt
+ vdc

−sa1 + 2sb1 − sc1

3
(2.60)

vc1 = r1ic1 + L1
dic1

dt
+ vc vsc = r1ic1 + L1

dic1

dt
+ vdc

−sa1 − sb1 + 2sc1

3

where va1, vb1, vc1 are the a, b, c voltages respectively of the ac grid 1, ia1, ib1, ic1 are the a, b,
c currents respectively that circulate between converter 1 and ac grid 1, va vsc1, vb vsc1, vc vsc1
are the a, b, c voltages respectively in the terminals of converter 1, r1 and L1 are the resistance
and inductance of each phase connected between converter 1 and ac grid 1 and sa1, sb1, sb1
indicate the position of the switches in each phase of converter 1, which can be either 0 or 1.
When sx1 = 1 it means that the output x of converter 1 is connected to the positive terminal of
the dc capacitor.

2.2.6 Average Modelling of Power Electronic Converters

The switched model of the VSC presented in the previous section describes the steady-state and
dynamic behaviour of the converter, including slow transients and high frequency components
of voltage and current (due to the switching process). However, for control design and analysis
purposes, knowledge of the high-frequency components is often not necessary. This is because
the controller loops usually exhibit low-pass filter characteristics and are insensitive to the high-
frequency components of the measured and controlled variables. Consequently, it is common
practice to use the average values of the variables for control design purposes rather than the
instantaneous values (Yazdani et al., 2010a). By doing this, only the fundamental ac dynamics
which are important for controller design are considered, and the computation requirements
are reduced.

If it is assumed that the IGBTs switch at a frequency at least 10 times the fundamental
frequency of the ac grid, then the action of this commutation can be represented with the
average of the duty cycle d (i.e. the percentage of time that the IGBT is on state).

To prove this, consider the PMW signal for IGBT 6 pwm6(t) in Figure 2.12, which shows the
6-pulse pattern of a three-phase pulse-width modulation strategy (for a detailed explanation
of the PWM strategy see Appendix A).

The average of the waveform is given by

a61 = 1
Ts

Ts

∫
0

pwm6(t)dt (2.61)
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Figure 2.12 PMW signals of converter 1.

where a61 is the average value of pwm61 and Ts is the period of the carrier (the triangular)
waveform. As pwm6 has a value of 1 during the period 0 < t < d6 ⋅ Ts and a value of 0 for the
period d6 ⋅ Ts < t < Ts then (2.61) turns into

a61 = 1
Ts

⎛⎜⎜⎜⎝
d⋅Ts

∫
0

1(t)dt +

Ts

∫
d6⋅Ts

0(t)dt

⎞⎟⎟⎟⎠ =
d6 ⋅ Ts

Ts
= d6 (2.62)

As shown by (2.62) the average of pwm61 is directly dependent on d6. A similar analysis can
be applied to any PMW signal of the converter; thus, by changing the instantaneous voltage
equations in (2.60) by their average values, the following equations are obtained:

va1 = r1ia1 + L1
dia1

dt
+ vdc

2da − db − dc

3

vb1 = r1ib1 + L1
dib1

dt
+ vdc

−da + 2db − dc

3
(2.63)

vc1 = r1ic1 + L1
dic1

dt
+ vdc

−da − db + 2dc

3

where da, db, dc are the duty cycles of the IGBTs of the abc phases of circuit 1, respectively.
Furthermore, it can be shown that the relationship between the duty cycle and modulation
signal is given by

d = m + 1
2

(2.64)
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Thus, equations in (2.63) can be expressed in terms of their respective modulation signal
as

va1 = r1ia1 + L1
dia1

dt
+ vdc

(1
3

ma1 − 1
6

mb1 − 1
6

mc1
)

vb1 = r1ib1 + L1
dib1

dt
+ vdc

(
−1

6
ma1 + 1

3
mb1 − 1

6
mc1
)

(2.65)

vc1 = r1ic1 + L1
dic1

dt
+ vdc

(
−1

6
ma1 − 1

6
mb1 + 1

3
mc1
)

and in case the modulation signals are a set of balanced three phase ac voltage commands then
it can be shown that (2.65) can further reduced to

va1 = r1ia1 + L1
dia1

dt
+

vdc

2
ma1

vb1 = r1ib1 + L1
dib1

dt
+

vdc

2
mb1 (2.66)

vc1 = r1ic1 + L1
dic1

dt
+

vdc

2
mc1

Equation (2.66) can also be expressed in term of dq values. If the mathematical transfor-
mation Tdq0 of Eq. (2.25) is applied to (2.66) the following expressions for the voltage and
currents for converter 1 in Figure 2.11 are obtained:

vd1 = r1id1 + L1
did1

dt
− 𝜔sL1iq1 +

vdc

2
md1

vq1 = r1iq1 + L1

diq1

dt
+ 𝜔sL1id1 +

vdc

2
mq1

(2.67)

Using (2.67) to express the voltages and currents of a VSC is very useful for control
design purposes. This is because the active and reactive power between the VSC and the grid
can be controlled independently by the d and q components of the current, respectively (see
Section 2.3.5). Furthermore, by using dc quantities to represent the voltages and currents of the
VSC, simple control structures based on dc command tracking references can be constructed;
this prevents the use of controllers with sinusoidal command tracking references, where the
compensators and closed loop bandwidth need to increase in complexity and frequency to
attain a not-delayed reference signal tracking.

2.2.7 The dc Circuit

The stored energy W in the dc capacitor of the B2B converter is given by the following
expression:

W = 1
2

Cv2
dc (2.68)
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where C is the capacitance of the circuit. W is giving as a function of the power that flows
to/from the dc circuit to the ac grid via any of the two converters:

dW
dt

= 1
2

C
dv2

dc

dt
= −P1 − P2 (2.69)

where P1 and P2 is the power consumed/delivered to the ac grid by converter 1 and converter
2 respectively. Thus, the voltage variation in the dc circuit is given by

dv2
dc

dt
=

2
(
−P1 − P2

)
C

(2.70)

2.3 Control of the DFIG WT

The key variables to control in a DFIG are the DFIG rotor speed (𝜔r), the reactive power
of the DFIG (Qs), the dc voltage of the B2B converter (vdc), and the reactive power of the
GSC (Qgsc). These variables are controlled in turn by controlling the direct and quadrature
currents circulating in the circuit between the RSC and the rotor windings (i′

dr, i′qr), and the
ones circulating in the circuit between the GSC and the grid (id gsc, iq gsc). These currents
are controlled, in turn, by the direct and quadrature RSC voltages (v′

dr,v
′
qr) and the direct and

quadrature GSC voltages (vd gsc,vq gsc), respectively. Figure 2.13 shows a block diagram of
the control loops for a DFIG wind turbine.

2.3.1 PI Control of Rotor Speed

As seen from Eq. (2.49), the electrical control of the DFIG rotor speed requires a temporal
modification of the Te generated by the IG. Such a modification can be easily achieved if a
dq0-based control of the DFIG rotor currents is performed since Te depends almost entirely
upon a single current variable. This variable can be controlled independently by the RSC.

Using a reference frame rotating at the synchronous speed to represent the stator voltages
in dq0 components, and aligning the d component to the grid voltage (at t = 0 s, the d axis
matches with the rotor phase a) and the q-axis is assumed to be 90◦ ahead of the d-axis with
respect to the rotational direction, as shown in Figure 2.14. Therefore, the following holds true:

vds = vs (2.71)

vqs = 0 (2.72)

where vs is the magnitude of the stator voltage.
The stator flux, which lags the stator voltage by 90◦, is given in dq components as follow:

𝜓ds = 0 (2.73)

𝜓qs = −𝜓s (2.74)

where 𝜆s is the magnitude of the stator flux.
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Figure 2.13 Control loops of a DFIG wind turbine.

From Eq. (2.73) it can be seen that

d𝜓ds

dt
= 0 (2.75)

Also, since the stator flux is sustained by the stator voltage, which, in steady state, is
considered to be constant in amplitude, frequency and phase, it can be assumed that the stator
flux varies very little in steady state (Boldea, 2006). In that case:

𝜓qs = const →
d𝜓qs

dt
≈ 0 (2.76)
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Now, replacing (2.73) and (2.74) in Eq. (2.39) which defines the Te in the dq0 reference
frame, the following equation is obtained:

Te = −
(3

2

)(pg

2

)
(ids𝜓qs) (2.77)

Equation (2.77) shows that Te is directly proportional to ids which, in turn, can be related
to i′

dr by using the flux linkage Eq. (2.45) in conjunction with (2.73). Thus the relationship
between ids and i′dr turns to be

ids =
−Lmi′dr

Lls + Lm
(2.78)

Finally, replacing (2.78) in (2.77) the electrical torque can be expressed as:

Te = −
(3

2

)(pg

2

)( −Lm𝜓qs

Lls + Lm

)
i′dr (2.79)

Having found the relationship between i′
dr and Te, the PI controller for the rotor speed can

be derived as follows.
The mechanical system of a DFIG, considering an aggregated lumped mass, is defined as

J
d
dt
𝜔r = Te − Tmech − Bm𝜔r (2.80)

where J is the moment of inertia of the IG and turbine rotor lumped masses in kg⋅m2, and Bm
is the damping coefficient in N⋅m/(rad/s).
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Considering Tmech as a disturbance, (i.e. an external signal affecting the transfer function
that cannot be controlled but only compensated for by the controller) not present during the
modelling process, then the transfer function P𝜔(s), in terms of the Laplace operator s, from
Te to 𝜔r is given by

P𝜔(s) =
𝜔r(s)

Te(s)
= − 1

Js + Bm
(2.81)

from (2.81), it can be seen that the open-loop mechanical system has a stable pole at −Bm∕J.
This pole can be cancelled with the zero provided by the PI rotor speed controller defined as

K𝜔(s) =
Kp𝜔s + Ki𝜔

s
=

Kp𝜔
s

(
s +

Ki𝜔
Kp𝜔

)
(2.82)

where Kp𝜔 and Ki𝜔 are the proportional and integral gains of the rotor speed controller.
Thus choosing Ki𝜔∕Kp𝜔 = Bm∕J and Kp𝜔∕J = 1∕𝜏𝜔 where 𝜏𝜔 is the time constant of the
closed-loop system, the open-loop controller gain is

𝓁𝜔(s) = K𝜔(s)P𝜔(s) =
(

Kp𝜔
Js

) (s +
Ki𝜔
Kp𝜔

)
(

s +
Bm

J

) = 1
𝜏𝜔s

(2.83)

and a closed-loop transfer function

B𝜔(s) =
𝜔r ref (s)

𝜔r
=

K𝜔(s)P𝜔(s)

1 + K𝜔(s)P𝜔(s)
=

1
𝜏𝜔s

1 + 1
𝜏𝜔s

= 1
𝜏𝜔s + 1

(2.84)

which is a first-order transfer function with unity gain. The selection of 𝜏𝜔 is chosen according
to the desired speed of response of the closed loop system.

2.3.2 PI Control of DFIG Reactive Power

The reactive power equation of the DFIG is given, in dq0, by:

Qs =
3
2

(
vdsiqs − vqsids

)
(2.85)

Substituting (2.71) and (2.72) in (2.85) the Qs expression reduces to

Qs =
3
2

vdsiqs (2.86)
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Equation (2.86) shows Qs is directly proportional to iqs which, in turn, can be related to i′qr
by using the flux linkage Eq. (2.44) together with (2.74). Thus the relationship between iqs
and i′qr turns to be

iqs =
𝜓qs − Lmi′qr

Lls + Lm
(2.87)

Finally, replacing (2.87) in (2.86), QS can be expressed as:

Qs =
3
2

[
vds

(
𝜓qs − Lmi′qr

Lls + Lm

)]
(2.88)

Now that a relationship between i′qr and Qs has been established, the controller for the
reactive power can be derived.

The relationship from Qs to i′qr is given by

i′qr =
2
3

Qs

(
Lls + Lm

vds𝜓qs − Lmvds

)
→

i′qr

Qs
= PQs

= 2
3

(
Lls + Lm

vds𝜓qs − Lmvds

)
(2.89)

Assuming vds and 𝜓qs to be constant and able to be measured or estimated then their value
can be added to the controller of the reactive power. Thus, the relationship between i′qr and
Qs in (2.89) turns to be directly proportional and is ready to be applied directly as the control
function for i′qr according to the desired Qs. However, in order to compensate for errors in the
estimation of 𝜓qs, an integral term can be added to the Qs control function. In this way, the
controller for Qs turns out to be:

KQ(s) = 3
2

KiQ
s

[vds(𝜓qs − Lm)

Lls + Lm

]
(2.90)

where KiQ is the integral gain of the reactive power controller. Thus, choosing KiQ = 1∕𝜏Q
where 𝜏Q is the time constant of the closed-loop system, the open-loop controller gain is

𝓁Q(s) = KQ(s)PQ = 3
2

KiQ
s

[vds(𝜓qs − Lm)

Lls + Lm

]
2
3

[
Lls + Lm

vds(𝜓qs − Lm)

]
= 1
𝜏Qs

(2.91)

and a closed-loop transfer function

BQ(s) =
Qs ref (s)

Qs
=

KQ(s)PQ(s)

1 + KQ(s)PQ(s)
=

1
𝜏Qs

1 + 1
𝜏Qs

= 1
𝜏Qs + 1

(2.92)
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Figure 2.15 Schematic diagram of the RSC controllers.

which is a first-order transfer function with unity gain. The selection of 𝜏Q is chosen according
to the desired speed of response of the closed loop system. It is recommended to set 𝜏Q 10
times larger than the time response of the i′qr control loop.

2.3.3 PI Control of Rotor Currents

The voltage equations of the rotor circuit in the dq reference frame are given in Eqs. (2.42) and
(2.43). The transfer functions to control the rotor currents can be reduced to similar expressions
if the following three conditions are satisfied:

1. 𝜓 ′
dr and 𝜓 ′

qr are expressed in terms of rotor currents in dq components.
2. Both dq derivative components of the stator flux are zero, as shown in Eqs. (2.75) and

(2.76).
3. The cross coupling terms that relate v′dr with 𝜓 ′

qr and v′qr with 𝜓 ′
dr, (i.e.

[
𝜔s(t) − 𝜔r(t)

]
𝜓 ′

qr

for (2.42) and
[
𝜔s(t) − 𝜔r(t)

]
𝜓 ′

dr for (2.43) respectively), are assumed to be disturbances,
not present during the calculation of the rotor current controllers. These disturbances are
being numerically compensated for by the control scheme, as shown in Figure 2.15.

Making L′
r = L′

lr + Lm and Ls = Lls + Lm for simplification, then the rotor voltage equations
can be expressed as

v′dr = r′ri
′
dr +

d
dt

[(
L′

ri
′
drLs − L2

mi′dr

)
Ls

]
(2.93)

v′qr = r′ri
′
qr +

d
dt

(Lm𝜓qs

Ls

)
+ d

dt

⎡⎢⎢⎢⎣
(

L′
ri′qrLs − L2

mi′qr

)
Ls

⎤⎥⎥⎥⎦ = r′ri′qr +
d
dt

⎡⎢⎢⎢⎣
(

L′
ri′qrLs − L2

mi′qr

)
Ls

⎤⎥⎥⎥⎦
(2.94)
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Thus, using (2.93) and (2.94), the transfer function from the dq rotor currents to the dq rotor
voltages is defined as

i′
dr(s)

v′dr(s)
=

i′qr(s)

v′qr(s)
=

i′r(s)

v′r(s)
= Pr(s) =

Ls

s(L′
rLs − L2

m) + r′rLs
(2.95)

From (2.95), it can be seen that the open-loop system has a stable pole at−r′rLs∕(LrLs − L2
m).

This pole can be cancelled with the zero provided by the PI rotor current controller defined
as

Kr(s) =
Kprs + Kir

s
=

Kpr

s

(
s +

Kir
Kpr

)
(2.96)

where Kpr and Kir are the proportional and integral gains of the rotor current controller. Thus,
choosing Kir∕Kpr = r′rLs∕(L′

rLs − L2
m) and KprLs∕(L′

rLs − L2
m) = 1∕𝜏r where 𝜏r is the time

constant of the rotor current closed-loop system, the open-loop controller gain is

𝓁r(s) = Kr(s)Pr(s) =

(
KprLs

(L′
rLs − L2

m)s

) (
s +

Kir
Kpr

)
(

s +
r′rLs

(L′
rLs − L2

m)

) = 1
𝜏rs

(2.97)

and the closed-loop transfer function:

Br(s) =
i′r ref (s)

i′r
=

Kr(s)Pr

1 + Kr(s)Pr
=

1
𝜏rs

1 + 1
𝜏rs

= 1
𝜏rs + 1

(2.98)

which is a first-order transfer function with unity gain. The selection of 𝜏r is chosen according
to the desired speed of response of the closed loop system. We must bear in mind that the
fastest speed of response of this controller is limited by the speed of response of the RSC,
which is usually between 0.5 and 2 ms.

Figure 2.15 shows a schematic diagram of the controllers of the RSC.

2.3.4 PI Control of dc Voltage

The equation describing the dynamics in the dc capacitor voltage is given in (2.70). For a
DFIG wind turbine, the active power flowing in the RSC is the rotor active power Pr is defined
as:

Pr =
3
2

(
v′dri

′
dr + v′qri

′
qr

)
(2.99)
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And the GSC active power Pgsc is defined as:

Pgsc =
3
2

(
vdid gsc + vqiq gsc

)
(2.100)

where vd and vq, are the dq components of the grid voltage and id gsc and iq gsc are the d,q
components of the GSC currents.

Using a reference frame rotating at the synchronous speed to represent the grid voltages in
dq0 components, and aligning the d component to phase a of the grid voltage, then (2.100)
can be reduced to

Pgsc =
3
2

vdid gsc (2.101)

which shows that Pgsc can be controlled by means of id gsc, since vd is considered constant
(Figure 2.16).

If the power consumed or provided by the RSC is considered a disturbance, not present
during the modelling process of the control system, then the transfer function from id gsc to
vdc, according to (2.70) and (2.101) is defined as

v2
dc(s)

id gsc(s)
= Pdc(s) = −

3vd gsc

Cs
(2.102)

As seen in (2.102) Pdc(s) has a pole in the origin, which makes it very sensitive to dis-
turbances. This could be a problem when trying to attain a steady vdc control under large
disturbances (such an abrupt change of Pr due to a fault) because, even if Pdc(s) is controlled
by a fast closed-loop system, the disturbance rejection (or damping) is, to a great extent,
determined by the dynamics of the plant. This is because the controller does not play any
role in determining how the process reacts to a disturbance (on the other hand, when there
is a set-point change, the time delay of the controller combines with the physical inertia of
the process which damps the process’s response to the reference change, making it much less
abrupt). A fast set-point tracking controller would require particularly aggressive tuning, but
that should not be a problem as long as the controller never needs to reject a disturbance.
However, if an unexpected load ever does disturb the process abruptly, a set-point tracking
controller will tend to overreact and cause the process variables to oscillate unnecessarily.

Plant
( )dcP s

_ ( )d gsci s
Output

2

dcv+

Control 
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( )rscP s

ControllerΣ Σ
2

_dc refv
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Disturbance

+
+

–

Figure 2.16 Block diagram of the control loop of vdc affected by a disturbance.
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Figure 2.17 The inner feedback loop applied to improve the load disturbance rejection of the dc voltage
plant.

In order to improve the disturbance rejection of Pdc(s), an additional control loop, used to
speed up the natural response of the plant, can be added to the controller design. This control
loop is designed to move the pole of the plant away from the origin towards the left-hand
side of the complex plane (i.e. into the negative side of the real axis). The configuration of
the additional control loop is shown in Figure 2.17. By adding a feedback loop, as shown in
Figure 2.17, the transfer function of the improved plant Mdc(s) is given by

v2
dc(s)

Pgsc(s)
= Mdc(s) = −

Pdc(s)

1 + Pdc(s)Gdc
= −

3vd

Cs + 3vdGdc
(2.103)

As shown in Eq. (2.103), the artificial pole added by the inner feedback loop has a value of
3vdGdc. This value can be chosen according to the desired speed of response of the plant; the
larger the value of Gdc, the faster the speed of response of the plant is. This translates as a better
disturbance rejection (Ottersten, 2003). Some control designers make the plant dynamics as
fast as the controller response time, and select Gdc accordingly. This procedure is illustrated
in Section 2.6.4.

The inner feedback loop can be implemented by making the current control signal of the
controller equal to

id gsc(s) = i′d gsc(s) − Gdcv2
dc (2.104)

where i′d gsc(s) is the controller output.
Once the inner feedback loop has been added to the dc voltage plant, the controller tuning

can be made by means of zero-pole cancellation since now the dc voltage plant has a stable
artificial pole at −3vdGdc. This pole can be cancelled with the zero provided by the PI rotor
speed controller defined as

Kdc(s) =
Kpdcs + Kidc

s
=

Kpdc

s

(
s +

Kidc

Kpdc

)
(2.105)
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where Kpdc and Kidc are the proportional and integral gains of the dc voltage controller. Thus,
choosing Kidc∕Kpdc = 3vdGdc∕C and 3Kpdcvd∕C = 1∕𝜏dc where 𝜏dc is the time constant of
the dc voltage closed-loop system, the open-loop controller gain is

𝓁dc(s) = Kdc(s)Mdc(s) =
(

3Kpdcvd

Cs

) (
s +

Kidc

Kpdc

)
(

s +
3vdGdc

C

) = 1
𝜏dcs

(2.106)

and the closed-loop transfer function

Bdc(s) =
v2

dc ref (s)

v2
dc

=
Kdc(s)Mdc(s)

1 + Kdc(s)Mdc(s)
=

1
𝜏rs

1 + 1
𝜏rs

= 1
𝜏rs + 1

(2.107)

which is a first-order transfer function with unity gain. The selection of 𝜏dc is chosen according
to the desired speed of response of the closed loop system. It is recommended to set 𝜏dc 10
times larger than the time response of the id gsc control loop.

2.3.5 PI Control of Grid-side Converter Currents

The equations defining the behaviour of the GSC currents in dq components are

vd = rid gsc + L
d
dt

id gsc − 𝜔s(t)Liq gsc + vd gsc

vq = riq gsc + L
d
dt

iq gsc + 𝜔s(t)Lid gsc + vq gsc

(2.108)

where r and L are the equivalent resistance and inductance between the GSC and the grid,
respectively, vd gsc and vq gsc are the dq components of the voltages generated by the GSC. In
addition, the reactive power consumed or provided by the GSC, Qgsc, is expressed as:

Qgsc =
3
2

(
vdiq gsc − vqid gsc

)
= −3

2
vdiq gsc (2.109)

The transfer functions used to control the GSC dq currents can be reduced if the cross-
coupling terms (𝜔sLiq gsc(t), 𝜔sLid gsc(t)), and the grid voltage components, (vd , vq) from
(2.108) are considered as disturbances, not present during the calculation of the igsc control.
These disturbances are numerically compensated for by the control scheme, as shown in
Figure 2.18. Hence, the GSC current-to-voltage relationships in the dq frame are:

id gsc(s)

vd gsc(s)
=

iq gsc(s)

vq gsc(s)
=

igsc(s)

vgsc(s)
= Pgsc(s) = 1

Ls + r
(2.110)
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Figure 2.18 Schematic diagram of the GSC controllers.

From (2.111), it can be seen that the open-loop GSC current system has a stable pole at
−r∕(L). This pole can be cancelled with the zero provided by the PI GSC current controller
defined as

Kgsc(s) =
Kpgscs + Kigsc

s
=

Kpgsc

s

(
s +

Kigsc

Kpgsc

)
(2.111)

where Kpgsc and Kigsc are the proportional and integral gains of the rotor speed controller.
Thus, choosing Kigsc∕Kpgsc = r∕(L) and Kpgsc∕L = 1∕𝜏gsc where 𝜏gsc is the time constant of
the closed-loop system, the open-loop controller gain is

𝓁gsc(s) = Kgsc(s)Pgsc(s) =
(Kpgsc

Ls

) (s +
Ki𝜔
Kp𝜔

)
(

s + r
L

) = 1
𝜏gscs

(2.112)

and a closed-loop transfer function

Bgsc(s) =
igsc ref (s)

igsc
=

Kgsc(s)Pgsc(s)

1 + Kgsc(s)Pgsc(s)
=

1
𝜏gscs

1 + 1
𝜏gscs

= 1
𝜏gscs + 1

(2.113)

which is a first-order transfer function with unity gain. The selection of 𝜏gsc is done according
to the desired speed of response of the closed-loop system. The speed of response of this
controller is limited by the speed of response of the GSC, which is usually between 0.5 and
2 ms (Yazdani et al., 2010b).

As seen in (2.109), the reactive power consumption of the GSC can be controlled by using
iq gsc in a directly proportional manner since vd is considered constant. Consequently, there is
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no need to use a closed-loop controller to set the desired Qgsc, instead it is only required to
transform the desired Qgsc to its equivalent iq gsc, as shown in Figure 2.18.

2.4 DFIG Dynamic Performance Assessment

2.4.1 Three-phase Fault

A DFIG needs to be connected to an excitation source to induce a magnetic field in the stator
windings. If that excitation is lost, as happens in a three-phase fault, the magnetic field in the
air gap of the machine drops completely. This causes a reduction in the electric torque and
a consequent drop in the active power generated. However, during the transient between the
steady-state and the condition described above, large currents are induced in the stator and the
rotor. The magnitude of these currents depends on the nature of the fault and the value of the
operating slip speed.

To derive the magnitude of the stator fault current, an analysis of a three-phase fault close to
the generator is presented. The transient currents at the moment of the fault are derived from
the dynamic equations that describe the IG. These equations, in terms of space vectors, and
making L′

r = L′
lr
+ Lm and Ls = Lls + Lm for simplification, are given by

⃖⃗vs = r′s i⃗r +
d ⃖⃖⃗𝜓s

dt
+ j𝜔s ⃖⃖⃗𝜓 s (2.114)

⃖⃗v′r = rr
⃖⃗i′r +

d ⃖⃖⃗𝜓 ′
r

dt
+ j
(
𝜔s − 𝜔r

)
⃖⃖⃗𝜓 ′

r (2.115)

⃖⃖⃗𝜓s = Lsi⃗s + Lmi⃗′r (2.116)

⃖⃖⃗𝜓 ′
r = L′

r
⃖⃗i′r + Lm⃗is (2.117)

where ⃖⃗vs, ⃖⃗v
′
r, i⃗s, i⃗′r, ⃖⃖⃗𝜓 s and ⃖⃖⃗𝜓 ′

r are the IG stator and rotor voltage, current and flux, respectively
expressed in space-vector form (all quantities seen from the stator).

Manipulating Eqs. (2.116) and (2.117) i⃗s and i⃗′r can be written in terms of fluxes as

i⃗s =
⃖⃖⃗𝜓 s

Ls −
L2

m

L′
r

−
(

Lm

L′
r

)
⃖⃖⃗𝜓 ′

r

Ls −
L2

m

L′
r

(2.118)

i⃗′r =
⃖⃖⃗𝜓 ′

r

L′
r −

L2
m

Ls

−
(

Lm

Ls

)
⃖⃖⃗𝜓s

L′
r −

L2
m

Ls

(2.119)

Or i⃗s =
⃖⃖⃗𝜓 s

Lts
−
(
kr

) ⃖⃖⃗𝜓 ′
r

Lts
(2.120)

i⃗′r =
⃖⃖⃗𝜓 ′

r

Ltr
−
(
ks

) ⃖⃖⃗𝜓s

Ltr
(2.121)
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where Lts = Ls −
L2

m

L′
r

and Ltr = L′
r −

L2
m

Lls
are the transient inductances of the stator and the

rotor respectively. The stator and rotor coupling factors are ks =
Lm

Ls
and kr =

Lm

L′
r

respectively

(Erlich et al., 2007).
In steady-state operation, the IG stator and rotor fluxes can be calculated using the steady-

state equations of the machine. The calculation of these steady-state fluxes will help to deter-
mine the transient currents during a fault. The transient currents link the two stationary states
present during a transition, which, in this case, is the pre-fault stationary state and the post
fault-stationary state. To understand how to calculate the transient currents, a review of how
ordinary differential equations (ODE) are solved is needed; thus, it is briefly explained here.
The solution of an ODE can be divided in two parts: the particular solution and the general
solution. The particular solution is obtained fixing a point where the solution of the differential
equation must be valid, having a unique constant c and therefore an integral curve that satisfies
the equation. In an IG this means solving Eqs. (2.114) and (2.115) for a given voltage and
obtaining currents in a steady-estate condition. The general solution is obtained by adding the
solution of the homogeneous differential equation to the particular solution. The homogenous
equation is calculated making the independent terms and their derivatives equal to zero. The
solution of the homogeneous equation gives the transient currents, which separately satisfy
the homogenous differential equation; therefore, the transient currents that occur during the
fault process can be investigated separately from the stationary currents.

The differential equation to solve is given by (2.114). Changing to a rotor reference frame
to simplify calculations, Eq. (2.114) transforms to

⃖⃗vs = rs⃗is +
d ⃖⃖⃗𝜓 s

dt
(2.122)

Equation (2.122) is solved assuming that the rotor current is zero, the effects of rotor currents
are latter considered. Having zero rotor current, Eq. (2.116) is now

⃖⃖⃗𝜓s = Ltsi⃗s (2.123)

i⃗s =
⃖⃖⃗𝜓s

Lts
(2.124)

The homogeneous differential equation is obtained substituting Eq. (2.124) in Eq. (2.122)
and making the independent terms equal to zero (i.e. ⃖⃖⃗vs = 0), which is

d ⃖⃖⃗𝜓 s

dt
= −

rs

Lts
⃖⃖⃗𝜓 s (2.125)

The solution of (2.125) is

⃖⃖⃗𝜓 s,0 = ⃖⃖⃗𝜓s initiale
−trs∕Lts (2.126)
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where t is the time. Using the procedure above, it can be shown that the homogenous solution
of the rotor flux, assuming zero stator current is

⃖⃖⃗𝜓 ′
r,0 = ⃖⃖⃗𝜓 ′

r initiale
−tr′r∕Ltr (2.127)

where ⃖⃖⃗𝜓 s initial and ⃖⃖⃗𝜓 ′
r initial are the initial value of ⃖⃖⃗𝜓 s and ⃖⃖⃗𝜓 ′

r respectively, obtained from the
steady-state equation of the stator and rotor voltages. The steady-state equations of the stator
and rotor voltages in term of phasors rotating at synchronous speed are given by:

vase
j𝜔st = rsibse

j𝜔st + j𝜔s𝜓ase
j𝜔st (2.128)

vbse
j𝜔st−3𝜋∕2 = rsibse

j𝜔st−3𝜋∕2 + j𝜔s𝜓bse
j𝜔st−3𝜋∕2 (2.129)

vcse
j𝜔st+3𝜋∕2 = rsicse

j𝜔st+3𝜋∕2 + j𝜔s𝜓cse
j𝜔st+3𝜋∕2 (2.130)

v′arejs𝜔𝜔st = r′ri
′
are

js𝜔𝜔st + js𝜔𝜔s𝜓
′
are

js𝜔𝜔st (2.131)

v′bre
js𝜔𝜔st−3𝜋∕2 = r′ri

′
bre

js𝜔𝜔st−3𝜋∕2 + js𝜔𝜔s𝜓
′
bre

js𝜔𝜔st−3𝜋∕2 (2.132)

v′cre
js𝜔𝜔st+3𝜋∕2 = r′ri

′
cre

js𝜔𝜔st+3𝜋∕2 + js𝜔𝜔s𝜓
′
crejs𝜔𝜔st+3𝜋∕2 (2.133)

where s𝜔 = (𝜔s − 𝜔r)∕𝜔s is the slip of the IG.
The transient current for isa can be derived knowing that the following procedure is also

valid for the rest of the stator phase currents.
Neglecting the stator and rotor losses (i.e. rs = 0 and r′r = 0), then 𝜓as and 𝜓 ′

ar in steady
state can be expressed, as

𝜓ase
j𝜔st =

vase
j𝜔st

j𝜔s
= 𝜓as initial (2.134)

𝜓 ′
are

js𝜔𝜔st =
v′are

js𝜔𝜔st

js𝜔𝜔s
= 𝜓 ′

ar initial (2.135)

Now that the steady-state fluxes of phase a (for the stator and rotor) have been found, these
can be used to calculate the transient currents during a fault. This is because even though
the current in each winding varies much more sharply during a fault, all these together still
contribute to hold constant flux linkages at the moment of the short circuit (according to the
theorem of constant flux linkage). Besides, as the stator and rotor are considered short circuited
during the fault, the fluxes in both the windings do not change. Clearly, this flux will not hold
for too long; instead, it will decay with a stator time constant.

Equation (2.135) shows that 𝜓 ′
ar is a function of the rotor voltage. This is true in steady

state; however, when a three-phase fault occurs, 𝜓 ′
ar is affected by the frozen (i.e. no longer

rotating) flux of the stator. At the moment the short circuit occurs in the stator, the transient
ias developed in the winding will act to demagnetise the rotor field. Since the flux linkage
with the rotor must remain constant, a transient, i′ar, will be induced on the rotor winding a
trying to oppose the demagnetising effect of ias. The transient, i′ar, not being supported by
an applied voltage in the rotor (the crowbar protection is active and the RSC is disconnected
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from the rotor circuit), decays at a rate determined by the rotor’s time constant; meanwhile, it
adds up to the steady-state rotor current. The transient i′ar creates a transient 𝜓 ′

ar that can be
calculated with Eqs. (2.116), (2.117) and (2.120). To perform the calculation of the transient,
𝜓 ′

ar, first it is assumed that there is no steady-state rotor current. The effects of the rotor flux
created by the steady-state rotor current on the full expression of the transient stator current
are introduced later; this is possible due to the principle of superposition.

Thus the 𝜓 ′
ar created by ias only is

𝜓 ′
ar(ias)e

j𝜔st = iase
j𝜔stLm =

Lm

Ls

vase
j𝜔st

j𝜔s
= ks

vase
j𝜔st

j𝜔s
(2.136)

Now, consider the 𝜓 ′
ar created by the rotor voltage in steady state, which can be calculated

using (2.135)

𝜓 ′
are

js𝜔𝜔st =
v′are

js𝜔𝜔st

js𝜔𝜔s
(2.137)

The component of 𝜓 ′
ar created by ias adds up to the component of 𝜓 ′

ar created by i′ar . 𝜓 ′
ar

can be calculated at the moment of the fault using (2.136), (2.137) and then used to complete
Eq. (2.121) to obtain the full expression of the transient ias. Thus, using (2.120), the expression
of the transient peak in the stator current in phase a at the moment of the fault ias,0 is defined
as:

ias,0 =

√
2𝜓as,0

Lts
−
(
kr

) √2𝜓 ′
ar,0

Lts
(2.138)

where 𝜓as,0 and 𝜓 ′
ar,0 are the fluxes in phase a of the stator and rotor at the moment of the

fault, defined as:

𝜓as,0 =
vas

j𝜔s
(2.139)

𝜓 ′
ar,0 = ks

vase
j𝜔st

j𝜔s
+

v′are
js𝜔𝜔st

js𝜔𝜔s
ej(1−s𝜔)𝜔st (2.140)

The first term in the right-hand side of Eq. (2.140) corresponds to the rotor flux created by
the stator current, and the second one corresponds to the rotor flux created by the steady-state
rotor current sustained by the voltage fed by the RSC. The RSC voltage is applied at an
angular frequency of s𝜔𝜔s (i.e. the angular speed of the induced rotor current in phase a).
The rotor flux created by the rotor current rotates at a (1 − s𝜔)𝜔s speed. This allows the
rotor flux created by the rotor current to be ‘seen’ by the stator as moving at 𝜔s regardless
of the mechanical angular speed of the rotor shaft. This is a characteristic of induction
machines.
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Now applying a three-phase short circuit at time t = 0, then the following stator transient
current can be derived using (2.126), (2.127), (2.138), (2.139) and (2.140):

ias,0 =

√
2vas

j𝜔sLts
e−trs∕Lts −

(
kr

)[
ks

√
2vase

j𝜔st

j𝜔sLts
+

√
2v′are

js𝜔𝜔st

js𝜔𝜔sLts
ej(1−s𝜔)𝜔st

]
e−tr′r∕Ltr (2.141)

Equation (2.142) shows the behaviour of the stator and rotor fluxes at the instant of the fault.
The first term in the right-hand side is the frozen stator flux, no longer rotating, but instead
creating (just briefly) a dc current, which decreases with a time constant given by

rs

Lts
=
(
Ts

)−1
(2.142)

where Ts is the stator time constant. The second term is the stator current component created
by the transient rotor flux; this current also decreases with a time constant given by

r′r
Ltr

=
(
Tr

)−1
(2.143)

where Tr is the rotor time constant.
Factoring the common terms in Eq. (2.141) and using the stator and rotor coupling factors

previously defined, the stator transient current can be expressed as

ias,0 =
√

2

jXts

[
vase

−t∕Ts −
[
(vaskrks + v′ars

−1
𝜔 kr)ej𝜔st] e−t∕Tr

]
(2.144)

which gives a good approximation of the fault current during a three-phase short circuit. From
(2.145) it can be seen that the initial fault current magnitude is mostly determined by the
magnitude of the stator transient impedance.

2.4.2 Symmetrical Voltage Dips

In the case of the voltage dip, 𝜓s becomes non-stationary and the derivation of the transient is
requires a new formula. If vs is expressed in pre-fault and post-fault values at t = 0, then the
stator voltage in phase a vas can be described as

vas =

{
vase

j𝜔st t < 0

vas(1 − u)ej𝜔st t > 0
(2.145)
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where u is the magnitude of the voltage dip. Using (2.145) 𝜓as is then described as

𝜓as =

⎧⎪⎪⎨⎪⎪⎩
vase

j𝜔st

j𝜔s
t < 0

vas(1 − u)ej𝜔st

j𝜔s
t ≥ 0

(2.146)

To determine the transient current ias, the solution of the homogenous equations obtained
in (2.126) and (2.127) are used again. In order to calculate 𝜓as initial for a given voltage dip,
first consider that the stator flux must be identical immediately before and after the voltage
dip. This is

𝜓s

(
t−0
)
= 𝜓s

(
t+0
)

(2.147)

Using (2.147) and (2.148), then for 𝜓as the following expression is obtained

𝜓as

(
t−0
)
= 𝜓as

(
t+0
)

vas

j𝜔s
ej𝜔st =

vas(1 − u)

j𝜔s
ej𝜔st + ⃖⃖⃗𝜓as trans

(2.148)

where ⃖⃖⃗𝜓as trans is the transient stator flux in phase a that links𝜓as

(
t−0
)

with𝜓as

(
t+0
)

providing
the flux needed to fulfil (2.147). Thus ⃖⃖⃗𝜓as trans has an initial value of

𝜓as initial =
uvas

j𝜔s
(2.149)

Therefore, the homogeneous solution of ⃖⃖⃗𝜓as trans, according to (2.126) and (2.142) is

⃖⃖⃗𝜓as trans =
uvas

j𝜔s
e−t∕Ts (2.150)

Using (2.148) and (2.150) the time behaviour of 𝜓as during and after the fault occurrence
can be described by:

𝜓as (t) =
vas (1 − u) ej𝜔st

j𝜔s
+

uvas

j𝜔s
e
− t

Ts (2.151)
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Using (2.151) the transient current isa produced by a voltage dip can be calculated using the
same procedure explained before for the three-phase fault case. The ias induced by 𝜓as only
can be calculated as

iase
j𝜔st =

vas(1 − u)ej𝜔st + uvase
−t∕Ts

j𝜔sLts
(2.152)

Thus, the rotor flux produced by the stator current only can be expressed as

𝜓 ′
ar(ias)e

j𝜔st = iase
j𝜔stLm =

Lm

Lls

vas(1 − u)ej𝜔st + uvase
−t∕Ts

j𝜔s
= ks

vas(1 − u)ej𝜔st + uvase
−t∕Ts

j𝜔s

(2.153)

Substituting (2.151) in (2.120) and adding the 𝜓 ′
ar produced by v′ar the transient ias for a

voltage dip can be expressed as

ias,0 =
vas (1 − u) ej𝜔st

j𝜔sLts
+

uvas

j𝜔sLts
e−t∕Ts −

(
kr

)
×

[
ks

[
vas (1 − u) ej𝜔st + uvase

t∕Ts
]

e−t∕Tr

j𝜔sLts
+

v′ar

s𝜔
ej𝜔st

]
(2.154)

Equation (2.154) states that when a voltage dip occurs, a dc current with magnitude
uvas∕j𝜔sL

′
s (the second term in the right-hand side of the equation) will appear, and will

decay with time constant of e−t∕Ts until reaching the new steady-state condition created by the
new stator voltage (the first term of the equation). The rotor flux will add some dc current as
well with a magnitude proportional to the magnitude of the stator voltage dip.

2.4.3 Asymmetrical Faults

The effect of asymmetrical faults in phase voltages can be studied by means of symmetrical
components theory. According to this theory, a three-phase system can be expressed as the
sum of positive, negative and zero sequence components (Anderson, 1995). Therefore, the
stator voltage space vector can be expressed as

⃖⃗vs = ⃖⃖⃗v1ej𝜔st + ⃖⃖⃗v2e−j𝜔st + ⃖⃖⃗v0 (2.155)

where ⃖⃖⃗v1, ⃖⃖⃗v2 and ⃖⃖⃗v0 are the positive, negative and zero sequence components of ⃖⃗vs, respectively.
Just as in the case of voltage dips, unbalanced faults generate a transient 𝜓s (the solution of
the homogeneous equation) at the start of the fault. The transient 𝜓s guarantees that the total
𝜓s remains the same before and just after the fault inception. Thus, (2.126) is also used to
calculate the transient fluxes of unbalanced faults; however, the initial value of the flux ⃖⃖⃗𝜓 s initial
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does not only depend on the type of fault (single-phase, phase-to-phase, etc.) but also on the
instant at which the fault occurs.

2.4.4 Single-Phase-to-Ground Fault

A single-phase-to-ground fault causing a voltage drop in the stator phase a can be represented
as (Lopez et al., 2008):

vas = vs(1 − u)

vbs = vs
⃖⃖⃖⃗a2 (2.156)

vcs = vs ⃖⃗a

where ⃖⃗a = ej(2𝜋∕3). The sequence components for the stator voltages of (2.156) are

⎡⎢⎢⎢⎣
⃖⃖⃗v1

⃖⃖⃗v2

⃖⃖⃗v0

⎤⎥⎥⎥⎦ =
1
3

⎡⎢⎢⎢⎣
1 ⃖⃗a ⃖⃖⃖⃗a2

1 ⃖⃖⃖⃗a2 ⃖⃗a

1 1 1

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣

vas(1 − u)

vbs
⃖⃖⃖⃗a2

vcs ⃖⃗a

⎤⎥⎥⎥⎦ = vs

⎡⎢⎢⎣
1 − u∕3
−u∕3
−u∕3

⎤⎥⎥⎦ (2.157)

Assuming symmetric impedances in the IG, then the positive sequence ⃖⃖⃗v1 creates a flux that
rotates at synchronous speed, whereas the negative sequence ⃖⃖⃗v2 creates a flux that rotates in
the opposite direction. The zero sequence ⃖⃖⃗v0 does not create any flux. Thus, the steady-state ⃖⃖⃗𝜓 s
is only composed of the fluxes created by ⃖⃖⃗v1 and ⃖⃖⃗v2, referred to as ⃖⃖⃗𝜓s1 and ⃖⃖⃗𝜓 s2, respectively.
These fluxes can be calculated, if the stator losses are neglected, as:

⃖⃖⃗𝜓 s1 =
⃖⃖⃗v1ej𝜔st

j𝜔s
(2.158)

⃖⃖⃗𝜓 s2 =
⃖⃖⃗v2e−j𝜔st

−j𝜔s
(2.159)

⃖⃖⃗𝜓 s1 rotates anticlockwise and ⃖⃖⃗𝜓s2 rotates clockwise. If the voltage dip starts at t = 0 the
transient ⃖⃖⃗𝜓 s is zero because ⃖⃖⃗𝜓 s1 and ⃖⃖⃗𝜓 s2 are aligned and its sum is equal to the ⃖⃖⃗𝜓 s previous to
the fault. This can be shown by solving (2.147) for t = 0:

⃖⃖⃗𝜓s(t
−
0 ) =

⃖⃗vse
(0)

j𝜔s
=

⃖⃗vs

j𝜔s

⃖⃖⃗𝜓 s(t
−
0 ) = ⃖⃖⃖⃗𝜓s(t

+
0 ) = ⃖⃖⃗𝜓 s1(t+0 ) + ⃖⃖⃗𝜓 s2(t+0 )

⃖⃖⃗𝜓s(t
+
0 ) =

⃖⃗v1e(0)

j𝜔s
+
⃖⃖⃗v2e−(0)

−j𝜔s
=

vs(1 − u∕3)

j𝜔s
+

vs(−u∕3)

−j𝜔s

⃖⃖⃗𝜓 s(t
+
0 ) =

vs

j𝜔s

(2.160)
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As demonstrated by (2.160) the magnitude of the ⃖⃖⃗𝜓 s prior to the fault is the same just after
the fault, meaning that no transient flux ⃖⃖⃗𝜓s trans was generated in order to fulfil the law of flux
conservation. However, in case the fault happens at a time t = T∕4, where T is the period of
one cycle of the voltage sine waveform, then the initial value of the ⃖⃖⃗𝜓 s trans is at its maximum
since ⃖⃖⃗𝜓 s1 and ⃖⃖⃗𝜓 s2 are totally opposed at that specific instant of time. This can be proved by
solving (2.147) for t = T∕4:

⃖⃖⃗𝜓s(t
−
1∕4

) =
⃖⃗vse

(
j 𝜋

2

)
j𝜔s

=
⃖⃗vs

𝜔s

⃖⃖⃗𝜓 s

(
t−
1∕4

)
= ⃖⃖⃖⃗𝜓s

(
t+
1∕4

)
= ⃖⃖⃗𝜓 s1

(
t+
1∕4

)
+ ⃖⃖⃗𝜓 s2

(
t+
1∕4

)
⃖⃖⃗𝜓 s

(
t+
1∕4

)
=
⃖⃗v1e

(
j 𝜋

2

)
j𝜔s

+
⃖⃗v2e

−
(

j 𝜋
2

)
−j𝜔s

=
v(1 − u∕3)(j)

j𝜔s
+

v(−u∕3)(−j)

−j𝜔s

⃖⃖⃗𝜓 s(t
+
1∕4

) =
vs(1 − 2∕3u)

𝜔s

(2.161)

The derivation of the stator fault currents associated with the transient flux can be conducted
by following the procedure presented in Eqs. (2.126)–(2.144).

2.4.5 Phase-to-Phase Fault

In the case of a phase-to-phase fault, the ⃖⃖⃗𝜓 s trans is also a function of the instant at which the
fault occurs. The voltages for a phase-to-phase fault between phases b and c can be expressed
as (Lopez et al., 2008):

vas = vs

vbs = vs

(
⃖⃖⃖⃗a2 + j

√
3

2
u

)
vcs = vs

(
⃖⃗a − j

√
3

2
u

) (2.162)

The sequence components for the stator voltages of (2.162) are

⎡⎢⎢⎢⎣
⃖⃖⃗v1

⃖⃖⃗v2

⃖⃖⃗v0

⎤⎥⎥⎥⎦ =
1
3

⎡⎢⎢⎢⎢⎢⎣
1 ⃖⃗a ⃖⃖⃖⃗a2

1 ⃖⃖⃖⃗a2 ⃖⃗a

1 1 1

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎣

vs

vs

(
⃖⃖⃖⃗a2 + j

√
3

2
u

)

vs

(
⃖⃗a − j

√
3

2
u

)
⎤⎥⎥⎥⎥⎥⎥⎦
= vs

⎡⎢⎢⎣
1 − u∕2

u∕2
u∕2

⎤⎥⎥⎦ (2.163)
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For a phase-to-phase fault the maximum ⃖⃖⃗𝜓s trans, contrary to the single-phase fault, happens
at t = 0 which can be shown by solving (2.147) for t = 0:

⃖⃖⃗𝜓s

(
t−0
)
=
⃖⃗vse

(0)

j𝜔s
=

⃖⃗vs

j𝜔s

⃖⃖⃗𝜓 s

(
t−0
)
= ⃖⃖⃖⃗𝜓s

(
t+0
)
= ⃖⃖⃗𝜓 s1

(
t+0
)
+ ⃖⃖⃗𝜓 s2

(
t+0
)

⃖⃖⃗𝜓 s

(
t+0
)
=
⃖⃗v1e(0)

j𝜔s
+
⃖⃗v2e−(0)

−j𝜔s
=

vs (1 − u∕2)

j𝜔s
+

vs (u∕2)

−j𝜔s

⃖⃖⃗𝜓 s

(
t+0
)
=

vs

j𝜔s
(1 − u)

(2.164)

In contrast, ⃖⃖⃗𝜓s trans is zero if the phase-to-phase fault happens at a time t = T∕4, which can
be shown by solving (2.147) for t = 0:

⃖⃖⃗𝜓 s

(
t−
1∕4

)
=
⃖⃗vse

(
j 𝜋

2

)
j𝜔s

=
⃖⃗vs

𝜔s

⃖⃖⃗𝜓 s

(
t−0
)
= ⃖⃖⃖⃗𝜓s

(
t+0
)
= ⃖⃖⃗𝜓 s1

(
t+0
)
+ ⃖⃖⃗𝜓 s2

(
t+0
)

⃖⃖⃗𝜓 s

(
t+0
)
=
⃖⃗v1e

(
j 𝜋

2

)
j𝜔s

+
⃖⃗v2e

−
(

j 𝜋
2

)
−j𝜔s

=
vs (1 − u∕2) j

j𝜔s
+

vs (u∕2) (−j)

−j𝜔s

⃖⃖⃗𝜓 s

(
t+0
)
=

vs

𝜔s

(2.165)

The derivation of the stator fault currents associated with the transient flux can be done by
following the procedure presented in Eqs. (2.126)–(2.144).

2.4.6 Torque Behaviour under Symmetrical Faults

The Te generated by the IG decreases accordingly to the magnitude of the voltage dip caused
by a fault in the ac network. The relationship between voltage and Te in steady state can be
obtained expanding the steady state equation of Te given by

Te =
3
𝜔s

(
i′r
)2

r′r
s𝜔

(2.166)
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Writing is in terms of vs then (2.166) transforms to

Te =
3
𝜔s

r′r
s𝜔

⎡⎢⎢⎢⎢⎢⎣
||vs
||2(

r′s +
r′r
s𝜔

)2

+
(
Xs + X′

r

)2

⎤⎥⎥⎥⎥⎥⎦
(2.167)

where Xs is the stator reactance and X′
r is the rotor reactance seen from the stator circuit.

Equation (2.167) shows that the Te generated by the IG at any rotor speed is proportional to
the square of the supply voltage. This means that a reduction in vs conveys a further reduction
of Te.

The mechanical torque Tmech produced can be considered constant during the fault period.
Therefore, the dynamic behaviour of the rotor speed can be described by the equation of
motion of the IM, which in the case of a single-mass system is defined as

J
d
dt
𝜔r = Tmech − Te − Bm𝜔r (2.168)

𝜔r =
1
J ∫ (Tmech − Te − Bm𝜔r)dt + 𝜔r0 (2.169)

Equation (2.171) shows that if case Te is less than Tmech, then 𝜔r increments according to a
slope proportional to the difference Tmech − Te. During such a time, 𝜔r increases according to
the 𝜔r vs. Te curve shown in Figure 2.19, also increasing Te up to the critically stable point.
If the critically stable point is not reached, the IG continues working in a new steady state,
where both Tmech and Te are again equal. However, if 𝜔r increases beyond the critically stable
point the machine will run away and Te will collapse (over-speed protection is then activated).
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Figure 2.19 Characteristic 𝜔r/Te curve for a 2MW IG.
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2.4.7 Torque Behaviour under Asymmetrical Faults

When unbalanced faults occur, positive and negative sequence components of voltage, flux
and current appear in the stator and rotor circuits of the IG. As mentioned in previous sections,
positive sequence stator voltages produce an air-gap flux which rotates at synchronous speed
anticlockwise, making the rotor speed spin in ‘forward’ direction with a slip speed s+𝜔. This is
given by the following expression:

s+
𝜔 = (𝜔s − 𝜔r)∕𝜔s (2.170)

For positive sequence voltage, v1, the expression of the positive sequence torque T+
e is

the same as that in (2.167); however, the negative sequence voltage, v2, produces an air-gap
flux which rotates synchronously in ‘reverse’ (clockwise) direction. In this case, the negative
sequence slip speed, s−𝜔, is given as follows:

s−𝜔 = (−𝜔s − 𝜔r)∕ − 𝜔s
s−𝜔 = (2 − s+𝜔)

(2.171)

Substituting the negative sequence voltage and slip speed in Eq. (2.167) and remembering
that for negative sequence voltages the synchronous speed is (−𝜔s), the expression for the
negative sequence torque T−

e is given by:

T−
e = 3

−𝜔s

r′r
2 − s+𝜔

⎡⎢⎢⎢⎢⎢⎣
||v2
||2(

rs +
r′r

2 − s+𝜔

)2

+
(
Xs + X′

r

)2

⎤⎥⎥⎥⎥⎥⎦
(2.172)

Thus, the total Te production of the IG is given by the following expression:

Te = T+
e + T−

e

Te = 3
𝜔s

⎡⎢⎢⎢⎢⎢⎣
r′r
s𝜔

⎡⎢⎢⎢⎢⎢⎣
||v1
||2(

rs +
r′r
s𝜔

)2

+
(
Xs + X′

r

)2

⎤⎥⎥⎥⎥⎥⎦
−

r′r
2 − s+𝜔

⎡⎢⎢⎢⎢⎢⎣
||v2
||2(

rs +
r′r

2 − s+𝜔

)2

+
(
Xs + X′

r

)2

⎤⎥⎥⎥⎥⎥⎦

⎤⎥⎥⎥⎥⎥⎦
(2.173)

The interaction between positive sequence flux and positive sequence rotor currents produce
a positive sequence torque T+

e ; the same can be said about the negative sequence flux and rotor
currents, which produce a negative sequence torque T−

e . The interaction between positive
sequence flux and negative sequence currents and vice-versa also produces torques; however,
these torques are pulsating in nature. More specifically, the rotating field product of the negative
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sequence voltage and currents move in space at 𝜔s(1 − 2s𝜔). This field induces currents in
the stator that, for a slip speed range of −1 ≤ s𝜔 ≤ 0.5, produce a positive torque in the
stator but a negative torque in the rotor; thus, for −1 ≤ s𝜔 ≤ 0.5, the torque acting in the
rotor is the difference between T+

e and T−
e . Similarly, it can be explained that for 0.1 ≤ s𝜔 ≤

1 the two torques add. The pulsating torque causes vibrations, which reduce the lifetime
of the IG.

2.4.8 Effects of Faults in the Reactive Power Consumption of the IG

The RSC of the DFIG wind turbine can modify the electromagnetic flux of the IG either to
provide reactive power to the IG or to demand reactive power from the IG. However, when the
wind turbine is subject to a fault the RSC is blocked and disconnected from the rotor circuit,
causing the DFIG to behave as a squirrel-cage IG with added rotor impedance.

The Qs of the IG depends on the total impedance of the machine, which, in turn, depends
on s𝜔. This can be shown by analysing the equivalent impedance of the IG circuit which, in
steady-state, is given by

Zim = rs + jXls +
jXm

(
r′r
s
+ jX′

lr

)
r′r
s𝜔

+ j(X′
lr + Xm)

(2.174)

where Zim is the equivalent IG impedance, X′
lr leakage reactance seen from the stator circuit,

Xm is the mutual reactance of the IG. The IG current and its Qs consumption are given, in
phasor representation as follows:

ise
j𝜔st =

Vse
j𝜔st

Zim
(2.175)

Qs = 3 Im
{

Vse
j𝜔stise

j𝜔st} (2.176)

As seen in (2.176), Qs is proportional to the magnitude of the stator reactive current and the
voltage level at the machine terminals.

Figure 2.20 shows the effects of a voltage drop in Te and Qs consumption at the terminals
of an IG.

As shown in Figure 2.20, even a slight increase or decrease in𝜔r means high Qs consumption
and a dangerous approximation to the critically stable point of the IG. This point does not
change with the fault magnitude. Without the right control, a successful fault ride-through
(FRT) is very unlikely. The use of the crowbar protection can enhance the FRT capabilities of
the machine, up to some extent. The effects of the crowbar protection as well as the advantages
and disadvantages for a successful FRT are presented in the following sections.

www.TechnicalBooksPDF.com



60 Offshore Wind Energy Generation

0.4 0.6 0.8 1 1.2 1.4 1.6

–1.5

–1

–0.5

0

0.5

1

1.5

 (pu)

 (
p

u
)

Te  at 1V pu

Te  at 0.8V pu

Te  at 0.6V pu

Te  at 0.2 V pu

0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 (pu)

 (
p

u
)

Qs  at 1V pu

Qs  at 0.8V pu

Qs  at 0.6V pu

Qs  at 0.2V pu

(a) (b)

rωrω

s
QeT

Figure 2.20 Te and Qs consumption for different magnitudes of voltage dips.

2.5 Fault Ride-Through Capabilities and Grid Code Compliance

2.5.1 Advantages and Disadvantages of the Crowbar Protection

The crowbar protection disconnects the RSC from the rotor circuits and short-circuits the rotor
phases using an external crowbar resistance rcb. The disconnection of the RSC for a period of
time means the total loss of control over 𝜔r and the reactive power consumption of the IG Qs,
causing the IG to behave like a squirrel-cage type with a much lower speed variation range
and much higher Qs consumption. However, the use of rcb, modifies the 𝜔r − Te characteristic
of the IG as well as the 𝜔r vs. reactive power consumption of the IG Qs. Figure 2.21 (a) and
(b) show the behaviour of Te and Qs respectively for different values of rcb. It can be seen
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Figure 2.21 (a) IG Te vs. 𝜔r curves for different values of rcb (b) IG Qs vs. 𝜔t curves for different
values of rcb.
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that a larger rcb means a higher maximum IG speed limit and a lower Qs consumption of
the uncontrolled IG (Hansen et al., 2007). Thus, due to the use of rcb, it is possible to allow
a transient over-speed of the IG without reaching the maximum speed limit or consuming
excessive Qs. This allows the recovery of control over 𝜔r and Qs after the crowbar protection
is removed. rcb also allows the rotor transient currents to decrease with a faster time constant,
allowing a faster re-connection of the RSC to the rotor circuit.

When the crowbar protection is triggered, the transient currents induced in the rotor windings
decrease faster with a modified time constant Tr cb defined by

r′r + rcb

Ltr
=
(
Tr cb

)−1
(2.177)

Because of this, a faster reconnection and in consequence a faster regain of control of the
machine can be achieved.

The use of added rotor impedance also changes the speed-torque characteristics of the IM,
changing its maximum speed equation to

± s𝜔max =
±(r′r + rcb)(

r′r + rcb

)2 +
(
Xs + X′

r

)2
(2.178)

where smax is the maximum speed of the IG.
It can be seen in (2.178) that there is a proportional relationship between the maximum rotor

speed and the magnitude of rcb. Under fault conditions the rotor speed of a DFIG increases
because of the sudden reduction of Te. However, if the crowbar protection is triggered, the
extra over speed limit of the IG provided by the protection avoids the machine entering an
unstable operation zone. This allows the DFIG to remain connected to the faulted network
during the fault period.

Also, the addition of rcb to the rotor circuit decreases the amount of reactive power con-
sumption of the IM at higher rotor speeds. This also allows the IM to remain connected to the
faulted network.

The main disadvantage of using the crowbar protection concept is the unavoidable loss of
control of the DFIG variables for a period of time. This includes the loss of control over Qs.
Another disadvantage of the crowbar protection has to do with its negative effects on the DFIG
controllers, which require extra robustness to remain stable during the fault and the recurrent
triggering of the crowbar protection (Campos-Gaona et al., 2013).

2.5.2 Effects of DFIG Variables over Its Fault Ride-Through Capabilities

Even though the crowbar protection enables the IM to remain connected to a faulted network
for an extended period of time, variables such as the rotor speed and the wind speed during
and after the fault happening can affect the fault ride-through capabilities of the machine.
This is because during the fault period the rotor speed will increase in accordance with Tmech
(which is dependent of the prevailing wind speed) and, depending on the pre-fault rotor speed
value, may surpass the maximum power handling capability of the B2B converter. This can
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be evidenced when reviewing the equation of the rotor power in terms of the air gap power of
the IM, which is

Pr = s𝜔Pag (2.179)

Pag is the total power across the air gap. Pr is related to Te in per unit (pu), by

Pem = Te𝜔r = Pag − Pr (2.180)

Substituting Pag and s𝜔 into (2.180) Pr can be expressed as

Pr = Te

(
𝜔s − 𝜔r

)
(2.181)

From (2.181), if Te = 1 pu, (i.e. the wind turbine is working at full power) then Pr becomes
directly proportional to 𝜔r. For example, a DFIG B2B converter rated a 0.3 pu would allow
a ± 0.3 pu speed deviation from the synchronous speed under full Te production. Thus, if
the post-fault 𝜔r is beyond the maximum speed deviation allowed by the power rating of the
B2B converter, the DFIG will not be able to regain control over the IM variables. Instead, the
overloading of the RSC converter may cause the triggering of the crowbar protection.

In this way, the behaviour of𝜔r circumscribes a wide range of variables that affect the DFIG
during a fault happening, the more evident are listed below:

� The fault magnitude (by means of the magnitude of reduction of Te and the consequent
effect in 𝜔r).

� Fault time period (the longer the fault, the more the over speeding of 𝜔r).
� Fault type (because of its effect on Te behaviour).
� The wind speed (because it affects the pre and post fault value of Te).
� The value of J and the speed of the pitch angle controller (because their effect on the rate

of change of 𝜔r).

As mentioned in Section 2.4.6, during the fault period 𝜔r accelerates accordingly to the
value of Te − Tmech. In general terms, a larger pre-fault value of 𝜔r means a larger value of
the post fault 𝜔r. Thus a DFIG working at super synchronous speeds prior to the fault is less
likely to ride through a fault than a DFIG working at sub synchronous speeds.

2.6 Enhanced Control Strategies to Improve DFIG Fault
Ride-Through Capabilities

2.6.1 The Two Degrees of Freedom Internal Model Control (IMC)

The IMC technique relies on the ‘internal model’ principle, which includes a model of the
plant to be controlled in the control structure (Morari and Zafiriou, 1989). Figure 2.22 shows
the structure of the IMC controller in terms of the Laplace operator s.

An analysis of the IMC controller structure in Figure 2.22 shows that if the model of the plant
being controlled, P′(s) ≡ P(s), is an exact representation of the real plant and no disturbance
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Figure 2.22 The IMC controller structure.

is present, then d′(s) = 0, and so the closed-loop relationship becomes equal to the open-
loop one. In this condition, an IMC controller of the form G(s) = P′−1(s) implies the ‘ideal
control’. However, such ideal control cannot be implemented in the case that the model of the
plant is proper (requiring the use of an improper controller), as it will require the use of pure
differentiators (i.e. a real-time unfiltered differentiation of a continuous-time signal, which
cannot be implemented by any physical device, such as a digital or analogue computer) in the
controller structure (Harris and Tyreus, 1987). To make the control possible, the IMC structure
introduces a low-pass filter L(s) in cascade with P′−1(s), which gives G(s) = L(s)P′−1(s). L(s)
is designed to add poles to G(s) and is chosen such that the closed-loop system retains its
asymptotic tracking properties (i.e. zero offset at steady state for asymptotical constant inputs
and step disturbances). It is usually of the following type:

L(s) =
(
𝛼 ⋅ [s + 𝛼]−1)n

(2.182)

where the filter order, n, is chosen according to the order of P(s), and where 𝛼 can be regarded
as the bandwidth of the filter, for a first-order filter. Consequently, when considering an exact
representation of the plant, the controller action A(s) is

A(s) = G(s)P(s) = L (s) P′−1 (s) P (s) = L(s) (2.183)

Using this approach, the controller parameters are linked in a unique, straightforward manner
to the model parameters; 𝛼 is now conveniently the only parameter to be tuned to influence
the speed of response of the closed-loop system. In addition, the IMC controller also has fast
and accurate set-point tracking characteristics in the open-loop configuration while keeping
the benefits of a feedback system (Harris and Tyreus, 1987). It is evident that the use of a filter
to detune the controller imposes the trade-off of sacrificing performance to attain robustness;
however, such a trade-off is inherent to any control system. Nevertheless, if P′(s) is a good
representation of P(s), then a high speed of response can be demanded while still keeping
robust stability; this topic is analysed in Section 2.6.6.

The IMC control scheme can be further improved by including an inner feedback loop to
P(s) as previously done in Section 2.3.4. This element provides an additional degree of freedom
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Figure 2.23 Two-degrees-of-freedom IMC controller configured as a classical controller.

(i.e. an additional control loop for disturbances, in addition to the primarily set-point tracking
loop) to speed up the load disturbance rejection of the plant, which is still determined by P(s)
even with the use of the IMC controller. Figure 2.23 illustrates the ‘two-degrees-of-freedom
IMC’ control scheme used to control the B2B converter. The addition of the inner feedback
of gain Ga, as shown in Figure 2.23, changes P(s) to:

M(s) = P(s) ⋅
[
1 + P(s)Ga

]−1 =
[
P−1(s) + Ga

]−1
(2.184)

As seen in (2.184), the new transfer function of the plant, M(s), is augmented with an
inner-feedback loop gain Ga, which proves especially useful for poorly-damped systems such
as the dc circuit of the DFIG.

All variables controlled by the B2B converter are represented by a first-order transfer
function, implying a first-order filter for each IMC in the B2B converter. In this way F(s)
Figure 2.23 is:

F(s) = L(s)M′−1(s)

1 − L(s)M′−1(s)M′(s)
= 𝛼

s
M′−1(s) (2.185)

where M′(s) is the model of M(s).
The B2B converter controls all the variables with a scheme of the type given by (2.185).
The additional degree-of-freedom contributed by the inclusion of the inner feedback loop is

set in each case to match the dynamics of the plant with those of the controller. This allows the
load-disturbance rejection of the plant to be as fast as the controller is. Through this process,
the pole created by Ga is set to match the pole of the IMC controller in the transfer function
from the disturbance d(s) to the output signal of the plant y(s):

y(s)
d(s)

= M(s)
1 + F(s)M(s)

=
( s

s + 𝛼

) 1
P−1(s) + Ga

(2.186)
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Ga can be calculated in order to reduce (2.186) to an expression of the following type:

y(s)
d(s)

=
[( s

s + 𝛼

) K
s + 𝛼

]
= K

[
s

(s + 𝛼)2

]
(2.187)

where K is a constant. As can be seen in (2.187), d(s) and the control loop are damped with a
similar time constant. On the other hand, 𝛼 is chosen to obtain the rise time tr needed for y(s).
The relationship between tr and 𝛼 for under-damped single-pole systems can be approximated
by

𝛼 ≈ 0.35∕tr (Hz) or 𝛼 ≈ 2.2∕tr (rad) (2.188)

2.6.2 IMC Controller of the Rotor Speed

If an inner feedback loop of gain G𝜔 is added to the rotor speed plant, a transfer function of
the following type is obtained:

M𝜔(s) =
P𝜔(s)

1 + P𝜔(s)G𝜔

= − 1
G𝜔 + Js + Bm

(2.189)

The inner feedback loop is implemented to the plant by means of making the input signal
to the plant equal to

Te(s) = T ′
e(s) − 𝜔r(s)G𝜔 (2.190)

where T′
e is the output of the IMC controller F𝜔(s), which, according to Eq. (2.185) (and

considering Tmech as a disturbance, not present during the calculation of the speed control),
turns to be

F𝜔(s) =
𝛼𝜔

s

(
− 1

G𝜔 + Js + Bm

)−1

= −𝛼𝜔J −
𝛼𝜔(Bm − G𝜔)

s
(2.191)

where 𝛼𝜔 is the bandwidth of the closed loop system of 𝜔r.
From (2.191) the controller gains are obtained as,

Kp𝜔 = −𝛼𝜔J
Ki𝜔 = 𝛼𝜔G𝜔 − 𝛼𝜔Bm

(2.192)

G𝜔 can be selected to match the pole of M𝜔(s) with the pole of F𝜔(s) on the transfer function
from the disturbance d𝜔(s) to the output of the plant 𝜔(s), which is described in (2.186). Thus,
selecting G𝜔 to be expressed as follows:

G𝜔 = Bm − 𝛼𝜔J (2.193)
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Figure 2.24 DFIG speed IMC control loop.

it can be shown that the relationship d𝜔(s)∕𝜔(s) is given by

𝜔(s)
d𝜔(s)

= − s

J
(
𝛼𝜔 + s

)2
(2.194)

As seen in (2.194), the disturbances coming from d𝜔(s) are rejected by the plant and the
controller with the same time constant, which is in turn dependent on 𝛼𝜔. Figure 2.24 shows
the IMC speed control loop of the DFIG.

2.6.3 IMC Controller of the Rotor Currents

If an inner feedback loop of gain Gr is added to the rotor current plant, a transfer function of
the following type is obtained:

Mir(s) =
Pir(s)

1 + Pir(s)Gr
=

Ls

r′rLs + sL′
rLs − sL2

m + LsGr
(2.195)

The inner feedback loop is implemented to the plant by means of making the input signal
to the plant equal to

v′r(s) = v′r
′(s) − i′r(s)Gr (2.196)

where v′′r (s) is the output of the IMC controller Fir(s), which, by following Eq. (2.185), turns
to be

Fir(s) =
𝛼r

s

(
Ls

r′rLs + sL′
rLs − sL2

m + LsGr

)−1

=
𝛼r

(
L′

rLs − L2
m

)
Ls

+
𝛼r

(
r′rLs + LsGr

)
sLs

(2.197)

where 𝛼r is the bandwidth of the closed loop system of i′r.
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From (2.197) the controller gains are expressed as:

Kpir =
𝛼r

(
L′

rLs − L2
m

)
Ls

Kiir =
𝛼r

(
r′rLs + LsGr

)
Ls

(2.198)

Gr can be selected to match the pole of Mir(s) with the pole of Fir(s) on the transfer function
from the disturbance dr(s) to the output of the plant i′r(s), which is described in (2.186). Thus,
selecting G𝜔 to have the following value:

Gr =
(
−r′rLs + 𝛼r

(
L′

rLs − L2
m

))
∕Ls (2.199)

It can be shown that the relationship i′r(s)∕dir(s) turns to

i′r(s)

dir(s)
= −

Lss(
𝛼r + s

)2 (−LsL′
r + L2

m

) (2.200)

As seen in (2.200) the disturbances coming from d𝜔(s) are rejected by the plant and the
controller with the same time constant, which is, in turn, dependent on 𝛼r. Figure 2.25 shows
the DFIG rotor current IMC control loop.

2.6.4 IMC Controller of the dc Voltage

The IMC controller Fdc(s) for the dc voltage plant described in Eq. (2.102), which following
Eq. (2.185), is given as

Fdc(s) =
𝛼dc

s
M−1

dc (s) =
𝛼dc

s

(
−

3vd

Cs − 3vdGdc

)−1

= −
𝛼dcC

3vd
+
𝛼dcGdc

s
(2.201)

where 𝛼dc is the bandwidth of the closed loop system of vdc.
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Figure 2.25 DFIG rotor current IMC control loop.
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From (2.201) the controller gains are expressed by

Kpdc = −
𝛼dcC

3vd

Kidc = 𝛼dcGdc

(2.202)

Gdc can be selected to match the pole of Mdc(s) with the pole of Fdc(s) on the transfer
function from the disturbance Pr to the output of the plant v2

dc, which is described in (2.186).
Thus, selecting Gdc to have the value of

Gdc = −1
3

𝛼dcC

vd
(2.203)

it can be shown that the relationship v2
dc
∕Pr turns to

v2
dc(s)

Pr
= 2s

(Cs − 3vdGdc)(s + 𝛼dc)
= 2s

C(s + 𝛼dc)2
(2.204)

Here 𝛼dc can be calculated by attaining the minimum error for vdc in case of a power surge
in the circuits connected to a B2B converter. In the case of the DFIG, the vdc behaviour under
power surges (v2

dc max step) can be assessed by applying a step of magnitude ||Pr max||, (the
maximum power that the RSC can deliver), to the transfer function from the disturbance Pr to
the output v2

dc
(s) of the vdc plant, in the time domain (Ottersten, 2003):

v2
dc max step (t) = L−1

{
2s ||Pr max||

C
(
s + 𝛼dc

)2
s

}
=

2 ||Pr max||
C

te−𝛼dct (2.205)

To find the maximum error, the derivative of v2
dcmax step (t) is computed by

dv2
dcmax step

dt
=

2Pr max

C
(1 − 𝛼dct)e−𝛼wt (2.206)

The local maximum is at t = 1∕𝛼dc. Substituting such value in (2.205) the maximum error
v2

dc is

v2
dcmax step =

2Pr max

C𝛼dc
e−1 (2.207)

The direction of v2
dcmax step depends on the polarity of the power step from the rotor. The

minimum bandwidth 𝛼dc min for a desired v2
dcmax step is

𝛼dc min =
±2Pr max

(±v2
dcmax step)(C)

e−1𝛼dc ≥ 𝛼dc min (2.208)

Figure 2.26 shows the dc voltage IMC control loop.
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Figure 2.26 dc voltage IMC control loop.

2.6.5 IMC Controller of the Grid-Side Converter Currents

If an inner feedback loop of gain Ggsc is added to the GSC current plant, we have a transfer
function of the following type:

Mgsc(s) = 1
Ggsc + Ls + r

(2.209)

The inner feedback loop is implemented for the plant by means of making the input signal
to the plant equal to

vgsc(s) = v′gsc(s) − igsc(s)Ggsc (2.210)

where v′gsc(s) is the output of the IMC controller Fgsc(s), which, according to Eq. (2.185) turns
to be

Fgsc(s) = 𝛼gscL +

(
r + Ggsc

)
𝛼gsc

s
(2.211)

where 𝛼gsc is the bandwidth of the closed loop system of igsc
From (2.211) the controller gains are expressed as

Kpgsc = 𝛼gscL
Kigsc =

(
r + Ggsc

)
𝛼gsc

(2.212)

Ggsc can be selected to match the pole of Mgsc(s) with the pole of Fgsc(s) on the transfer
function from the disturbance dgsc(s) to the output of the plant igsc(s), which is described in
(2.186). Thus, selecting Ggsc to have the value of

Ggsc = 𝛼gscL − r (2.213)
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Figure 2.27 GSC currents IMC control loop.

It can be shown that the relationship igsc(s)∕dgsc(s) is

igsc(s)

dgsc(s)
= s

L
(
𝛼gsc + s

)2
(2.214)

As seen in (2.214), the disturbances coming from dgsc(s) are rejected by the plant and the
controller with the same time constant, which in turn depends on 𝛼gsc. Figure 2.27 shows the
GSC currents IMC control loop.

2.6.6 DFIG IMC Controllers Tuning for Attaining Robust Control

A large bandwidth for all IMC control loops implies a lower attenuation of the reference signal,
a more effective disturbance rejection and a faster response. Analysing (2.183) and (2.185),
and assuming an exact representation of the plant, it can be observed that the closed-loop poles
of any of the DFIG IMC control loops are in the left-half plane for any 𝛼 > 0; that is:

F(s)M(s)
1 + F(s)M(s)

=
𝛼∕s

1 + 𝛼∕s
= 𝛼

s + 𝛼
(2.215)

Consequently, the internal stability issue becomes trivial and the bandwidth selection is
only limited by the maximum speed-of-response of the B2B converter. Yet, to attain robust
stability and a good degree of performance, the selection of 𝛼 must follow the requirements
of the robust stability theorem but shaped by an optimal control criterion. This is especially
true in the inevitable case of an internal model mismatch; in the case of a DFIG, this is more
apparent in the value of Lm and to a lesser degree in Lls and Llr.

2.6.7 The Robust Stability Theorem

The robust stability theorem is derived from the Nyquist stability criterion and considers all
the plants P in a family of plants Π. It states that for any uncertainty, lm, in the plant’s model,
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P′ (e.g. bounds of parameters in the linear model, bounds on nonlinearities, frequency domain
bounds etc.); that is:

Π =
{

P(s) :
[||P(s) − P′(s)|| ∕P′(s)

] ≤ lm(𝜔)
}

(2.216)

with Π having the same number of right-half poles and a particular controller G(s) stabilising
P′(s), then the system is robustly stable with the controller G(s), if and only if, the comple-
mentary sensitive function 𝜂 satisfies the following bound (Morari and Zafiriou, 1989, Lee
et al., 1995):

||𝜂lm(𝜔)|| < 1 ∀𝜔 (2.217)

where 𝜂, which relates the reference signal r(s) to the output y(s) (i.e. the performance of the
controller), is defined for the IMC structure Figure 2.22 as 𝜂 = G(s)P′(s) in the case that the
plant model is exact.

As explained in Section 2.6.1, an IMC controller G(s) has to be detuned by L(s); therefore,
the bound in (2.218) can be defined for L(s), substituting s by i𝜔, as

|L(i𝜔)| < [||G(i𝜔)P′(i𝜔)lm(𝜔)||]−1 ∀𝜔 (2.218)

In order to satisfy the bound in (2.218) |L(i𝜔)| can be designed arbitrarily small. However,
such a condition may imply a very poor controller performance. Consequently, L(i𝜔) is shaped
using a performance objective. For IMC controllers, the H∞ performance has been proposed
by some authors because the mathematical formulation of the optimisation problem allows
the stability and the robust performance of the controller to be expressed in terms of the same
optimisation equation. When applying the H∞ performance objective to the IMC controller,
the robust performance condition is found to be

||G(i𝜔)P(i𝜔)L(i𝜔)lm(𝜔)||+|||[1 + G(i𝜔)P(i𝜔)L(i𝜔)]−1 ⋅𝜛||| < 1 ∀𝜔
(2.219)

where 𝜛 is the normalised input to the control system (a specific input or a set of bounded
inputs).

From (2.219) it can be seen that when |L(i𝜔)| is decreased (i.e. small 𝛼), the second
term of (2.219) increases, and depending on the value of 𝜛, the bound given by the H∞
performance objective can be exceeded. Further analysis of (2.218) and (2.219) shows that a
small ||lm(𝜔)|| allows the use of a larger |L(i𝜔)| (i.e. higher 𝛼) without exceeding the bounds for
robust stability and nominal performance. In the case P(s) = P′(s), then lm(𝜔) = 0 and both
(2.218) and (2.219) bound requirements are satisfied for any 𝛼 > 0 selection. Nevertheless,
lm(𝜔) always increases for any real system on large frequencies because of phase uncertainty.
Therefore, whether the frequency range over control is possible will always be limited by the
model’s constraints.
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3
Fully-Rated Converter Wind
Turbine (FRC-WT)

3.1 Synchronous Machine Fundamentals

3.1.1 Synchronous Generator Construction

A synchronous generator consists of two elements: the field and the armature. The field is
located on the rotor and the armature on the stator (Figure 3.1). The armature has concentrated
three-phase windings, whilst the field winding carries direct current and produces a magnetic
field that rotates with the rotor and induces alternating voltages in the armature windings
(Kundur, 1994; Anaya-Lara et al., 2009).

There are two basic rotor structures: salient and cylindrical (Figure 3.2) (Ong, 1998). A
salient-pole rotor is mostly used in low-speed generators where the diameter-to-length ratio of
the rotor can be made larger to accommodate the large number of poles required to produce
the rated frequency. A rotor with salient poles and concentrated windings is better suited
mechanically to this situation. Salient-pole synchronous machines are often used in hydro
generators to match the low operating speed of the hydraulic turbines. Such rotors often have
damper windings in the form of copper or brass rods embedded in the pole face. These bars
are connected to end rings to form short-circuited windings similar to those of a squirrel-cage
induction machine. They are intended to damp out speed oscillations.

Steam and gas turbines operate instead at high speeds and their generators have round (or
cylindrical) rotors made up of solid steel forgings. They have two or four poles, formed by
distributed windings placed in slots milled in the solid rotor and held in place by steel wedges.
They often do not have special damper windings, but the solid steel rotor offers paths for eddy
currents, which have comparable effects to those of damper windings. Under steady-state
conditions, the only rotor current that exists is the direct current in the field winding. However,
under dynamic conditions eddy currents are induced on the rotor surface and slot wall, and in
damper windings, to produce additional damping.

Offshore Wind Energy Generation: Control, Protection, and Integration to Electrical Systems, First Edition.
Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia and Grain Adam.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 3.1 Schematic of the cross section of a three-phase synchronous machine with one pair of
field poles.

3.1.2 The Air-Gap Magnetic Field of the Synchronous Generator

The concentrated stator windings of three phases a, b and c are represented by three equivalent
windings a-a′, b-b′ and c-c′ (Figure 3.1). When the rotor is driven by a prime mover, the
magnetic field produced by the field winding rotates in space at synchronous speed 𝜔s. This
magnetic field cuts the stator conductors which induces three voltages, displaced by 120◦

(in time), in the three windings a-a′, b-b′ and c-c′. If these windings are connected to three
identical loads, the resulting three phase currents are also displaced by 120◦, as shown in
Figure 3.3. These currents will, in turn, each produce a magnetic field. The resultant magnetic

N

N

S

S

Salient-pole rotor Round rotor

Figure 3.2 Cross-sections of salient and cylindrical four-pole synchronous generators (Ong, 1998).
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a-a' c-c'

t = 0 t = t1 t = t2

time

b-b'

Figure 3.3 Three phase currents in the stator windings a-a′, b-b′ and c-c′.

field in the air-gap is the combination of the stator magnetic field, 𝜙s, produced by the stator
currents, and the rotor magnetic field, 𝜙r, produced by the field winding. For production of a
steady torque, the magnetic fields of stator and rotor must operate at the same speed, that is at
the synchronous speed given by (Kundur, 1994):

n =
120f

pf
(3.1)

where n is the speed in rev/min, f is the frequency in Hz, and pf is the number of field poles.
The number of field poles is determined by the mechanical speed of the rotor and electric
frequency of stator currents.

As shown in Figure 3.3, when t = 0 the current in phase a is at its positive maximum
(Im) and the currents in phases b and c are at their negative half maxima

(
−Im∕2

)
. If the

effective number of turns of each phase of the stator windings is Ns, then the current in phase
a produces a component of the stator magnetic field, 𝜙a, where the magnitude is proportional
to the number of ampere-turns, NsIm, along the axis of phase a (Hindmarsh and Renfrew,
1996). Similarly, the currents in phase b and c produce two components of the stator magnetic
field, 𝜙b and 𝜙c, whose magnitudes are proportional to the number of amperes-turns, NsIm∕2
along the axes of phases b and c, respectively. These three magnetic fields and the resultant
stator magnetic field at t = 0 are shown in Figure 3.4a. At time t = t1 the current in phases
a and b produce two magnetic fields whose magnitudes are proportional to the number of
ampere-turns, NsIm∕2 along the axes of phases a and b, respectively, and the current in phase
c produces a magnetic field whose magnitude is proportional to the number of ampere-turns,
NsIm, along the axis of phase c. The resultant stator magnetic field at t = t1 is then shifted by
𝜋∕3 as shown in Figure 3.4b. Similarly, at time t = t2, the stator magnetic field further shifts
by 𝜋∕3 as shown in Figure 3.4c.

From Figure 3.4, it is clear that in each of the two time intervals t1 − 0 = 𝜋∕3𝜔s and
t2 − t1 = 𝜋∕3𝜔s, the stator magnetic field has rotated by 𝜋∕3. In other words, the field has
rotated at the synchronous speed,𝜔s. The peak value of the stator magnetic field is proportional
to 3NsIm∕2.

A component of the stator magnetic field,𝜙s, links with the component of the rotor magnetic
field, 𝜙r, at the air-gap. The resultant magnetic field in the air-gap is then given by the vector

www.TechnicalBooksPDF.com



76 Offshore Wind Energy Generation

Figure 3.4 Stator magnetic field due to currents in three-phase windings (Anaya-Lara et al., 2009).

sum of these magnetic fields. The components, which are not contributing to the air-gap
magnetic field, are called leakage fluxes.

3.1.2.1 Coil Representation of the Synchronous Generator

Consider three coils, a, b and c, each carrying direct currents Imcos0 = Im, Imcos (0 − 2𝜋∕3) =
−Im∕2 and Imcos (0 − 4𝜋∕3) = −Im∕2, respectively. They rotate at a speed 𝜔s as shown in
Figure 3.5a. The resultant magnetic field produced by three-phase windings will be propor-
tional to 3NsIm∕2 in the direction of the axis of coil a. As time elapses, the magnitude of
this magnetic field remains the same but rotates at synchronous speed, 𝜔s. Therefore, this
three-coil structure fed with direct current and rotating at synchronous speed can be used as
an analogue for the stator of a synchronous generator.

To define the two-phase system, two orthogonal coils are selected, one placed on the d axis,
which is chosen to align with the rotor field winding position, and the other on the q axis, that
leads the d axis by 90◦ (Figure 3.5b).

Resolving the resultant magnetic field produced by the three-phase windings, 𝜙s aligned
with phase a, into the direction of d and q, Eqs. (3.2) and (3.3) are obtained:

𝜙d = 𝜙s cos 𝜃 (3.2)

𝜙q = −𝜙s sin 𝜃 (3.3)
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Figure 3.5 Three-phase to two-phase transformation: (a) three-coil representation; (b) two-coil repre-
sentation. The three coils are placed such that each coils makes 0 rad with the corresponding axes at
t = 0, that is, coil a is placed on the axis of phase a, coil b on the axis of phase b and coil c on the axis
of phase c.

If the number of turns in the two-phase windings is N′, the corresponding current relation-
ships can be derived from Eqs. (3.2) and (3.3) as

N′id = 3
2

NsIm cos 𝜃 (3.4)

N′iq = −3
2

NsIm sin 𝜃 (3.5)

Various authors select the ratio Ns∕N′ either as 2∕3 or as
√

2∕3 (Fitzgerald et al., 1992;
Kundur, 1994; Krause et al., 2002). When Ns∕N′ is selected as

√
2∕3 the power calculated

in the dq coordinate system is the same as that in the abc system and therefore called the
power-invariant dq transformation. If Ns∕N′ = 2∕3 is used instead, then the dq transformation
is said to be amplitude-invariant. In this chapter Ns∕N′ is selected as

√
2∕3.

For a viewer on a platform which is rotating at synchronous speed (the synchronous rotating
reference frame), the fluxes in the synchronous generator can be described by three stationary
coils, two representing the stator field and one representing the rotor field (Figure 3.6). The
stator coils d and q carry direct currents of

√
3∕2Im cos 𝜃 and −

√
3∕2Im sin 𝜃 respectively and

the rotor coil carries the dc field current.

3.1.2.2 Mutually Coupled Stationary Coils

Consider two mutually coupled stationary coils as shown in Figure 3.7. The flux associated
with coil 1 may be expressed as (Krause et al., 2002)

𝜙1 = 𝜙l1 + 𝜙m1 + 𝜙m2 (3.6)
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ifd

vfd

ids
vds

iqs

vqs

Stator

Rotor

Figure 3.6 Two-coil representation of the synchronous generator.

where 𝜙l1 is the leakage flux due to coil 1, 𝜙m1 is the flux between coils 1 and 2 due to the
current in coil 1 and 𝜙m2 is the flux between coils 1 and 2 due to the current in coil 2.

The voltage equation for coil 1 can be expressed as

v1 = r1i1 + N1
d𝜙1

dt
= r1i1 +

d𝜓1

dt
(3.7)

where r1 is the resistance of coil 1, N1 is the number of turns in coil 1 and 𝜓1 is the flux linkage
with coil 1 (where 𝜓1 = N1𝜙1).

For modelling purposes, it is convenient to express flux linkage in terms of inductance and
currents. From Eqs. (3.6) and (3.7), the flux linking with coil 1 can be written as (Krause
et al., 2002)

𝜓1 = Ll1i1 + Lmi1 + Lmi2 (3.8)

where Ll1 is the leakage inductance of coil 1 and Lm is the mutual inductance between coils
1 and 2. The term Ll1 + Lm, which is associated with coil 1 is generally referred to as the
self-inductance and Lm is referred to as the mutual inductance.

The self- and mutual inductances, which govern the voltage equations of the synchronous
generator, vary with angle 𝜃, which in turn varies with time. However, in the synchronously
rotating reference frame, both stator and rotor fluxes are seen as stationary. Hence, the flux
linkage and thus inductances are constant.

i1

v1

i2
v2

Coil 1 Coil 2

Figure 3.7 Two mutually coupled stationary coils.
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3.2 Synchronous Generator Modelling in the dq Frame

The generator stator and rotor equations in the dq reference frame, where the d axis is orientated
with the field flux vector and the q axis is assumed to be 90◦ ahead of the d axis in the direction
of rotation, are given in Eqs. (3.9)–(3.14) (Kundur, 1994; Krause et al., 2002; Anaya-Lara
et al., 2009). When deriving these equations it was assumed that the three-phase currents
are balanced.

Stator voltage equations:

vds = −rsids − 𝜔s𝜓qs +
d𝜓ds

dt
(3.9)

vqs = −rsiqs + 𝜔s𝜓ds +
d𝜓qs

dt
(3.10)

Stator flux equations:

𝜓ds = −Llsids + Lmd(−ids + if ) (3.11)

𝜓qs = −Llsiqs + Lmq(−iqs) (3.12)

Rotor voltage equation:

vf = rf if +
d𝜓f

dt
(3.13)

Rotor flux equation:

𝜓f = Llf if + Lmd(−ids + if ) (3.14)

The voltage equations Eqs. (3.9) and (3.10) are very similar to the voltage equation Eq. (3.7)
derived for two stationary coils. However, an additional term of speed is present in these
equations. This term results from the transformation into the synchronous reference frame and
is referred to as ‘speed voltage’ (due to flux changes in space) (Kundur, 1994; Krause et al.,
2002). The ‘speed voltage’ term does not appear in the rotor voltage equation as the field coil
is stationary in the synchronous reference frame.

In order to obtain a per unit (pu) representation of the voltage equations, consider Eq. (3.9).
Dividing Eq. (3.9) by the base value of impedance, Zb, given by Zb = Vb∕Ib = 𝜔bLb:

vds

Zb
= −

rs

Zb
ids −

𝜔s𝜓qs

Zb
+ 1

Zb

d𝜓ds

dt

vds

Vb
= −

rs

Zb

ids

Ib
−
𝜔s

𝜔b

𝜓qs

IbLb
+ 1
𝜔b

d(𝜓ds∕IbLb)

dt

(3.15)
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As the base value of the flux linkage is given by𝜓b = IbLb, Eq. (3.15) can be represented by

vds = −rsids − 𝜔s𝜓qs +
1
𝜔b

d𝜓ds

dt
(3.16)

with pu quantities represented by an upper bar. In Eq. (3.16), all quantities are in pu except
time, which is in seconds and base angular frequency, which is in radians per second.

Similarly, Eqs. (3.17)–(3.22) represent the synchronous generator equations in the dq domain
and in per unit.

Stator voltage equations:

vds = −rsids − 𝜔s𝜓qs +
1
𝜔b

d𝜓ds

dt
(3.17)

vqs = −rsiqs + 𝜔s𝜓ds +
1
𝜔b

d𝜓qs

dt
(3.18)

Stator flux equations:

𝜓ds = −Llsids + Lmd

(
−ids + if

)
(3.19)

𝜓qs = −Llsiqs + Lmq

(
iqs

)
(3.20)

Rotor voltage equation:

vf = rf if +
1
𝜔b

d𝜓 f

dt
(3.21)

Rotor flux equation:

𝜓 f = Llf if + Lmd

(
−ids + if

)
(3.22)

When the synchronous generator carries unbalanced currents, the zero sequence current
component, i0s, should also be considered. Under such conditions, in addition to Eqs. (3.17)–
(3.22), the following equations should also be considered:

v0s = −rsi0s +
1
𝜔b

d𝜓0s

dt
(3.23)

𝜓0s = −Llsi0s (3.24)

The generator electromagnetic torque is given by the cross-product of the stator flux and
stator current:

Te = 𝜓ds ⋅ iqs − 𝜓qs ⋅ ids (3.25)
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3.2.1 Steady-State Operation

Under steady-state conditions, the d∕dt terms in Eqs. (3.17), (3.18) and (3.21) are equal to zero.
With Ld = Lls + Lmd , Lq = Lls + Lmq and Lf = Llf + Lmd, Eqs. (3.17)–(3.22) can be reduced
as follow:

Stator voltage equations:

vds = −rsids − 𝜔s𝜓qs (3.26)

vqs = −rsiqs + 𝜔s𝜓ds (3.27)

Stator flux equations:

𝜓ds = −Ldsids + Lmdif (3.28)

𝜓qs = −Lqsiqs (3.29)

Rotor voltage equation:

vf = rf if (3.30)

Rotor flux equation:

𝜓 f = Llf if − Lmdids (3.31)

Substituting for flux terms in Eqs. (3.26) and (3.27) from Eqs. (3.28) and (3.29) the following
two equations can be obtained:

vds = −rsids + 𝜔sLqsiqs = −rsids + Xqsiqs (3.32)

vqs = −rsiqs − 𝜔sLdsids + 𝜔sLmdif = −rsiqs − Xdsids + 𝜔sLmdif (3.33)

where Xqs = 𝜔sLqs and Xds = 𝜔sLds.

From Eq. (3.30), if in Eq. (3.33) can be replaced by vf ∕rf and with the definition of

Efd = 𝜔sLmdvf∕rf , then

vqs = −rsiqs − Xdsids + Efd (3.34)

The armature terminal voltage is expressed as Et = vds + jvqs and from Eqs. (3.32) and
(3.34), the following steady-state equation of the synchronous machine can be obtained:

Et = vds + jvqs = −rs

(
ids + jiqs

)
+
(

Xqsiqs − jXdsids

)
+ jEfd (3.35)
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Figure 3.8 Phasor diagram and the equivalent circuit for steady-state operation.

If saliency is neglected, Xqs = Xds = Xs and, it = ids + jiqs Eq. (3.35) can be reduced to

Et = −rsit + Xs

(
iqs − jids

)
+ jEfd

= −rsit + Xs

(
−j2iqs − jids

)
+ jEfd

= −
(

rs + jXs

)
it + jEfd

(3.36)

Eq. (3.36) defines the steady-state equation of the synchronous machine and can be rep-
resented by the phasor diagram shown in Figure 3.8a and the equivalent circuit shown in
Figure 3.8b.

3.2.2 Synchronous Generator with Damper Windings

In both, salient-pole and cylindrical-pole generators, solid copper bars run through the rotor to
provide additional paths for circulating damping currents. The currents in the damper windings
interact with the air-gap flux and produce a torque which provides damping of rotor oscillations
following a transient disturbance. The currents in the damper windings can be resolved into two
components. The circulating damping current under a pole forms the d axis damping current;
whereas the circulating damping current between two pole faces forms the q axis damping
current. In the generator model shown in Figure 3.9, these currents were assumed to flow in
sets of closed circuits: one set whose flux is in line with that of the field along the d axis and the
other set whose flux is along the q axis. In the simplified model representing the synchronous
generator, only one damper winding along the q axis is used, but often two damper windings,
kq1 and kq2 are represented (Figure 3.9). Although the same basic representation can be used
for both salient-pole and cylindrical-pole generators, the circuit parameters representing the
damper windings are widely different.

The synchronous generator equations in the dq domain including damper windings are as
follows.
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Figure 3.9 Stator and rotor circuits of a synchronous generator.

Stator voltage equations:

vds = −rsids − 𝜔s𝜓qs +
1
𝜔b

d𝜓ds

dt
(3.37)

vqs = −rsiqs + 𝜔s𝜓ds +
1
𝜔b

d𝜓qs

dt
(3.38)

Stator flux equations:

𝜓ds = −Llsids + 𝜓md (3.39)

𝜓qs = −Llsiqs + 𝜓mq (3.40)

Rotor voltage equations:

vfd = rfdifd + 1
𝜔b

d𝜓 fd

dt
(3.41)

vkd = rkdikd +
1
𝜔b

d𝜓kd

dt
(3.42)

vkq1 = rkq1ikq1 +
1
𝜔b

d𝜓kq1

dt
(3.43)

vkq2 = rkq2ikq2 +
1
𝜔b

d𝜓kq2

dt
(3.44)



84 Offshore Wind Energy Generation

Rotor flux equations:

𝜓 fd = Llfdifd + 𝜓md (3.45)

𝜓kd = Llkdikd + 𝜓md (3.46)

𝜓kq1 = Llkq1ikq1 + 𝜓mq (3.47)

𝜓kq2 = Llkq2ikq2 + 𝜓mq (3.48)

where

𝜓md = Lmd

(
−ids + ifd + ikd

)
𝜓mq = Lmq

(
−iqs + ikq1 + ikq2

)
The stator voltage equations Eqs. (3.37) and (3.38) and the rotor voltage equations

Eqs. (3.41)–(3.44) are written in terms of currents and flux linkages. The flux linkages and the
currents are related and both cannot be independent.

The currents in terms of flux linkages are obtained from Eqs. (3.39) and (3.40), and
Eqs. (3.45)–(3.48) are given as follows:

ids = − 1

Lls

(
𝜓ds − 𝜓md

)
(3.49)

iqs = − 1

Lls

(
𝜓qs − 𝜓mq

)
(3.50)

ifd = 1

Llfd

(
𝜓 fd − 𝜓md

)
(3.51)

ikd = 1

Llkd

(
𝜓kd − 𝜓md

)
(3.52)

ikq1 = 1

Llkq1

(
𝜓kq1 − 𝜓mq

)
(3.53)

ikq2 = 1

Llkq2

(
𝜓kq2 − 𝜓mq

)
(3.54)

The non-reduced order model of the synchronous generator includes stator transients and
rotor transients as well as the damper windings. The following differential equations are
directly derived from Eqs. (3.37), (3.38), (3.50) and (3.51):

d𝜓ds

dt
= 𝜔b

[
vds + 𝜔s𝜓qs +

rs

Lls

(
𝜓md − 𝜓ds

)]
(3.55)

d𝜓qs

dt
= 𝜔b

[
vqs − 𝜔s𝜓ds +

rs

Lls

(
𝜓mq − 𝜓qs

)]
(3.56)
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The rotor dynamic equations, with two damper windings in the q axis and one in the d axis,
are as follows [from Eqs. (3.41)–(3.44) and (3.51)–(3.54)]:

d𝜓 fd

dt
= 𝜔b

[
rfd

Lmd

exfd +
rfd

Llfd

(
𝜓md − 𝜓 fd

)]
(3.57)

d𝜓kd

dt
= 𝜔b

[
vkd +

rkd

Llkd

(
𝜓md − 𝜓kd

)]
(3.58)

d𝜓kq1

dt
= 𝜔b

[
vkq1 +

rkq1

Llkq1

(
𝜓mq − 𝜓kq1

)]
(3.59)

d𝜓kq2

dt
= 𝜔b

[
vkq2 +

rkq2

Llkq2

(
𝜓mq − 𝜓kq2

)]
(3.60)

The excitation dynamics of the generator are given by Eq. (3.57), where exfd = Lmd ⋅ irfd
represents the excitation voltage of the generator at base speed 𝜔b.

If the zero sequence currents are present in the stator, then the following equation should
also be considered:

d𝜓0s

dt
= 𝜔b

(
v0s −

rs

Lls

𝜓0s

)
(3.61)

A reduced-order model may be obtained by neglecting the stator transients in Eqs. (3.55),
(3.56) and (3.61) as follows:

𝜓ds =
1
𝜔s

[
vqs +

rs

Lls

(
𝜓mq − 𝜓qs

)]
(3.62)

𝜓qs = − 1
𝜔s

[
vds +

rs

Lls

(
𝜓md − 𝜓ds

)]
(3.63)

𝜓0s =
Lls

rs
v0s (3.64)

3.3 Control of Large Synchronous Generators

A large power system consists of a number of generators and loads connected through trans-
mission and distribution circuits. Loads connected to the power system have different charac-
teristics and continuously vary in time. In order to operate the power system within the limits
required (voltage and frequency), and in order to maintain the stability of the system in case
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Figure 3.10 Synchronous generator control (Kundur, 1994; Anaya-Lara et al., 2009).

of a disturbance, large generators are controlled individually and collectively. The different
controls associated with a synchronous generator are shown in Figure 3.10 (Kundur, 1994).
These functional blocks perform two basic control actions: reactive power/voltage control and
active power/frequency control (Anaya-Lara et al., 2009).

3.3.1 Excitation Control

As conditions vary on the power system, the active and reactive power demand varies. Under
heavy-load conditions, both the transmission system and the loads absorb reactive power
and the synchronous generators need to inject reactive power into the network. Under light-
load conditions the capacitive behaviour of the transmission lines can become dominant and
under such conditions it is desirable for synchronous generators to absorb reactive power. The
variations in reactive power demand on a synchronous generator can be accommodated by
adjusting its excitation voltage. The excitation system performs the basic function of automatic
voltage regulation. It also performs the protective functions required to operate the machine
and other equipment within their capabilities. A block diagram of an excitation control system
is shown in Figure 3.11.

� Regulator
A synchronous generator employs an automatic voltage regulator (AVR) to maintain

the generator stator terminal voltage close to a predefined value. If the generator terminal
voltage falls due to increased reactive power demand, the change in voltage is detected and
a signal is fed into the exciter to produce an increase in excitation voltage. The generator
reactive power output is thereby increased and the terminal voltage is returned close to its
initial value.
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Figure 3.11 Block diagram of an excitation control system.

� Exciter
The purpose of an exciter is to supply an adjustable direct current to the generator field

winding. The exciter may be a dc generator on small set sizes. On larger sets, commutation
problems prohibit the use of dc generators and ac generators are employed, supplying
the field via a rectifier. Static excitation systems are also widely used. These comprise a
controlled rectifier usually powered from the generator terminals and permit fast response
excitation control. In all the mentioned cases the dc supply is connected to the synchronous
generator field winding via slip rings.

� Load Compensation
The AVR normally controls the generator stator terminal voltage. Building an additional

loop to the AVR control allows the voltage at a remote point on the network to be controlled.
The load compensator has adjustable resistance and reactance that simulates the impedance
between the generator terminals and the point at which the voltage is being effectively
controlled. Using this impedance and the measured current the voltage drop is computed
and added to the terminal voltage.

� Power System Stabiliser
The basic function of the power system stabiliser (PSS) is to add damping to the generator

rotor oscillations by controlling its excitation. The commonly used auxiliary stabilising
signals to control the excitation are shaft speed, terminal frequency and power.

3.3.2 Prime Mover Control

The governing systems of the generator prime movers provide the means of adjusting the power
outputs of the generators of the network to match the power demand of the network load. If, for
example, the network load increases then this imposes increased torques on the generators and
this causes them to decelerate. The resulting fall in speed is detected by the governor of each
regulating prime mover and used to increase its power output. The change in power produced
in an individual generator is determined by the droop setting of its governor. A 4% droop
setting indicates that the regulation is such that a 4% change in speed would result in a 100%
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Figure 3.12 Speed governor system (Wood, 1996; Anaya-Lara et al., 2009).

change in the generator power output. In steady state, all the generators of the network operate
at the same frequency and this frequency determines the operating speeds of the individual
generator prime movers. Hence, following a network load increase, the network frequency
will fall until the sum of the power output changes it produces in the regulating generators
matches the change in the network load. The basic elements of a governor power control
loop are shown in the block diagram of Figure 3.12 and the droop characteristic is shown
graphically in Figure 3.13. By changing the load reference set point, Pref , the generators
governor characteristics (Figure 3.13) can be set to give the reference frequency, f0 (50 or
60 Hz), at any desired unit output. In other words it shifts the characteristic vertically.

3.4 Fully-Rated Converter Wind Turbines

In recent years there has been an increased interest in wind turbines equipped with fully-rated
converters as shown in Figure 3.14 (Fox et al., 2007; Anaya-Lara et al., 2009). This type
of wind turbine can or cannot have a gearbox and a wide range of electrical generator types
such as asynchronous, conventional synchronous and permanent magnet can be employed. As
all the power from the wind turbine is transferred through the power converter the specific
characteristics and dynamics of the electrical generator are effectively isolated from the power
network. Hence, the electrical frequency of the generator may vary as the wind speed changes,
while the network frequency remains unchanged, enabling variable-speed operation. The rating
of the power converter in this wind turbine corresponds to the rated power of the generator.

Droop = 1
R

Generator power(pu)

Frequency

Δf
ΔPm

0f

Pref

Figure 3.13 Droop characteristic (Anaya-Lara et al., 2009).
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Figure 3.14 Typical configuration of a fully-rated converter connected wind turbine (Fox et al., 2007;
Anaya-Lara et al., 2009).

The power converter can be arranged in various ways. Whilst the Generator-Side Converter
(GSC) can be a diode-based rectifier or a PWM Voltage Source Converter, the Network-Side
Converter (NSC) is typically a PWM Voltage Source Converter. The strategy to control the
operation of the generator and power flows to the network depend very much on the type of
power converter arrangement employed.

3.5 FRC-WT with Synchronous Generator

In an FRC wind turbine based on synchronous generators, the generator can be electrically
excited or it can have a permanent magnet rotor. In the direct-drive arrangement, the turbine
and generator rotors are mounted on the same shaft without a gearbox and the generator is
specially designed for low-speed operation with a large number of poles. The synchronous
generators of direct-drive turbines tend to be very large due to the large number of poles.
However, if the turbine includes a gearbox then a smaller generator with lower number of
poles can be employed (Akhmatov et al., 2003).

Today, almost all wind turbines use standard generators (4 pole) for speeds between 750
and 1800 rpm. The turbine speed is much lower than the generator speed, typically between
20 and 60 rpm. Therefore, in a conventional wind turbine a gearbox is used between the
turbine and the generator. An alternative is to use a generator for very low speeds. The
generator can then be directly connected to the turbine shaft. The drive trains of a conventional
wind turbine and one with a direct-driven generator are shown schematically in Figure 3.15
(Grauers, 1996).

Direct-driven generators are favoured for some applications due to reduction in losses in
the drive train and less noise (Grauers, 1996). A significant difference between conventional
and direct-driven wind turbine generators is that the low speed of the direct-driven generator
makes a very high-rated torque necessary. This is an important difference, since the size and
the losses of a low-speed generator depend on the rated torque rather than on the rated power.
A direct-driven generator for a 500-kW, 30-rpm wind turbine has the same rated torque as a
50-MW, 3000-rpm steam-turbine generator. Because of the high-rated torque, direct-driven
generators are usually heavier and less efficient than conventional generators. To increase
the efficiency and reduce the weight of the active parts, direct-driven generators are usually
designed with a large diameter.
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Figure 3.15 Drive trains of a conventional wind turbine (left) and one with a direct-drive generator
(right) (Grauers, 1996).

3.5.1 Permanent Magnets Synchronous Generator

Just as with any type of synchronous machine, the PMSG produces electric energy by rotating
a magnetic field around a set of windings. Here, an induced EMF (electromotive force) is
generated each time the field ‘cuts’ across the winding conductors. The rotating magnetic field
of the PMSG is created by a rotor composed from a core (usually iron) and permanent magnets
either glued to or buried inside the rotor core. Figure 3.16 shows some typical cross sections
of PMSGs (Hanselman, 2006).

As seen in Figure 3.16 the cross section shape of the rotor can assume different forms
depending on the application where the PMSG is used. Rotors of the type (a) and (b) are
the most commonly used in motor applications. Rotor type (c) is preferred for high speed
operation since the rectangular magnets are entirely enclosed in the rotor structure, meaning
this, a better mechanical protection against centrifugal forces. This configuration is also used to
add a reluctance component to the produced torque. Rotor type (d) promotes flux concentration
because the magnet surface area is greater than the rotor surface area; this is useful for gaining
better performance from ferrite magnetic material. This configuration is also used to add
a reluctance component to the produced torque. Rotor type (e) refers to the transverse flux

Rotor
Body

Stator
Body

Rotor
Shaft

Stator winding wire
(axial direction)

Permanent
Magnet

Stator winding wire
(transverse direction)

Air
gap

(a) (b) (c) (d) (e)

Figure 3.16 Cross section of different types of PMSG. (a) Surface-mounted permanent magnets (b)
inset surface-mounted permanent magnets (c) interior permanent magnet (d) buried (spoke) permanet
magnets (e) transverse flux permanent magnet.
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Figure 3.17 (a) radial cross section of a transverse flux permanent magnet generator (b) transversal
cross section of a transverse flux permanent magnet generator (c) a-phase section of the transverse flux
permanent magnet generator.

permanent magnet topology, which is gaining preference for gearless (direct drive) wind energy
systems, where low rotational speed and high torque density are required. Here the generator is
built in single phase configuration with ring shaped stator coils (transverse direction respecting
the rotor axis) and an array of surface PMs on the rotor.

Figure 3.17 shows the cross and transversal section of a transverse flux permanent magnet
generator as well as a section of the stator core. As seen in Figure 3.17 (b) and (c) the
ring shaped stator coil is embraced by the stator’s C-shaped iron cores that create a variable
reluctance structure with two poles. These poles are exposed, on each end of the core, to
the array of alternating polarity permanent magnets displaced on the rotor surface thereby
producing an alternating flux in the stator iron.

The transverse flux permanent magnet generator is characterized by the fact that all the
permanent magnet fluxes of all north poles at one instant, combine in the ring shaped stator,
and then, after the rotor travels one permanent magnet pole angle, all south poles add their flux
into the coil. Thus, by attaching multiple C-shaped core units in the direction of the movement,
a multiple-pole machine can be produced which enables an increased current loading, and as
a result, a higher value of torque density. Since the system conformed from the C-shaped
cores and the permanent magnets generate a single phase EMF, there is no common rotating
field built by the three phase winding. So, to generate a 3-phase EMF, three independent 120
electrical degrees-shifted alternating fields, are created by means of stacking together, in the
lateral direction, three single phase C-core array units with mechanically displaced magnets
on the rotor surface, placed to provide the required phase-shift.

3.5.1.1 Permanent Magnets Versus Electrically-Excited Synchronous Generators

The synchronous machine has the ability to provide its own excitation on the rotor. Such
excitation may be obtained either by means of a current-carrying winding, or by means of
permanent magnets (PM). The wound-rotor synchronous machine has a very desirable feature
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compared to its PM counterpart: adjustable excitation current and, consequently, control of its
output voltage independent of load current. This feature explains why most constant-speed,
grid-connected hydro and turbo generators use wound-rotor instead of PM-excited rotors. The
synchronous generator in wind turbines is in most cases connected to the network via an
electronic converter. Therefore, the advantage of controllable no-load voltage is not as critical
(Anaya-Lara et al., 2009).

Wound rotors are heavier than PM rotors and typically bulkier (particularly in short pole-
pitch synchronous generators). Also, electrically-excited synchronous generators have higher
losses in the rotor windings. Although there will be some losses in the magnets caused by
the circulation of eddy currents in the PM volume, they will usually be much lower than the
copper losses of electrically-excited rotors. This increase in copper losses will also increase
when increasing the number of poles.

3.5.2 FRC-WT Based on Permanent Magnet Synchronous Generator

Permanent magnet excitation avoids the field current supply or reactive power compensation
facilities needed by wound-rotor synchronous generators and induction generators, and it also
removes the need for slip rings (Chen et al., 1998). Figure 3.18 shows the arrangement with
an uncontrolled diode-based rectifier as the generator-side converter. A dc-booster is used to
stabilise the dc link voltage whereas the network-side converter (PWM-based VSC) controls
the operation of the generator. The NSC can be controlled using load-angle techniques or
current controllers developed in a voltage-orientated dq reference frame (Fox et al., 2007;
Anaya-Lara et al., 2009).

The topology with a permanent magnet synchronous generator and back-to-back power
converters is shown in Figure 3.19. In this arrangement the generator-side converter controls
the operation of the generator, and the network-side converter controls the dc link voltage by
exporting active power to the network.

PM
synchronous
generator

Network

Diode

rectifier PWM-VSCBooster

dc link voltage

control

Generator
control

Gearbox

Figure 3.18 Permanent Magnet synchronous generator with diode rectifier (Fox et al., 2007; Anaya-
Lara et al., 2009).
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Figure 3.19 Permanent magnets synchronous generator with two back-to-back voltage source
converters (Fox et al., 2007; Anaya-Lara et al., 2009).

3.5.3 Generator-Side Converter Control

The generator-side converter controls the operation of the wind turbine and two control
techniques are explained namely, load angle and vector control.

3.5.3.1 Load Angle Control Technique

The load angle control strategy employs steady-state power flow equations (Kundur, 1994;
Fox et al., 2007; Anaya-Lara et al., 2009) to determine the transfer of active and reactive power
between the generator and the dc link. With reference to Figure 3.20 the term Eg represents
the magnitude of the generator internal voltage, Xg the synchronous reactance, the term Vt
represents the voltage (magnitude) at the converter terminals, and 𝛼g is the phase difference
between the voltages Eg and Vt.

The active and reactive power flows in the steady state are defined as:

P =
EgVt

Xg
sin 𝛼g (3.65)

Q =
E2

g − EgVt cos 𝛼g

Xg
(3.66)

gE

tV

gα gg IX
tV

gα

tVgI

gjX

gE

PWM-VSCPWM-VSC

Gearbox

Figure 3.20 Load angle control of a synchronous generator wind turbine.
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As the load angle 𝛼g is generally small, sin 𝛼g ≈ 𝛼g and cos 𝛼g ≈ 1. Hence, Eqs. (3.65) and
(3.66) can be simplified to:

P =
EgVt

Xg
𝛼g (3.67)

Q =
E2

g − EgVt

Xg
(3.68)

From Eqs. (3.67) and (3.68) it is seen that the active power transfer depends mainly on the
phase angle 𝛼g. The reactive power transfer depends mainly on voltage magnitudes, and it is
transmitted from the point with higher voltage magnitude to the point with lower magnitude.

The operation of the generator and the power transferred from the generator to the dc link
are controlled by adjusting the magnitude and angle of the voltage at the ac terminals of the
generator-side converter. The magnitude, Vt, and angle, 𝛼g, required at the terminals of the
generator-side converter are calculated using Eqs. (3.67) and (3.68) as:

𝛼g =
Pgref

Xg

EgVt
(3.69)

Vt = Eg −
Qgref

Xg

Eg
(3.70)

where Pgref
is the reference value of the active power that needs to be transferred from the

generator to the dc link, and Qgref
is the reference value for the reactive power.

The reference value Pgref
is obtained from the maximum power extraction curve shown

for a given generator speed, 𝜔r. As the generator has permanent magnets, it does not require
magnetising current through the stator, thus the reactive power reference value can be set to
zero, Qgref

= 0 (i.e. Vt and Eg are equal in magnitude). The implementation of the load angle
control scheme is shown in Figure 3.21.

The major advantage of the load angle control is its simplicity. However, as in this technique
the dynamics of the generator are not considered it may not be very effective in controlling the
generator during a transient operating condition (Fox et al., 2007; Anaya-Lara et al., 2009).

3.5.3.2 Vector Control Strategy

Vector control techniques are implemented based on the dynamic model of the synchronous
generator expressed in the dq frame. The dq frame is defined as the d axis aligned with the
magnetic axis of the rotor (field). For the vector control idsref

is set to zero and iqsref
is derived

from Eq. (3.25). From Eqs. (3.25) and (3.28) with ids = 0, the following can be obtained:

Te = 𝜓dsiqs (3.71)

𝜓ds = Lmdif (3.72)
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Figure 3.21 Load angle control of the generator-side converter.

Defining Lmdif = 𝜓 fd and substituting for 𝜓ds from Eq. (3.72) into Eq. (3.71):

Te = 𝜓 fdiqs (3.73)

From Eq. (3.73) for a given torque reference Tsp:

iqsref
=

Tsp

𝜓 fd
(3.74)

Once the reference currents, iqsref
and idsref

are determined by the controller the correspond-
ing voltage magnitudes can be calculated from Eqs. (3.32) and (3.34) as,

vds = −rsids + Xqsiqs (3.75)

vqs = −rsiqs − Xdsids + Efd (3.76)

A PI controller is used to regulate the error between the reference and actual current values,
which relate to the rs term in the right-hand side of Eqs. (3.75) and (3.76). Additional terms
are included to eliminate the cross-coupling effect as shown in Figure 3.22.

The current reference idsref
is kept to zero when the generator operates below the base speed,

and it is set to a negative value to cancel some of the flux linkage when the generator operates
above the base speed. The current reference iqsref

is determined from the torque equation. The
implementation of the vector control technique is shown in Figure 3.23.

The torque control is exercised in the q axis, and the magnetisation of the generator is
controlled in the d axis. The reference value of the stator current in the q axis, iqsref

, is
calculated from Eq. (3.74) and compared with the actual value, iqs. The error between these
two signals is processed by a PI controller whose output is the voltage in the q axis, vqs,
required to control the generator-side converter. To calculate the required voltage in the d axis,
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Figure 3.22 Control loops in the vector control strategy.

vds, the reference value of the stator current in the d axis, idsref
, is compared against the actual

current in the d axis, ids, and processing the error between these two signals by a PI controller.
The reference idsref

may be assumed zero for the permanent magnets synchronous generator
(Fox et al., 2007; Anaya-Lara et al., 2009).

3.5.4 Modelling of the dc Link

For simulation purposes the reference value for the active power, Pgref
, that needs to be

transmitted to the grid can be determined by examining the dc-link dynamics with the aid
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Figure 3.23 Vector control of the generator-side converter (Fox et al., 2007; Anaya-Lara et al., 2009).
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Figure 3.24 Power flow in the dc link.

of Figure 3.24 (Fox et al., 2007; Anaya-Lara et al., 2009). This figure illustrates the power
balance at the dc-link, which is expressed as,

PC = Pg − Pnet (3.77)

where PC is the power that goes through the dc-link capacitor, C, Pg is the active power output
of the generator (and transmitted to the dc link), and Pnet is the active power transmitted from
the dc link to the grid.

The power flow through the capacitor is given as,

PC = VDC ⋅ IDC

= VDC ⋅ C
dVdc

dt

(3.78)

From Eq. (3.78) the dc-link voltage Vdc is determined as follows:

PC = Vdc ⋅ C
dVdc

dt
= C

2
⋅ 2 ⋅ Vdc

dVdc

dt

= C
2
⋅

dV2
dc

dt

(3.79)

Rearranging Eq. (3.79) and integrating both sides of the equation,

V2
dc =

2
C ∫ PCdt (3.80)

then

Vdc =

√
2
C ∫ PCdt (3.81)

By substituting PC in Eq. (3.81) using Eq. (3.77) the dc-link voltage, Vdc can be expressed
in terms of the generator output power, Pg, and the power transmitted to the grid, Pnet, as,

Vdc =

√
2
C ∫

(
Pg − Pnet

)
dt (3.82)
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Figure 3.25 Calculation of the active power reference, Pnetref
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Equation (3.82) calculates the actual value of Vdc. The reference value of the active power,
Pnetref

, to be transmitted to the network is calculated by comparing the actual dc link voltage,
Vdc, against the desired dc-link voltage reference, Vdcref

. The error between these two signals
is processed by a PI controller whose output provides the reference active power Pnetref

, as
shown in Figure 3.25. It should be noted that in a physical implementation the actual value of
the dc-link voltage, Vdc, is obtained from measurements via a transducer.

3.5.5 Network-Side Converter Control

The objective of the network-side converter controller is to maintain the dc-link voltage at the
reference value by exporting active power to the network. In addition the controller is designed
to enable the exchange of reactive power between the converter and the network as required
by the application specifications.

3.5.5.1 Load-Angle Control Technique

A methodology to control the network-side converter is also the load-angle control technique,
where the network-side converter is the sending source, VVSC∠𝛿, and the network is the
receiving source, Vnet∠0. As the network voltage is known it is selected as the reference,
hence the phase angle 𝛿 is positive. The inductor coupling these two sources is the
reactance Xnet.

To implement the load-angle controller the reference value of the reactive power, Qnetref
,

may be set to zero for unity power factor operation. Hence, the magnitude, VVSC, and angle,
𝛿, required at the terminal of the network-side converter are calculated as:

𝛿 =
Pnetref

Xnet

VVSCVnet
(3.83)

VVSC = Vnet +
Qnetref

Xnet

VVSC
; Qnetref

= 0 (3.84)
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Figure 3.26 Control of active and reactive power by load angle and magnitude control.

From Eqs. (3.83) and (3.84) the network-side converter voltage magnitude VVSC and angle
𝛿 can be obtained as:

VVSC = g(Qnetref
, Vnet, 𝛿) =

VVSC cos 𝛿 +
√

(Vnet cos 𝛿)2 + 4 ⋅ (Qnetref
∕3) ⋅ Xnet

2
(3.85)

𝛿 = f (Pnetref
, Vnet) = sin−1

(
Pnetref

Xnet

3VVSCVnet

)
(3.86)

A second-order quadratic equation given in (3.85) needs to be solved to determine the value
of VVSC, where only one solution is appropriate. Figure 3.26 shows the control block diagram
of the load-angle control methodology. The dc-link voltage reference, Vdcref

, is compared
with the actual (or measured) dc voltage, Vdc, and the error regulated by a PI controller. The
PI controller output Pnetref

and the reactive power Qnetref
are used to find the network-side

converter voltage magnitude and angle.

3.5.5.2 Vector Control Strategy

The block diagram of the vector control of the network-side converter is shown in Figure 3.27.
The dc-link voltage is maintained by controlling the q-axis current and the ac voltage at the
network terminal is controlled in the d-axis. The reference currents are initially determined
in the dq-frame of the voltage Vnet, where the voltage vector is aligned with the q-axis. Then
the reference currents are transformed to the network reference frame and compared with
the actual currents. Current error signals are regulated by PI controllers and then decoupling
components are added to eliminate the coupling effect between the two axes. Finally, dq
components of the voltage Vnet are added to find the required voltage components at the
terminals of the network-side converter in the network reference frame.
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Figure 3.27 Network-side converter control in the dq-frame.

3.6 FRC-WT with Squirrel-Cage Induction Generator

Figure 3.28 shows the block diagram of a fully-rated converter wind turbine with a squirrel-
cage induction generator (Caliao, 2008) (in the following all electrical quantities are in pu
unless otherwise indicated). The generator-side converter is controlled using rotor flux-oriented
control. The network-side converter is controlled using load-angle control or vector control
(Vas, 1990; Krause et al., 2002; Caliao, 2008; Anaya-Lara et al., 2009).

3.6.1 Control of the FRC-IG Wind Turbine

The equations of the induction machine (in dq coordinates and in pu), used to design the
controller of the grid-side converter are as follows (Kundur, 1994; Ackermann, 2005; Anaya-
Lara et al., 2009):

Squirrel-cage IG

Grid-side
controller

Generator
side

controller

Point of
Common
Coupling

-

mT

gP netP
netv

netX
1v

tX
tlX

1i

1v

dcv

rω
Pitch

control

Gearbox

Figure 3.28 Block diagram of fully-rated converter wind turbine based on squirrel-cage induction
generator (Caliao 2008).
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Voltage equations:

vds = −rsids − 𝜔s𝜓qs +
1
𝜔b

d𝜓ds

dt
(3.87)

vqs = −rsiqs + 𝜔s𝜓ds +
1
𝜔b

d𝜓qs

dt
(3.88)

vdr = rridr − s𝜔s𝜓qr +
1
𝜔b

d𝜓dr

dt
(3.89)

vqr = rriqr + s𝜔s𝜓dr +
1
𝜔b

d𝜓qr

dt
(3.90)

Flux equations:

𝜓ds = −Lssids + Lmidr (3.91)

𝜓qs = −Lssiqs + Lmiqr (3.92)

𝜓dr = Lrridr − Lmids (3.93)

𝜓qr = Lrriqr − Lmiqs (3.94)

where, Lss = Ls + Lm and Lrr = Lr + Lm

dq voltages behind a transient reactance:

ed = −
𝜔sLm

Lrr

𝜓qr (3.95)

eq =
𝜔sLm

Lrr

𝜓dr (3.96)

Torque equation:

Te =
edids + eqiqs

𝜔s
(3.97)

Rotor mechanics equation:

2H
d𝜔r

dt
= Tm − Te (3.98)

The rotor flux-orientated control was used in the generator-side converter controller. Fig-
ure 3.29 shows the vector diagram representing the operating conditions of an induction
generator in a reference frame fixed to the rotor flux (thus 𝜓qr = 0). As shown in Figure 3.29,
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Figure 3.29 Vector diagram representation of the operating conditions of an induction generator in a
reference frame fixed to the rotor flux.

the rotor flux is aligned with the d axis, which rotates at the synchronous speed 𝜔 (Vas, 1990;
Krause et al., 2002).

From Eq. (3.94), 𝜓qr = Lrriqr − Lmiqs = 0; therefore, the rotor current iqr is

iqr =
Lm

Lrr

iqs (3.99)

Using the expressions for the dq voltages behind a transient reactance ed and eq [from

Eqs. (3.95) and (3.96)], the electromagnetic torque Te [given in Eq. (3.97)] is calculated as

Te =
Lm

Lrr

(
−𝜓qrids + 𝜓driqs

)
=

Lm

Lrr

𝜓driqs (3.100)

For an FRC-IG, since the rotor is short circuited, vqr = vdr = 0. Further, if 𝜓qr = 0, then
d𝜓qr∕dt = 0 and if 𝜓dr is a constant then d𝜓dr∕dt = 0. Therefore, the rotor voltage equations
[Eqs. (3.89) and (3.90)] can be simplified to

vdr = rridr = 0 (3.101)

vqr = rriqr + s𝜔s𝜓dr = 0 (3.102)

From Eq. (3.102), the slip speed can be obtained as

s𝜔s =
rriqr

𝜓dr
(3.103)

Substituting Eq. (3.101) into Eq. (3.93), 𝜓dr is obtained as

𝜓dr = −Lmids (3.104)
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Substituting Eq. (3.104) into Eqs. (3.100) and (3.103), the electromagnetic torque and slip
speed can be rewritten as

Te = −
L

2
m

Lrr

idsiqs (3.105)

s𝜔s =
rr

Lm

iqr

ids

(3.106)

Substituting Eq. (3.99) into Eq. (3.106):

s𝜔s =
rr

Lm

iqs

ids

(3.107)

With idr = 0, Eq. (3.91) reduces to:

𝜓ds = −Lssids (3.108)

Substituting Eq. (3.99) into Eq. (3.92), the following equation was obtained:

𝜓qs = −Lssiqs + Lm
Lm

Lrr

iqs = −
⎛⎜⎜⎝Lss −

L
2
m

Lrr

⎞⎟⎟⎠ iqs = −L
′
iqs (3.109)

Where L
′
= Lss − (L

2
m∕Lrr). Substituting 𝜓ds and 𝜓qs from Eqs. (3.108) and (3.109) into

Eqs. (3.87) and (3.88), the stator voltages in the steady state are given by

vds = −rsids + 𝜔sL
′
iqs (3.110)

vqs = −rsiqs − 𝜔sLssids (3.111)

The stator voltage vds includes the voltage 𝜔sL
′
iqs and vqs includes the voltage −𝜔sLssids.

These terms give the cross-coupling of the dq axes voltages with dq axes currents. It follows
that the d-axis stator voltage is also affected by the q-axis stator current, and the q-axis stator
voltage is also affected by the d-axis stator current. To eliminate the coupling effect, 𝜔sL

′
iqs

and −𝜔sLssids are added in the control system. Then ids is controlled through vds, and iqs is
controlled through vqs independently. The flux and torque control loops of the generator-side
converter controller are shown in Figure 3.30 (Caliao, 2008; Anaya-Lara et al., 2009).

In the flux control loop, the reference d-axis stator current i
ref

ds sets the air-gap flux level.
The reference d–axis current is compared with its actual value and the error signal is regulated
by the PI controller. The PI controller output and the decoupling term are added to obtain
the d-axis stator voltage. The reference q-axis stator current is obtained using the generator
torque-speed curve and Eq. (3.105). This is compared with its actual value and the error signal
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Figure 3.30 Block diagram of rotor flux orientated control of the grid-side converter (Caliao, 2008;
Anaya-Lara et al., 2009).

is regulated by the PI controller. The output of the controller is added to the decoupling term
to determine the q-axis stator voltage.

As shown in Figure 3.30, the generator terminal frequency was controlled by adding the
rotor speed and slip speed given in Eq. (3.107).

The ratio of the stator reactance to the stator resistance for a large induction machine is
much higher than that of a small induction machine (Krause et al., 2002). For example, this
ratio is about 20 for a 2 MW induction generator that is employed for a wind turbine (in
contrast to a ratio of 2 for a 3 HP induction machine). Therefore, the PI controllers defined by
Eqs. (3.110) and (3.111) can be simplified to (Anaya-Lara et al., 2009):

vds = 𝜔sL
′
iqs (3.112)

vqs = −𝜔sLssids (3.113)

Hence, the two PI controllers can be simplified as shown in Figure 3.31 without the decou-
pling terms.

The network-side controller is controlled as described in Section 3.5.5.
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Figure 3.31 Simplified generator controller.

3.7 FRC-WT Power System Damper

Large scale integration of wind generation will influence the levels of damping of the net-
work. Inadequate network damping causes instabilities, the most frequent of which are the
electromechanical modes of oscillations. These oscillations are in the range of 0.1–2 Hz and
occur in the rotor of the synchronous machines.

Studies show that wind turbines can contribute to damping power system oscillations. This
capability has been demonstrated for both fixed speed induction generator (FSIG) and doubly
fed induction generator (DFIG) wind turbines. A damping facility for FRC-WT is incorporated
into the grid side converter controller. The responsibilities of the grid side converter controller
then include providing support to damp power system oscillations, maintaining the dc-link
voltage and providing voltage and frequency control for grid code compliance. When providing
the grid support, the FCWT grid side controller maintains the decoupling between the grid
side and generator side controllers.

A FRC-WT with power oscillation damping controller was connected into a single bus
equivalent of the large power system. Small signal analysis and time domain simulations were
used to design and evaluate the performance of the controllers. The burden on the dc link
capacitance when providing the damping of power system oscillations was also evaluated.

3.7.1 Power System Oscillations Damping Controller

Figure 3.32 shows the fully-rated converter wind farm (FRC-WF) connected into a single bus
equivalent of a large network. The large power system was modelled by its lumped inertia. A
network oscillation was initiated by generating a voltage sag at the point of connection. The
network disturbance causes changes in the electrical power and frequency of the network.

The change in the network frequency serves as an input signal to the FRC-WT power
system oscillations damping controller (PDC). Figure 3.33 shows the power system oscillations
damping controller. The change in the network frequency passes through a wash-out filter to
eliminate control contributions under steady-state conditions. After this, it passes through a
compensator that provides the gain and phase shift for a positive contribution to network
damping.

The washout filter time constant (Tw) was chosen to be 20 seconds. The phase compensator
time constants were T1 = 1 and T2 = 0.9. The value of the gain KPDC was 1 or 2. These values
were chosen by observing how the dominant eigenvalues of the network shifted in the complex
plane. The values were selected so as to damp a local mode of oscillation of approximately 1
Hz, which is caused by the swinging of the FRC-WF against the large network.

Figure 3.34 shows the change in active power ΔPn of the network during a disturbance.
The network is in a stable condition when ΔPn is located to the left of the vertical axis. This
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(b)

(c)

(a)

Figure 3.32 (a) Fully-rated converter wind farm (FRC-WF) connected to a large power system; (b)
Schematic diagram of the fully-rated converter wind turbine (FRC-WT) with power system oscillation
damping controller (PDC); (c) Large power system model.
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Figure 3.33 Schematic diagram of the grid side converter controller with power system oscillation
damping controller (PDC).

means that the damping component of the active power of the network is directed to the left
of the vertical axis. The system will then exhibit positive damping. After a small disturbance
the system will have damped oscillation.

The network is unstable when ΔPn is located to the right of the vertical axis. The damping
component of the active power is then directed to the right of the vertical axis. The system
will then exhibit negative damping.

The natural damping characteristic of the network can be improved by adding a signal that
can contribute positively to the damping component of the active power. The power oscillation
damping controller will then act on the damping component to prevent ΔPn from shifting to
the right-hand side of the vertical axis. In this case the damping controller will control the
angle theta (𝜃) in the grid side converter controller so that ΔPn will stay on the left-hand side
of the vertical axis in Figure 3.34.

3.7.2 Influence of Wind Generation on Network Damping

The influence of wind generation on the network damping was investigated by using FSIG and
FRC-WT technologies. FSIG-based generation was first connected to a large power system.
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Figure 3.34 Components of the active power of the network during a disturbance (Caliao, 2008; Caliao
et al., 2010).

The FSIG-based generation capacity was increased from 10% to 15% and then to 20% of the
power system capacity. The FSIG-based generation was then replaced by an FRC-WT-based
generation. The FRC-WT-based generation capacity was increased from 10% to 15% and then
to 20% of the power system capacity. Initially, the FRC-WT do not have damping facility. The
power system was rated at 21 000 MVA. The influence of FSIG and FRC-WT generation on
network damping can be assessed by observing the dominant eigenvalues and damping ratio
of the network.

Figure 3.35 shows the dominant eigenvalues of the network with different capacity of the
FSIG and FRC-WT generation. It is shown that the FSIG wind farm was oscillating at about
1.0 Hz with respect to the large power system. The FRC-WT wind farm was also oscillating at
about 1.0 Hz with respect to the large power system. It is seen that the eigenvalues moved away
from the imaginary line when the capacity of the FSIG wind farm was increased, whereas they
move towards the imaginary line in the case of increased FRC-WT based wind generation.
At 20% capacity the eigenvalues are very close to the imaginary line. Figure 3.36 shows the
damping ratio when the amount of wind generation is increased.

3.7.3 Influence of FRC-WT Damping Controller on Network Damping

The damping controller was added to the FRC-WT. Figure 3.37 shows the dominant oscillatory
mode in the network of approximately 1 Hz (6.6 rad/s), whereby the wind farm is oscillating



Fully-Rated Converter Wind Turbine (FRC-WT) 109

−1.2 −1 −0.8 −0.6 −0.4 −0.2 0 0.2
−10

−8

−6

−4

−2

0

2

4

6

8

10

Im
ag

in
ar

y
 p

ar
t 

(f
re

q
u

en
cy

 o
f 

o
sc

il
la

ti
o

n
)

Real part (damping)

FSIG
= 10%

FSIG
= 20%

FCWT = 10%

More generation
from FCWT

12

11

FSIG
= 15%

FCWT = 15%

FCWT

FSIG

λ

λ

More generation
from FSIG

FCWT = 20%

Figure 3.35 Comparison of the impact of FRC-WT and FSIG generation capacities on the network
dominant eigenvalues (Caliao, 2008; Caliao et al., 2010).

FSIG FCWT
0

2

4

6

8

10

12

14

16

D
am

p
in

g
 r

at
io

 (
%

)

FSIG
= 15%

0.1

FCWT
= 15%

7.9

11.1
13.1

12.0

3.9

Increase capacity of FSIG generation

Increase capacity
of FCWT generation

FSIG
= 10%

FSIG
= 20%

FCWT
= 10%

FCWT
= 20%

Damping
ratio

Figure 3.36 Network damping ratio with increasing capacity of wind generation (Caliao, 2008; Caliao
et al., 2010).



110 Offshore Wind Energy Generation

−1 −0.8 −0.6 −0.4 −0.2 0 0.2
−10

−8

−6

−4

−2

0

2

4

6

8

10

Im
ag

in
ar

y
 p

ar
t 

(f
re

q
u
en

cy
 o

f 
o
sc

il
la

ti
o
n
)

Real part (damping)

Increase damping

− 0.75 + j 6.63

− 0.75 − j 6.63

− 0.38 + j 6.72

− 0.38 − j 6.72 − 0.008 − j 6.78

11

12

KKPC = 2 K
KPC

= 1 K
KPC

= 0

K
KPC

= 2 K
KPC

= 1 K
KPC

= 0

− 0.008 + j 6.78

λ

λ

Figure 3.37 Influence of KPDC on network dominant eigenvalues (𝜆11 and 𝜆12) (KPDC = 0, no
damping) (Caliao, 2008; Caliao et al., 2010).

against the main system (with FRC-WT generation at 20% capacity of the large power system
capacity).

It is shown that the dominant eigenvalues of the network are close to the positive side of
the complex plane when the FRC-WT generators do not contribute damping (with KPDC =
0) to the network. With the dominant eigenvalues close to the positive side of the complex
plane, the network will experience oscillations that will take a long time to damp out. When
damping is introduced (with KPDC = 1), the eigenvalues are shifted to the left of the imag-
inary line indicating improvement on the damping. When KPDC was increased to 2, the
network’s dominant eigenvalues were observed to shift further into the left-hand side of the
complex plane.

Figure 3.38 shows the time domain results of the grid side voltage angle, the grid side
converter active power and the dc-link voltage when the voltage at the point of connection
was dropped from 1.0 to 0.5 pu. This result shows the positive contribution of the FRC-WT to
network damping for different values of KPDC.
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4
Offshore Wind Farm
Electrical Systems

4.1 Typical Components

Figure 4.1 shows a schematic with the typical components in an offshore wind farm installation.
These may be grouped into wind turbine level, wind farm level and offshore transmission level
(power systems) (Anaya-Lara et al., 2013).

Figure 4.2 sketches the control boundaries between these subsystems (Anaya-Lara et al.,
2013). In general terms, the control objectives at the different levels are as follows:

Wind turbine level:
� Maximise power capture.
� Optimise power quality.
� Provide support to power system operation.
� Mitigate turbine loads.

Wind farm level:
� Optimise power quality.
� Minimise wake losses and electrical losses in cables.

Offshore transmission:
� Provide support to power system operation.
� Comply with Grid Code requirements.

4.2 Wind Turbines for Offshore – General Aspects

To maximise the potential of working offshore larger turbines tend to be used, having longer
blades mounted on taller towers than onshore designs (giving hub heights of up to 130 metres).

Offshore Wind Energy Generation: Control, Protection, and Integration to Electrical Systems, First Edition.
Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia and Grain Adam.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
Companion Website: www.wiley.com/go/offshore wind energy generation
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Figure 4.1 Offshore wind energy system.

There is no consensus on how large offshore wind turbines will become, although most agree
that no physical limit prevents building turbines larger than 10 MW. A critical issue in develop-
ing very large machines is that the physical scaling laws do not allow some components to be
increased in size without a change in the fundamental technology. New size-enabling technolo-
gies will be required to extend the design space for offshore wind turbines beyond the current
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Figure 4.2 Control boundaries in an offshore wind energy system (Anaya-Lara et al., 2013).
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5–7 MW size. Some of these technologies may include a variety of stiffer, lightweight com-
posite materials and new composite manufacturing methods; lightweight, low-maintenance
drive-trains; lightweight, high-speed downwind rotors; direct-drive generators; and large gear-
box and bearing technologies that can tolerate slower rotational speeds and larger scales
(Musial et al., 2010). In addition, other considerations with offshore wind turbines are (E.ON
Climate and Renewables, 2012):

� Offshore wind turbines must be highly robust and reliable to avoid costly standstills,
since they cannot be accessed at some times because of wind, waves and other weather
conditions.

� There may be damage in addition to normal ‘wear and tear’ from sources such as:
◦ Corrosion due to aggressive salty environment.
◦ High wear due to heavy mechanical loads and higher utilisation.
◦ Failures affecting gearbox, generator, transformer, blades and transmission cables.

� Size and capacity of offshore wind turbines have increased considerably. At the moment,
wind turbines with a capacity of up to 7 MW are being tested.

� While at onshore sites the size of wind turbines is often limited by restrictions on height
and rotor diameter, offshore wind turbines do not encounter these limits in the open sea.

� Wind turbine components need to be pre-assembled onshore to allow quick installation
offshore. The most important pre-assembly works are the stacking of tower segments.

� From arrival at site the installation of a wind turbine takes a minimum of 24 hours.

4.3 Electrical Collectors

As the power capacity of offshore wind farms increases, the adequacy of the wind farm
electrical system becomes critical. The efficiency, cost, reliability and performance of the
overall wind farm will depend, to a great extent, on the electrical system design (Quinonez-
Varela et al., 2007). The overall function of the electrical collector system is to collect power
from individual wind turbines and maximise the overall energy generation. An electrical
collector can be designed using different layouts depending on the wind farm size and the
desired level of collector reliability. There are various arrangements for wind farm collector
systems employed in existing offshore wind farms, whilst others are in a conceptual stage.
Four basic designs shown in Figure 4.3 are discussed below.

a. Radial design
The most straightforward arrangement of a wind farm collector system is a radial design
(Figure 4.3a), in which a number of wind turbines are connected to a single cable feeder
within a string. The maximum number of wind turbines on each string feeder is determined
by the capacity of the generators and the maximum rating of the subsea cable in the string.
This design offers the benefits of being simple to control and also inexpensive because
the total cable length is smaller with tapering of cable capacity away from the hub being
possible. The major drawback of this design is its poor reliability as in the case of a cable
or switchgear fault at the hub end of the radial string, it has the potential to prevent all
downstream turbines from exporting power.
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b. Single-sided ring design
With some additional cabling, ringed layouts can address some of the security of supply
issues of the radial design by incorporating a redundant path for the power flow with a
string. The additional security comes at the expense of longer cable runs for a given number
of wind turbines and higher cable rating requirements throughout the string circuit. A
single-sided ring design, illustrated in Figure 4.3b, requires an additional cable run from
the last wind turbine (i.e. G7) to the hub. This cable must be able to handle the full power
flow of the string (e.g. 35 MW in a 5 MW seven-turbine string) in the event of a fault in the
primary link to the hub end (denoted by the open breaker B1 in Figure 4.3b).

c. Double-sided ring design
Figure 4.3c illustrates a double-sided ring design (Sanino et al., 2006; Quinonez-Varela
et al., 2007). In this configuration the last wind turbine in one string is interconnected to
the last wind turbine in the next string (e.g. G7 to G8 as shown in Figure 4.3c). If the full
output power of the wind turbines in one of the strings were to be delivered through the
other string, then the cable at the hub end of the latter needs to be sized for the power output
of double the number of wind turbines.

d. Star design
The star design shown in Figure 4.3d aims to reduce cable ratings and to provide a high

level of security for the wind farm as a whole, since one cable outage only affects on wind
turbine in general. A cost implication of this design is the more complex requirements at
the wind turbine in the centre of the star (e.g. G5 in Figure 4.3d).

� Power losses
Key issues associated with power losses are the value of lost energy and the power factor at
which the cables are operated. Further losses within the collector system may be introduced
depending on the turbine technology.

� Voltage levels
Under normal operating conditions, the voltage levels throughout the collector system must
be within permissible limits as defined by Grid Codes. In general, these are within ±10% of
the rated voltage (e.g. 33 kV). Voltage regulation equipment shall act to adjust the busbar
voltages by continuous modulation of the wind farm reactive power, within its reactive
power range, or by tap-changing of the collector hub transformers.

� Redundancy
The purpose of redundancy in a wind farm collector system is as a contingency to keep as
many wind turbines as possible connected during a fault event or maintenance downtime.
Experience has demonstrated that repairing times required in offshore wind farms are
significantly longer than those in onshore installations. For example the estimated repair
time of a failed subsea power cable may vary from 720 h during summer to 2160 h in the
winter.

� Costs
When compared with onshore wind farms, the investment costs and final cost of electricity
produced in an offshore installation are higher. The additional expenditure of submarine
foundations, turbine installation, subsea plant and grid connection constitute the major
differences. Typically, the collector system has been seen as a minor contributor to the total
investment cost of wind farms, especially in small-scale installations with radial collectors.



118 Offshore Wind Energy Generation

4.3.1 Wind Farm Clusters

The Wind Farm Cluster concept was created and developed as a natural evolution for wind
energy management (Gesino et al., 2011). In the past, wind turbines were grouped into wind
farms, and nowadays wind farms are being grouped into Wind Farm Clusters. The aim of
this structure is to allow the TSOs to manage wind energy more like a conventional power
plant, avoiding some natural aspects of wind energy spread, such as the fluctuating nature of
the wind, the sparse distribution of the wind farms and the existence of different generator
technologies, amongst other issues.

A Wind Farm Cluster is a logical aggregation of existing physical wind farms, which are
connected to the same grid node. The main goal of this structure is to allow the large-scale
management of wind energy and the operation of wind farms as conventional power plants.
The proper management and control of Wind Farm Clusters require advanced techniques and
control strategies combined with high-tech wind energy forecast techniques. These advanced
control mechanisms allow wind farm clusters to provide grid operators with active and reactive
power control, wind power reserve and congestion management (facilitating the current and
future Grid Code requirements).

4.4 Offshore Transmission

The offshore transmission network is used to transfer power from the wind farm to the power
network located onshore. Most operational wind farms are connected through high-voltage
alternating current (HVAC) networks with frequency of 50 Hz or 60 Hz; however, high-voltage
direct current (HVDC) may be more cost effective and have lower electrical losses over longer
distances. Key factors that influence the transmission technology are the distance between the
offshore wind farm and mainland, and the amount of power transmitted (Volker et al., 2008;
CIGRE, 2009). Figure 4.4 shows transmission technology choices for HVAC and HVDC in
relation to distance and power (Ackermann, 2005).

4.4.1 HVAC Transmission

HAVC transmission is used for most wind farm applications and provides a simple and
economical connection from large offshore wind farms to the onshore grid, but there is a
limitation for the cable length. Offshore wind turbine collector networks are medium voltage,
typically 33 kV (Hopewell et al., 2006), then at the offshore substation the voltage level
is stepped up to the transmission level (e.g. 150 kV), (Zubiaga et al., 2009). To improve the
transmission efficiency and capacity, reactive power compensators such as static compensators
(STATCOMs) and static VAr compensators (SVCs) may be incorporated into the system
(Chaudhary et al., 2008; Singh et al., 2009).

The main components for an offshore HVAC transmission system are (Ackermann, 2005)
(Figure 4.5):

� Offshore wind farm.
� Offshore substation (step-up transformer).
� Three-core polyethylene submarine cables (XPLE) to shore.
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� Static VAR compensator.
� Onshore substation.
� Ac submarine cables.

Some issues associated with HVAC transmission in offshore wind applications are (Bresesti
et al., 2007):

� Over long distances there are high power losses and large reactive power compensation
devices are required at both ends of the line.

� The wind farm is synchronously coupled with the grid and any fault on the side of the wind
farm will affect the grid and vice versa.

� High capacitance of the cables, may affect voltage shape.

The Thanet Wind Farm, located 12 km off the cost of Thanet, England, is the largest offshore
wind farm connected via HVAC and started producing electricity in September 2010 (Thanet
Offshore Wind Limited, 2005). The wind farm covers 35 km2 and is located in average water
depths of 20–25 m. There are 100 3-MW wind turbines giving 300 MW of generation capacity.
The Thanet wind farm uses 33 kV as a collector voltage, in an offshore transformer station the
voltage is raised to 132 kV.

4.4.2 HVDC Transmission

HVDC transmission systems in operation worldwide have been built using two different
converter types:

a. Current Source Converter (CSC), which uses line-commutated switching devices (thyris-
tors).

b. Voltage Source Converter (VSC), which uses self-commutated switching devices such as
IGBT, MOSFET, and GTO.

Depending on the function and location of the converter stations, various HVDC configura-
tions can be identified. These configurations are generic and applicable to both, current source
and voltage source converter schemes (Agelidis et al., 2006; Flourentzou, et al., 2009).

� Monopolar HVDC system
In the monopolar configuration, two converters are connected by a single pole line and
either a positive or negative dc voltage is used. In Figure 4.6a there is only one insulated
transmission conductor installed and the ground or sea provides the path for the return
current. Alternatively, a metallic return conductor may be used as the return path.

� Bipolar HVDC system
The bipolar configuration consists of two monopolar systems, one with positive polarity and
the other with negative polarity, as shown in Figure 4.6b. Each terminal has two converters of
equal rated voltage connected in series on the dc side. Normally the currents in the two poles
are equal and there is negligible ground current. A bipolar scheme is the most commonly
used configuration in applications where overhead lines are used to transmit power, as it
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(b) Bipolar

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

(a) Monopolar

(e) Parallel multi-terminal (f) Series multi-terminal

Figure 4.6 Schematic diagrams of different HVDC circuit arrangements (Agelidis et al., 2006;
Flourentzou et al., 2009).

is economically attractive to install an additional pole conductor. In case of failure of one
pole, power transmission can continue on the other pole, increasing system reliability.

� Homopolar HVDC system
In the homopolar configuration, shown in Figure 4.6c, two or more conductors have the
negative polarity and can be operated with ground or a metallic return. With two poles
operated in parallel, the homopolar configuration reduces the insulation costs, but the earth
return current is the major disadvantage.

� Back-to-back HVDC system
This is the common configuration for connecting two asynchronous ac systems. Two con-
verter stations are located at the same site and a transmission line or cable is not needed. A
block diagram of a back-to-back HVDC system is shown in Figure 4.6d. The two intercon-
nected ac systems may have the same or different nominal frequencies.

� Multi-terminal HVDC system
In this configuration there are more than two terminals; in practice no scheme has so far
been operated with more than three terminals. Multi-terminal systems are generally divided
into series and parallel systems as shown in Figure 4.6e and Figure 4.6f. The multi-terminal
configuration imposes a significant complexity to achieve the control and communication
between different converter substations, especially in the case of current source converter
schemes.



122 Offshore Wind Energy Generation

Table 4.1 Examples of existing (and under construction) HVDC transmission systems using current
source converter technology.

Rating DC voltage Commissioning
Project (MW) (KV) Distance (km) year

Sumatra-Java (Indonesia) 3000 ±500 700 (cable) 2013
Madeira (Brazil) 3150 ±600 2500 (Overhead line) 2012
Xianjiaba-Shanghai (China) 6400 ±800 2071 (Overhead line) 2011
SAPEI (Italy) 1000 ±500 435 (Overhead line) 2010
Outaouais (Canada) 1250 ±175 0 2009
NorNed (Norway-Netherlands) 600 ±500 2X580 2008
Neptune (USA) 660 ±550 105 (cable) 2007
Three Gorges-Shanghai (China) 3000 ±500 1060 (Overhead line) 2006
Vizag II (India) 500 ±88 0 2005
Rapid city (USA) 200 ±13 0 2003
Moyle (USA) 500 2X250 700 (cable) 2001
SwePol (Sweden-Poland) 600 ±450 245 (cable) 2000
Welch Monticello (USA) 600 450 0 1998
Chandrapur-Ramagundum 1000 2X205 0 1997
Kontek (Denmark-Germany) 600 400 119 (Overhead line) +

52 (cable)
1995

Sakuma (Japan) 300 ±125 0 1993
Hydro Quebec(Canada-USA) 2250 ±450 1100 (Overhead line) 1991
Vindhyachal (India) 500 2X69.7 0 1989
Zhoushan (China) 50 100 12 (Overhead line) +

42 (cable)
1987

Cross Channel 2(UK-France) 2000 ±450 72 (cable) 1986
Highgate (USA) 200 ±56 0 1985
Chateauguay (Canada–USA) 1000 2X140 0 1984

4.4.3 CSC-HVDC Transmission

The classic current source converter (CSC) is a mature technology and offers various bene-
fits for bulk, long distance power transmission. Most existing dc transmission systems are
based on this technology (Arrillaga and Watson, 2007). Table 4.1 summarises the most
recent projects using CSC-HVDC technology. The first classic HVDC transmission link was
installed in 1954. It used line-commutated current-source converters (LCC) with mercury-arc
valves. The next development was in the 1960s by replacing the mercury-arc valves with
semiconductor thyristor valves. Thyristor-based converters have now become the standard
equipment for dc current source converter stations. The CSC always absorbs reactive power
either in rectifier or conversion operation; therefore, reactive power compensation is always
required.

The operation of a conventional HVDC transmission system is mainly affected by the
network strength since the HVDC can be considered as a special load with a voltage and load
angle. The strength of the system can be measured using the short circuit ratio (SCR) or the
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equivalent impedance at the bus. According to the IEEE Standard 1204–1997 (IEEE, 1997),
the system SCR and Effective Short-Circuit Ratio (ESCR) are defined as follows:

SCR = S
Pdc

(4.1)

ESCR =
S − Qc

Pdc
(4.2)

where S is the ac system three-phase symmetrical short-circuit level in MVA at the converter
terminals (ac bus), calculated at rated terminal voltage (1.0 pu), Pdc is the rated dc power of
the terminals in MW, and QC is the three-phase fundamental MVAr at rated Pdc and rated
terminal voltage. This includes ac filters and shunt capacitors. The system strength is classified
as follows:

� System is strong if SCR>3 or ESCR>2.5
� System is weak if 3> SCR >2 or 2.5> ESCR >1.5
� System is very weak (very low SCR) if SCR <2 or ESCR <1.5.

HVDC transmission systems based on current source converter technology can be built as
line-commutated converters (LCC) or capacitor-commutated converters (CCC).

4.4.3.1 Line-Commutated Converter (LCC)

The current source converter is capable of transferring the current in only one direction and the
power flow reversal is achieved by dc voltage polarity reversal. A large dc inductor is connected
in series at the dc terminals to get a smoother dc current. The current source converter can
operate as a rectifier, where the firing angle of the converter is less than 90◦, or as an inverter, in
which case the firing angle is more than 90◦. The basic building block of the converter station
is the well-known six-pulse thyristor bridge or the 12-pulse thyristor configuration. With a
six-pulse bridge the lowest order current harmonics are the 5th and 7th, while for the 12-pulse
converter, the 11th and 13th are the lowest (Kundur, 1994; Arrillaga, 1998). Figure 4.7 shows
the schematic of a line-commuted converter.

4.4.3.1.1 LCC-HVDC Control System
The main functions of the control system in an LCC-HVDC transmission system are to control
the power flow between the sending and receiving end converters, and to protect the equipment
against over-current and voltage stress. The basic desired features of an LCC-HVDC control
system are (Kundur, 1994; IEEE Guide, 1997; Rashid, 2001; Agelidis et al., 2006; Flourentzou
et al., 2009):

1. Limit maximum dc current: using constant-current control in the rectifier to protect the
converter valves.

2. Maintain maximum dc voltage: using constant voltage control in the inverter to reduce the
losses in transmission line and converter valves.
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Figure 4.7 Line-commutated converter station.

3. Keep the ac reactive power demand low at either converter terminal. This means keeping
the operating angles at the converters at the lowest level possible by using the minimum
firing angle.

4. Prevent commutation failures at the inverter thus improving the stability of the power
transmission.

The best way to understand the control principles of HVDC transmission is to study the
voltage-current characteristics shown in Figure 4.8 (Kundur, 1994). These characteristics are
used to illustrate the relationship between the dc voltage and current in steady state during
power flow control on a dc line.

Under steady-state condition the control system of the inverter is designed to maintain the
dc voltage by keeping the extinction angle (𝛾) constant. In this case the dc voltage droop
increases as the dc current increases, as indicated by line DXFE and Eq. (4.3):

Vdc =
3
√

2
𝜋

Vl−l cos 𝛾 −
3Idc𝜔Lc

𝜋
(4.3)
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Figure 4.8 Vd-Id characteristics for a two-terminal LCC-HVDC system (Kundur, 1994).
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The inverter can operate with constant dc voltage as indicated by line GF, meaning that the
extinction angle must increase beyond its minimum limit (always set as 18◦). If the inverter is
operated at either constant voltage or constant extinction angle then line BXZR is the normal
operation of the rectifier, where the delay angle 𝛼 is varied in order to keep the dc current
constant. The delay angle 𝛼 cannot be below its minimum set point (𝛼min always set as 5◦).
If 𝛼 reaches its minimum point then the rectifier will operate at minimum constant ignition
angle which is indicated by line AB, and defined as:

Vdc =
3
√

2
𝜋

Vl−l cos 𝛼 −
3Idc𝜔Lc

𝜋
(4.4)

The rectifier valves have limited thermal capability and cannot carry a large current; hence
a maximum current limit is used in the control system to protect the valves. Idc minimum is
defined in the rectifier such as to ensure a minimum dc current to avoid the possibility of dc
current extinction caused by the valve current dropping below the hold-on thyristor current.
The operating point of the HVDC system is represented by points X or Z (the intersection of
the rectifier and inverter characteristics). The operating point is achieved with the help of the
converter transformer tap-changers. For the rectifier, the transformer tap-changer is used to
keep the delay angle 𝛼 at its normal operating range to meet the constant current setting Iref.
For inverter operation, the tap-changer is adjusted to meet the desired level of extinction angle
control.

Another possible operating mode for the inverter is the constant current mode line DGN.
The current demanded by the inverter is usually less than the current demanded by the rectifier
by a current margin Im that is typically about 10%. The current margin is chosen to be
large enough to prevent the interaction between rectifier and inverter constant current modes
due to current harmonics in the dc current. The current control at the inverter is activated
when 𝛼 reaches its minimum point. If for any reason such as low commutation voltage the
line AB falls below either point X or Z, the operating point will shift to somewhere along
the line DGN, then the inverter will control the dc current and the rectifier will control the
dc voltage.

During low voltage conditions, it is not possible to maintain the dc current at its desired
level. The low ac voltage will result in an increase in the reactive power consumption and in
a low dc voltage, therefore increasing the risk of commutation failure. A voltage-dependant
current-order limit (VDCOL) is used to reduce the dc current order when the voltage drops
below a predetermined value. VDCOL is represented by line RST in the rectifier and line JN
in the inverter. To prevent the inverter from operating in the rectifier region, and hence having
power reversal, a minimum alpha limit is imposed, typically about 100–110◦.

4.4.3.1.2 Control System Design
The control of power flow in an LCC-HVDC system is achieved by synchronizing the firing
pulses generated by the trigger unit (Iwatta et al., 1996). There are many control techniques but
all of them use a voltage-controlled oscillator (VCO), and a ring counter to decouple the firing
pulses from the commutation voltage. During normal operation the rectifier is operated with
constant current control (CC) by changing the delay angle until 𝛼 is less than the minimum
limit, then the rectifier will operate at constant-ignition angle (CIA).
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Figure 4.9 Block diagram of the rectifier control system.

Figure 4.9 shows the block diagram of the rectifier control system. The actual dc current
flowing in the dc link is compared with the reference value Iord. The resultant error signal Ie
is then passed through a PI controller, the output of the PI controller is the alpha order 𝛼ord
which controls the frequency output of the VCO. The train of pulses generated by the VCO
is fed to the ring counter, which has six or 12 stages (according to the converter type). Only
one stage is ON at any time, therefore a complete set of six or 12 pulses is generated by the
ring counter at equal intervals in one full cycle. A limit is used to prevent the dc current from
exceeding the specific value to provide over-current protection to converter valves.

The control system of the inverter comprises of a dc voltage controller, extinction angle
control, and current regulator. A control angle selector is placed to choose the desired control
signal from the above controllers. The control system is similar to the rectifier control system
including the comparing loop, PI controller, VCO, and counter ring. The block diagram of the
inverter control system is shown in Figure 4.10.
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Figure 4.10 Block diagram of the inverter control system.
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Some issues associated with LCC-HVDC transmission systems are (Kundur, 1994; Arril-
laga, 1998):

� They require large reactive power for filtering purposes and to aid thyristor commutation.
As a result, the converter station may be bulky and have a large footprint.

� They require start-up generators or synchronous compensator devices, which provide the
necessary commutation voltage and reactive power compensation.

� They produce large amounts of harmonics and this makes the use of harmonic filters
essential.

� They do not provide independent active and reactive power control.
� Power flow reversal necessitates that the dc link voltage polarity is reversed.
� There is a theoretical minimum power flow of 10% in the dc link to guarantee satisfactory

operation.
� Only suitable for connection of ac networks with a high short-circuit ratio.
� Suffers from commutation failure.
� They require complex control strategies to achieve a multi-terminal configuration; as a result

the number of terminals is limited.

4.4.3.2 Capacitor-Commutated Converter (CCC)

The capacitor-commutated converter is aimed to extend the application of CSC-HVDC trans-
mission to systems with low short-circuit ratio. Figure 4.11 shows the schematic of a capacitor-
commuted converter. The capacitor is connected in series with the converter transformer to
reduce the commutation impedance of the converter, which in turn reduces the reactive power
requirement of the converter. Increasing the size of the series capacitor can furthermore even
allow operation at leading power factor (Meisingset and Gole, 2001). Other advantages over
the LCC-HVDC include the ability to operate with weaker ac systems, and to deliver more
power than an LCC-HVDC of similar size and cost. The negative impact of reduced commuta-
tion impedance is that additional stresses are imposed on the valves and converter transformers
(higher di/dt).

dc filters

Smoothing inductors

dc filters

Y Y

Y

Figure 4.11 Capacitor-commutated converter station.
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4.4.4 VSC-HVDC Transmission

High-voltage dc transmission systems based on voltage source converters (VSC-HVDC) were
developed to address the shortcomings associated with CSC-HVDC systems. VSC converters
use semiconductor switching devices which can be switched ON and OFF at any time in the
waveform cycle such as IGBT, GTO and IGCT. This means that in VSCs, the current can be
made to lead or lag the ac voltage, and so the converter can consume or supply reactive power
to the connected ac network eliminating the need for reactive power compensation devices.
Some advantages of the VSC technology are (Bahrman and Johnson, 2007; Cole and Belmans,
2009; Flourentzou et al., 2009):

� In VSC-HVDC the converter is controlled using a pulse-width modulation (PWM) switching
strategy that allows independent control of the magnitude and phase angle of the ac-side
voltage. This makes it possible to control the real and reactive power independently.

� The use of PWM with a switching frequency in the range of 1 to 2 kHz is sufficient to
separate the fundamental voltage from the sidebands, and suppress the harmonic components
around and beyond the switching frequency components. This significantly reduces filtering
requirements.

� Power flow can be reversed without the need to reverse the polarity of the dc link voltage.
� As the voltage source converter is capable of generating leading and lagging reactive power,

the converter station can be used to provide voltage support to the ac network whilst
transmitting the active power.

� Since the VSC actively controls the output current, the VSC-HVDC contribution to the fault
current during ac faults is limited to rated current or less, and the converter can remain in
operation to provide voltage support to the ac networks, provided the ac network remains
stable.

� Black-start capability is provided, which is the ability to start/or restore power to a ‘dead
network’. This feature eliminates the need for a start-up generator in applications where
footprint is critical or expensive such as with offshore wind farms.

� In cases where there is no need to transmit active power between the two ends, a VSC-
HVDC can operate in ‘sleep mode’ (zero active power), and both converter stations operate
as two independent STATCOMs to regulate the ac network voltages.

� VSC-HVDC can be controlled to provide fast frequency and/or damping support to the ac
networks through active power modulation.

4.4.4.1 Components of a Typical VSC-HVDC

The schematic of a typical VSC-HVDC system is shown in Figure 4.12 (Arrillaga, 2007; Cole
and Belmans, 2009).

4.4.4.1.1 VSC Converter
A VSC uses switching devices with turn ON and OFF capabilities such as IGBTs, with
anti-parallel freewheeling diodes. To achieve the required ratings of HVDC transmission, a
number of switches are connected in series to build a single unit. For instance, 3.3 kV valves
are typically used in HVDC systems. The number of series-connected IGBTs required to
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Figure 4.12 Schematic of a typical VSC-HVDC system (Arrillaga, 2007; Cole and Belmans, 2009).

withstand the converter rating is increased to provide a suitable redundancy if any sudden
failure occurs in some of the IGBT switches.

The VSC switching devices can be connected in many ways to build different types of
converter configurations such as: two-level converter, three-level converter or multi-level
converter (more than three levels) as explained in detail in Appendix A.

4.4.4.1.2 Coupling Transformers
In a VSC-HVDC system, the ac filters are installed between the smoothing reactor and the
transformer. The transformer is not exposed to harmonics or dc voltages like transform-
ers in a conventional HVDC system. Hence, a normal transformer without special arrange-
ment/specifications is used. In general, the functions of the transformers are:

� To transform the voltage of the ac system to a level suitable for the converter.
� To provide a reactance between the converter and the ac system to limit and control the ac

current.

4.4.4.1.3 Smoothing Reactors
The smoothing reactors facilitate controlling the active and reactive power flow by regulating
the currents through them. They also act as harmonic filters to reduce the harmonics in voltage
and current waveforms, and to limit the short-circuit current.

4.4.4.1.4 Ac Harmonic Filters
The switching of the IGBTs using high-frequency PWM techniques produces only high-order
harmonic components around and beyond the switching frequency components. Hence, only
passive high-pass filters are needed to eliminate high-order harmonic components to prevent
them from causing malfunction of the ac system equipment, or from generating radio and
telecommunication disturbances.

4.4.4.1.5 Dc Capacitors
Two capacitors of the same size are located at the end of the dc sides. The main objective of
the dc capacitors is to keep the power balance during transient conditions and to reduce the
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harmonics on the dc side. Eq. (4.5) is used to calculate the dc capacitor size (Cuiqing, et al.,
2005):

𝜏 =
0.5CV2

dc

Sn
(4.5)

where 𝜏 is the time constant, C is the dc capacitor, Vdc is the dc voltage and Sn is the nominal
power of the converter. The time constant is equal to the time needed to charge the capacitor
from zero to the rated voltage Vdc if the converter is supplied with a constant active power
equal to Sn. To obtain a smooth and sinusoidal voltage waveform, the dc voltage must be
greater than the ac voltage (RMS value) for PWM by a factor of 2, and by a factor of 1.74 for
PWM with third-harmonic injection (Yazdani and Iravani, 2010).

4.4.4.1.6 Dc Cables
The dc cables are typically XLPE (Cross-Linked Poly-Ethylene) polymer extruded cables.
Polymeric cables are the best choice for HVDC transmission because of their mechanical
strength, flexibility and low weight. The insulation system is triple-extruded, that is, the
conductor screen, the insulation and the insulation screen are all extruded simultaneously
(Weimers, 2000; Sood, 2004).

4.4.4.2 VSC-HVDC Steady-State Model

The equivalent ac/dc/ac circuit of a VSC-HVDC as that in Figure 4.12, is shown in Figure 4.13
(the ac harmonics filter is neglected). To simplify the description, the interface transformers
are represented with their leakage reactance, XT, in series with the winding resistance RT,
while the smoothing reactor is represented by its reactance XF. vc is the VSC converter output
voltage and vs is the terminal voltage of the ac network. Vdc is the converter dc voltage; Rdc
and Ldc are the resistance and inductance of the dc link, respectively.

The ac system voltage and current relationships at the sending and receiving-ends are shown
in the vector diagrams of Figure 4.14. In these diagrams 𝛿 is the phase angle difference between
the ac system voltage and the VSC converter voltage, 𝜃s is the phase angle difference between
the ac system voltage and the ac current flowing from or into the converter, while 𝜃c is the
phase angle difference between the VSC converter voltage and the ac current. The subscripts

L + L R
T2 F2 T2

Vc2 Vs2

I s1

L + L R
T1 F1 T1

Vs1 Vc1

I s1

L R
dc dc

V
dc1

I dc

V
dc2

Figure 4.13 Equivalent circuit of a VSC-HVDC transmission system.
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Figure 4.14 Vector diagram representation of a VSC-HVDC system: (a) sending end; (b) receiving
end.

‘1’ and ‘2’ represent the association with the sending-end and receiving-end converter stations,
respectively.

The following expressions apply to the active and reactive powers at the sending and
receiving ends of the link at fundamental frequency:

P1 =
vs1vc1

XT1 + XF1
sin 𝛿1 (4.6)

P2 =
vs2vc2

XT2 + XF2
sin 𝛿2 (4.7)

Qsc1 =
vs1(vs1 − vc1 cos 𝛿1)

XT1 + XF1
(4.8)

Qsc2 =
vs2(vs2 − vc2 cos 𝛿2)

XT2 + XF2
(4.9)

The following relationships are obtained from the vector diagram in Figure 4.14a (the
sending-end VSC converter acting as rectifier):

The voltage at the VSC converter terminal is:

Vc1 cos 𝛿1 = Vs1 − Is1RT1 cos(𝜃1 + 𝛿1) − Is1XT1 sin(𝜃1 + 𝛿1) (4.10)

From the vector diagram, the following relation is derived:

Is1XT1 cos(𝜃1 + 𝛿1) − Is1RT1 sin(𝜃1 + 𝛿1) = Vc1 sin 𝛿1 (4.11)

Using trigonometric equations and making some rearrangements, the load angle is

tan 𝛿1 =
Is1XT1 cos 𝜃1 − Is1RT1 sin 𝜃1

vc1 + Is1XT1 sin 𝜃1 + Is1RT1 cos 𝜃1
(4.12)
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The dq components of the current and voltage at the VSC converter terminal are:

Isd1 = −Is1 sin(𝛿1 + 𝜃1) & Isq1 = Is1 cos(𝛿1 + 𝜃1) (4.13)

vcd1 = −Vc1 sin 𝛿1 & vcq1 = Vc1 cos 𝛿1 (4.14)

Similarly, the relationship for the receiving-end (VSC acting as inverter) is derived from
Figure 4.14b as follows.

The voltage at the VSC terminals is:

Vc2 cos 𝛿2 = Vs2 + Is2RT2 cos(𝜃2 + 𝛿2) + Is2XT2 sin(𝜃2 + 𝛿2) (4.15)

The load angle is expressed as:

tan 𝛿2 =
Is2XT2 cos 𝜃2 − Is2RT2 sin 𝜃2

vc2 + Is2XT2 sin 𝜃2 + Is2RT2 cos 𝜃2
(4.16)

4.4.4.3 VSC-HVDC Dynamic Model

Figure 4.15 shows the typical basic structure of a VSC-HVDC transmission system. The AC
source voltages denoted by (vsa,vsb,vsc) are three ideal sinusoidal waveforms displaced by
120◦ in the time domain. The three-phase currents denoted by (isa,isb, isc) are source currents
flowing from the ac source to the VSC converter or in the reverse direction. The voltages and
currents at the VSC terminal are denoted by (vca,vcb, vcc) and (ica,icb, icc) respectively; RT and
LT are the resistance and inductance of the coupling transformer, RF and LF are the resistance
and inductance of the coupling reactor. The dc side is modelled as series inductive (Ldc) and
resistive (Rdc) circuits, while C, Vdc and Idc are the dc link capacitor, dc link voltage and dc
link current, respectively. In Figure 4.15 the left converter (VSC1) is assumed to operate as a
rectifier transforming the power from the ac source side to the VSC dc side. The right converter
(VSC2) is operated as an inverter and transforms the power from the VSC dc side to the ac
side. The subscripts ‘1’ and ‘2’ denote the variable belonging to the sending-end station and
receiving-end station, respectively.

Applying Kirchhoff voltage laws to the VSC-HVDC circuit in Figure 4.15 while adopting
the time t in seconds and all quantities in per unit, the dynamic equations for the rectifier side
are:

disabc

dt
= −

R1

L1
isabc +

1
L1

(
vsabc − vcabc

)
(4.17)

where R1 = RT1 + RF1 and L1 = LT1 + LF1.
The dynamic equations for the inverter station are:

disabc2

dt
= −

R2

L2
isabc2 +

1
L2

(
vcabc2 − vsabc2

)
(4.18)

where R2 = RT21 + RF2 and L2 = LT2 + LF2.
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To simplify the design of the control system, the three-phase quantities are expressed in the
dq reference frame using the Park transformation matrix given in Eq. (4.19) as:

⎡⎢⎢⎢⎣
fd

fq

f0

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎣

cos 𝜃 cos
(
𝜃 − 2𝜋

3

)
cos
(
𝜃 − 4𝜋

3

)
sin 𝜃 sin

(
𝜃 − 2𝜋

3

)
sin
(
𝜃 − 4𝜋

3

)
1
2

1
2

1
2

⎤⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎣

fa

fb

fc

⎤⎥⎥⎥⎦ = [T]

⎡⎢⎢⎢⎣
fa

fb

fc

⎤⎥⎥⎥⎦ (4.19)

And the inverse Park transformation is:

⎡⎢⎢⎢⎣
fa

fb

fc

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎣

cos 𝜃 cos
(
𝜃 − 2𝜋

3

)
cos
(
𝜃 − 4𝜋

3

)
sin 𝜃 sin

(
𝜃 − 2𝜋
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)
sin
(
𝜃 − 4𝜋

3

)
1
2

1
2

1
2
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−1
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fd

fq

f0

⎤⎥⎥⎥⎦ = [T]−1

⎡⎢⎢⎢⎣
fd

fq

f0

⎤⎥⎥⎥⎦ (4.20)

Applying Park’s transformation to Eqs. (4.17) and (4.18), the differential equations for the
rectifier side in the dq reference frame are:

disd1

dt
= −isd1

R1

L1
+ 𝜔isq1 +

1
L1

(
vsd1 − vcd1

)
disq1

dt
= −isq1

R1

L1
− 𝜔isd1 +

1
L1

(
vsd1 − vcd1

) (4.21)

Similarly, for the inverter side:

disd2

dt
= −isd2

R2

L2
+ 𝜔isq2 +

1
L2

(
vcd2 − vsd2

)
disq2

dt
= −isq2

R2

L2
− 𝜔isd2 +

1
L2

(
vcd2 − vsd2

) (4.22)

If the converter is assumed lossless, the power balance equation between the dc and ac sides
in the rectifier and inverter, respectively, are:

Vdc1Idc =
3
2

(
vcd1isd1 + vcq1isq1

)
− CVdc1

dVdc1

dt

Vdc2Idc =
3
2

(
vcd1isd1 + vcq1isq1

)
+ CVdc2

dVdc2

dt

(4.23)

Equations (4.21), (4.22) and (4.23) are the dynamic equations representing the VSC-HVDC.
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In a converter with sinusoidal PWM the relationship between the modulation index M, dc
link voltage and the dq components of the ac voltage is given by:

vcd = 1
2

MVdc cos 𝛿 (4.24)

vcq = 1
2

MVdc sin 𝛿 (4.25)

The instantaneous total power in the time domain is expressed as:

S(t) = va(t).ia(t) + vb(t).ib(t) + vc(t).ic(t) (4.26)

Applying the park transformation to Eq. (4.26) yields:

p(t) = 3
2

[vd(t).id(t) + vq(t).iq(t)] (4.27)

q(t) = 3
2

[−vd(t).iq(t) + vq(t).id(t)] (4.28)

4.4.4.4 VSC-HVDC Control System

Using PWM modulation, the VSC controller can adjust the modulation index, M, and converter
phase angle, 𝜃, to give any combination of voltage and phase shift and hence, control the active
power, reactive power, ac voltage and dc link voltage.

Vector control is the most popular technique to modify M and 𝜃 in order to achieve the
desired control function. In vector control the three-phase rotating voltage and current are
transformed to the dq reference before calculating the modulation index and the phase angle.
It is then synchronized with the ac three-phase voltages using a Phase-Locked Loop (PLL).
The controlled variable is forced to follow the reference values to generate the desired values
of M and 𝜃, which are then used in the PWM technique to control the VSC switching.

The control system of the VSC converters is composed of an inner and outer controller.
The main function of the inner controller is to control the currents in the complete range
of operation, and to ensure that the converter is not overloaded to protect the converter from
transient currents during system disturbances. The outer controller is responsible for supplying
the reference values to the inner controller. Figure 4.16 shows an example of a VSC control
system including: the inner and outer controller, and the PLL.

There are four possible control modes to choose from for the outer controller of the VSC
converter (Cuiqing et al., 2005):

� dc voltage control mode
� active power control mode
� ac voltage control mode
� reactive power control mode.

The choice of controller to be added to the VSC converter (not all controllers can be used at
the same time), depends on the application of the VSC-HVDC, but in all cases an option for
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Figure 4.16 Block diagram of the VSC-HVDC control system.

the dc voltage controller is necessary to ensure the power balance between the sending and
receiving converters. In this discussion, the operation mode of the converters is chosen such
that VSC2 controls the dc voltage and the ac voltage at B2, whilst VSC1 controls the active
power and the ac voltage at B1.

4.4.4.4.1 Inner Controller Design
In order to design an inner current controller the cross-coupling terms in Eq. (4.21) are
decoupled as follows (Giddani et al., 2009):

vsd1 = ud1 − 𝜔L1iq1 + vd1 (4.29)

vsq1 = uq1 + 𝜔L1id1 + vq1 (4.30)

Substituting (4.29) and (4.30) into Eq. (4.21) then

d
dt

[
isd1

isq1

]
=
⎡⎢⎢⎣
−R1∕L1

0

0

−R1∕L1

⎤⎥⎥⎦
[

isd1

isq1

]
+
⎡⎢⎢⎣

1∕L1

0

0

1∕L1

⎤⎥⎥⎦
[

ud1

uq1

]
(4.31)

where ud and uq are new variables obtained from the inner controllers which regulate the
dq-axes currents.

The values of ud and uq are defined as:

ud1 = kpi

(
i∗d1 − id1

)
+ kii ∫

(
i∗d1 − id1

)
dt (4.32)

uq1 = kpi

(
i∗q1 − iq1

)
+ kii ∫

(
i∗q1 − iq1

)
dt (4.33)
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Figure 4.17 Block diagram of the inner controller.

where kpi and kii are the proportional and integral gains of the current controller, and the
superscript ∗ refers to the reference value. The inner current loop for converter VSC1 is
designed according to Eqs. (4.29) and (4.30) and the block diagram of the inner controller is
shown in Figure 4.17.

Replacing the integral part of Eqs. (4.32) and (4.33) by new auxiliary control variables zd
and zq, the following equations are obtained:

ud = kpi

(
i∗sd − isd

)
+ kiizd (4.34)

uq = kpi

(
i∗sq − isq

)
+ kiizq (4.35)

where,

dzd

dt
= −isd + i∗sd (4.36)

dzq

dt
= −isq + i∗sq (4.37)

Substituting Eqs. (4.34)–(4.37) into Eq. (4.31) then

d
dt

⎡⎢⎢⎢⎢⎢⎣

isd

zd

isq

zq

⎤⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

−(R1 + kpi)
/
L1

−1

0

0

Kii
/
L1

0

0

0

0

0

−(R1 + kpi)
/
L1

−1

0

0

Kii
/
L1

0

⎤⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣

isd

zd

isq

zq

⎤⎥⎥⎥⎥⎥⎦
+

⎡⎢⎢⎢⎢⎢⎢⎣

Kpi
/
L1

1

0

0

0

0

Kpi
/
L1

1

⎤⎥⎥⎥⎥⎥⎥⎦
[

i∗
sd

i∗sq

]

(4.38)
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From Eq. (4.38) the dq currents are defined in the Laplace domain as follows:

⎡⎢⎢⎢⎢⎢⎣

isd(s)

zd(s)

isq(s)

zq(s)

⎤⎥⎥⎥⎥⎥⎦
= 1

s2 +
(R1 + Kpi)

L1
s +

Kii

L1

⎡⎢⎢⎢⎢⎢⎢⎢⎣

s

−1

0

0

Kii
/
L1

s + (R1 + Kpi)
/
L1

0

0

0

0

s

−1

0

0

Kii
/
L1

s + (R1 + Kpi)
/
L1

⎤⎥⎥⎥⎥⎥⎥⎥⎦

[
i∗sd

i∗sq

]

(4.39)

Therefore, the Laplace transfer function of the inner current controller is:

G(s) =

Kpi

L1

(
s +

Kii

Kpi

)
s2 +

(R1 + Kpi)

L1
s +

Lii

L1

(4.40)

From the characteristic equation of the current controller in the denominator of Eq. (4.40),
the proportional and integral gains of the current controller are defined as follows (Douangsyla
et al., 2004):

kpi = 2𝜁𝜔nL1 − R1 (4.41)

Kii = 𝜔2
nL1 (4.42)

where, 𝜔n and 𝜁 are the natural frequency and damping factor, respectively. These values must
be selected carefully to ensure stable operation over the full operating range.

4.4.4.4.2 Outer Controller Design
The outer controller consists of the dc voltage controller, ac voltage controller, active and
reactive power controller and the frequency controller. In this section different outer controllers
are described.

4.4.4.4.2.1 Active and Reactive Power Controller
Based on the dq power Eqs. (4.27) and (4.28) the active and reactive powers delivered to the
point of common coupling (PCC) are:

p(t) = 3
2

[
vsd(t)isd(t) + vsq(t)isq(t)

]
(4.43)

q(t) = 3
2

[
−vsd(t)isq(t) + vsq(t)isd(t)

]
(4.44)
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where vsd and vsq are the dq voltages at the PCC. For balanced steady-state operation vsq = 0,
therefore Eqs. (4.43) and (4.44) can be expressed as:

p(t) = 3
2

vsd(t).isd(t) (4.45)

q(t) = −3
2

vd(t).iq(t) (4.46)

Hence the dq current reference values are:

i∗sd = 2P∗

3vsd
(4.47)

i∗sq = −2Q∗

3vsd
(4.48)

Figure 4.18 shows the schematic block diagram of the active and reactive power controller.

4.4.4.4.2.2 dc and ac Voltage Controller
In the dc voltage controller, the measured dc voltage is compared with the reference voltage,
the error signal between the voltage reference and the measured value is fed to a PI controller
to generate the d-axis reference current (i∗sd). Eq. (4.49) is the mathematical model of the dc
current controller:

i∗sd = kpdc(V∗
dc − Vdc) + kidc ∫ (V∗

dc − Vdc)dt (4.49)

Similarly, the mathematical model of the ac current controller is:

i∗sq = kpac(V∗
ac − Vac) + kiac ∫ (V∗

ac − Vac)dt (4.50)

where kpdc, kidc, kpac, kiac are the proportional and integral gains of the dc voltage controller
and the ac voltage controller, respectively. Figure 4.19 shows the schematic block diagram of
the dc and ac voltage controller.
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Figure 4.18 Block diagram of the active and reactive controller.
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Figure 4.19 Block diagram of the dc and ac voltage controller.

4.4.5 Multi-Terminal VSC-HVDC Networks

Although most existing dc schemes have been realised as point-to-point connections, CSC-
HVDC or VSC-HVDC transmission can also be configured in multi-terminal arrangements.
VSC-HVDC technology seems to present suitable options for multi-terminal configurations.
The active power reversal in a multi-terminal system based on voltage source converters is
achieved by changing the dc current direction without the need to change the dc link voltage
polarity and operating mode of the converter. This results in instantaneous power reversal
without increasing the stress on the dc cable and interfacing transformer, as it occurs in
CSC-HVDC (Long et al., 1990; Weixing and Boon Teck, 2002; Wulue et al., 2006).

The active power flow between converters in a multi-terminal VSC-HVDC system is con-
trolled using combinations of direct active power control in the converters that control active
power, and dc voltage droop in the converters used to control the dc link voltage (Lie et al.,
2008; Adam et al., 2009). This increases control flexibility of multi-terminal VSC-HVDC
systems to respond to any network alteration resulting from active power imbalance (due to
add/loss of major load or generation), and ac faults. A reliable coordinated control system is
required between the converter stations in addition to robust dc circuit breakers to improve
the chance of system recovery from dc faults or loss of converters. Some other features of
multi-terminal VSC-HVDC transmission systems are (Arrillaga and Watson, 2007; Adam
et al., 2009):

� Increased power flow control flexibility along desired routes.
� Improved system reliability and stability. During the outage of a VSC converter, or loss

of a dc link cable, re-routing of the power is available through other paths of the system;
therefore the impact of losing a major generating unit is minimised.

� Suitable for creation of transmission systems connecting different ac networks and integrat-
ing renewable energy resources. The converter in the dc network could operate as rectifier
or inverter to transmit the power to/from a specific point in the dc network.

4.4.5.1 Configurations of Multi-Terminal dc Transmission Systems

There are different configurations for multi-terminal systems for wind farm integration, which
differ in the number VSC converters and their arrangement (Padiyar, 2005; Hongbo and
Ekstrom, 1998; Haileselassie et al., 2008; Jiebei and Booth, 2010).

Figure 4.20 shows two options for using multi-terminal VSC-HVDC for offshore wind
farm integration: double-input single-output and double-input double-output configurations.
The power flow control takes into consideration that the power direction is from the wind farm
into the ac grid (no power reversal).
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Figure 4.20 Examples of possible multi-terminal configurations for wind farm integration: double-
input single-output configuration. (b) double-input double-output configuration.

Multi-terminal VSC-HVDC can be used instead of conventional ac transmission to accom-
modate the power between ac networks. In this case the HVDC system is used to create a large
power pool that may facilitate the following objectives (Padiyar, 2005):

� Increased connection of renewable power to the ac network without the need for bulky
storage systems.

� Improved resilience of the ac networks attached to this power pool against power and
frequency instability problems during local loss of generation or major load.

� Power trading between these regional networks in real time with full control over power
flows.

� Inherent reactive power capability in each converter station to provide voltage control at the
point of common coupling.

� Flexibility of asynchronous operation.

Figure 4.21 shows the example of a four-terminal VSC-HVDC network, which may be
suitable to interconnect offshore wind generation to different countries (i.e. transnational dc
network).

Offshore oil and gas platforms use electricity generated from gas turbines located at offshore
sites. Multi-terminal VSC-HVDC systems can be used to supply the oil and gas platforms
and to transmit the offshore wind power to the onshore ac network instead of gas turbines
(Figure 4.22). The potential benefits of a multi-terminal dc system configuration in this case
are reduced operational costs, increased system reliability and reduced CO2 emissions (Haile-
selassie et al., 2008).

4.5 Offshore Substations

Offshore substations are used to increase the voltage before power is transmitted to the onshore
grid. The major purpose of the offshore substation is to increase the voltage so that electrical
losses can be avoided during power transfer via cables. Figure 4.23 shows the schematic of an
offshore substation (Bazargan, 2007).
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Figure 4.21 Example of a four-terminal network.
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Figure 4.22 Multi-terminal HVDC system for offshore wind farms, oil/gas platform and onshore
network (Haileselassie et al., 2008).
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Figure 4.23 An offshore substation (Bazargan, 2007).

An offshore substation is typically delivered as one component after contract by supplier
and weighs generally from 1800 tonnes to 2200 tonnes. The platform level is generally 25–
30 metres above sea level and has an area of 800–1200 m2 (Bazargan, 2007). One substation
can typically support up to 500 MW of output from the wind farm. With an increase in wind
farm size, the number of substations may increase too. These offshore substations are generally
not service-based but still have a small workshop available inside it.

The major components of an offshore substation are divided into three categories:

� Components related to electrical systems.
� Components related to facilities.
� Components related to structure.

The main components related to the electrical systems are as follows:

� The major component of the offshore substation is the transformer. The transformer steps
up the voltage according to requirements for optimum power transfer and minimisation of
losses.
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� Back-up diesel generator is also made available on the substation in case of loss of power
via the export cable.

� Switchgear is part of an offshore substation to discriminate between the export cables and
array cables.

� If the onwards transmission is HVDC then converters are also installed in the offshore
substation.

� Reactive power compensation equipment is used to provide optimum reactive power com-
pensation required for the maximum power transfer to the onshore grid (e.g. bank of reactors,
capacitors, SVCs or STATCOMs).

� The substation is properly earthed to provide power safety in case of safety hazard or short
circuit.

4.6 Reactive Power Compensation Equipment

4.6.1 Static Var Compensator (SVC)

Static Var Compensators (SVCs) are based on the working principles of a variable shunt
susceptance and use fast thyristor controllers with settling times of only a few fundamental
frequency periods. The SVC has the ability to either draw capacitive or inductive current
from the network. By suitable control of its equivalent reactance, it is possible to regulate the
voltage magnitude at the SVC point of connection, thus enhancing power system performance
(Acha et al., 2001). An SVC may be designed in many different ways. Figure 4.24 shows
the schematic diagrams of typical arrangements for continuously controlled SVCs, namely
fixed capacitor (FC) with thyristor-controlled reactor (TCR), and thyristor-switched capacitor
(TSC) with TCR. The thyristors are controllable elements enabling smooth control of the
TCR. On the other hand, the TSC is a fast-switched element that achieves voltage regulation
in a stepwise manner.

When the SVC is operated in a voltage control mode, it presents fast-settling times of
almost one period in the case of the FC/TCR arrangement. In the case of switched elements
(TSC/TCR), the response time is usually 30–60 μsec depending upon the SVC configuration
and system strength. To achieve such a high-speed response, it is necessary to assess the type
and size of the power components as well as the control scheme according to the specific
network configuration and operation requirements.

busV

SVCI

CX

LX C1X
C2X C3X LX

busV

SVCI

(a) (b)

Figure 4.24 Typical structures of and SVC: (a) a TCR with a fixed capacitor. (b) TCR with a TSC.
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Figure 4.25 Simplified voltage control block diagram of a typical SVC.

Figure 4.25 shows a simplified block diagram of a voltage control scheme for a typical SVC
application (Song and Johns, 1999; Hingorani and Gyugyi, 2000). Essential elements in this
control scheme are: the measuring circuits, the voltage regulator, the allocator, the lineariser,
and the TCR and TSC firing circuits.

The measuring circuits measure the voltages and currents at different points of the network
providing the necessary information to the SVC for control and protection purposes. The
measured signals are conditioned to provide suitable control to the other blocks of the control
system. The voltage regulator performs the closed-loop voltage control and uses a PI that
provides the total SVC susceptance reference required to minimise the error. When a power
oscillation damping function is included it acts on the voltage regulation to provide damping of
slow electro-mechanical swings in the power system. The allocator converts the susceptance
reference from the voltage regulator into specific information, which is then processed to
determine the number of reactive power banks that must be switched on and the required firing
angle. The lineariser converts the susceptance from the allocator to a firing angle 𝛼. To maintain
the same control response over the entire SVC operating range, the angle 𝛼 is determined as
a nonlinear function of the susceptance reference order. This function is normally given as a
table that is derived from Eq. (4.51).

1 − XLB (𝛼) = 𝛼 + sin (𝜋𝛼)
𝜋

(4.51)
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Figure 4.26 SVC capacitance and inductance values.

where B (𝛼) is the susceptance of the TCR fired at the angle𝛼. The stability controller supervises
the operation of the voltage controller incorporating hunting detection and gain adjustment
functions. Unstable operation (hunting), which may take place during weak system operating
conditions, will be detected and the gain of the PI would be reduced by half, aiming to achieve
stable operation. The TSC-TCR firing units compute the angles 𝛼 and generate firing pulses
for the TSC and TCR thyristor valves. Other control elements that can be added to the control
circuit are the dc and reactive power controller. With the addition of these elements the control
system becomes more robust and efficient; however, its complexity increases considerably.

Figure 4.26 shows the SVC capacitance and inductance values for a FC/TCR topology. These
parameters can be determined according to the reactive power compensation requirements,
QSVC, for a given application, as follows:

XC =
V2

bus

QSVC
(4.52)

XL =
XC

2
(4.53)

Each SVC has its own reactive power-firing angle characteristic, QSVC (𝛼), which is a
function of the inductive and capacitive reactances. The effective reactance XSVC, of the
SVC as a function of the firing angle, 𝛼, can be calculated using the fundamental frequency
equivalent reactance of the TCR, XTCR, using:

XTCR =
𝜋XL

(𝜎 − sin 𝜎)
(4.54)

and

𝜎 = 2 (𝜋 − 𝛼) (4.55)

where XL is the reactance of the inductor and 𝜎 and 𝛼 are the conduction and firing angles of the
thyristor, respectively. At 𝛼 = 90◦ the TCR conducts fully and the equivalent reactance XTCR
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becomes XL. At 𝛼 = 180◦ the TCR is blocked and its equivalent reactance becomes infinite.
The total effective reactance of the SVC, including the TCR and capacitive reactances, is
determined as:

XSVC =
XCXTCR

XC + XTCR
(4.56)

that, as a function of the conduction angle, 𝜎, can be expressed by:

XSVC =
𝜋XCXL

XC (𝜎 − sin 𝜎) − 𝜋XL
(4.57)

and then as a function of the firing angle, 𝛼, it is given as:

XSVC =
𝜋XCXL

XC [2 (𝜋 − 𝛼) + sin 2𝛼] − 𝜋XL
(4.58)

Using Eq. (4.58), QSVC as a function of the firing angle can be calculated using the following
fundamental relationship:

QSVC = V2
bus

XC [2 (𝜋 − 𝛼) + sin 2𝛼] − 𝜋XL

𝜋XCXL
(4.59)

4.6.2 Static Compensator (STATCOM)

A STATCOM is a VSC-based device, with a linear capacitor acting as voltage source (Song
and Johns, 1999; Hingorani and Gyugyi, 2000; Acha et al., 2001). A STATCOM is used for
provision of dynamic reactive power compensation to power transmission systems, providing
voltage support and increased transient stability margins. The most basic configuration of a
STATCOM consists of a two-level VSC with a capacitor acting as a dc energy storage device,
a coupling transformer connected in shunt with the ac system, and associated control circuits
as shown in Figure 4.27. As the voltage source is created from a capacitor the STATCOM has
very little real power capability.

busV

ac system bus

Coupling
transformer VSC
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Controller

VSCV
DCV

STATCOM

Figure 4.27 Schematic diagram of a STATCOM connected to an ac system.
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Table 4.2 Power exchange between a STATCOM and the
ac system.

Power exchange

Voltage relation STATCOM ⇔ ac system

|VVSC| > |Vbus| Q ⇒|VVSC| < |Vbus| ⇐ Q
𝛿 < 0 P ⇒
𝛿 > 0 ⇐ P

A summary of the power exchange between a STATCOM and the ac network is shown in
Table 4.2.

The size of the capacitor in a STATCOM may be selected by analytical methods (Acha
et al., 2001) taking into account dc voltage ripple constraints and power rating. In addition,
the dc capacitor size has a direct impact on the performance of the closed-loop control system
and there will always exist a compromise between the VSCs harmonic generation and the
speed of response of the control system (Xu et al., 2001). The response time of a STATCOM
can be shorter than that of an SVC, partly because the natural response (i.e. the response
without control action) will be to counteract the change in the ac voltage amplitude, and partly
because the VSC uses switching at a frequency higher than the fundamental frequency. Since
the reactive power from a STATCOM falls linearly with the ac voltage (as the current can be
maintained at the rated value even for a low ac voltage), a STATCOM also provides better
reactive power support at low ac voltages than a SVC.

The use of a STATCOM to provide voltage control and fault-ride through solution for a large
wind farm based on FSIG wind turbines is shown in Figure 4.28 (Wu et al., 2003; Cartwright
et al., 2004b.

The use of a STATCOM in combination with energy storage (super capacitors) has also
been proposed to facilitate the integration of a FSIG-based wind farm (Banos et al., 2006)
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X/R = 10
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Substation
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132 kV 132 kV
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60 MW
Wind farm

0.69 kVL1
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20 km two overhead lines, 258 mm2

R = 0.068 Ω/km, X = 0.404 Ω/km

Figure 4.28 A large FSIG-based wind farm connected to the system with a STATCOM (Wu et al.,
2003; Cartwright et al., 2004b).
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Figure 4.29 Network set up used to illustrate the contribution of a STATCOM plus energy storage to
facilitate the integration of an FSIG-based wind farm (Banos et al., 2006).

(Figure 4.29). Used with the storage device, the STATCOM provides additional benefits to
wind farm operation such as increased capability to damp electro-mechanical oscillations, and
increased power quality and reliability of the electricity supply.

The use of a hybrid LCC-HVDC inter-connector comprising a thyristor-based converter
and a VSC-based (STATCOM) (rated at ±100 MVar) for transmitting power from a 500 MW
offshore wind farm based on FSIGs has been presented in (Andersen and Xu, 2004; Cartwright
et al., 2004) (Figure 4.30). For the offshore converter, the reactive power required is provided
by filters and the STATCOM. For the onshore station, conventional filters are used for reactive
power compensation. The STATCOM provides both, the necessary commutation voltage to
the HVDC converter and reactive power compensation to the network during steady state,
dynamic and transient conditions.
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Figure 4.30 Diagram of hybrid HVDC system connecting a large FSIG-based wind farm (Cartwright
et al., 2004b; Andersen and Xu, 2004).



150 Offshore Wind Energy Generation

4.7 Subsea Cables

To transfer power from offshore wind farms to the onshore grid either ac or dc subsea
transmission systems can be used. The selection of subsea cables depends on factors such as:
distance to shore, voltage and transmitted power capacity. Before installation, a comprehensive
survey is necessary in order to establish cable routes (Contact, 2008).

Offshore submarine cables have various types of insulation systems such as extruded poly-
mer insulation, mass impregnated cables and self-contained fluid filled cables. There are two
types of extruded insulated cables: cross-linked polyethylene (XLPE) and ethylene propylene
rubber (EPR). These are lighter than other cable types and because of that they are easier to
handle in installation on site. In addition the cables are environmentally friendly due to lack
of oil and associated risk of leakage. Mass-impregnated cables are suitable for voltages up
to 600 kV dc and power of 1000 MW. Self-contained fluid-filled cables are suitable for high
voltages up to 1000 kV ac and 600 kV dc systems.

4.7.1 Ac Subsea Cables

Normally for HVAC systems, XLPE subsea cables are used for offshore applications. Currently,
available options for offshore wind farms are three-core cables carrying from 60 to 225 kV or
single-core design carrying up to 420 kV. Three-core designs have three cores where each is
separately insulated and combined together in one cable, which can be used to transfer smaller
amounts of power. To transmit a large amount of power three separate single-core subsea
cables can be used, each cable will carry one phase of the three-phase system. A fourth cable
is often added in parallel in case of fault/damage on one of the cables (Contact, 2008).

4.7.2 Dc Subsea Cables

Offshore wind power is tending towards higher voltages, with HVDC cables being more
efficient for long distances for offshore wind farms than HVAC cables. For LCC-HVDC mass-
impregnated cables are usually installed, and for VSC-HVDC systems extruded insulated
cables will be installed (Contact, 2008).

4.7.3 Modelling of Underground and Subsea Cables

To model onshore and offshore electrical power systems successfully, it is necessary to have
accurate impedance models of the underground and subsea cables otherwise, it is impossible
to reliably predict system resonances and the effects of any generated harmonics from power
electronic converters. As the oil and gas industry and offshore wind generation expand toward
deeper sea, the cable circuits tend to increase in length. At present, cable circuits are being
employed with lengths in the order of 100 km. To develop accurate impedance models, a good
understanding of the physical phenomena that goes into the makeup of the cable impedance
is necessary. Also, for the power system studies, the steady-state and harmonic generation
of cables must be known. Over the years, research has been tailored to determine a suitable
model for calculating the impedance of cables (Ametani, 1980; Kane et al., 1995; Nagaoka
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and Ametani, 2000; Mugala and Eriksson, 2007). Subsea cables which have different layers
of heavy armour on the outside to give added strength both for laying and protecting against
mechanical damage, especially with the growing trend of offshore wind power generation feed-
ing oil drilling production fields. Because of the heavy armour, the electromagnetic effects
between the layers within the subsea cable need to be considered carefully when develop-
ing impedance models. Subsea cable arrangements and structures are diverse with inductive
and capacitive elements, which suggests that each cable type will generate a harmonic reso-
nance characteristic (Chien and Bucknall, 2007; Amornvipas and Hofmann, 2010). A unified
approach which matches overhead transmission lines is difficult to achieve for underground
and submarine cables due to their extremely complex construction and layout.
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5
Grid Integration of Offshore Wind
Farms – Case Studies

This chapter presents case studies showing the connection of large-scale offshore wind farms to
ac onshore grids via VSC-HVDC transmission. Other offshore transmission schemes such as
HVAC subsea transmission, and HVAC in parallel with HVDC transmission, are also analysed
and discussed. In addition, two examples that illustrate the use of VSC-MTDC networks are
presented and explained; one case focuses on wind farm connection to the mainland grid,
and the other case on large power exchange between transnational ac power grids. Some of
the examples consider ac faults to illustrate the feature of HVDC transmission that prevents
fault propagation.

5.1 Background

It is expected that several large offshore wind farms will be located far away from the mainland
ac grids, and therefore transmission of such large power over subsea cables introduces vari-
ous technical challenges. In HVAC subsea transmission the electrical losses caused by high
charging currents in the submarine cable increase as transmission distance increases. This
characteristic limits the interconnection to less than 100 km from shore even if a number of
large dynamic voltage compensating devices, such as SVC or STATCOM, are installed for safe
and stable operation. Another limitation of the ac transmission option is its synchronous con-
nection between the wind farms and the ac mainland grids (Adam et al., 2010b; Haileselassie
et al., 2010; Haileselassie et al., 2011; Ahmed et al., 2012a).

Dc subsea transmission systems provide an attractive alternative to HVAC transmission.
They have reduced transmission losses and also result in an asynchronous connection between
the mainland ac grid and the wind farm; the latter can potentially prevent the adverse impact
on the wind farm of a fault in the ac grid. Also, if VSC-HVDC transmission is used then no extra
reactive power compensation devices are needed (Bahrman et al., 1980; Banks and Williams,
1983; Baker et al., 1989; Bakken and Faanes, 1997; Andersen and Lie, 2004; Bahrman, 2006;
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Figure 5.1 Integration of a large-scale wind farm using point-to-point HVDC transmission.

Barthold, 2006; Bahrman and Johnson, 2007; Bahrman, 2008; Basu, 2009; Buijs et al., 2009;
Azimoh et al., 2010; Ahmed et al., 2011a; Barker and Whitehouse, 2012; Adam et al., 2012a;
Abdel-Khalik et al., 2013). For short distances (less than 80 km) subsea dc transmission tends
to be more expensive than its ac counterpart, but for longer distances and transmission of larger
power blocks it tends to become more competitive (Banks and Williams, 1983; Alexandridis
and Galanos, 1988; Baker et al., 1989; Bakken and Faanes, 1997; Al-Dhalaan et al., 1998;
Andersen and Barker, 2000; Andersen and Lie, 2004; Bahrman, 2006; Bahrman and Johnson,
2007; Bahrman, 2008; Adam et al., 2009; Basu, 2009; Buijs et al., 2009; Bai et al., 2010;
Ahmed et al., 2011b; Ahmed et al., 2012a; Ahmed et al., 2012b; Aik and Andersson, 2013).

5.2 Offshore Wind Farm Connection Using Point-to-Point
VSC-HVDC Transmission

Figure 5.1 illustrates the use of VSC-HVDC transmission in the connection of a large-scale
wind farm with a rated output power of 1200 MW. All wind turbines within the wind farm are
of the variable-speed type with fully-rated converters. Since the fully-rated converter decouples
the wind generator from the collection network, only the grid-side converter is modelled in
detail. For further simplicity, one equivalent unit represents the entire offshore wind farm. In
this illustrative example, the grid-side converter (GS-VSC1) of the VSC-HVDC is configured
to regulate the dc link voltage level at 640 kV and the ac voltage at the PCC (BG1). The wind
farm side converter of the VSC-HVDC keeps a stiff ac bus at the wind farm main platform
(BWF1). Figure 5.2 shows the control system of the wind farm side converter and Figure 5.3
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shows the control system of the grid-side converter, both for the VSC-HVDC link. Controlling
the wind farm side converter in this manner allows it to transfer the entire power generated
by the wind farm to the grid without creating a power imbalance between the ac and dc
sides. Additionally, it allows the control of the wind farm side converter independently of
the wind turbine generator technology. Figure 5.1 shows the main parameters of the system
(the directions of power are positive).

Figure 5.4 shows the representation of the fully-rated converter wind generator for this
example; where Pg represents the active power of the wind farm at the main platform, and
Qg represents its reactive power output. As part of the exercise, a noise signal is injected
into the active power reference (P∗

g) of the wind turbine generator to reflect the effect of the
wind variability in the output power, hence illustrating mitigation effect of the VSC-HVDC
transmission system, while Q∗

g is set to zero for unity power operation.
Figure 5.5 shows the waveforms obtained from this case study, which starts with a wind

farm output power of only 600 MW (0.5 pu), but at t = 2s its power output has increased
to 1080 MW (0.9 pu). Observe that as the power from the wind farm to the main platform
increases, the wind farm and grid side converters of the VSC-HVDC link (WF-VSC and
GS-VSC) keep the voltage constant at BWF and BG1 (see Figure 5.5 (a)–(d)). Also notice that

~=
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240 ×5.5 MVA
3.3 kV/33 kV

Pg

Qg

Control system

*
gP *

gQ

Figure 5.4 Simplified representation of the fully-rated converter when only its grid-side converter
is modelled.
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Figure 5.5 Waveforms illustrating steady-state and dynamic behaviour when a large scale-wind farm is
integrated into the ac grid using point-to-point VSC-HVDC transmission (a) Active and reactive powers
WF-VSC presents at wind farm main platform (BWF1) (b) Active and reactive powers GS-VSC injects
into point of common coupling (BG1) (c) Voltage magnitude at wind farm main platform (BWF1) (d)
Voltage magnitude at point of common coupling (BG1) (e) Zoomed version of the current waveforms
at wind farm main platform (BWF1) (f) Zoomed version of the current waveforms at point of common
coupling (BG1) (g) dc link current (h) dc link voltages of wind farm and grid-side converters WF-VSC
and GS-VSC.
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Figure 5.6 Test system used to illustrate the improved ac fault ride-through capability using a VSC-
HVDC to connect a large-scale offshore wind farm to the mainland grid.

the control over the storage elements of the VSC-HVDC contribute to the mitigation of the
effect of wind speed variability injected into reference power for the wind turbine generator
as it can be seen that the voltage at the PCCs is not significantly affected (Figure 5.5 (e) and
(f)). Figure 5.5 (g) and (h) show how the dc link current and dc voltage of the wind farm side
converter vary with input power as expected. This case study illustrates that controlling the
wind farm side converter of the VSC-HVDC link as indicated, ensures power balance between
the wind farm collection network and the dc side of the wind farm side converter (WF-VSC).

To illustrate the improved ac fault ride-through behaviour of the wind farm when integrated
into the mainland grid using a VSC-HVDC link, a symmetrical ac three-phase fault to ground,
through a 2.5 Ω fault resistance, is applied to one of the tie lines that connects bus BG1 to
the grid G1 (Figure 5.6). Assume that the system operating conditions remain the same as the
previous example, and the fault is applied at time t = 3s and cleared after 140 ms. Observe
that the decoupling feature of the VSC-HVDC link prevents propagation of the ac fault from
the grid towards the wind farm therefore no electrical or mechanical stresses are expected
on the wind turbine generators. This is clearly illustrated as the power, voltage and current
waveforms at the wind farm main platform remain unaffected, despite similar quantities in
the grid side exhibiting significant changes (increased currents and depressed voltages, see
Figure 5.7 (a)–(e)). However, the plots of the dc current and dc voltages across both converters
have shown that as the fault in the grid side depresses the voltage at the point of common
coupling (BG1), the ability of the grid side converter to transfer power to the grid reduces
(Figure 5.7 (g) and (h)). This causes a power imbalance between the ac and dc sides of the
HVDC link, and excessive active power that cannot be transferred to the ac grid will be trapped
in the dc side and absorbed by the dc link capacitors. As a result, the dc link voltages of the
grid and wind farm side converter will rise. This shows that VSC-HVDC transmission remains
vulnerable to severe voltage depression at the grid side close to the point-of-common coupling
(PCC), or sudden loss of ac grid (Adam et al., 2010a). Some measures presently used by
the industry to address this issue include the use of a dc chopper at the dc link of the VSC-
HVDC link, or in the dc link of individual wind turbine generators (Adam et al., 2010a; Adam
et al., 2012b).

5.3 Offshore Wind Farm Connection Using HVAC Transmission

The option of connecting offshore wind farms to the mainland ac grids using ac transmission
looks attractive because of its apparent simplicity, well-understood dynamics during ac network
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Figure 5.7 Waveforms illustrating improved ac fault ride-through of an offshore wind farm using VSC-
HVDC to connect to the mainland grid (a) Active and reactive powers at the main wind farm platform
bus BWF1 (b) Active and reactive powers at the point of common coupling BG1 (c) Voltage magnitude
at BWF1 (d) Voltage magnitude at BG1 (e) ac current waveforms at BWF1 zoomed around fault period
(f) ac current waveforms at BG1 zoomed around fault period (g) dc current (h) dc voltages of the grid
and wind farm side converters.

faults and proven protection strategies. Currently these factors continue to outweigh others
in the possible options for power transmission from offshore wind farms even when the
connection distance exceeds 80 km.

Figure 5.8 shows the schematic diagram of a large offshore wind farm connected to the
mainland grid using HVAC transmission. Under this scenario, the wind farm reactive power
capability must be put into practice for voltage support at the wind farm main platform.
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Figure 5.8 Integration of a large-scale offshore wind farm using HVAC transmission system.

Therefore, the grid side converter of the fully-rated converter wind turbine generator should
control the ac voltage instead of controlling reactive power for power factor as in the previous
example. In this case study, the reactive power capability of the fully-rated converter is assumed
to be ±0.872 pu. Otherwise, in order to improve ac fault ride-through dynamic reactive power
compensating devices must be installed at the wind farm terminal.

Figure 5.9 shows the results obtained from this case study. The operating conditions are the
same as in the example in the previous section. Observe that the use of HVAC transmission
results in synchronous connection that permits the impact of an ac fault in the grid to propagate
to the wind farm (see Figure 5.9 (a)–(f)). Additionally, despite the reactive power capability
of the grid-side converter of the wind turbine generator being increased to a level comparable
with its active power capability, the point-of-common coupling (BG1) suffers from voltage
depression when the wind farm operates near its rated output power as can be seen in Figure 5.9
(d). Such levels of voltage depression are not allowable in all known Grid Codes, hence a large
STATCOM or SVC will be required. In addition, the power loss is expected to increase
significantly due to the flow of reactive current component besides that responsible for active
power transfer. The grid-side converter of each individual wind turbine generator is also
exposed to excessive voltage and current stresses during ac faults in the onshore grid side.
This example has shown one of the reasons VSC-HVDC transmission may be more attractive
than HVAC for connection of large offshore wind farms.

5.4 Offshore Wind Farm Connected Using Parallel
HVAC/VSC-HVDC Transmission

Figure 5.10 shows the grid connection of a large-scale offshore wind farm using HVAC link
in parallel with VSC-HVDC link. In this hybrid connection, the wind farm has a synchronous
connection to the grid, thus ac faults in the grid will propagate toward the wind farm. However,
the parallel power path provided by the VSC-HVDC link also gives voltage support at both
ends of the HVAC link, and therefore the wind farm ability to ride-through an ac fault in the
onshore grid is improved. To ensure full power control in the proportion of power transferred
through the VSC-HVDC, the wind farm-side converter (WF-VSC1) must be configured to
directly regulate active power and ac voltage at the wind farm main platform bus (BWF1).

In order to avoid the problem of loop-flow, the reference active power to the WF-VSC must
not exceed the wind farm output power. Additionally, the converter stations of the VSC-HVDC
link must be used to regulate ac voltage as illustrated in the phasor diagram in Figure 5.11,
where V⃗1, and I⃗1 represent voltage and current vectors at bus BWF1, while, V⃗2 and I⃗2 represent
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Figure 5.9 Waveforms illustrating fault ride-through of a large-scale wind farm connected to grid using
HVAC transmission system (a) Active and reactive powers measured at the wind farm main platform
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Figure 5.10 Integration of a large-scale wind farm using a VSC-HVDC link in parallel with HVAC
transmission system.

those at BG1. 𝛿c1 and 𝛿c2 are angles of the converter terminal voltages relative to the voltages
at BWF1 and BG1, while 𝜑c1 and 𝜑c2 are power factor angles at BWF1 and BG1. The phasor
diagram of the hybrid connection in Figure 5.11 illustrates that the voltage support at both
ends of the ac cable are achieved at no extra cost.

To illustrate the steady-state and ac fault ride-through performance of the hybrid connection,
the system in Figure 5.10 is simulated with the same operating conditions as that in previous

12I

c1I

c1c1 IjX

c2c2 IjX

2cI
2V

c2V

1V

1cV

12δ

c1δ

c2δ
c2ϕ

c1ϕ

21ϕ

1212 IjX

Figure 5.11 Phasor diagram illustrating optimal operation of the hybrid connection.
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examples. In this example, initially, active power referenced to WF-VSC is set to zero, and
at time t = 4 begins increasing gradually to 720 MW (0.6 pu). Figure 5.12 (a)–(d) show
the wind farm output power, and the power transmitted through the VSC-HVDC and HVAC
links. Notice that the hybrid connection with the wind farm side converter directly regulates
active power and offers full control over the portions of power transmitted in both links. Also,
observe that during an ac fault both converters of the VSC-HVDC link use their STATCOM
functionalities to inject reactive power in an attempt to support ac voltage at BWF1 and BG1.

Figure 5.12 (e) and (f) show that the voltage at the wind farm main platform bus experiences
less dip than that at the grid side point-of-common coupling (BG1), thanks to the voltage
support from the VSC-HVDC converter stations. The plots for the current waveforms in
Figure 5.12 (g)–(j) show that the wind generator output current waveforms do not exhibit any
significant over-current, and this is because the wind farm side converter of the VSC-HVDC is
able to fully compensate for the voltage sag developing in the grid side. This response shows
that the hybrid connection has the potential to improve ac fault ride-through of the wind farm
even under extreme cases of ac faults in the grid side. Figure 5.12 (h) shows that with hybrid
connection the amount of active power which cannot be transferred to the grid due to extreme
voltage collapse at the PCC (BG1) can be minimised. Thus, the rise of the dc link voltages at
the VSC-HVDC and wind turbine generators can also be minimised. A HVAC link also offers
an alternative power path during a dc side fault in the VSC-HVDC link.

5.5 Offshore Wind Farms Connected Using a Multi-Terminal
VSC-HVDC Network

Figure 5.13 shows an example of using an offshore multi-terminal HVDC network for con-
nection of large-scale wind farms. In this case, a four-terminal HVDC network can minimise
the loss of power from a wind farm in case of a scheduled outage for maintenance, or a forced
outage due to a fault in one of the converter stations or in an ac or dc line. The presence of two
grid side converters offers the possibility of power exchange between the two ac grids G1 and
G2, besides receiving power from wind farms 1 and 2. In this example, the two wind farm-side
converters WF-VSC1 and WF-VSC2 control the stiffness of the ac voltages at buses BWF1 and
BWF2, as depicted in Figure 5.2, whereas the two grid-side converters are configured to regulate
their dc voltage. The latter allows the flow of power into ac grids G1 and G2, and in addition,
regulates the ac voltage at BG1 and BG2. All the wind turbines use fully-rated converters as in
the previous examples, and Figure 5.13 shows the system parameters. In an attempt to illus-
trate the steady-state and ac fault ride-through performance of such a multi-terminal HVDC
network, the system in Figure 5.13 is operated with wind farms 1 and 2 initially injecting 600
MW each but at t = 2s the wind farms increase their output powers to 1080 MW each. At time
t = 3s, a three-phase fault is applied at bus BG1, with 140 ms fault duration.

Figure 5.14 shows the results from the simulation. Observe in Figure 5.14 that prior to the
fault the system operates successfully, and as the operating points of both wind farms remain
unchanged during fault period at BG1, the dc-link voltage of GS-VSC1 rises slightly higher
than that of GS-VSC2. This means that power that cannot be transferred to ac grid G1 through
converter GS-VSC1 is to be delivered to ac grid G2 through converter GS-VSC2. It should be
noted that the impact of an ac fault is limited to the ac network. This causes transient power
flow in the dc side that leads to the rise of all dc link voltages and redirection of a small amount
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Figure 5.12 Waveforms illustrating steady-state and fault ride-though performance of the hybrid con-
nection (VSC-HVDC in parallel with HVAC) (a) Active power the sending-end converter of the VSC-
HVDC link (WF-VSC1) exports to the grid, and its reactive power exchange with BWF1 (b) Active
and reactive power the receiving-end converter of the VSC-HVDC (GS-VSC) injects into the point-
of-common coupling (BG1) (c) Wind farm output active and reactive powers delivered into the main
platform bus (BWF1) (d) Active and reactive powers exchanged at the receiving-end of the HVAC link
(e) Voltage magnitude at the wind farm main platform bus (BWF1) (f) Voltage magnitude at the point
of common coupling (BG1) (g) Current the wind farm-side converter (WF-VSC1) exchanges with the
main platform bus BWF (h) Current the grid-side converter (GS-VSC1) injects to BG1 (i) Currents at the
receiving end of the HVAC link (j) Currents the wind farm generator injects into the main platform bus
BG1 (k) Dc voltages of the sending- and receiving-end converters of the VSC-HVDC link. (Continued)
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Figure 5.12 (Continued)

of power from GS-VSC1 to GS-VSC2. Notice also that the use of two grid side converters,
operating in dc voltage regulation mode, reduce power despatch flexibility into ac grids G1
and G2. However, this condition is improved by incorporating droop control into one of the
dc voltage regulated converters GS-VSC1 and GS-VSC2.

Figure 5.15 shows the control system block diagram when a dc voltage-active power droop
is incorporated in converter GS-VSC1. Such droop characteristic can be derived by considering
the steady state operation of the dc grid.
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Figure 5.13 Integration of large-scale wind farms into power systems using voltage source converter
based multi-terminal HVDC transmission system.



Grid Integration of Offshore Wind Farms – Case Studies 167

1200

1000

800

600

P
(M

W
)&

Q
(M

V
 A

r)

400

200

0

1 1.5 2 2.5 3

t(s)

P
Q

3.5 4 4.5 5

1200

1000

800

600

P
(M

W
)&

Q
(M

V
 A

r)

400

200

0

1 1.5 2 2.5 3

t(s)

P
Q

3.5 4 4.5 5

1500

1000

P
(M

W
)&

Q
(M

V
 A

r)

500

0

1 1.5 2 2.5 3

t(s)

P
Q

3.5 4 4.5 5

1500

1000

P
(M

W
)&

Q
(M

V
 A

r)

500

0

1 1.5 2 2.5 3

t(s)

P
Q

3.5 4 4.5 5

1.1

1

V
o

lt
ag

e(
p

u
)

0.9

0.8
1 1.5 2 2.5 3

t(s)

t(s)

3.5 4 4.5 5

1

0.8

V
o

lt
ag

e(
p

u
)

0.6

0.4
1 1.5 2 2.5 3

t(s)

3.5 4 4.5 5

1.1

1

0.9

0.8
1 1.5 2 2.5 3 3.5 4 4.5 5

0.5

1

0

C
u

rr
en

t(
p

u
)

C
u

rr
en

t(
p

u
)

–0.5

–1
0 10.5 1.5 2 2.5 3

t(s)

3.5 4 4.5 5

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.14 Waveforms illustrating the steady-state and ac fault ride-through of a multi-terminal VSC-
HVDC transmission network connecting two offshore wind farms to two isolated ac grids (a) Active
and reactive power the wind farm-side converter (WF-VSC1) injects into the HVDC network (b) Active
and reactive powers the wind farm-side converter converter (WF-VSC2) injects into the HVDC network
(c) Active and reactive powers the grid-side converter (GS-VSC1) injects into ac grid G1 (d) Active and
reactive powers the grid-side converter (GS-VSC2) injects into ac grid G2 (e) Voltage magnitude at BWF1

(f) Voltage magnitude at BG1 (g) Voltage magnitude at BG2 (h) Current waveforms WF-VSC1 injects into
BWF1 (i) Current waveforms GS-VSC1 injects into G1 (j) Current waveforms GS-VSC2 injects into G2

(k) dc voltage across all converter terminals. (Continued)
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Figure 5.14 (Continued)

5.6 Multi-Terminal VSC-HVDC for Connection of Inter-Regional
Power Systems

Multi-terminal VSC-HVDC transmission is also potentially applicable for connection of
regional power grids. This connection structure can facilitate active power exchange between
two power systems, but without interfering with their regulatory regimes and Grid Codes. The
Multi-terminal VSC-HVDC networks provide a platform for the realisation of super grids
currently advocated across Europe that may cover all parts of Europe, and this vision aims to
harness all forms of renewables in these regions.

Figure 5.16 shows a radial form of four-terminal VSC-HVDC that helps to illustrate the use
of dc voltage-active droop to enhance power despatch of the dc voltage regulated converter
stations. In this example, G1 to G4 represent ac grids, and converters VSC1 and VSC2 regulate
power, while terminals VSC3 and VSC4 regulate dc voltage. The droop control operates in
terminal VSC3, and can be activated or deactivated on demand from the despatch centre. All
the system parameters are displayed in Figure 5.16, and an example of a droop characteristic
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Figure 5.15 Control system block diagram when droop control is implemented in converter GS-VSC1
to improve power dispatch flexibility into AC network.
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Figure 5.16 Example of four-terminal VSC-HVDC transmission.

is shown Figure 5.17, where the dc voltage can be related to active power as: V∗
dc3 = K(P∗

3 −
P3min) + Vdc3max, where Vdc3 min, Vdc3 max are the dc voltages corresponding to maximum and
minimum power capability of converter 3 (P3 max and P3 min). Such droop control can also be
implemented using dc currents instead of voltage as can be found in the literature. However,
this chapter favours the use of dc voltage over current, because dc link currents tend to be
sensitive to small dc voltage variations. Initially, VSC1 and VSC2 are commanded to export
420 MW and 540 MW into G2, while both VSC3 and VSC4 regulate their dc link voltage.
At t = 3s, the droop control activates to keep steady power injection from VSC3 into G2 at
460 MW, independent of the level of power injection in other terminals, and at t = 5s VSC1
is commanded to increase its power export from 420 MW to 480 MW. At t = 6s, a load,
comprised of 180 MW and 200 MVAr, is connected to B3.

Figure 5.18 presents the results obtained. Figure 5.18 (a) and (b) show the active and
reactive power converter stations exchange with G1 and G2. Observe that with activation
of droop control at VSC3, VSC3 power exchange with G2 remains unaffected as the level
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Figure 5.17 Example of dc voltage-active power droop characteristic.
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Figure 5.18 Waveforms illustrating the improved power control flexibility can be achieved with droop
in multi-terminal VSC-HVDC network using more than one converter to regulate dc voltage for reliable
operation (a) Active power and reactive powers VSC1 and VSC2 inject to dc side, measured at B1 and B2

(b) Active power and reactive powers VSC3 and VSC4 deliver to G2, measured at B3 and B4 (c) Voltage
magnitude at B1 and B2 (d) Voltage magnitude at B3 and B4 (e) Converter stations dc link voltages (f) Dc
currents measured at the dc link terminals of converter stations (g) Dc powers measured at the converter
stations dc links.

of power injection in the other terminal changes, with the voltages at the point-of-common
couplings maintained at 1.0 pu, see Figure 5.18 (c) and (d). Figure 5.18 (e), (f) and (g) showing
the variations of the converters dc link voltages and currents, and dc power flows with power
injections. It can be seen that VSC3, which is equipped with droop control, adjusts its dc link
voltage, hence the current flow into it in an attempt to maintain its power exchange with B3.
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These results have shown that the use of dc voltage-active power droop is favoured over the
dc current-active power as no uncontrolled current surges are observed in the dc side.
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6
Offshore Wind Farm Protection

During fault conditions the transient current and associated under/over voltage pose a signif-
icant threat to a wind turbine. The limited current handling capability of power electronics is
a significant issue when considering the DFIG and FRC technologies. Studies investigating
the common causes of failure for wind turbines in Sweden, Germany and Finland show that
failures in the electrical system lead to significant downtime (Ribrant and Bertling, 2007).
To address these issues appropriate protection technology must be incorporated within the
individual wind turbines and coordinated over the whole wind farm.

Compliance with grid code requirements in terms of fault ride-through capability and grid
support provided by a wind generator poses a particular challenge to the wind industry. Over
the past decade the grid codes of European countries with high penetration of wind power
have had to be revised to cope with the impact of sudden disconnection of the wind power.
To enhance wind generators fault ride-through capability the turbine protection must attempt
to enable it to ride through a fault before triggering the main or backup protection relays.
Thus, the protection coordination process becomes more challenging than average protection
coordination procedures.

6.1 Protection within the Wind Farm ac Network

Figure 6.1 shows a typical electrical layout of a wind farm divided into different protection
zones. Any short circuits within the wind generator protection zone would normally be detected
and isolated as fast as possible by the protections within the zone. The wind generator protection
zone may have additional backup protection within the wind generator zone or the feeder
protection zone.

The protection within the distribution feeder zone must be able to detect and disconnect the
feeder during faults within itself or in any of the wind generator units connected to it. The type
of protection within the feeder zone must be selective; not operating for out-of-zone faults
unless working as a backup protection for the wind generator protection zone.

Offshore Wind Energy Generation: Control, Protection, and Integration to Electrical Systems, First Edition.
Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia and Grain Adam.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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http://www.wiley.com/go/offshore_wind_energy_generation


174 Offshore Wind Energy Generation

Wind generator 1
protection zone

Feeder 1 protection zone

Feeder 2

Feeder 3

Feeder 4

Busbar
protection

zone

High voltage transformer protection
zone

Feeder 1
Wind generator 2
protection zone

Wind generator n
protection zone

I>

I>

I>

I>

I>

I>

I>

I>

I >

I>

Feeder n

Figure 6.1 Protection zones of a wind farm.

A fault in the busbar must be cleared as fast as possible, given the large magnitude of
the fault currents associated with this type of fault. However, the busbar protection must be
selective to avoid tripping for a fault in a feeder unless programmed to work as a backup
protection for a feeder fault.

6.1.1 Wind Generator Protection Zone

6.1.1.1 Generator Protection

A wind generator zone is usually protected against the following events (Cardenas et al., 2010;
Vikesjö and Messing, 2011):

1. Instant over current for the low-voltage side, including:
� Generator stator short circuit. The pickup current must be selected to differentiate

between a short circuit within the generator zone and the transient current response of
the generator in case of voltage level drop caused by a fault outside the protection zone.

� Generator stator earth fault.
� Short circuit within the converter.
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� Earth fault within the converter.
� Transformer short circuit.
� Transformer earth fault.

2. Generator negative sequence over current (asymmetric current).
3. Generator thermal overload.
4. Generator over current protection in case of overloading.
5. Over/under voltage: action depending of grid code requirements.
6. Over/under frequency: action depending on grid code requirements.

The level of redundancy of the protection can be based on the N-1 criterion; or based on the
evaluation between risk and investment of the protection zone.

6.1.1.2 Power Electronic Protections

Upon the detection of a fault in the generator or in the ac network close to the wind turbine,
the first protection mechanism is usually the immediate blockade of the pulses driving the
commutation of the power electronic converters connected to the turbine. Consequently the
power electronic switches are protected from the large transient currents due to the fault by
forcing all the switches to the OFF state. This protection measurement is very fast (less than
1 ms (Davies et al., 2009)) with activation before the initial maximum peak of the fault current.
However, additional protection schemes are required to safeguard the integrity of the power
electronic devices in wind turbines, according to the wind turbine type and the characteristics
of the power electronic devices.

6.1.1.2.1 DFIG Power Electronic Protection
As described in Chapter 2, the power rating of the B2B converter of a DFIG wind turbine is
just a fraction of the power rating of the generator. Consequently the overcurrent capacity of
the power electronic devices for the B2B of the DFIG is much smaller than the transient fault
currents induced in the rotor windings of the DFIG.

During a fault, transient currents that may be as large as the ac grid fault currents will be
induced in the rotor windings (due to the law of lux conservation). The immediate blockade
of the firing pulses for the B2B is not enough to protect the integrity of the power electronic
devices, particularly in the case of the rotor-side converter (RSC). To protect the B2B converter
protection schemes have been developed, such as the following:

1. Crowbar protection.
The crowbar protection short circuits the rotor windings to a set of resistors whilst discon-
necting the RSC from the circuit. The resistance is chosen to be large enough to reduce
the transient currents back to a safe level in a short period of time (as detailed in Section
2.2.4). The electric circuit of the crowbar protection can be constructed using a three-phase
full-bridge rectifier and a switching device (e.g. a GTO or an IGBT), connected in parallel
between the rotor windings and the RSC terminals as shown in Figure 6.2.

2. dc chopper.
This protection scheme consists of a braking resistor connected in parallel with the capacitor
in the dc link of the B2B converter (Figure 6.3).
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Figure 6.2 DFIG crowbar protection.

In the event of a fault, the dc link voltage increases due to a sudden increase of the RSC
currents and the inability of the GSC to deliver power to the ac grid due to the low voltage.
Thus the aim of the dc chopper is to limit the transient overvoltage of the dc capacitor and
protect both the IGBTs of the B2B converter and the dc capacitor. The braking resistor also
provides a way to dissipate the extra energy in the dc circuit (Pannell et al., 2013). This
protection scheme is also used for wind turbines with fully-rated converter topologies.

The protection triggers when the dc voltage rises above a pre-defined threshold. Under this
condition the IGBT of the dc chopper is turned on and the braking resistor gets connected in

RSC

DFIG

dc chopper
control

Brebraking
resistor

dc
capacitor

Figure 6.3 DFIG dc chopper protection.
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parallel with the dc circuit. This causes the dc circuit energy to dissipate in the braking resistor
and reduces the dc voltage level.

6.1.1.2.2 FRC-WT Power Electronic Protection
In case of a fault near a wind turbine with a fully-rated converter, no parts of the generator are
directly connected to the grid but are instead interfaced via a B2B converter. Since the output
current is controlled at any time by the converter, the turbine can be regarded as a current
source with no transient over current response in case of a grid fault. However, the sudden
decrease in grid voltage level during the fault affects the energy transfer capability from the
turbine to the grid. This undelivered energy produces an increase in the wind turbine speed
and in the dc voltage level of the B2B converter. Both situations can affect the integrity of the
turbine. Thus protection inside the B2B converter is designed to deal with these problems:

1. dc chopper.
Similar to the dc chopper of a DFIG wind turbine, a braking resistor is inserted in the dc
circuit to dissipate the energy coming from the generator in such a way that the energy
balance in the dc link is maintained. This prevents the excessive rise of the dc link voltage. A
power electronic switch controls the braking resistor. The power dissipation of the braking
resistor is controlled by the duty cycle of the power electronic switch (Mohan et al., 1989).
One way to control this duty cycle is by recording the dc current input of the converter
working as a rectifier just before the fault and measure the value of the dc current of the
converter working as an inverter during the fault. The comparison of these values is used
to calculate the dc current to flow through the braking resistor (Conroy and Watson, 2007).
Several manufacturers offer a wide variety of controlled braking resistors for motor drives
and wind turbine applications.

A diagram of the dc chopper protection for fully-rated converter wind turbines is shown
in Figure 6.4.

2. dc series dynamic resistor.
The dc series dynamic resistor topology for wind turbines is described in (Jin et al., 2010b).
The main characteristic of this device is that the series connection on the dc side can control
the current magnitude directly. To avoid the loss of control in the rectifier the resistance
will share any transient overvoltage in the dc circuit. A diagram of the dc series dynamic
resistor is shown in Figure 6.5.

VSC

dc chopper
control

Brebraking
resistor

dc
capacitor

Figure 6.4 dc chopper protection for fully rated converter wind turbines.
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Figure 6.5 dc series dynamic resistor for fully-rated converter wind turbines.

6.1.2 Feeder Protection Zone

Any fault within the wind turbine unit would normally be detected and isolated by the protection
within the wind generator zone. If this is not the case then the feeder protection has the potential
to act as backup protection. However, it is highly desirable to have backup protection in the
wind generator zone to prevent the disconnection of the entire feeder, along with the other
wind generators connected to it.

The coordination of the wind generator zone backup protection may be achieved using an
over current protection. Ideally, the pickup current has to be low enough to detect faults at the
end of the line or in the low-voltage side of the wind turbine transformer, yet high enough to
allow the uninterrupted operation under normal load conditions.

The setting for the pickup current Ipickup can be set to (Vikesjö and Messing, 2011):

1.2
Imax

k
≤ Ipickup ≤ 0.7Iscmin (6.1)

where Imax is the maximum load current through the feeder, k is the reset ratio of the protection
and Iscmin is the smallest short circuit current measured at the feeder (that is, the short-circuit
current at the low-voltage side of the wind turbine transformer).

There may be cases where Eq. (6.1) cannot be fulfilled because of the magnitude of Imax.
If this is the case a solution could be the use of directional phase over current protection or
under impedance protection.

When a directional phase over current protection is used, an Imax current setting smaller
than the total current from the wind turbines connected to the feeder would be set. The use of
directional over current protection is an efficient way to avoid the disconnection of a healthy
feeder in case of a fault on a feeder adjacent to it.

The under impedance protection can be used to detect and clear faults with low short-circuit
current level with the advantage of selectively having high sensitivity for fault currents and
low sensitivity for load currents. The reach of the protection zone is independent of the fault
type and operating state of the power system.

The impedance protection can be designed using two zones, encircling the feeder impedance
and the load area. The impedance characteristic for both zones can be of quadrilateral shape,
with some time delay (Vikesjö and Messing, 2011). Figure 6.6 shows the characteristic of the
under impedance relay for feeder protection.
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Figure 6.6 Characteristic of the under impedance relay for feeder protection (Vikesjö and Messing,
2011).

6.1.3 Busbar Protection Zone

As common practice, the busbar faults are required to be cleared as fast as possible because of
the large fault currents that may be induced. However, the busbar protection system must be
selective and avoid tripping in case the fault happens in a feeder protection zone. Figure 6.7
shows a commonly used protection principle for the busbar protection zone.
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I> I> I>
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Feeder 1 Feeder 2 Feeder 3
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Communications
channel

High voltage
transformer

3

4

Subtransmission/transmission
network

Figure 6.7 Busbar protection configuration (Vikesjö and Messing, 2011).
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When a fault occurs in the low-voltage side of the high-voltage transformer (fault 1) the
over current protection of the busbar will pick up and, after a short time delay, trigger the
circuit breaker (CB) on the low-voltage side of the transformer clearing the fault. However, if
a fault occurs in a feeder (fault 2) the trip of busbar protection must be prevented by a blocking
signal coming from the protection devices within the faulted feeder. There is the risk, however,
that a short circuit in a busbar may trigger the protections of the feeders and the trip signal of
the busbar CB is blocked by the protection of the feeders. In order to avoid this problem, the
feeders can use directional short circuit protection to differentiate between faults happening
inside or outside its protection zone.

Finally, the trip of the busbar protection must be followed by the tripping of all CBs of the
feeders connected to the busbar in order to stop any fault current contribution coming from
the wind turbine generators.

6.1.4 High-Voltage Transformer Protection Zone

The substation protection in a wind farm follows the conventional protection schemes typically
included in substations. These include bus differential protections for the medium-voltage and
high-voltage buses, transformer differential protection, gas pressure protection and breaker
failure protection, amongst others (Ackermann, 2012).

When a fault occurs on the subtransmission/transmission line (fault 4 in Figure 6.7) the
usual procedure is to open the CBs at both ends of the line after a time delay. The protection on
the high-voltage side of the transformer may be unable to distinguish between load current and
the current at fault locations 3 and 4 in Figure 6.7. For this case the use of an under impedance
protection is recommended (Vikesjö and Messing, 2011).

6.2 Study of Faults in the ac Transmission Line of an Offshore
DFIG Wind Farm

In this section, two case studies are reviewed to show the behaviour of a DFIG wind farm
under an ac transmission line fault. The system under test is presented in Figure 6.8.

The fault starts at t = 1s and the CBs of the faulted line open 200 ms after. The fault causes
a voltage dip of 0.6 pu (0.4 pu retained) for 200 ms in the DFIG wind farm network. Prior to
the fault the DFIG wind farm has an incoming wind speed of 11 m/s and is producing 0.71 pu
active power.

115 kV
2500 MVA

34.5/115 kV
47 MVA

30 km
transmission line

34.5/0.69 kV
12 MVA

0.5 MW load
p.f. = 1

DFIG WF
6x2 MVA

15 km
transmission
line section

15 km
transmission
line section

Figure 6.8 Single-line diagram for the study of faults in the ac transmission network.
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Figure 6.9 Simulation results of case study 1.

6.2.1 Case Study 1

At the instant when the fault transient is is induced, as shown in Figure 6.9b the magnitude of
these transient currents is not enough to induce transient ir or to trigger the crowbar protection.
Consequently vr in the rotor circuit never suffers an interruption, as shown in Figure 6.9c. This
has a positive effect in the regulation of the energy flowing in the dc circuit, which even under
the fault period, is controlled by the RSC and GSC to maintain the vdc at its reference value.
The voltage dip causes a sudden reduction of the generated Te as illustrated in Figure 6.9d.
Because of this,𝜔r increases during the fault period and also when Te recovers after the fault is
released (Figure 6.9e). When the fault is cleared, the transient over speeding of𝜔r is eventually
controlled by the RSC and the DFIG wind farm rides through the fault successfully.

6.2.2 Case Study 2

The key results of the second case study are presented in Figure 6.10 and in Figure 6.11.
For this case study the transmission line is reduced in order to have a voltage dip of 0.8 pu
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Figure 6.10 Simulation results of case study 2.

(0.2 pu retained). Figure 6.11 is a more detailed view of Figure 6.10 centered on the period
of 0.9 to 1.3 seconds. It can be seen that the magnitudes of the transient currents are larger
than in the previous case. Therefore, a transient ir large enough to trip the crowbar protection
is generated. The triggering of the crowbar protection results in vr being equal to zero for a
period of 10 ms (the time activation period of the crowbar protection, immediately after the
fault, as clear in Figure 6.10c and shown in more detail in Figure 6.11c). After the crowbar
protection deactivates, vdc begins increasing due to the limited capacity of the GSC to deliver
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Figure 6.11 Simulation results of case of study 2 zoomed around the period between 0.9 to 1.3 seconds.

power to the ac network. When vdc reaches a level of 1600 V, the crowbar protection triggers
again and stops the power flow from the rotor circuit into the dc link of the B2B converter.
Following the activation of the crowbar vdc begins to decrease and the dc capacitor is protected
from an overvoltage. As the fault continues the RSC attempts to regain control over the DFIG
variables unsuccessfully and the crowbar protection activates one last time before the fault
is cleared.

The second case study shows the over speeding of 𝜔r is slightly larger than in the previous
case, this is because of the fault current magnitude and its effect on Te. After the fault is
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cleared, the transient over speeding of 𝜔r is eventually controlled by the RSC and the DFIG
wind farm accomplishes a successful fault ride-through.

6.3 Protections for dc Connected Offshore Wind Farms

6.3.1 VSC-HVDC Converter Protection Scheme

Figure 6.12 shows the protections included in a VSC-HVDC converter station. The philosophy
of the protection within the station is to prompt the removal of any element of the electrical
system from service in the event of a fault. The fault may be due to a short circuit or due to
an abnormal operation of one of the elements of the system. The protection system makes
use of ac CBs at the ends of the transmitting and receiving HVDC stations to de-energise the
converter transformer. This will eliminate the dc current and voltage at the stations.

The actions taken by the HVDC station protection scheme can be:

1. Transient current limitation. This protective action is carried out by the temporary blocking
of the converter control pulses on a per phase basis. This will prevent the circulation of
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transient over currents that may damage the IGBTs of the converter. The control pulses
can be re-established once the current returns to safe levels of operation. In the case of an
overvoltage occurrence, the pulses are blocked for all three phases simultaneously.

2. Permanent blocking of the converter. This protective action sends a permanent turn-off
control pulse to all the IGBTs of the station forcing the current circulating through them
and the voltage levels at the terminals of the station to be zero.

3. ac circuit-breaker trip. This protection action disconnects the ac network from the converter
equipment. This is carried out in order to prevent the ac system feeding a fault on the valve
side of the converter transformer or in the dc side of the converter station.

4. Pole isolation. The pole isolation disconnects the dc side positive and negative poles from
the dc cable during a short circuit in the dc side of the converter, or during a system
malfunction. It should be noted that the pole isolation is carried out after the ac CBs have
de-energised the converter stations.

6.3.2 Analysis of dc Transmission Line Fault

When a fault condition occurs on the dc line, the dc capacitors of the VSC-HVDC quickly
discharge, failing to back bias the anti-parallel diodes of the IGBTs. As a consequence of this
the fault current is driven towards the fault incidence point in the dc side of the converter
(Figure 6.13). Under this situation, the converter station is not capable of interrupting the ac
power from feeding the fault current through the diodes because the IGBT firing pulses, even
if they are blocked, do not exert any control over the anti-parallel diodes of the valves. In such
circumstances the interruption of the rectified fault current is not possible by means of using
conventional circuit breakers (CB) in the dc line. This is because the dc current, contrary to
its ac counterpart, lacks the zero crossing instant on every cycle used to interrupt the current
stream. If a conventional ac breaker is used to try to interrupt the dc current, a damaging arc
will be created burning the switchgear.

Until now, the approach conventionally used to interrupt the dc fault and restore the full
power transmission in a VSC-HVDC link is to use ac CBs in both ac ends of the VSC-HVDC
link. The process of opening the ac CBs, clearing the fault and then closing the breakers can
take up to 2 seconds (Fairley, 2013). This time period could be prohibitive in applications
where the amount of power transmitted is large enough to affect the ac network stability. In
addition, another protective measure already in use consists of a press-pack thyristor, which is

dc
faultfault

current

IGBT

IGBT

Figure 6.13 dc fault current path in a VSC-HVDC converter.
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connected in parallel to the endangered anti-parallel diode and is fired in the event of a dc line-
to-line fault. As a result, most of the fault current flows through the thyristor and not through
the diode it protects. Press-pack thyristors have an inherent capability to withstand high surge
currents (Davies et al., 2009). However, the lack of dc fault current blocking capabilities of
the VSC-HVDC converter and the delay in restoring the power flow is not the major problem
for VSC-HVDC grids subject to a dc fault. A larger concern during a dc fault is the induced
transient currents flowing through the valves of the VSC-HVDC station as discussed below.

In conventional HVDC transmission systems based on line-commutated converters, a large
smoothing reactance is connected in series with the cables. In such cases the dc link has no
over current problem caused by cable faults. However, in the case of VSC-HVDC converters,
the dc circuit lacks this reactance and the fault currents are much higher in amplitude and speed
of propagation. The characteristic impedance of an XLPE cable is typically well below 100 Ω,
which is significantly lower than an overhead transmission line (Van Hertem and Ghandhari,
2010). A dc fault current interruption in the order of milliseconds is required to protect the
anti-parallel freewheeling diodes of the IGBTs from the transient over currents, which in a
matter of milliseconds have enough intensity to destroy them.

6.3.3 Pole-to-Pole Faults

The dc pole-to-pole fault is the most severe fault occurring in the dc side of the VSC-HVDC
network. Despite this, it is rather unlikely for this type of fault to occur (since the positive and
negative pole of the dc circuit travel in two independent insulated cables with some distance
in-between). If it does occur, then the initial dc short circuit current can be determined by an
equivalent circuit comprising the equivalent resistance and inductance of the dc cable connected
in series with the pre-charged dc capacitor of the dc link (Figure 6.14). The expressions for
the voltage vdc sc and current idc sc of the equivalent circuit are (Jin et al., 2010a, 2012):

vdc sc =
vdc0𝜔0

𝜔
e−𝛿t sin (𝜔t + 𝛽) −

idc0

𝜔C
e𝛿t sin𝜔t (6.2)

idc sc = C
dvc

dt
=

idc0𝜔0

𝜔
e−𝛿t sin (𝜔t + 𝛽) +

vdc0

𝜔L
e−𝛿t sin𝜔t (6.3)

dc cable

dc cable

Equivalent circuit

cv

dc_sci
dcr dcL

dc
capacitor

a
b

c

C

Figure 6.14 dc pole-to-pole fault and equivalent circuit.
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where vdc0 and idc0 are the initial conditions of the dc voltage and current of the circuit, C, Ldc
and rdc are the capacitance, inductance and resistance of the equivalent dc circuit, 𝛿 = rdc

2Ldc

𝜔2 = 1
LdcC

−
(

rdc

2Ldc

)2
, 𝜔0 =

√
𝛿2 + 𝜔2 and 𝛽 = arctan 𝜔

𝛿
.

Simulation studies have shown the magnitude of the initial fault current for a pole-to-pole
fault to be up to 73 times the nominal dc current with a rise time <5 ms (Jin et al., 2010a).
After the dc capacitor is discharged, the inductor cable discharges through the anti-parallel
freewheeling diodes of the IGBTs in the VSC. Also, since the dc voltage drops, these diodes
become directly polarised and begin driving current from the ac network to the dc fault point.
This current can be regarded as the steady-state fault current.

The IGBTs in the VSC-HVDC stations have very small over current and overvoltage
tolerance. Consequently, the initial fault current in a pole-to-pole fault is more than enough to
permanently damage the diodes of the IGBTs. To avoid such a destructive scenario a dc CB
strong enough to interrupt the dc current in a very short period of time is required.

A complementary solution to use along the dc CB is a dc pole reactor, calculated to function
as a current limiter (Fujin and Zhe, 2013). A high inductance in the dc circuit considerably
reduces the rate of rise of the fault current during the initial capacitor discharge period.
This enables the use of dc CBs with longer breaking time. For example, a 100 mH dc pole
reactor allows for a maximum rise of the fault current of 3.5 kA/ms in a 320 kV dc network
(Callavik et al., 2012). Furthermore, a larger dc reactor also reduces the steady-state fault
current level. Nevertheless the use of dc reactors results in additional complexity in the design
and implementation of good performance dc voltage controllers.

6.3.4 Pole-to-Earth Fault

The magnitude of the dc short circuit current in a pole-to-earth fault depends on the grounding
system of the converters. It usually consists in the neutral of the high-voltage transformer of the
wind farm and the dc link midpoint. Initially, an arc generates between the pole and the sheath
of the cable and a ground loop through the sheath and the next grounding point is established.
Later on it is most likely that the arc currents will increase up to the point of destruction of
the cable at the ground fault location. From that moment on, a low ohmic path is established
between the pole and the ground. Here the soil resistivity and ionisation characteristics will
define the fault resistance. This fault resistance cannot be ignored. Thus the equivalent circuit
for the analysis of the initial magnitude of fault current can be drawn as shown in Figure 6.15.

In that way, the expressions for the voltage v′
dc sc and current i′

dc sc of the pole-to-
earth fault equivalent circuit under the initial conditions of v′

dc sc = V0, i′dc sc = I0 are (Jin et al.,
2010a, 2012)

i′dc sc = C′
dv′

dc sc

dt
= A1p1ep1t + A2p2ep2t (6.4)

v′dc sc = A1ep1t + A2ep2t (6.5)

Where p1,2 =
rf +r′

dc

2Ldc
±

√(
rf +r′

dc

2Ldc

)2

− 1
L′

dc
C′ , A1 = 1

p2−p1

(
p2V0 +
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C′

)
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)
.
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Figure 6.15 dc pole-to-earth fault and equivalent circuit.

In this type of fault, the dc capacitor discharges down to a level set by the fault resistance.
Simulations have shown the initial transient current to be up to 11 times the normal dc current
with an initial rise time of 5 ms (Jin et al., 2010a).

6.3.5 HVDC dc Protections: Challenges and Trends

The reason for choosing fast HVDC CBs instead of their ac counterpart comes from the need for
a fast interruption of the faulted currents in order to avoid the damage of the freewheel diode of
the IGBT (Jovcic et al., 2011). The ac CBs are not fast enough to protect the IGBT (up to now,
the minimum tripping time for the fastest ac CBs is around 20 ms). When electromechanical
dc CBs (combined with a parallel commutation circuit and a parallel arrester), are used, it is
necessary to produce an oscillation of the dc current which facilitates the arc extinction between
the main contacts once a zero-cross point of the fault current occurs. However, such a process
requires around 10–20 ms which is not fast enough for protecting the IGBT (Jovcic et al., 2011).
Current investigations are focusing on the research and development of solid-state dc breakers
where the switching time can be as low as a few microseconds (Jovcic et al., 2011 ). However,
this technology still requires improvement and a reduction in cost. There are proposals in the
open literature which focus on using special semiconductor materials for designing the CBs
for the HVDC. Some propose the use of other power electronic based solutions like the hybrid
configurations consisting of solid-state CB and a fast dc switch (Franck, 2011). A hybrid
HVDC CB which consists of a semiconductor-based load commutation switch connected in
series with a fast mechanical switch and a dc reactor, able to interrupt a major dc fault current
within 5 ms has also been reported (Callavik et al., 2012).

6.3.6 Simulation Studies of Faults in the dc Transmission Line of an
Offshore DFIG Wind Farm

When the VSC experiences a dc fault, the voltage in the dc link quickly decreases, according to
the type of fault; in any case large currents will circulate through the anti-parallel freewheeling
diodes of each IGBT valve. When these over currents are detected, the IGBT valves are
immediately blocked, and ideally, a pair of fast dc CBs will isolate the faulted cable before the
transient currents damage the diodes of the IGBTs. The blocking of the IGBTs leads to a total
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loss of the voltage reference to the wind farm. A sudden loss of the voltage reference, just as in
the occurrence of a three-phase fault, causes the largest transient currents in the stator windings
of each DFIG of the wind farm. The transient is, in turn, induces large transient currents to the
rotor windings, which are large enough to trigger the crowbar protection. This implies leaving
the speed and the reactive power consumption of the wind turbine uncontrolled for a period
of time.

As explained in Chapter 2 the induction machine requires a voltage reference at its terminals
to produce Te. If this is not available all the incoming Tmech from the wind will turn into kinetic
energy, speeding up the rotor of the machine at the highest speed rate-of-change. If the slip
speed of the IM increments beyond a critical stability point, the machine runs away and Te
collapses permanently. In order to avoid reaching the rotor speed critical stable point, the
crowbar protection allows a large over speeding of the IM. However the higher 𝜔r is, when
the ac voltage is restored, the larger the steady-state currents induced in the rotor windings
will be and thus larger voltages are needed to control them.

When 𝜔r is above the synchronous speed, active power is generated in the rotor windings
which goes into the RSC and is then delivered to the grid by the GSC. The fundamental aspect
for achieving a successful fault ride-through is the capability of the RSC of the DFIG to control
𝜔r after the crowbar protection is deactivated. This capacity is, however, limited by the power
rating of the converter.

Figure 6.16 shows a single-line diagram of a DFIG wind turbine connected to a multi-
terminal HVDC network. This network is used to analyse the behaviour of the DFIG during a
pole-to-pole fault happening near the VSC-HVDC station 2 at t = 17s.

One millisecond after the inception of the fault, a blocking signal is sent to the IGBTs of
the three VSC-HVDC stations forcing them to be in off state. After 5 ms fast HVDC CBs
isolate the faulted poles and prevent the transient dc currents from damaging the freewheeling
diodes of the VSC-HVDC converter. Finally, after 200 ms, the dc voltage level of the HVDC
network recovers and the blocking signal is removed from the IGBTs of stations 1 and 3.
The power exchange between the DFIG wind farm and the ac grid is restored. The results of
the simulation are presented in Figures 6.17 and 6.18. Figure 6.18 is a more detailed view of
Figure 6.17 centred on the period 16.9 to 18 seconds.

As shown in Figures 6.17a and 6.18a, the grid voltage collapses almost immediately after
the fault occurrence. Here the transient currents of the stator are similar to those of a three-
phase fault near the stator terminals, as shown in Figures 6.17b and 6.18b. The magnitude
of the transient rotor currents induced during the fault period are large enough to increase

DFIG WT

Load

31

2ac grid

Figure 6.16 Multi-terminal VSC-HVDC network for a pole-to-pole fault case of study.
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Figure 6.17 Simulation results of a DFIG wind turbine under a pole-to-pole dc fault.

abruptly the dc voltage level of the B2B converter before the crowbar protection disconnects
the RSC from the rotor circuit (Figures 6.17f and 6.18f). The dc voltage level of the B2B
converter remains above its reference value during all the fault period; this is due to the total
inability of the GSC to deliver any energy to the DFIG ac grid. Because of this, the crowbar
protection remains active during the fault period, and no voltage is injected to the rotor circuit
(Figures 6.17c and 6.18c). The initial transient stator and rotor currents create a transient peak
of Te that slows down the rotor speed just after the fault occurrence (Figures 6.17d and 6.18d).
When the dc fault is cleared, the transient currents create a Te peak that affects 𝜔r and keeps
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Figure 6.18 Simulation results of a DFIG wind turbine under a pole-to-pole dc fault zoomed around
the period between 16.9 to 17.3 seconds.

the crowbar protection active for an extended period of time. However, once the dc fault is
cleared and the VSC-HVDC converter connected to the DFIG starts generating ac voltage
again, the GSC is able to control the dc voltage level in the B2B converter.

Even with the extended period of time that the crowbar protection is active during the dc
fault, the DFIG eventually manages to regain control of its variables after the VSC-HVDC
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converter restores the voltage reference in the wind farm grid because the rotor speed did not
reach a level beyond the control capacity of the B2B converter. Thus, as a result of using fast
HVDC CBs the fault ride-through of the DFIG wind turbine was successful.
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7
Emerging Technologies for
Offshore Wind Integration

7.1 Wind Turbine Advanced Control for Load Mitigation

Both generator and pitch control have enabled greater power regulation and lighter blade
construction due to a lower load spectrum and a lighter gearbox (as a consequence of the
reduction in torque peaks). Difficulties arise in turbulent winds when excessive loading occurs,
which causes premature wear on turbine components. Limitations in current technology to
mitigate more efficiently these excessive loads have led the research to new wind turbine con-
trol approaches (Bossanyi, 2000; Johnson et al., 2008; Wright and Fingersh, 2008; Leithead
et al., 2009).

Controllers for load mitigation in large commercial wind turbines are typically designed
using classical control techniques such as PI control. A loop is often added to the generator
torque control below-rated wind speed to actively damp the drive train torsion mode of the
turbine. To actively damp the tower fore-aft motion a single-input single-output (SISO) control
loop is implemented into the pitch control above-rated wind speed.

7.1.1 Blade Pitch Control

Another way to mitigate turbine loads is through individual pitch control (IPC) (Bossanyi,
2005; Johnson et al., 2008). With IPC each blade is pitched independently and both classical
control and multivariable control may be used. Classical control methods use multiple control
loops to add active damping to several flexible turbine modes or to minimise the effects
of asymmetric wind variations. These controls must be designed with great care to avoid
loop interactions that may cause turbine instability (especially as turbines become larger
and more flexible, and the degree of coupling between individual control loops increases)
(Leithead et al., 2003; Dominguez and Leithead, 2006). Advanced multi-input multi-output
(MIMO) multivariable control design methods can be used to meet these objectives using
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all the available actuators and sensors in a reduced number of control loops and maximising
load alleviation. Cyclic pitch control is another advanced technique that varies the blade pitch
angles with a phase shift of 120◦ to alleviate the load variations caused by rotor tilt and
yaw errors.

There are three concerns when considering individual pitch control: first, the entire blade
must still be pitched; second, the pitching mechanism may be unable to act fast enough to
relieve the oscillating loads due to wind gusts; third, there is a concern that individual blade
pitch will result in over-use of the pitching mechanism. It is important to design turbines to
use individual pitch from the start; retrofitting current turbines with individual pitch control
will lead to premature failure of the pitch mechanism due to the resulting high duty cycle.
Challenges with implementation include response time requirements to counter load pertur-
bations, the need for larger pitch motors, and the power required to operate the system under
a new control strategy.

7.1.2 Blade Twist Control

One concept for controlling fatigue loads on a wind turbine blade is to use passive blade
bend-twist coupling (Johnson et al., 2008). The aero-elastic tailored blade is designed so
that the twist distribution changes as the blade bends due to aerodynamic loads. This is now
possible through the advent of composite materials, which can be implemented in a deliberate
fashion to control flap-twist. The transient loads due to wind gusts theoretically could be
reduced because the blade would twist towards lower angles of attack, thereby mitigating the
loads and potentially reducing pitch activity as well. Some of the challenges with this concept
include reduced energy capture, higher costs, and blade integrity issues. First, reduced energy
capture may occur due to altering a blade that is designed for optimum energy capture at rated
speed by causing it to twist. Second, higher costs associated with material and manufacturing
techniques may make the concept uneconomical. Third, the fabrication technique may lead
to decreased stiffness and additional material may be required to counteract additional blade
deflection.

7.1.3 Variable Diameter Rotor

Variable diameter rotors operate by extending/retracting a tip blade out of a root blade to
increase/decrease the diameter (Johnson et al., 2008). This concept is capable of improving
energy capture in low wind speeds and reducing loads on the rotor in high wind conditions.
During low wind speed, a large rotor diameter provides more capture area, which results in
larger aerodynamic loads and an increase in energy capture. However, this operation generates
larger blade root and tower base bending loads. In higher wind speeds, the rotor diameter can
be decreased to avoid excessive loads. The tip blade would extend and retract independently
of the pitching mechanism and it would respond to gross changes in the wind speed; the pitch
control would still be used to regulate power. The variable diameter rotor has the potential
for increasing energy production for a given load spectrum. Some engineering challenges that
need addressing to make this turbine concept successful include complex control strategies,
the need to maintain a high aerodynamic efficiency, increased blade weight, and general issues
with durability and reliability of the system as a whole.
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7.1.4 Active Flow Control

Active Flow Control (AFC) is the control of the local airflow surrounding the blade (Johnson
et al., 2008). The purpose of flow control is often to improve the aerodynamic performance
of an aerofoil or lifting surface. However, for utility-scale wind turbines the main focus is to
reduce extreme loads, which occur during high wind activity, and to mitigate fatigue loads,
which vary along a blade and can occur randomly. To do this, active load control devices
or ‘smart’ devices must include actuators and sensors located along the span of the blade.
The system must be able to sense changes in the local flow conditions and respond quickly to
counter any negative impact on blade loading. This arrangement provides active ‘smart’ control
over the rotor. By definition, a smart structure involves distributed actuators and sensors and
one or more microprocessors that analyse the responses from the sensors and use integrated
control theory to command the actuators to apply localised strains/displacements to alter
system response. Numerous investigations on the use of AFC devices show that significant
load reduction is possible.

7.2 Converter Interface Arrangements and Collector Design

To gain understanding on how wind turbine generator technology may influence control
approaches, it is necessary to consider the electrical system as a whole, that is, the turbine
topology (converter interface arrangement), wind farm collector, and the offshore transmission
type (e.g. ac or dc). Two cases are discussed next in the context of the converter interface
arrangement and location (Parker and Anaya-Lara, 2011, 2012, 2013).

7.2.1 Converters on Turbine

7.2.1.1 Ac String

The conventional ac string arrangement is shown in Figure 7.1. Turbines feature a squirrel-cage
induction generator (SCIG), or a permanent magnet generator (PMG) connected to a fully-
rated converter, or alternatively a doubly-fed induction generator (DFIG) and partially-rated
converter. The output of the converter is stepped up to the collection network voltage and the
turbines are connected together in strings. The number of turbines on a string is determined
by the ratings of both the turbine and the cable being used. Voltage is limited by water-treeing
effect with wet insulation cables, while dry insulation cables with a lead sheath around the
insulation would be too expensive. A higher voltage also requires a higher voltage rating for
the transformer, which increases the cost and size. Available current ratings are also limited;
this is because the skin depth of the ac current means that conductors with larger areas will
be less effective. For this reason, the cost of ac cables tends to increase exponentially with
current capacity.

7.2.1.2 Dc String

An arrangement using dc in the collection strings is shown in Figure 7.2. In this system,
the turbines output a dc voltage, which is then stepped up to the transmission voltage at the
collection platform. In most studies, the turbine produces a voltage of around 40–50 kV dc,
which requires an ac-dc converter capable of producing such a voltage, featuring many
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Figure 7.1 Conventional ac strings (Parker and Anaya-Lara, 2013).

switching devices in series, or a lower voltage ac-dc converter and step-up dc-dc converter. A
solution involving a lower voltage converter and a dc voltage of 5 kV is also possible, which
has the advantage of eliminating the turbine transformer and using a conventional 3.3 kV
three-level converter. However, the currents in the strings will be extremely high, requiring
thick cable and leading to high losses. Dc systems are attractive because they could reduce
the number of conversion steps between ac and dc; however, converters with a voltage boost
ratio will require a transformer, requiring conversion to ac and back.
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Figure 7.2 Dc strings connection.
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As dc cables do not suffer from water-treeing degradation, higher voltages could be used
without needing dry-insulation cables; furthermore, the current in a dc cable can use the entire
surface area of the conductor. The implication of this is that the cable cost will increase
linearly with current capacity rather than exponentially as with ac. Because of these factors, it
could be possible to implement longer turbine strings much more cheaply with dc than with
ac collection. However, this is difficult to quantify as currently there are no commercially
available cables with the required configuration and voltage rating (previous studies of the
cable cost have extrapolated the cost for multi-core dc collection cables from the costs for
single-core HVDC transmission cables with a significantly higher voltage rating).

Another issue with dc collection networks is with fault protection: due to the fact that the
current does not continually reverse as with ac, the switching arc will not be automatically
extinguished when the current reverses following a circuit breaker being opened. Various dc
circuit breaker designs have been proposed, but these become increasingly expensive at higher
voltage ratings. Dc collection and transmission networks have been designed considering the
use of power converters which are capable of stepping down the voltage as well as stepping
up, and these can be used to limit the fault current, but at the cost of extra complexity.

7.2.1.3 Dc Series

An alternative dc collection architecture is to use series dc connection of the turbines as shown
in Figure 7.3. Here the dc outputs of the turbines are connected in series, and the turbines
connected in a loop. This allows the high collection voltage to be achieved without using
high voltage converters, although the wind generator converter would need to be isolated with
respect to ground. An isolation transformer would need to be used, or a generator capable of
handling a high voltage offset. Another option is to use a transformer-isolated converter in the
turbine, where the high-voltage side of the converter only consists of a passive diode rectifier,
which is much easier to isolate.

Collector
Platform

ac

dc

3.3 kV

5 kV dc
dc

dc

50 kV dc

±300 kV dc

Gearbox

Figure 7.3 Series dc connection.
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This arrangement could reduce the cable costs because it only uses a single-core cable loop,
although there is no scope to taper the current rating of the cable. In the event of a turbine fault,
the faulty turbine could be bypassed using a mechanical switch; however, any cable faults will
mean that none of the turbines on the loop would be able to export power.

A related idea is to increase the turbine output voltage and the length of the strings so that
the full transmission voltage is produced, eliminating the need for the collection platform.
This system has been shown to have the lowest losses due to the high collection network
voltage, and the lowest cost due to the elimination of the collection platform. Several strings
could be used in parallel to increase fault tolerance. The disadvantage of this system is that
the transformer and converter in the turbine must be capable of isolating the full transmission
voltage, and high voltage transformers with a low enough power rating are not commercially
available.

7.2.2 Converters on Platform

7.2.2.1 Ac Cluster

An increasingly popular idea is connecting turbines with fixed-speed induction generators to
a variable-frequency ac collection grid, with strings of turbines being connected through a
single converter. This places the converters on the collection platform, allowing them to be
more easily repaired in the event of a fault, and a single large converter could potentially
be cheaper than several small ones. An ac or dc collection system could be used within the
collection platform as shown in Figure 7.4.

The speed of all the turbines in the string can be varied together to track the maximum
power point for the current wind speed, but speed control over the individual turbines is lost.
The speed of each turbine will be able to vary by a small amount relative to the others due
to the slip of the induction generator, with an increase in turbine speed leading to an increase
in slip and an increase in torque. Depending on the number of turbines connected to each
converter, this will result in a reduction in the amount of power extracted.
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Figure 7.4 Cluster ac connection.
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Figure 7.5 Parallel dc cluster collection.

This system could also have an impact on the drive train loads experienced by the turbines:
a turbine experiencing a gust would not be able to speed up to absorb the excess power, leading
to a high transient torque, putting strain on the drive train and blade roots. Research on the
reliability of turbines in service has shown that the transition to variable speed turbines has
reduced the level of blade failure compared with fixed-speed turbines.

7.2.2.2 Parallel dc Cluster

This method, shown in Figure 7.5, uses a permanent magnet generator and passive rectifier in
the turbine, with a dc-dc converter for each string of turbines. The speed of the turbine will
be determined by the dc voltage of the string; thus, the system will behave in a similar way to
the ac cluster connection system described previously, with similar issues of drive-train torque
transients during gusts. It is considered that the passive filter will have considerably greater
reliability than an active converter.

For a given dc voltage, the amount of possible speed variation of the turbine will depend
on the generator inductance, with a higher inductance giving a greater variation in speed.
The passive rectifier is unable to supply the generator with reactive power; if the generator
inductance is too high as well, the maximum torque will be reduced. Inductance is typically
much higher in low speed machines, found in direct-drive turbines; in these cases, capacitors
can be used between the generator and rectifier to supply the reactive power requirements.
The main advantage of dc over ac clustering is the greater efficiency of the permanent-magnet
generator, compared with the induction generator used in the ac system. The greater current
and voltage capability of the dc cables could also lead to larger cluster sizes and a reduction in
cable cost; however, this could also reduce the power capture. A dc system could also reduce
the number of conversion steps, increasing efficiency.

7.2.2.3 Series dc Cluster

A variation of the parallel cluster arrangement is to connect the turbines in series in a loop, with
each loop controlled by a single converter, as shown in Figure 7.6. In this case, the converter
will control the current within the loop, which will determine the generator torque within the
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Figure 7.6 Series dc cluster connection.

turbine and will be much more analogous to the conventional turbine control method. As the
turbine speeds will be capable of varying individually, transient torque spikes should not be a
problem. This emerging connection method is in its initial stage of investigation.

7.2.3 Ac Collection Options: Fixed or Variable Frequency

Ac fixed-frequency operation of the offshore network is normal practice and possible with
both synchronous (HVAC) and asynchronous (HVDC) connection of the offshore wind farm.
Ac variable frequency operation at the collection network would be cost-effective only when
the wind farm is connected to the grid through a HVDC transmission system (Hyttinen and
Bentzen, 2002; Jovcic, 2006; Jovcic and Milanovic, 2006; Feltes and Erlich, 2007). This is
because the offshore HVDC rectifier can control the offshore frequency independently from
the onshore grid, whereas for a synchronous ac transmission link an additional ac-ac or ac-dc-
ac conversion system would need to be installed. Examples of wind farm configurations using
dc collection as proposed in the literature are described next (Lundberg, 2003; Meyer et al.,
2007).

7.2.3.1 Examples of Variable-Frequency Collection Configurations

The use of variable frequency operation in the collection network with DFIGs and a HVDC
transmission link pursue one of the following objectives (Feltes and Erlich, 2007):

� Reduce the rating of DFIG converters.
� Extend the speed range to maximise the power capture without increasing the rating of the

DFIG converters.

A multi-terminal configuration based on VSC-HVDC transmission that allows variable fre-
quency operation in the offshore collection network is under investigation (Jovcic, 2006). The
proposal is similar to the collecting network configuration in (Jovcic and Milanovic, 2006)
but with a multi-terminal HVDC link based on current source converters that use forced-
commutated devices such as IGBTs. In the latter arrangement, the generator transformers are
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not needed to step up the voltage to transmission level because the current source convert-
ers are connected in series. In both schemes, no additional converters are required at each
WTG terminal, and 2MW permanent magnet generators are synchronised together in a group
connected to a centralised converter and all are operating at the same speed.

A wind turbine topology that allows variable frequency operation with squirrel-cage induc-
tion generator over a wide range of operating conditions is also under investigation (Meier
et al., 2004a, 2004b; Meir, 2005; Meyer et al., 2007). The topology replaces the fully-rated
back-to-back converter with a single stage cyclo-converter to decouple the frequency at the
offshore substation from the wind turbine side. The scheme has the following features and
potential advantages:

� The 50 Hz three-phase transformers within each wind turbine generator and at offshore
substations are replaced by medium frequency (400–500 Hz) single-phase transformers.
The transformer insulation must be designed to cope with increased voltage stress, and
high dv/dt resulting from step changes in the voltage due to the snubber capacitors of the
converter.

� Since only a single-phase converter is required at the offshore substation instead of a three-
phase converter, the number of series-connected devices required decreases significantly
resulting in significant reduction in cost, conduction and switching losses.

� Soft switching of the cyclo-converter and offshore converter of the VSC-HVDC reduces the
switching losses significantly.

� The use of thyristors rather than IGBTs in the cyclo-converter reduces the power loss
and cost.

7.2.3.2 Ac Variable-Frequency Collection Evaluation

Variable-frequency operation at the offshore collection network in conjunction with a HVDC
transmission link and WTGs of the DFIG type can maximise the power extraction and reduce
the overall wind farm cost according to reference (Feltes and Erlich, 2007). However, the
consequences of having variable frequency at the offshore network regarding switchgear
and protection, transformer operation, voltage and current rating of the equipment located
at the offshore network need to be thoroughly investigated. Standard power transformers are
designed for a specific frequency of operation (50 Hz or 60 Hz), and the normal tolerance of
frequency variation is around +5%, that is, for a 50 Hz unit, limits of 47.5 to 52.5 Hz. For
a lower frequency design of transformer, a larger core would be needed in order to maintain
the required voltage ratio for a specific current rating and a reasonable flux density avoiding
saturation. However, this can be overcome by reducing the voltage in proportion to a reduction
in frequency. Another aspect to be investigated is how the reactive power flow through the
transformers and cables changes with variable frequency.

Operating VSC-HVDC at variable frequency has been demonstrated practically in the gas
platform Troll A (Hyttinen and Bentzen, 2002). In that application, the need for variable-
frequency operation by the VSC-HVDC inverter is clear: to control the speed of an induction
motor. For an offshore wind farm on the other hand, variable frequency can be beneficial for the
generator rotor only, but further research is required to assess whether it is more economical
to achieve this locally at each individual generator than at a collector level.
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7.2.4 Evaluation of >Higher (>33 kV) Collection Voltage

As wind farms and turbines have increased in power capacity, the collection voltage levels have
increased from typically 11 to 33 kV. The usage of 48 or 66 kV cables to connect wind turbines
to the onshore grid via 48/132 or 66/132 kV transformer onshore, instead of using a 132 kV
submarine cable and a 33/132 kV transformer offshore, is being investigated (McDermott,
2009). The study shows that stepping up the voltage from 33 to 132 kV offshore is most
economical for greater distance (>25 km); this is because the cost of the offshore substation
is then less significant compared to the cable costs, coupled with the fact that the losses are
much more reduced.

Another reason for using higher voltage collection cables is that they can bring the benefit
of needing less cable strings in collection networks for large offshore wind farms (>300 MW);
this is because each cable has a higher capacity. This may become a particularly attractive
solution for ever-increasing wind turbine sizes. For example, with present designs of 33 kV
cables, it would only be possible to connect up to four 8 MW wind turbines per cable string;
however, in the London Array, up to nine 3.6 MW wind turbines are connected to one string.
Higher voltages also reduce fault levels for a given MVA generation. In addition, Ohmic
losses would be less. The exact overall losses, however, are design specific, which requires
special consideration on a case-by-case basis. In addition, since higher voltages offer a longer
transmission distance, the collection cables can be longer, so fewer offshore ‘sub-transmission’
platforms may be needed. These were introduced for example in the 400 MW VSC-HVDC
linking the BARD Offshore wind farm to the transmission grid in north Germany, where
the collection voltage is stepped up from 30 to 155 kV on two separate ‘sub-transmission’
platforms. These are linked via 155 kV cables to the offshore 400 MW HVDC substation
(Stendius, 2007) to transmit the power via dc over a distance of 203 km to onshore grid.

The challenges of using voltages higher than 33 kV for the collection network presently are
as follows:

� There is a limited supply of commercially available dry-type transformers that are both rated
above 33 kV, and are capable of stepping up from a suitable generator voltage for example,
3.3 kV. They are also more expensive than the more widely available 33 kV transformers. It
has been suggested that a 66 kV transformer is about double the price of a 33 kV transformer
and weighs 42% more for the same MVA rating. Oil-filled transformers at the wind turbines
are undesirable because of the risk of a spillage at sea, which poses an environmental threat.

� Collection cables at 33 kV and below can be of the ‘wet design’, which do not require
metallic moisture barriers surrounding the cable as an outer sheathing layer or around the
insulated core(s). The sheathing/bedding layer(s) are made from polypropylene (or jute)
string/rope. Seawater fills the empty spaces inside the cable, making direct contact with the
outside of the insulated core(s). Higher voltage submarine cables presently available are of
the ‘dry design’ which use a lead sheath as a water barrier. Their drawbacks are as follows:
the increased cable capital cost; the potentially higher installation cost due to the additional
weight; and the possibility of lead sheath fatigue failure if movement or vibration occurs
(Wald et al., 2009).

For a specific project, a thorough cost-benefit study is required to make an informed decision
on whether to opt for 33 kV or higher voltage collection cables because the impact on the
overall wind farm design may be profound.
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7.3 Dc Transmission Protection

The protection of a multi-terminal system is a major problem, especially during a fault in
the dc network. The VSC-HVDC system copes well with ac faults with appropriate control
and protection methods; however, it is vulnerable to faults occurring in the dc link, and this
has limited its practical application in, for example, multi-terminal networks during the last
decade. The technology gap in isolation mechanisms of the dc fault and the absence of reliable
dc breakers is a real problem facing multi-terminal dc operation. When a short circuit occurs
between the dc link conductors, the capacitors rapidly discharge into the fault point circulating
excessive dc fault current (Figure 7.7). With the absence of the zero crossing point and the
excessive fault current, no dc circuit breaker has been manufactured to handle the dc link fault.
Power electronic converters are very sensitive to the overload current and cannot withstand
the excessive fault current (Mesut and Nikhil, 2007). A reliable protection system capable of
detecting the fault location and terminating the fault is required to maintain system stability
during dc faults. The dc fault could be cleared using ac circuit breakers associated with
power converter blocking; however, this would require all terminals to be isolated, resulting
in complete shut-down of the dc system (Hertem and Ghandhari, 2010; Adam et al., 2010).

Several approaches are introduced to address the clearing of the dc fault. Ac circuit breakers
can be used to eliminate the fault in the dc network. Existing VSC-HVDC systems activate the
ac breakers placed on the ac networks to isolate the dc network until the fault is extinguished.
Power electronic converters are blocked during the isolation to speed up the clearance time.
After fault clearance, the dc system is reconnected again and the converters are unblocked
gradually with a ramp function (Livermore et al., 2010). For the permanent faults, the faulty
dc cable is totally removed from the dc network.

IGBT circuit breakers placed between each of the converter terminal capacitors and the dc
network buses are used to protect the dc network against dc network faults (Lianxiang and
Boon-Teck, 2002). The limitation of this approach is the unidirectional capability of the IGBT
circuit breaker. When the fault occurs on the converter side, the IGBT-CB is blocked-in and
no power flows into the dc network until the fault is extinguished. If the fault occurs in the dc
network side, the fault current flows into the VSCs through the anti-parallel diodes (Figure 7.8).
In this case, the blocking of the IGBT-CB is associated with the blocking of the VSCs. The
IGBT-CBs have the same rating of the VSC and this increases transmission system losses.

New technology is currently being introduced which is capable of addressing the dc fault
issues. In the two-switch modular multilevel converter (see Appendix A), the current magnitude
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Figure 7.7 Fault in the dc link of a VSC-HVDC system.
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Figure 7.8 IGBT-circuit breakers.

that the converter switched may experience during a dc fault is significantly reduced due to
the absence of the dc link capacitors (Adam et al., 2010).

7.4 Energy Storage Systems (EESs)

Energy storage systems (ESS) can mitigate issues associated with the high penetration of wind
energy such as inadequate control over generation and low power quality. In addition, ESS
can potentially provide voltage and frequency regulation services. The optimal location of the
ESS depends on its purpose. The main applications of energy storage systems are (Aten et al.,
2006; Jim E. et al., 2007; Ali N. et al., 2007; Makarov et al., 2008; Power Beacon, 2009;
Matthew and Alex, 2010; Alex, 2003):

1. Power quality: In such applications, the stored energy is applied for only a short period of
time in the order of seconds or less to assure continuity of quality power.

2. Bridging Power: Here the stored energy is used to balance power demand and generation
over time scales in the order of seconds to minutes. The ESS can be located anywhere in
the grid where adequate network capacity exists.

3. Energy Management: Stored energy in these applications is used to decouple the timing
of generation and consumption of electric energy over longer time scales that is, hours.
A typical application is load levelling (balancing). If an ESS is located at the PCC, then
the power generated from a wind farm can be stored at times when a local line in the
grid would otherwise get thermally overloaded, unless the wind power is spilled. Another
possible application would be to locate the ESS offshore to peak shave wind generation,
thereby minimising the rating of an export cable.

Most energy storage technologies still have considerable disadvantages such as high cost,
low efficiency and size, which make their practical applications limited; however, they may
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be gradually improved by further R&D efforts. The main energy storage technologies are
discussed below (Jim E. et al., 2007 Ali N. et al., 2007; Makarov et al., 2008).

7.4.1 Batteries

Batteries used for relatively small storage systems are nickel-cadmium (Ni-Cd), nickel-metal
hydride (Ni-MH), lead acid (Pb acid), Sodium-Sulfur (Na-S) and Na-NiCl2 (Zebra) and
Lithium-ion (Li-ion). All these batteries, however, require major technological advances before
they can be scaled up economically for the purpose of balancing the variable power generated
from large offshore wind farms. A more promising usage for them in the short term is to
provide auxiliary power to the wind turbine generators and offshore substation components
(switchgear, transformers, converters and control equipment).

7.4.2 Super-Capacitors

Super-capacitors, also known as ultra-capacitors, offer higher capacitance and higher energy
density compared to conventional capacitors. Their energy density is still much lower than
that of batteries, but their power density is much higher. Compared with batteries, super-
capacitors can also be charged and discharged with much higher currents and for many more
cycles, without compromising their life-time. Whereas some super-capacitor technologies use
electrolytes that are safe and not harmful to the environment, others are highly flammable and
toxic. One major drawback of super-capacitors is that their energy stored is proportional to
the voltage squared, which means that the voltage drops as more energy is taken out, requiring
an increase in current to maintain a constant power export. This means that the extractable
energy and power from the energy storage system may be a compromise, unless the current
rating of the power electronic interfaces (dc-dc or dc-ac) could be increased, adding to its
cost. Another drawback of super-capacitors is that they are made up of many low voltage
(<3 V) cells and serial connections are needed to create higher voltages. This requires voltage-
balancing circuits adding to the complexity, reducing the reliability and increasing the no-load
losses. In addition, self-discharge rates are considerably higher than that of an electrochemical
battery.

7.4.3 Flywheel Storage System

Flywheel-based energy storage systems, unlike batteries, are sustainable technology solutions
that do not use hazardous materials in their construction, nor create them during operation.
They are suitable for high power applications, but their energy density is relatively low.
Despite higher initial costs, it is claimed that flywheels offer a cost-effective long-term and
reliable energy storage alternative (Alex, 2003; Makarov et al., 2008; Beacon Power, 2009;
Matthew and Alex, 2010). There are already some commercial products designed specifically
for frequency regulation. The viability of employing large-scale flywheels will depend on how
the capital investment costs compare with the market to provide frequency regulation in the
future. More R&D work is required to achieve improved efficiency, higher energy density and
lower cost.



206 Offshore Wind Energy Generation

7.4.4 Pumped-Hydro Storage

Although this is not an emerging technology, the role that pumped-hydro storage plays within
future power systems will almost certainly evolve as requirements for mitigating the impact
of wind variability grow. Conventional pumped-hydro uses two separate water reservoirs at
different heights. During off-peak hours (when the generation exceeds the demand), water is
pumped from the lower reservoir to the upper reservoir. During the peak hours where more
power is required, the water flow is reversed to generate electricity. Pumped-hydro is available
at almost any scale with discharge times ranging from several hours to a few days. Their
efficiency is in the 70 to 85% range. Pumped-hydro storage plants are characterized by long
construction times and high capital expenditure. Pumped-hydro storage is the most widespread
energy storage system in use on power networks. In the context of variable energy sources
such as wind power, its main applications are energy management, frequency control and
provision of reserve (Toshiya and Akira, 1994; Makarov, 2008). The main drawback is that
sites are limited since pumped-hydro storage requires large reservoirs in mountainous areas,
which may be far from generation and demand.

7.4.5 Compressed-Air Storage Systems

Compressed-air storage technology has received significant attention recently as a means to
address the variability problems with wind power. When surplus energy is available during
off-peak periods, it is used to run air compressors and store compressed air in the storage tank.
When electricity is needed during peak hours, the compressed air is used to generate electricity
through conventional gas turbines. The first compressed air storage power station has been
in operation since 1978 with a capacity of 290 MW located in Bremen, Germany, capable of
delivering full output power for up to 4 hours (Lemofouet and Rufer, 2006; Swider, 2007).
Compressed-air is usually stored in artificial salt caverns underground made by dissolving
salt from strata of rock salt at least 100m thick and several hundred meters underground.
Consequently, this method is limited to locations where there are large amounts of suitable
rock salt underground.

7.4.6 Superconducting Magnetic Energy Storage (SMES)

SMES technology exploits the fundamental property of a superconductor having negligible
resistance to electrical current to store energy in a superconducting coil in the form of a
magnetic field that can be created by a flow of current. A typical SMES system includes three
parts: a superconducting coil, a power conditioning system and a cooling system to maintain the
superconducting temperature below its critical value. Once the superconducting coil is charged,
the current will not decay and the magnetic energy can be stored indefinitely. The stored energy
can be released back to the network by discharging the coil. The power conditioning system
uses a power electronic interface such as an inverter/rectifier to allow power exchange between
the superconducting storage system and the power network. The inverter/rectifier accounts for
about 2–3% energy loss in each direction. Therefore, superconducting energy storage systems
are highly efficient devices with round-trip efficiency greater than 95%. The use of SMES
systems is limited to power quality applications due to their high cost, and their relatively low
energy storage capacity (Luongo, 1996; Baev et al., 2007).
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7.5 Fault Current Limiters (FCLs)

Development of medium- and high-voltage fault-current limiters can contribute to reduce
fault levels at the collection network of large-scale wind farms. It may also facilitate the
connection of large offshore/onshore wind farms to high-voltage networks without the need
for replacement of the existing switchgear at the point of common coupling (PCC) (Martin
and Claus, 2004; Brian et al., 2007). Fault-current limiters may provide a cost-effective
solution if there is a problem of excessive fault levels, and if they are cheaper than the cost of
higher rated switchgear that would otherwise be needed due to excessive fault levels. Fault-
current limiters are also an enabling technology that could allow increased load, generation or
increased paralleling of feeders, which would otherwise not be possible due to limitations of the
rating of available switchgear. The most common types of fault-current limiters are reactors,
and high-impedance transformers. Other devices being developed are solid-state fault-current
limiter circuit breakers and high-temperature superconducting fault-current limiters, but these
are not commercially available yet. Superconducting fault-current limiters are designed to
decrease fault levels by inserting impedance into the circuit only in the event of a fault,
without adding impedance to the circuit during normal operation. This is achieved by the fact
that the superconductor switches to a non-superconducting state when the current through the
superconductor exceeds a critical value.

7.6 Sub-Sea Substations

Platform-based substations are used at present for the connection of offshore wind farms. As
deep waters (>40 metres) are explored for the deployment of WTGs and non-fixed devices
for the capture of wave and tidal energy, then subsea substations may become a competitive
alternative to platform-based substations. The technologies for subsea substations have so
far been developed for offshore oil and gas industrial installations. The electricity generation
industry is only recently becoming involved in tidal and wave energy generation. The major
obstacle to using subsea technologies so far are as follows: the high costs; health and safety
risks associated with installation and maintenance; and the fact that most subsea technologies
are still limited in voltage levels. The essential components required for a subsea substation
are briefly reviewed:

� The largest voltage rating of a constructed and tested subsea transformer to date is 50 kV.
Higher voltage levels will be needed for longer transmission links.

� Subsea connectors can be split into two categories: ‘wet mate’, where the physical connec-
tion can be made whilst submerged; and ‘dry mate’, where the connection must be made
above the surface before submerging the connector (Enger and Rocke, 2006). This would
require a ship, platform or similar. A ‘wet mate’ connection cannot be made whilst the
line is energised; however, cables can be connected without regard for water ingress as the
connectors contain a system for ejecting the water from the connection area.

� Wet mate connector designs are far more complicated than dry mate versions and therefore
are more expensive. However, costs may be offset against the simpler cable design and
installation, which does not need to include making the connection to the item of plant
above the surface before lowering both the cable and plant to their subsea positions. Dry
mate and wet mate connectors have been demonstrated up to 33 kV. Future designs are in
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place for dry mate connectors at 145 kV; however, no such plans are in place for wet mate
connectors.

� The oil and gas industries have operational subsea switchgear at 24 kV, which utilise
a magnetic actuator system. The significant benefit of this system is that it is largely
maintenance free. There are proposed designs for 33 kV subsea circuit breakers, but early
indication is that a motorised spring charge actuator system will be used. Such a system
requires periodic maintenance and is therefore not ideal.

7.7 HTSCs, GITs and GILs

7.7.1 HTSCs (High-Temperature Superconducting Cables)

Development of HTS cables may enable large-scale power transmission over long distances
without the need for extra-high voltage. Therefore, it may also facilitate grid connection of
remote large onshore or offshore wind farms using an ac option with reduced power losses.
As high-temperature superconducting cables transmit power with essentially no electrical
resistance, it may enable utilities to increase power-carrying capability of existing power
corridors. This increased capacity is appealing for locations where there are space constraints
for conventional lines or cables. The main benefits of HTS power cables are as follows (Masuda
et al., 2012):

� Current-carrying capability of 3–5 times that of conventional cables.
� Low load power losses.
� Use of environmentally friendly liquid such as nitrogen for cooling.
� No leakage of electro-magnetic field to the outside of the cable resulting in low impedance.
� As power loss is extremely low, HTS cables may eliminate the need for high voltage

(400 kV) and extra high voltage for long transmission distances.

However, HTS cable technology is still at the development stage, extremely expensive and
its reliability is unproven. One further aspect of concern is the requirement to have a cooling
system that would have to be located approximately every 2 to 5 km, which would be very
costly if not impractical for a submarine cable. Moreover, such a cooling system would add to
no-load losses, which offsets the benefit of low load losses.

7.7.2 GITs (Gas-Insulated Transformers)

Gas-insulated transformers (GITs) that use SF6 as an insulator without the need for oil are a
mature technology and are available up to 300 MVA. Their advantages are as follows (Toda,
2002):

� Large power rating in small size. Combined with the switchgear the size of a substation can
be reduced to about a third.

� Non-flammable and non-explosive (safe).
� Higher reliability with simple internal structure.

GITs have been implemented in some niche applications where there are severe space
constraints, for example in big cities. It is therefore logical to consider them for offshore
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substations where space is also at a premium. However, the main drawbacks of GITs are their
high costs and potential environmental issues.

7.7.3 GILs (Gas-Insulated Lines)

Gas-insulated lines (GILs) are composed of pipes that house conductors with SF6 gas used
as the insulator. Although the first GIL was commissioned in 1979, the technology is still at
the demonstration stage and would only be better than conventional cables at powers above
several GWs. Further development of GILs for long distances may improve system efficiency
when used with large-scale wind farms. Since the shunt capacitance of GILs is small, the
problems associated with reactive power are less than in the case of the XLPE submarine
cable. Power losses are low and a high transmission capacity (several GW) can be achieved.
The disadvantages of GILs are the high costs and the use of SF6 gas (Koch and Hillers, 2002).

7.8 Developments in Condition Monitoring

Condition monitoring systems can detect the potential failures of different electrical and
mechanical components of an offshore wind farm; in addition, they are capable of predicting
the mean time to failure and enabling a degree of remote maintenance of the wind farm.
Condition monitoring systems based on Supervisory Control and Data Acquisition (SCADA)
have been used extensively to monitor and to control numerous aspects of the wind farm
operation, such as adjustment of the turbine blade pitch and power output, monitoring the
condition of bearings, vibration of the drive-train, generator winding temperature and recording
switchgear operations.

The applications of condition monitoring for offshore wind farms have increased in the last
decade because of the following reasons:

� It can help to maximise the energy yield from the turbines while minimising operational
and maintenance costs.

� It allows effective system management by remote control and a degree of remote mainte-
nance that may increase the productivity of the wind farm.

In the context of the offshore electrical array system, SCADA also plays a vital role in
monitoring cables, switchgears and transformers at the offshore network to facilitate remote
fault detection and schedule maintenance in order to reduce downtime and increase productivity
(Gardner et al., 1998). With further development and improvement of the current condition
monitoring techniques, it may play a major role in improving system reliability and availability
which can deliver large operational savings in the future (Gardner et al., 1998; Wiggelinkhuizen
et al., 2007; McMillan and Ault, 2008). The next section describes developments in condition
monitoring in more detail for network components.

7.8.1 Partial Discharge Monitoring in HV Cables

The condition of high-voltage cables can be determined by monitoring the level of partial
discharge (PD) activity in the cable. This is of interest to network operators in various coun-
tries, for instance in the UK who have a significant amount of cable approaching the 60-year
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design life of the cable, and need to know how to prioritise cable replacement (Renforth
et al., 2005). Presence of PD can be detected by attaching high-frequency current trans-
formers to the cable, with the discharges appearing as spikes of current. The energy of the
pulse can be determined by integrating the pulse current – this is more accurate than simply
recording the pulse magnitude as the pulse shape will change depending on how far along
the cable the detector is from the pulse location.

It is possible to estimate the remaining lifetime of XLPE cables from analysis of the PD
activity, but this requires a large number of parameters to be measured for each discharge
and complex analysis techniques (Yazdandoust et al., 2008). XLPE cables are designed for a
lifetime of at least 60 years and are tested for partial discharge due to manufacturing defects
before leaving the factory (Bartnikas, 2002). PD monitoring equipment can be easily added to
a cable installation later in its life-time, when the cable is more likely to suffer from age-related
failure. Once the presence of PD is established further equipment can be used to locate the
source of the discharge (Renforth et al., 2005).

7.8.2 Transformer Condition Monitoring

For early failure detection, it is necessary to measure the transformer load current and operating
voltage which will give an indication of overload currents which could damage the windings
mechanically, and over-voltages which would damage the insulation (Tenbohlen et al., 2002).
Measuring the oil temperature and load current allows the transformer hotspot temperature
to be estimated, which determines the rate of insulation degradation. The presence of various
gases in the oil of an oil-filled transformer can also indicate problems with the transformer
(Wang et al., 2002). Gases such as hydrogen (H2), methane (CH4), ethane (C2H6), ethylene
(C2H4), and acetylene (C2H2) indicate a breakdown in the oil caused by overheating, partial
discharge, arcing, sparking, and so on, and the ratios of each gas can be used to determine the
precise cause (Muhamad et al., 2007). Presence of carbon dioxide (CO2) and carbon monoxide
(CO) indicate breakdowns in the paper insulation while presence of oxygen (O2) and nitrogen
(N2) indicates leaks in the system. This has been shown to be the case for both mineral oils
and the newer ester transformer fluids (Dai et al., 2007).

At the most basic level, the health of an on-load tap-changer can be monitored by having the
tap-changer in a separate compartment of the transformer tank, and monitor the temperature
in the compartment. An unusually high temperature in the oil would indicate a degradation
of the tap-changer contacts. Another method has been proposed where the load current of
the tap-changer motor is monitored. Problems with the tap-changer would cause higher peak
currents at various points in the tap-changing sequence, and this has been demonstrated in
simulated faults (Tenbohlen et al., 2000).

Studies on the economics of offshore wind farm condition monitoring have concentrated
on monitoring the turbine systems, particularly the gearbox and generator (Tenbohlen et al.,
2000; Nilsson and Bertling, 2007). A study of the benefits of transformer condition monitoring
used a failure rate of 1.63% a year, based on reliability of 245 and 400 kV transformers in
Germany, along with estimations of the probability of a condition monitoring system detecting
a fault early to estimate the benefits of installing a CM system (Tenbohlen et al., 2002). If
the early detection of a fault means that a transformer can be re-wound at half the cost of a
new transformer, rather than installing a new transformer, a saving of 0.58% of the cost of
the transformer per year could be made. For a CM system with a 10-year life, such a system
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would have to cost less than 5.8% of the transformer cost, and it was found that the cost was
between 1 and 7.4% depending on the installation. This does not take into account the impact
of lost generation while waiting to replace the transformer, which could be considerable in an
offshore installation.

7.8.3 Gas-Insulated Switchgear Condition Monitoring

The insulation effectiveness and breaking capacity of switchgear insulated with sulfur hex-
afluoride (SF6) depends on the density of the gas. An improved gas density sensor based on
micro-machined quartz tuning forks has been proposed, which offers better accuracy than
conventional sensors (Zeisel et al., 2000). The density of the gas varies with temperature in
a complex manner, which depends on the movement of gas and distribution of temperature
inside the circuit breaker. This makes it difficult to detect small leaks of gas until a large quan-
tity of gas has leaked, although complex models have been developed which will accurately
detect small leaks of gas (Graber and Thronicker, 2008).

Presence of partial discharges in the circuit breaker indicate a degradation in the insulation
effectiveness, and can also cause the SF6 to degrade into other substances, some of which are
corrosive and damage components of the circuit breaker. Switching of the circuit breaker will
also cause degradation of the SF6. Analysis of the gas will show the level of degradation and
indicate the cumulative effect of partial discharge and switching, and simple spectrometers
based on the Ion Mobility Spectrometer can be used on site, or installed permanently to
monitor the gas composition (Baumbach and Pilzecker, 2005). The level of partial discharge
can be checked by monitoring the RF radiation in UHF frequencies (Metwally, 2004), which
will also detect partial discharge inside solid insulating materials such as spacers, which
gas analysis and other PD detection methods cannot do. However, it has been suggested
that PD detection cannot detect low level discharges, which can still cause degradation of
the SF6 gas over time, so online PD detection would need to be combined with periodical
gas analysis.

7.8.4 Power Electronics Condition Monitoring

Condition monitoring for power electronics has concentrated on monitoring two compo-
nents: electrolytic capacitors, and switching devices in conventional power modules. Both of
these have been found to be significant sources of converter failure (Lahyani et al., 1998),
but the degradation and failure mechanism for electrolytic capacitors is much better under-
stood. In light of this, capacitor banks can be designed to achieve a desired life-time, given
expected load conditions, and any failures are usually due to unexpected operation condi-
tions, or a capacitor bank which is deliberately undersized to give lower cost with reduced
life-time.

Electrolytic capacitors degrade due to the loss of electrolyte, the rate of which depends on the
temperature inside the capacitor, which depends on the ambient temperature and the capacitor
loading (Harada et al., 1993). The loss of electrolyte leads to an increase in the equivalent
series resistance (ESR) of the capacitor over the life-time, which can be measured. ESR can be
measured using dedicated current and voltage sensors attached to the capacitor bank (Aeloiza
et al., 2005), or can be estimated from the other measurements of current and voltage in the
converter (Lahyani et al., 1998). In the latter case, the ESR estimation would need to be built



212 Offshore Wind Energy Generation

into the control software of the converter. ESR varies with capacitor temperature and ripple
current frequency, and this must be compensated for in software.

Switching devices, such as IGBTs, in conventional power modules usually fail due to one
of two degradation mechanisms: lifting of the bond wires from the surface of the silicon chips
(Held et al., 1997), or void formation in the solder attaching the chips to the copper substrate
(Ratchef et al., 2004). Both of these are fatigue effects and are related to thermal cycling. There
is a small thermal cycling effect from the converter input and output fundamental frequencies,
for example, the generator and grid frequency, and a larger effect from variations in the total
power output of the converter (Sayago et al., 2008).

Condition monitoring of switching devices is relatively immature in wind farm applica-
tions, and many possible methods have been investigated. These can be divided into three
main types:

� Measurements of switching device parameters, which would indicate device degradation.
For instance, bond wire lift-off can be detected by measuring the on-state voltage (Lehmann
et al., 2003; Xiong et al., 2008), and various device parameters can be used to estimate the
junction temperature to calculate the thermal resistance, which indicates the level of void
formation in the solder (Cova and Fantini, 1998; Barlini et al., 2006).

� Embedding sensors in the device package. For instance, additional terminals can be added to
measure the bond wire resistance (Lehmann et al., 2003), or sensors to measure the junction
temperature (Sankaran and Xu, 1996).

� Determining device degradation from changes in the system dynamic performance, for
example, the reaction to certain stimuli (Judkins et al., 2007; Morroni et al., 2007).

The first method requires additional sensors to be installed, and often changes to the
gate drive circuit and control software. The second method requires custom designed power
modules, while the third method requires significant signal processing and detailed knowledge
of how the changes in device parameters will affect the system response.

The trend for higher power fully-rated converters in wind turbines larger than a few MW is
to move towards medium voltage converters (Badrzadeh et al., 2009; Steinke, 2010; Eichler
et al., 2010). These often use press-pack modules which do not suffer from the same failure
modes as conventional power modules (Eichler et al., 2010). While the reliability of the
switching device in an IGCT is claimed to be greater than that of an IGBT (Eichler et al.,
2010), overall reliability is reported to be significantly lower, due to the complexity of the gate
drive circuit (Badrzadeh et al., 2009). Monitoring the health of the gate drive circuit could be
achieved by monitoring the switching time of the switching device (Sankaran and Xu, 1996),
although it would be difficult to accurately calculate the remaining life.

Anecdotal reports on the reliability of fully-rated converters in wind turbines have indi-
cated a high failure rate on the grid side converter. This is believed to be due to unexpected
events leading to the switching devices operating outside their safe operating area, possibly
due to problems with the converter control action, which causes chip-level damage, rather
than through continuous degradation mechanisms. While this is potentially detectable using
condition monitoring apparatus, failure of the device would occur fairly rapidly, giving insuf-
ficient time to replace the device before failure. At best, condition monitoring would allow
the converter to be shut down, preventing the device failure from damaging other parts of
the converter. Furthermore, while failures of the converter and control electronics in a wind
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turbine are significant in number, the resulting downtime is usually small compared with other
components such as the gearbox or generator (McMillan and Ault, 2007).

7.9 Smart Grids for Large-Scale Offshore Wind Integration

The next generation of electrical grids – generation, transmission and distribution – are meant
to achieve the following: operation under the Smart Grid concept; and integrate vast amounts of
variable renewable energy sources. The Smart Grid conceptual model, highlighted as a vision
to deeply modernise the production, delivery and use of electricity worldwide, is characterised
by the bulk use of advanced enabling technologies, controls, algorithms and strategies as well as
high-speed communications and cutting-edge information technology from power generation
to consumption of electrical energy and from the technological and market points of view.

The Smart Grid conceptual model, endorsed by the U.S. National Institute of Standards
and Technology (NIST), and afterwards by the EU, defines seven relevant domains as compo-
nents: bulk generation, transmission, distribution, customers, operations, markets and service
providers. The model also indicates all the communications and energy/electricity interrela-
tions and explores the way a domain, comprised of significant Smart Grid elements, connects
to each other domain through two-way high-speed communications and energy/electricity
paths in order to efficiently deliver sustainable, economic and secure electricity. These domain
connections are the building blocks of the next-to-come intelligent and dynamic power elec-
tricity grid. Figure 7.9 shows the domains of the Smart Grid conceptual model (IEEE Smart
Grid, 2013). Offshore wind energy, as well as onshore, has a participation in the bulk genera-
tion domain of Smart Grids. Each Smart Grid domain is expanded into various layers: (1) the
components (power and energy); (2) communications; (3) IT/computer/information layer; (4)
function layer, and (5) the business layer. Figure 7.10 illustrates layers and domains according
to EU directions (Masera, 2012).

Service providers

Operations

Markets

Customers

Distribution Transmission

Bulk generation

Smart grid concept domains

Figure 7.9 The smart grid concept domains (IEEE Smart Grid, 2013).
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Figure 7.10 Smart grid layers and domains according EU directions (Masera, 2012).

Layers (2) and (3) are enabling infrastructure platforms of layer (1) that make the grid
smarter. The technologies can be grouped into the following key areas (NETL, 2009):

a. Advanced power components: These power system devices have an active role in deter-
mining the operation of the grid by applying the latest achievements in superconductiv-
ity, energy storage and power electronics to produce higher power quality and electri-
cal efficiency, increased reliability, better response to abnormal events and higher power
densities.

b. Advanced controls: New control schemes and algorithms are adapted and tailored to
flexibly control and monitor power system components and its grid interactions as well
as interaction with other components. These advanced controls can also help support the
energy market (pricing for instance), and improve asset management as well as increase
efficient operations.

c. Integrated communications: Two-way communication technologies fully integrated into
the grid and operating at super-speed should convert the conventional grid into a dynamic,
interactive smart one. The architecture should secure networks’ grid components, processes,
customers and operators in their daily interaction.

d. Enhanced interfaces: The use of applications and tools in real-time will allow grid oper-
ators and managers to make successful decisions fast. Decision support and improved
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interfaces will help to perform more accurate and timely decision and data exchange at all
layer levels and domains of the Smart Grid, including the consumer level.

e. Smart sensing and measurement technologies: These elements enhance measurements
and help to convert data into information and surveillance of the network integrity and its
power components, as well as supporting new protective relaying schemes.

There is a significant number of technologies ready applicable to the key areas for imple-
mentation of the Smart Grid concept (NETL, 2009). The anticipated technical and economic
benefits of operational Smart Grids are numerous. For instance, for the grid side point of view,
the benefits are expected to be the improvement in reliability, flexibility and efficiency of the
network. In more detail, the potential benefits in these aspects are as follows:

Reliability: By using smart and state-of-the-art power electronics, communica-
tion and information technologies – that enable real-time communication and
the exchange of data between generation, transmission and distribution, and con-
sumers – it may be possible to automatise a system of decisions to protect the
system.

Flexibility: As the flexibility in operation of the transmission and distribution
grids increases, the opportunity for the grid operator to better do business also
increases. On these grounds, a variety of demand side management technolo-
gies and diversified types of generation can all be provided by Smart Grid tech-
nologies, which can help achieve the reliability, environmental and economic
targets.

Efficiency: The transmission grid operates with a very high overall level of
efficiency relative to the total overall power system losses. In contrast, the
efficiency of distribution grids and the generation sector is lower. For the effi-
cient integration of distributed generators, the structure of both transmission and
distribution grids has to be changed. Next-generation of distribution grids are
expected to be smart, active (with generation and similar responsibilities to cur-
rent transmission systems) and with fewer dissimilarities with future transmission
systems.

The Smart Grid layers and their interaction channels are under construction in the US and in
Europe. In the European Union, various multinational multidimensional projects and research
are under way focusing on the following: improving and accelerating grid reinforcement;
make progress in developing enabling technologies; design and update standards; enlarge
market balancing, augment grid flexibility; strengthen energy security; enhance reliability and
maintenance; build secured data exchange between domains and layers; improve technical and
economic efficiency; and integration of dispersed variable generation, mainly wind energy at
bulk (Giordiano et al., 2011).

For the electrical integration of large amounts of offshore wind farms into a Smart Grid,
various enabling-technologies are available and others are under development (Madariaga
et al., 2013). Amongst these, outstanding electric topologies are the point-to-point HVDC,
and the Multiterminal HVDC. The Super Grid is an ambitious project, supported by the EU,
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aimed to build an extra large trans-national grid which collects electrical power from multi-
ple dispersed renewable sources of different types, mainly variable, and deliver to dispersed
loads across EU country members (from northern to southern Europe). This enormous ‘power
interface’ infrastructure is compatible with the Smart Grid concept and they can be imple-
mented alongside although its full integration into one system, due to their different initial
origin and focus, requires technical and economic conciliations and adjustments (Blarke and
Jenkins, 2013).

The accommodation of numerous large wind farms has big challenges such as effective
operation and maintenance of each wind power plant. To accomplish these tasks effectively,
high-speed and automatic data exchange between offshore wind partners and wind power plants
and operations centres are required as a way to build the correspondent layers and interaction
channels for the Smart Grid. The adoption of the standard IEC 61400-25 (communications
for monitoring and control of wind power plants) for data exchange and a framework for data
integration can help in this pursue (IEC, 2006; T. H. Nguyen, and Prinz, 2012)

7.9.1 VPP Control Approach

A Virtual Power Plant (VPP) mainly addresses the supply side. The basic idea is to connect
numerous distributed and renewable power generating facilities via modern information and
communication technology (ICT). A central control entity continuously monitors the gener-
ation data and can switch individual generators in and out of the system at any time. Thus,
the facilities’ operation can be scheduled and optimised. By connecting multiple distributed
generators, almost the same controllability as with conventional plants can be achieved (Knab
and Strunz, 2010). Two effects in VPPs contribute to the achievement of this objective: First,
a well-chosen mix of volatile generators can offset their inherent unreliability to a certain
extent. Following basic stochastic principles, the connection of different volatile systems with
different fluctuation patterns may lead to a decreased overall volatility. It is clear that this
logic is applicable to power generation from renewable energy sources including both wind
and solar. The aggregated control of renewable energy sources executed by the VPP concept
can be centralised or decentralised supported by logic control algorithms and communication
infrastructure, which then as a whole is treated as a single large power plant (Setiawan, 2007).
VPPs can be divided into two categories according to the control topology in centralised VPP
and decentralised VPP. Some advantages of the VPP approach and aggregated control of
distributed energy sources are:

– Scheduled power dispatch. The power output of distributed energy resources can be
dispatched quite rapidly in response to changes in generation and demand conditions,
facilitating frequency control.

– Load management. By proper aggregation, control of DG units can be used to supply the
load and reduce the demand on central generation as well as local transmission.

– Voltage regulation. Improved voltage regulation is possible by coordinating the operation
of various DG units in a VPP approach.

An ideal VPP has the ability to solve technical barriers (e.g. by maintaining grid stability
via load management), commercial barriers (e.g. by providing economic efficiency via energy
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trading), and regulatory barriers (e.g. by allocating cost and benefits of power consumption
and production to various players involved) (Olejnczak, 2011).

7.9.2 Phasor Measurement Units

In order to keep power grids and their interconnection to wind power plants operating in secure
and economic conditions in the short and long term, it is necessary to further improve protection
and control systems. A phasor measurement unit (PMUs) is a useful tool for monitoring the
performance of a power system. The PMUs were introduced into power systems in the 1980s,
since then their values have been proved by their many applications in power system operation
and planning. A PMU is essentially a digital recorder with synchronised capability that uses
state-of-the-art digital signal processors that can measure 50/60 Hz ac waveforms (voltages
and currents) typically at a rate of 48 samples per cycle (2880 samples per second). A phase-
lock oscillator along with a Global Positioning System (GPS) reference source provides the
needed high-speed synchronised sampling. Additionally, digital signal processing techniques
are used to compute the voltage and current phasors. Line frequencies are also calculated by
the PMU at each site. This method of phasor measurement yields a high degree of resolution
and accuracy. The resultant time tagged phasors can be transmitted to a local or remote receiver
at rates up to 60 samples per second.

Synchronised phasor measurements are ideal for monitoring and controlling the dynamic
performance of a power system, especially during high-stress operating conditions (Roscoe
et al., 2013). In recent years, varieties of PMU applications have been studied, proposed and
implemented with their significant benefits. The wide-area measurement system (WAMS) that
gathers real-time phasor measurements by PMUs across broad geographical areas has been
gradually implemented in various countries.

The ‘IEEE standard for Synchrophasors for power system’ defines the synchrophasor mea-
surement and provides a method of quantifying the measurements, quality test specifications
and data transmission formats for real-time data reporting. Due to the high scan rate of PMUs
new communication architectures are needed to meet the requirement for wide-area monitor-
ing, protection and control schemes. New data and information management architecture and
technology are also presented to enable and enhance the applications of PMUs in wide-area
protection and control. When PMUs are involved in extensive applications, an optimal strategy
for PMUs placement is needed to reduce the economic burden of the utilities and maximise the
performance with a limited number of PMUs. Promising potential PMU applications besides
those for protection and control are (EPRI, 2007):

� Improvement on State Estimation.
� Oscillation Detection and Control.
� Voltage Stability Monitoring and Control.
� Load Modelling Validation.
� System Restoration and Event Analysis.
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A
Voltage Source Converter
Topologies

This appendix describes the operating principles and modulation methods of the most com-
monly used voltage source converter (VSC) topologies. In addition, a number of illustrative
examples are provided to aid in the understanding of the relevance of each converter and its
power system application(s). The level of detail presented in this appendix is intended to be
adequate to allow a wide range of readers to appreciate most of the power electronic concepts
and devices presently used in power networks.

A.1 Two-Level Converter

A.1.1 Operation

Figure A.1 shows the schematic diagram of a three-phase two-level VSC and its output phase
voltage relative to the supply mid-point. The converter in Figure A.1 is called a two-level
converter because it can generate only two voltage levels, 1∕2Vdc and −1∕2Vdc, at the output
phases ‘a’, ‘b’ and ‘c’ relative to the supply mid-point ‘0’ (Holmes and McGrath, 1999; Bowes
et al., 2000a; Flourentzou and Agelidis, 2007; Dahidah et al., 2010; Zhang et al., 2010; Eckel
and Runge, 2011). For example, for phase ‘a’, the voltage level of 1∕2Vdc is achieved by
turning the upper switch ‘S1’ on and lower switch ‘S2’ off, while the voltage level of −1∕2Vdc
is generated by turning the upper switch ‘S1’ off and the lower switch ‘S2’ on. Turning on
the upper and lower switches ‘S1’ and ‘S2’ simultaneously creates a short circuit across the
dc link and exposes the converter switching devices to the risk of damage from over-current,
therefore this must avoided. Thus, safe operation of a two-level VSC requires the upper and
lower switches of the same phase-leg to operate in a complementary manner. This means,
turning on for example upper switch ‘S1’ precludes the lower switch S2 from being on and
vice versa. To ensure such complementary operation in a real application, a dead time is
introduced to the gate signals of the upper and lower switches to prevent both switches from

Offshore Wind Energy Generation: Control, Protection, and Integration to Electrical Systems, First Edition.
Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia and Grain Adam.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure A.1 Two-level voltage source converter.

being simultaneously on. Observe that when the upper switch ‘S1’ is on, switch ‘S2’ blocks
the full dc voltage ‘Vdc’, and switch ‘S1’ blocks full dc link voltage ‘Vdc’ when switch ‘S2’ is
on. This means that every switching device in the two-level VSC must be rated to tolerate full
dc link voltage, so series connected devices are required to enable operation in medium and
high voltage applications. A VSC uses composite self-commutated switching devices such as
the insulated gate bipolar transistor (IGBT) and anti-parallel diodes as shown in Figure A.1 to
enable bi-directional current flow in each phase-leg, hence bidirectional power flow between
ac and dc sides.

A.1.2 Voltage Source Converter Square-Mode Operation

In the past there were two known methods to operate a three-phase VSC in square mode: the
180◦ conduction method, and the 120◦ conduction method. Figure A.3 shows the gate signal
mapping, and corresponding converter phase and line voltage for the 180◦ conduction method
with the converter switches relabelled as in Figure A.2. Observe that in the 180◦ conduction
method, each switching device is turned on for 180◦ (or half of the fundamental period), with
60◦ phase shift between successive gate signals of the switching devices.

Figure A.4 shows the gate signal mapping and corresponding phase and line voltages for the
120◦ conduction method. Observe that with the 120◦ conduction method, the phase voltage has
three voltage levels (1∕2Vdc, 0 and −1∕2Vdc), rather than only two voltage levels as previously
discussed in Section A.1.1. Additionally, with the 120◦ conduction method, the gate signals
for the upper and lower switching devices of the same phase-leg are not complementary, and
there are instances where both switches are off. This is undesirable for many applications for
the following reasons:

� Converter output phase currents tend to be discontinuous as the 120◦ conduction method
uses tri-state operation that simultaneously turns converter upper and lower switches of the
same phase-leg.

� Exposes converter switching devices to over-voltage when supplying inductive loads.
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Figure A.2 Two-level VSC with switching device renumbered in specific order to assist with the
explanation of the 180◦ and 120◦ conduction methods.

Additionally, when the converter operates with the 180◦ conduction method it generates a
higher fundamental component of the output voltage compared to that when operating with
the 120◦ conduction method, provided they have the same dc link voltage. From the Fourier
series of the output phase voltage vao for 180◦ and 120◦ conduction methods in Figures A.3
and A.4, the fundamental peak phase voltages are Vm1 = 2

𝜋
Vdc and Vm1 = 3

2𝜋
Vdc, respectively;

where Vdc represents the converter dc voltage and Vm1 is the fundamental peak phase voltage.
This indicates that the converter ac gain (also known as the amplitude modulation index, m) for
the 180◦ and 120◦ methods is 4

𝜋
and 3

2𝜋
, respectively; where the modulation index is defined

as: m = Vm1
1
2

Vdc

. Both methods are no longer in use because they cannot vary the magnitude of

the fundamental voltage, and they generate low-order harmonics, which are expensive to filter.

A.1.3 Pulse Width Modulation

Several pulse width modulation (PWM) strategies have been developed to control the magni-
tude of the fundamental component of the output voltage and to reduce the harmonic content
in voltage and current waveforms. Some well-known modulation strategies in use today are
selective harmonic elimination (SHE), sinusoidal pulse width modulation (SPWM) and space
vector modulation (SVM) (Bowes, 1975; Bowes and Bird, 1975; Bowes, 1988; Bowes and
Clare, 1988; Bowes and Clark, 1988; Bowes, 1990; Bowes and Clark, 1990; Jiang et al., 1991;
Bowes and Clark, 1992; Bowes, 1993a; Bowes, 1993b; Bowes, 1993c; Bowes, 1994; Bowes,
1995; Holmes, 1996; Bowes and Grewal, 1998a; Bowes and Grewal, 1998b; Holmes and
McGrath, 1999; Bode and Holmes, 2001; Holmes and McGrath, 2001; Adam et al., 2012b).

A.1.3.1 Selective Harmonic Elimination

Selective harmonic elimination explicitly defines the switching angles on the output phase
voltage that are needed to set the magnitude of the fundamental component of the phase
voltage and to eliminate specific harmonics. Figure A.5 shows an example where selective
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Figure A.3 Gate signal mapping and converter output voltage for the 180◦ conduction method.

harmonic elimination defines three angles (𝛼1, 𝛼2 and 𝛼3) of the phase voltage, and the gate
signals for the upper and lower switches of phase ‘a’ for a three-phase voltage source converter.
One of these angles will be used to set the magnitude of the voltage fundamental component
and the remaining two will be used to eliminate specific nontriplen harmonics, normally the
dominant lower-order harmonics such as the 5th and 7th. From the Fourier series of the phase
voltage vao (Azmi et al., 2013; Baker et al., 1988; Ben-Sheng and Hsu, 2007; Bierk et al.,
2011; Bierk et al., 2009):

an = 0

bn =

{ 2Vdc

n𝜋

[
2 cos n𝛼1 − 2 cos n𝛼2 + 2 cos n𝛼3 − 1

]
for ∀n = odd

0 for ∀n = even

(A.1)

For adjustment of the voltage fundamental component, setting n= 1 and b1 =Vm1 in Eq. (A.1),
the following equation is obtained:

2 cos 𝛼1 − 2 cos 𝛼2 + 2 cos 𝛼3 − 1 = 𝜋

4
m (A.2)

recalling that m = Vm1
1
2

Vdc

.
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To eliminate the fifth and seventh harmonics from the phase voltage, set n = 5 and 7, and
b5 = 0 and b7 = 0, to obtain the following equations:

2 cos 5𝛼1 − 2 cos 5𝛼2 + 2 cos 5𝛼3 − 1 = 0 (A.3)

2 cos 7𝛼1 − 2 cos 7𝛼2 + 2 cos 7𝛼3 − 1 = 0 (A.4)

The switching angles (𝛼1, 𝛼2 and 𝛼3) are obtained by solving Eqs. (A.2), (A.3) and (A.4).
Normally, such nonlinear transcendental equations have more than one solution. However, the
only correct solution that ensures quarter symmetry in the phase voltage (shown in Figure A.5)
must satisfy the following set of inequalities: 𝛼1 < 𝛼2 < 𝛼3 <

1
2
𝜋. In this manner, the quality of

the converter output voltage can be improved as the number of eliminated harmonics increases.
In contrast, the maximum attainable fundamental voltage reduces as the number of harmonics
eliminated increases.

Example A.1 Solve Eqs. (A.2), (A.3) and (A.4) with a modulation index m = 0.9, and
plot the phase and line voltages along with their spectra when the converter dc link voltage is
Vdc = 400 V.

Solution. Solving Eqs. (A.2), (A.3) and (A.4) for m = 0.9 provides the following values:
𝛼1 = 16.66◦, 𝛼2 = 37.57◦ and 𝛼3 = 46.52◦. Figure A.6(a) shows the output phase voltage
measured at the pole point relative to the supply mid-point and its fundamental component.
Figure A.6(c) shows the spectrum of the phase voltage, it can be seen that the fifth and seventh
harmonics have been eliminated. Also, it should be noted that the fundamental component of
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Figure A.6 Phase and line voltage waveforms obtained when a three-phase two-level voltage source
converter is controlled using selective harmonic elimination with a modulation index m = 0.9, and
elimination of the 5th and 7th harmonics. (a) Phase voltage relative to the supply mid-point; (b) Line
voltage; (c) Phase voltage spectrum; (d) Line voltage spectrum.
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the output phase voltage is 180 V (which is Vm1 = 1∕2mVdc = 1∕2 × 0.9 × 400 V = 180 V).
Figure A.6(b) and (d) show the output line voltage of the converter and its harmonic spectrum;
observe that the triplen harmonics (such as the 3rd and 9th) which appear in the phase voltage
spectrum have been cancelled in the line voltage. For this reason, only non-triplen dominant
odd harmonics need to be eliminated in the three-phase converter.

Example A.2 Repeat Example A1 for a modulation index m = 1.16, and assume the
converter is connected to an RL load of 10 Ω and 23.8 mH per phase.

Solution. With modulation index m = 1.16, switching angles that ensure quarter symmetry
are: 𝛼1 = 10.69◦, 𝛼2 = 30.18◦ and 𝛼3 = 33.14◦. Figure A.7(a) shows that when m = 1.16
the phase voltage fundamental component exceeds 1∕2Vdc. Figure A.7(c) shows that as the
modulation index increases the magnitudes of the remaining harmonics in the phase voltage
decrease. This shows that selective harmonic elimination can be used to maximise the output
voltage fundamental component and to improve the quality of the output voltage waveform.
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Figure A.7 Phase and line voltages, and current waveforms obtained when a three-phase two-level
voltage source converter is controlled using selective harmonic elimination. With modulation index
m = 1.16, and elimination of the 5th and 7th harmonics. (a) Phase voltage relative to the supply mid-
point; (b) Line voltage at converter terminal; (c) Phase voltage spectrum; (d) Line voltage spectrum; (e)
Three-phase output currents.
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Total harmonic distortion is the figure of merit that expresses the harmonics content in the
waveform relative to fundamental, and it can be defined as (Chang et al., 2006; Hoevenaars;
et al.):

THD =

√
V2

rms − V2
rms1

Vrms1
(A.5)

or

THD =

√
V2

rms2 + V2
rms3 + V2

rms5
+ V2

rms6 + ...........V
2
rmsn

Vrms1
=

√
n∑

j=2
V2

rmsj

Vrms1
=

√
n∑

j=2
V2

mj

Vm1
(A.6)

where, Vrmsj and Vmj represent the Root-Mean Square (RMS) and peak voltages of the jth

harmonic respectively. The same expressions are applicable to calculate the THD in the current
signal.

Figure A.7(d) shows the harmonic spectrum of the line voltage, illustrating that the eleventh,
thirteenth, seventeenth and nineteenth are the only harmonics present in the frequency range
from 0 to 1 kHz. Figure A.7 shows that the load current is sinusoidal with noticeable distortions
caused by the presence of the low-order harmonics in the phase and line voltages. This shows
the effectiveness of the SHE method as it is able to generate sinusoidal currents when only two
non-triplen harmonics near to the voltage fundamental component are eliminated. Generally,
when a voltage source converter is supplying inductive loads, the inductive part of the load
acts as a low-pass filter, hence resulting in improved current waveforms.

In practical systems, improved current waveforms can be achieved increasing the number of
harmonics to be eliminated (usually, up to 29th harmonics for three-phase systems). Addition-
ally, when selective harmonic elimination is used in medium and high voltage applications the
converter switching devices operate at relatively low frequency; thus, low switching losses are
expected.

A.1.3.2 Sinusoidal Pulse Width Modulation (SPWM)

Sinusoidal pulse width modulation is a method widely used to control voltage source con-
verters (single-phase and three-phase). This method is one of the simplest and most effective
modulation methods that suppress all the harmonics far from the fundamental frequency (50
or 60Hz) range, hence allowing a small inductor to filter out the low-order harmonics to
achieve sinusoidal currents. In essence, SPWM is a multi-pulse based modulation method
that varies the pulse width of the converter output voltage in a sinusoidal manner following
a target reference voltage (Dai et al., 1992; Mwinyiwiwa et al., 1998a; Mwinyiwiwa et al.,
1998b; Mwinyiwiwa et al., 1999; Patel and Agarwal, 2008; Hava and Ün, 2011; Pongiannan
et al., 2011). In an analogue implementation, this is achieved by comparing a low-frequency
reference signal with a high-frequency carrier signal. The frequency of the reference signal (f)
must be equal to the desired fundamental frequency of the output voltage. The frequency of the
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Figure A.8 Gate signal generation using sinusoidal pulse width modulation.

carrier signal (fc) must be much higher than that of the reference signal. A higher frequency

ratio (mf =
fc
f

) produces higher quality output voltage and current (Carter and Johnson, 1988;

Carrara et al., 1990; Carrara et al., 1992; Bowes et al., 2000a; Bowes et al., 2000b; Bruckner
and Holmes, 2003; Burgos et al., 2007; Cataliotti et al., 2007; Burgos et al., 2008; Casadei
et al., 2008; Bradshaw et al., 2012; Carnielutti et al., 2012; Azmi et al., 2013). Figure A.8
shows the gate signal generation for one phase leg of the two-level VSC, where Sa1 and Sa2
stand for the signals corresponding to upper and lower switches respectively. When the refer-
ence signal exceeds the carrier signal, the upper switch (Sa1) is turned on. When the reference
signal is less than the carrier signal the upper switch (Sa1) is turned off. The gate signal for
the lower switch (Sa2) is the complement of Sa1 (Sa2 = 1 − Sa1). For a three-phase two-level
converter, three reference signals are required (one per phase) and one high-frequency carrier.
The gate signals for the switching devices of each phase-leg are generated in a similar manner
as shown in Figure A.8.

For a reference signal defined as: varef = m sin(𝜔t + 𝛿), the converter output voltage at the

fundamental frequency measured relative to the supply mid-point is given by: va = 1
2
mVdc

sin(𝜔t + 𝛿); where m is the modulation index. Notice that for SPWM when m>1, the peak of
the reference signal exceeds the peak of the high-frequency triangular carrier, and this leads to
over-modulation. Operation in over-modulation is not desirable because the linear relationship
of the converter output voltage and reference signal described above is no longer applicable,
and suppression of the harmonics toward the carrier frequencies cannot be guaranteed.

Example A.3 Using the same parameters as in Example A.2 for a two-level converter, plot
the output phase and line voltage and the current when the converter is controlled using SPWM
with 2kHz switching frequency to generate a 50-Hz output voltage at 0.9 modulation index.

Solution. Figure A.9(a) and (c) show the phase voltage and its harmonic spectrum for the
system described; observe that the peak of the fundamental component of the voltage of phase
‘a’ is equal to 1∕2 mVdc = 1∕2 × 0.9 × 400 = 180 V and as described above, all harmonics are
suppressed toward the first and second carrier frequencies. The closest harmonics to the fun-
damental component of the voltage are the 38th, 40th and 42nd. These harmonics have small
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Figure A.9 Waveforms obtained when a three-phase two-level voltage source converter uses SPWM
with 2 kHz carrier frequency and 0.9 modulation index. (a) Converter output phase voltage relative to the
supply mid-point and its fundamental component (phase a); (b) Line voltage; (c) Phase voltage spectrum;
(d) Line voltage spectrum; (e) Three-phase output currents.

contribution to current distortion because their corresponding harmonic impedances are suffi-
ciently large. Figure A.9(b) and (d) display the line voltage and its harmonic spectrum. Observe
that the line voltage has a much lower harmonic content than that of the phase voltage. This
is because some of the harmonics in all three phases are located at the same position (in other
words, they have the same phase and magnitude); therefore, they cancel in the line voltage.
Figure A.9 shows that a two-level voltage source converter with SPWM produces an output
current that is sinusoidal. The limited modulation index range (up to 1) of SPWM can be over-
come in three-phase three-wire systems by adding the 3rd harmonic to the reference signals.

With the addition of the third harmonic (zero sequence) to the reference signal, the linear
modulation range of SPWM can be extended to 1.154, meaning that a larger fundamental
component of voltage can be synthesised. In reference (Holmes and Lipo, 2003) it has been
shown that the optimal performance is achieved when the peak magnitude of the third harmonic
added to the reference signals is maintained at one-sixth of the fundamental. Therefore, the
reference signals for SPWM plus 3rd harmonic are defined as: v∗a = m sin𝜔t + 1

6
m sin𝜔t,

v∗b = m sin(𝜔t + 4
3
𝜋) + 1

6
m sin𝜔t and v∗c = m sin(𝜔t + 2

3
𝜋) + 1

6
m sin𝜔t (Azmi et al., 2013).
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Figure A.10 Reference signals for SPWM plus 3rd harmonic injection.

Figure A.10 shows the reference signals for a modulation index m = 1.154 with the 3rd
harmonic added. Observe that the positive and negative peaks of the reference signals are
contained within 1 and −1 even when the modulation index exceeds 1, that is, the modulation
index linear range of SPWM is extended.

Example A.4 Repeat Example A.3 with a modulation index of 1.1.

Solution. Figure A.11(a) to (d) show the phase and line voltages, with their spectra. Observe
that the phase voltage contains the 3rd harmonic, but it is cancelled out in the line voltage.
Additionally, it can be seen that injection of the 3rd harmonic increases the voltage fundamental
component but also a number of sidebands (harmonics) around the first and second carrier
frequency. However, the magnitude of these harmonics are much smaller than that in SPWM,
and for this reason it exhibits lower THD in phase and line voltages. Figure A.11(e) shows
that the output currents are sinusoidal.

An alternative method to extend the linear range of the modulation index is proposed
by Steinke in (Steinke, 1992). This method calculates the value of the third harmonic
(zero sequence) to be added to the sinusoidal reference signal as: v0 = 1

2
(min(va, vb, vc)+

max(va, vb, vc)). This zero sequence component is subtracted from the reference of each phase
as: v∗a = va − v0, v∗

b
= vb − v0 and v∗c = vc − v0, where va = m sin𝜔t, vb = m sin(𝜔t + 4

3
𝜋) and

vc = m sin(𝜔t + 2
3
𝜋). Figure A.12 shows the reference signals when a zero sequence calcu-

lated based on Steinke method is added to the sinusoidal references for a modulation index
m = 1.154. It can be seen that all the positive and negative peaks of the signal are contained
within 1 and −1 limits, despite m exceeding 1.

A.1.3.3 Space Vector Modulation

Space vector modulation maps all possible switch combinations of the two-level VSC into the
𝛼𝛽 plane. This mapping is achieved by transforming the converter output voltages (va0, vb0
and vc0) corresponding to each switching combination into equivalent v𝛼 and v𝛽 . Changing
the ground position of the dc side from the supply mid-point to the negative dc link as shown
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Figure A.11 Output phase and line voltages and current waveforms when a three-phase two-level
converter is controlled with SPWM plus 3rd harmonic injection. (a) Output phase voltage measured
relative to the supply mid-point; (b) Line voltage (c) Phase voltage spectrum; (d) Line voltage spectrum;
(e) Three-phase output currents.
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Figure A.12 Reference signals when the 3rd harmonic added to the SPWM is calculated based on
Steinke method (with modulation index m = 1.154).
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Figure A.13 Simple representation of a two-level converter.

in Figure A.13, the two voltage levels at the output of the converter will be Vdc and 0 instead of
+1∕2Vdc and −1∕2Vdc (this will not affect the final outcomes from a conceptual point of view).
Since the switching devices of the same phase-leg operate in complementary manner, knowing
the state of one is sufficient to determine the converter output voltage. For phase a, Sa1 = 1 and
Sa1 = 0 denote on and off states of switch Sa1, respectively. The same convention is applicable
for phases b and c. In this manner, all possible switch combinations of the two-level voltage
source converter with their corresponding output phase voltages (va0, vb0 and vc0) and resultant
voltage vectors in the 𝛼𝛽 plane are summarised in Table A.1. The converter output voltages
(va0, vb0 and vc0) are transformed into the 𝛼𝛽 plane using Eq. (A.7). This transformation
equation is derived based on the voltage vector alignments shown in Figure A.14 (Buja and

Table A.1 Summary of the relationships between switching combinations, output phase voltages and
voltage vectors in 𝛼𝛽 plane in a two-level VSC.

Sa1 Sb1 Sc1 Va0 Vb0 Vc0 v𝛼 v𝛽
|||V⃗||| =√v2

𝛼
+ v2

𝛽
𝜃 = tan−1 v𝛽

v𝛼

0 0 0 0 0 0 0 0 0 0◦

1 0 0 Vdc 0 0 Vdc Vdc 0◦

1 1 0 Vdc Vdc 0 1

2
Vdc

√
3

2
Vdc Vdc 60◦

0 1 0 0 Vdc 0 − 1

2
Vdc

√
3

2
Vdc Vdc 120◦

0 1 1 0 Vdc Vdc −Vdc 0 Vdc 180◦

0 0 1 0 0 Vdc − 1

2
Vdc −

√
3

2
Vdc Vdc 240◦

1 0 1 Vdc 0 Vdc
1

2
Vdc −

√
3

2
Vdc Vdc 300◦

1 1 1 Vdc Vdc Vdc 0 0 0 0◦
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Figure A.14 Resolution of the three-phase abc variables into the 𝛼𝛽 plane.

Indri, 1977; Green and Boys, 1982; Fukuda et al., 1990; Dunford and Van Wyk, 1992; Handley
and Boys, 1992; Holmes, 1995; Holmes, 1996; Bowes and Yen-Shin, 1997; Hava et al., 1997a;
Hava et al., 1997b; Hava et al., 1998; Holmes, 1998; Bowes and Grewal, 1999; Ching-Tsai
and Jenn-Jong, 1999; Bech et al., 2000; Changjiang et al., 2001; Changjiang et al., 2003;
Bowes and Holliday, 2006; Hadiouche et al., 2006; Adam, 2007; Do-Hyun, 2007; Dyck et al.,
2010; Beig, 2012; Bradshaw et al., 2012; Azmi et al., 2013; Dordevic et al., 2013b; Duran
et al., 2013; Gruson et al., 2013).
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⎤⎥⎥⎥⎦ (A.7)

Based on the last two columns of Table A.1, the space vector diagram of the two-level converter
can be drawn as shown in Figure A.15. Observe that the space vector diagram comprises of
six sectors, separated by six active voltage vectors 60◦ apart, and two zero vectors in the
centre. The vertex of each voltage vector in Figure A.15 represents the state of the upper three
switching devices of the two-level converter shown in Figure A.13. For example, the vertex of
active voltage vector V⃗1(100), means phase a upper switch ‘Sa1’ is on (Sa1 = 1), while upper
switches of phases b and c are off (Sb1 = 0 and Sc1 = 0). Vertices of the two null or zero
vectors V⃗0 (000) and V⃗7 (111) mean that all upper switches (Sa1, Sb1 and Sc1) are off and on,
respectively. Note that zero vectors V⃗0 (000) and V⃗7 (111) clamp the converter output phases
a, b and c to the negative bus (0 voltage level) and the positive dc bus (Vdc voltage level),
hence all the line voltages are zero.
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Figure A.15 Space vector diagram of a two-level VSC.

The dwell times of the switch states are calculated assuming that the voltage-second average
of the vectors over one switching period is equal to that of the target reference signal. For
example, when the reference voltage vector is located in the first sector, see (Figure A.16), it
can be synthesised as follows:

T1V⃗1 + T2V⃗2 + T0V⃗0 = TsV⃗ref (A.8)

where T0, T1 and T2 represent the dwell times, and assuming that the sum of the dwell times
of all vectors within one switching period is equal to Ts. This can be expressed as:

T0 + T1 + T2 = Ts (A.9)

From Table A.1 or Figure A.15 voltage vectors V⃗0, V⃗1 and V⃗2 can be expressed as: V⃗0 = 0, V⃗1 =
Vdc∠00 = Vdc, V⃗2 = Vdc∠600 = Vdc(cos 600 + j sin 600) = Vdc( 1

2
+ j
√

3
2

) and V⃗ref = Vref∠𝜃 =
Vref (cos 𝜃 + j sin 𝜃). Substituting these expressions in Eq. (A.8) and equating the real and
imaginary parts of both sides, results in the following equations:

VdcT1 +
1
2

VdcT2 = TsVref cos 𝜃 (A.10)

T2 = 2√
3

Ts

Vref

Vdc
sin 𝜃 = 2√

3
mTs sin 𝜃 (A.11)
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Figure A.16 Illustration of switching devices dwell times calculation in the first sector.

Where m = Vref

Vdc
is the modulation index. By solving Eqs. (A.10) and (A.11), T1 is obtained

as:

T1 = Ts

Vref

Vdc
cos 𝜃 − 1

2
T2 = mTs cos 𝜃 −

1
2
× 2√

3
mTs sin 𝜃 = 2√

3
mTs cos(𝜃 + 30◦)

T1 = 2√
3
mTs cos(𝜃 + 30◦)

(A.12)

The dwell time of zero vectors is calculated from Eq. (A.9) as: T0 = Ts − T1 − T2. After
calculating the dwell times, space vector modulation offers more flexibility than SPWM
in terms of gate signal generation. For example, it offers a number of possible switching
sequences in each sector that can be used to generate the gate signals for the three-phase
converter switches. Table A.2 summarises the switching sequences in the first sector that
ensure switching of no more than one voltage level at the same time. It also provides a pictorial
representation of the state of the converter upper switches, provided the lower switches operate
complementary.

Table A.3 presents similar switching sequences for the second sector. To ensure an integer
number of sampling (switching period) within each sector to prevent switching simultaneously
between more than one phase during the transition between successive sectors, the frequency
ratio mf = fs

/
f must be an integer multiple of six.

Example A.5 Repeat Example A.3 when space vector modulation is used with 2.1 kHz
switching frequency and 1.1 modulation index.

Solution. In this case, switching sequence I uses both zero vectors V⃗0(000) and V⃗7(111) for
gate signal generation. Figure A.17(a), (b), (c) and (d) show the phase and line voltages of the
two-level VSC and their spectra when space vector modulation is used. Observe that the phase
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Table A.2 Summary of the switching sequences in the first sector that ensure switching of one
voltage level, including the transition between successive sectors.

Switching sequences that exploit both zero vectors V⃗0(000) and V⃗7(111)

I II

000→100→110→111→110→100→000 111→110→100→000→100→110→111

000 100 110 111 110 100 000

Sa1

Sb1

Sc1

Sa1

Sb1

Sc1

000100110111 110100 111

Switching sequences that exploit only one of the zero vectors V⃗0(000) and V⃗7(111)

III IV

000→100→110→100→000 111→110→100→110→111

000 100 110 110 100 000
Sa1

Sb1

Sc1

100110111 110100
Sa1

Sb1

Sc1

111

voltage spectrum contains the 3rd harmonic and its multiples; however, they cancel in the
line voltage as before, resulting in low THD. Figure A.17(c) shows that the converter output
currents are sinusoidal, with some measure of distortion. This example shows the ability of
space vector modulation to extend the modulation index beyond 1, with increased flexibility
of switching pattern selections.

Table A.3 Summary of the switching sequences in the second sector that ensure switching of one
voltage level, including the transition between successive sectors.

Switching sequences that exploit both zero vectors V⃗0(000) and V⃗7(111)

I II

000→010→110→111→110→010→000 111→110→010→000→010→110→111

Switching sequences that exploit only one of the zero vectors V⃗0(000) and V⃗7(111)

III IV

000→010→110→010→000 111→110→010→110→111
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Figure A.17 Two-level VSC output voltage and current waveforms when space vector modulation is
used, with 2.1 kHz switching frequency and 1.1 modulation index. (a) Phase voltage relative to supply
mid-point; (b) Line voltage; (c) Phase voltage spectrum; (d) Line voltage spectrum; (e) Three-phase
output phase currents.

A.2 Neutral-Point Clamped Converter

Figure A.18 shows the configuration of a three-phase three-level diode-clamped converter
also known as neutral-point clamped (NPC) converter. It can generate three voltage levels
(1∕2Vdc, 0 and −1∕2Vdc) at the output of each phase (a, b and c) relative to supply mid-point
or neutral-point ‘o’. Its proper operation requires the dc voltage across the dc link capacitors
C1 and C2 at 1∕2Vdc to be maintained. The voltage stress across each switching device and
clamping diode is equal to the voltage across the dc link capacitors, which is equal to 1∕2Vdc.
Switches (Sa1, Sa3) and (Sa2, Sa4) represent two complementary switch pairs. This means that
turning switch Sa1 excludes switch Sa3 from being on, and the same is true for complementary
pair Sa2 and Sa4.

Considering phase a as an example, the neutral-point clamped converter in Figure A.18
generates voltage level 1∕2Vdc at the output of phase a relative to neutral-point ‘o’ by turning
on switches Sa1 and Sa2, while Sa3 and Sa4 are turned off. Voltage level 0 is achieved by turning
switches Sa2 and Sa3 on, with switches Sa1 and Sa4 off. Voltage level of −1∕2Vdc is generated
by turning on switches Sa3 and Sa4, while Sa1 and Sa2 are turned off. Table A.4 summarises the
switch states that generate different voltage levels for phase a and corresponding conduction
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Figure A.18 Three-phase NPC converter.

paths, assuming the current polarities shown in Figure A.18 are positive. Observe that when the
converter output phases are connected to voltage levels 1∕2Vdc and −1∕2Vdc the state-of-charge
of the dc link capacitors C1 and C2 remains unaffected since the output phases are directly
connected to positive and negative dc buses. The state-of-charge of the dc link capacitors
C1 and C2 is affected when the converter output phases are connected to neutral-point ‘o’.
Capacitor C1 discharges for positive output phase currents (ia > 0 for phase a) and charges
for negative output phase currents (ia < 0 for phase a). Since the circuit structure of the
neutral-point clamped converter imposes the sum of the voltages across the upper and lower
capacitors to be equal to full dc link voltage (Vdc), discharge of the lower capacitor C1 means
charge of the upper capacitor C2, and vice versa (Fukuda et al., 1999; Dieckerhoff et al., 2003;
Bor-Ren and Ta-Chang, 2004; Barbosa et al., 2005; Dieckerhoff et al., 2005; Ben-Brahim and
Tadakuma, 2006; Ceballos et al., 2006a; Ceballos et al., 2006b; Meili et al., 2006; Carpaneto
et al., 2007; Ceballos et al., 2007; Ben-Brahim, 2008; Ceballos et al., 2008a; Ceballos et al.,
2008b; D’Errico et al., 2009; Beza and Norrga, 2010; Ceballos et al., 2010; Chaudhuri et al.,
2010; Floricau et al., 2010a; Floricau et al., 2010b; Gonza et al., 2010; Acuna et al., 2011;
Ceballos et al., 2011b; da Silva et al., 2011; Kouzou et al., 2011; Mohzani et al., 2011; Nademi

Table A.4 Summary of the switch states that generate different voltage levels in the NPC converter,
including conduction paths.

State of switching devices Conduction path

Voltage level Sa1 Sa2 Sa3 Sa4 ia > 0 ia < 0

1∕2Vdc ON ON OFF OFF Sa1 and Sa2 Da1 and Da2

0 OFF ON ON OFF Sa2 and Da5 Sa3 and Da6

−1∕2Vdc OFF OFF ON ON Da3 and Da4 Sa3 and Sa4



242 Appendix A: Voltage Source Converter Topologies

et al., 2011; Das and Narayanan, 2012; Mohzani et al., 2012; Barros et al., 2013; Betanzos
et al., 2013; Dordevic et al., 2013a).

Neutral-point clamped converters can be controlled using SHE, SPWM and space vector
modulation. Standard space vector modulation is normally used for medium-voltage drives
system where the three phases are balanced. To be applicable to unbalanced three-phase
systems, substantial modifications to the space vector diagram are needed. Selective harmonic
elimination and SPWM are discussed, briefly, benefiting from the basic concepts previously
discussed when explaining two-level converter modulation methods.

A.2.1 Selective Harmonic Elimination

Figure A.19 shows one-phase of the neutral-point clamped converter and the phase output
voltage when selective harmonic elimination is used. From the phase voltage in Figure A.19,
the Fourier series coefficients are An = 0, and

Bn = 1
𝜋

⎡⎢⎢⎢⎢⎢⎢⎢⎣
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]
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Figure A.19 (a) One-phase of the NPC converter; (b) Sample of the output phase voltage with corre-
sponding switching signals when SHE is used.
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Equation (A.13) can be written in general form as:

Bn =
2Vdc

n𝜋

∞∑
j=1

[
(−1)j+1 cos n𝛼j

]
(A.14)

Example A.6 Plot output voltage and current waveforms, when the NPC converter is
connected to 10 Ω and 23 mH load, and controlled using selective harmonic elimination.
Assume 5th, 7th, 11th and 13th harmonics are eliminated. Use a modulation index of m = 1.1,
dc link voltage Vdc = 800 V, and dc link capacitance C1 = C2 = 2 mF.

Solution. By setting m = 1.1 and B5, B7, B11 and B13 to zero, the following switching angles
are obtained: 𝛼1 = 15.47◦, 𝛼2 = 23.25◦, 𝛼3 = 30.69◦, 𝛼4 = 45.88◦ and 𝛼5 = 49.06◦. Notice
that this solution is valid because it obeys the quarter symmetry criteria previously discussed.
Figure A.20(a), (b), (c) and (d) show phase and line voltage of the neutral-point clamped
converter and their spectra. Observe that the first non-triplen harmonic present in the phase
voltage is the 17th, and this is the first harmonic that can be observed in the line voltage as all
the triplen harmonics (3rd, 9th, 13th and 15th) in the phase voltage cancel in the line voltage
by common mode.
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Figure A.20 Key results obtained when the NPC converter is controlled using selective harmonic
elimination. (a) Phase voltage; (b) Line voltage; (c) Phase voltage spectrum; (d) Lime voltage spectrum;
(e) Three-phase load currents (f) Voltages across upper and lower dc link capacitors (C1 and C2).
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Figure A.20(e) shows that the NPC converter generates sinusoidal output currents when each
switching device operates at approximately 250 Hz, thus low switching losses are expected
(this feature made SHE attractive in medium and high-voltage applications). Figure A.20(f)
shows the voltages across the upper and lower dc link capacitors. Observe that these voltages
remain stable around 1∕2Vdc, but oscillate with three times the fundamental frequency. The
peak of these oscillations must be kept tightly to avoid exposing converter switches to high
voltage stress.

A.2.2 Sinusoidal Pulse Width Modulation

Neutral-point-clamped converters can be controlled using sinusoidal pulse width modulation,
with two carriers that must be arranged to fully occupy the contiguous band between 1 and −1
as shown Figure A.21. The gate signal generation is similar to that of the two-level converter.
Considering phase a as an example, when Va ≥Yc1 converter output phase a must be connected
to the positive bus (or voltage level 1∕2Vdc); this means switches Sa1 and Sa2 must be turned
on, and Sa3 and Sa4 must be turned off. When Va ≤ Yc2 converter output phase a is connected
to the negative bus (or voltage level −1∕2Vdc) which means Sa1 and Sa2 are turned off, and Sa3
and Sa4 are turned on. Converter output phase a is connected to the neutral-point (or voltage
level 0) when Va < Yc1 and Va > Yc2; this means the two middle switches Sa2 and Sa3 must
be turned on, and outer switches Sa1 and Sa4 must be turned off.

The phase disposition carriers are the predominantly used carrier arrangement because it
produces an output voltage with less harmonic content than phase opposition disposition, and
ensures switching of one voltage level at the output; hence low dv/dt is expected (Carrara et al.,
1990; Carrara et al., 1992; Carrara et al., 1993; Newton et al., 1997; Newton and Summer,
1998; Newton and Sumner, 1998; Newton and Sumner, 1999; Ooi et al., 1999; Marchesoni
and Tenca, 2002; McGrath and Holmes, 2002a; McGrath and Holmes, 2002b; McGrath et al.,
2003; Leon et al., 2005; Khajehoddin et al., 2006; Ceballos et al., 2006a; Busquets-Monge
et al., 2007; Franquelo et al., 2007; Leon et al., 2007; Nami et al., 2007; Akagi et al., 2008;
Franquelo et al., 2008; Busquets-Monge et al., 2009; Beza and Norrga, 2010; Ito et al., 2010;
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Figure A.21 Normalised reference signals, and possible arrangement of the carrier signals for the NPC
converter. (a) Three-phase reference signals with phase disposition (PD) carriers (where the upper and
lower carriers are in phase); (b) Three-phase reference signals with phase opposition disposition (POD)
carriers (where the carriers above time axis are 180◦ out of phase from those below).
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Minshull et al., 2010; Peng et al., 2010; Adam, Adam et al., 2010b; Grigoletto and Pinheiro,
2011; Hosseini and Sadeghi, 2011; Akagi, 2011b; Adam et al., 2012c; Congzhe et al., 2013).

Example A.7 Repeat Example A.6 when the NPC converter is controlled using SPWM with
3rd harmonic injection based on Steinke’s approach, assuming 1.35kHz carrier frequency.

Solution. Figure A.22(a) through (d) show the phase and line output voltage of the NPC
converter and their spectra when optimal switching frequency (or SPWM plus 3rd harmonic
based on Steinke approach) is used. Observe that the fundamental component of phase and
line voltages have lower THD, with similar magnitudes to that of SHE in Example 6. Addi-
tionally, it produces high quality output currents with comparable switching frequency, see
Figure A.22(e). Figure A.22(f) shows the voltage across the dc link capacitors remaining
balanced, without any external intervention (this confirms the natural balancing of the dc
link capacitors of the NPC converter). Nevertheless, in practical applications, some balancing
strategy will be required to ensure the capacitor voltage remains around half the dc voltage,
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Figure A.22 Key results obtained when the NPC converter is controlled using SPWM plus 3rd harmonic
based on Steinke’s approach. (a) Phase voltage at converter terminal relative to the neutral-point; (b) Line
voltage at converter terminal; (c) Phase voltage spectrum; (d) Line voltage spectrum; (e) Three-phase
load currents; (f) Voltage across upper and lower dc link capacitors.
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independent of operating conditions and network disturbances. It is worth mentioning that the
performance of all carrier-based pulse width modulation deteriorates rapidly at low modula-
tion indices, while that of the selective harmonic elimination deteriorates at a much slower
rate compared to carrier-based modulation. Note that in this example, the carrier arrangement
is assumed to be PD.

Figure A.23 shows a five-level version of the diode-clamped converter, which was developed
to further improve the quality of the output voltage (low THD), to reduce dv/dt, and to
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Figure A.23 One phase-leg of a five-level NPC converter.
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Figure A.24 Three-phase three-level flying capacitor converter.

increase converter dc and ac operating voltage. This configuration was designed with the
aim of providing a generic multilevel converter for high-voltage applications. However, this
attempt suffers from major setbacks as the balancing of the dc link capacitors turns out to be
more challenging than expected.

A.3 Flying Capacitor (FC) Multilevel Converter

Figure A.24 shows the configuration of a three-phase three-level flying-capacitor multilevel
converter. It can generate three voltage levels 1∕2Vdc, 0 and −1∕2Vdc at each output phase
relative to supply mid-point. The voltage across each clamping capacitor must be maintained
at 1∕2Vdc. Considering phase a as an example, voltage level 1∕2Vdc is generated by turning on
switch Sa1 and turning off Sa2, Sa3 and Sa4. A zero voltage level can be generated using two
distinct switch combinations:

(a) Turning on switches Sa1 and Sa3, while turning off switches Sa2 and Sa4. Notice that this
switch combination achieves zero voltage level as: 1∕2Vdc − Vc1, where Vc1 represent
voltage across capacitor C1.

(b) Turning on switches Sa2 and Sa4, while turning off switches Sa1 and Sa3. This switch
combination produces zero voltage as: −1∕2Vdc + Vc1.

Voltage level −1∕2Vdc is achieved by turning off switches Sa1 and Sa2, and turning on switches
Sa3 and Sa4. Observe that the switch combinations that generate voltage levels 1∕2Vdc and
−1∕2Vdc connect output phases directly to the positive and negative dc buses, and they do
not affect the state-of-charge of the converter clamping capacitors. Only switch combinations
that generate a zero voltage level will influence the state-of-charge of the flying capacitor,
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Table A.5 Summary of the three-level flying capacitor switch combinations
and power path, and their influence on the clamping capacitor state-of-charge
(↑ and ↓ represent capacitor charging and discharging, respectively).

Power paths

Voltage level ia ≥ 0 ia < 0

1∕2Vdc Sa1Sa2 Da1Da2

0 Sa1C1Da3 (C1↑) Da1C1Sa3 (C1↓)
Da4C1Sa3(C1↓) Sa4C1Da3(C1↑)

–1∕2Vdc Da4Da3 Sa4Sa3

and it should be noted that with these switch combinations one capacitor charges whilst the
other discharges. Thus, they can be used alternatively to maintain the voltage balance of the
flying capacitor when the output current polarity is known (Jih-Sheng and Fang Zheng, 1995;
Chunmei et al., 2003; Deschamps et al., 2003; Fan et al., 2004; Feng and Agelidis, 2004;
In-Dong et al., 2004; Dae-Wook et al., 2005; Dieckerhoff et al., 2005; McGrat et al., 2005;
Chunmei et al., 2006; Chunmei et al., 2007; Fazel et al., 2007; McGrath and Holmes, 2007a
McGrath and Holmes, 2007b; McGrath and Holmes, 2007c; Ceballos et al., 2008a; Franquelo
et al., 2008; Adam et al., 2009; McGrath and Holmes, 2009a; McGrath and Holmes, 2009b;
Khazraei et al., 2010; Gonzalez et al., 2010; Adam et al., 2011b; Dahidah et al., 2011; Khazraei
et al., 2012; Davoodnezhad et al., 2012; Escalante, 2012; Ghias et al., 2012a; Ghias et al.,
2012b; Mathew et al., 2013).

Table A.5 summarises the switch combinations of the three-level flying capacitor converter,
and their effect on the converter clamping capacitor voltages. Three-level flying capacitor
converters can be controlled using the same modulation strategies as with the NPC converter.

Example A.8 Plot the output voltage and current waveforms of the three-phase three-level
flying capacitor converter assuming the following parameters: dc link voltage Vdc = 300 V,
clamping capacitance C = 2 mF, load of 10 Ω resistance and 23 mH inductance, 1.35 kHz
switching frequency, and unity modulation index.

Solution. In this example, two carriers arranged in PD are used with SPWM. Figure A.25(a)
to (d) show the output phase and line voltages, and their spectra. Observe that the output
voltages and their harmonic distribution are similar to that of the NPC. Figure A.25(e) and
(f) show the three-phase output currents and the balanced clamping capacitor voltages. This
example shows that the three-level flying capacitor converter generates similar results as the
NPC converter.

A.4 Cascaded Multilevel Converter

Figure A.26 shows the configuration of the three-phase cascaded multilevel converter with
electrically isolated passive dc sources. Each phase consists of two H-bridge cells, and each
H-bridge with a cell capacitor voltage of 1∕2Vdc can generate three-voltage levels 1∕2Vdc, 0 and
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Figure A.25 Key results obtained when the three-phase three-level flying capacitor converter is con-
trolled using SPWM with PD carriers and 1.35 kHz switching frequency. (a) Phase voltage; (b) Line
voltage; (c) Phase voltage spectrum; (d) Line voltage spectrum; (e) Load currents; (f) Voltage across the
clamping capacitors of the three phases.

−1∕2Vdc. Consider cell 1 of phase a as an example. It achieves voltage level 1∕2Vdc by turning
on switches Sa11 and Sa14. Voltage level 0 is achieved by either turning on two upper switches
Sa11 and Sa13, or two lower switches Sa12 and Sa14. Voltage level −1∕2Vdc is generated by
turning on switches Sa13 and Sa12. Therefore each phase of the cascaded multilevel converter
with two cells per leg, as shown in Figure A.26, can generate five voltage levels at output
phase a relative to neutral-point n: Vdc, 1∕2Vdc, 0, −1∕2Vdc and −Vdc (Dae-Wook et al., 2003;
Akagi et al., 2007; Alizadeh and Farhangi, 2007; Carpaneto et al., 2007; Chong et al., 2007;
de Leon Morales et al., 2007; Dahidah and Agelidis, 2008; Abu-Rub et al., 2010; Acuna et al.,
2011; Baier et al., 2011; de Alvarenga and Pomilio, 2011; Akagi, 2011b; Aceiton et al., 2012;
Dahidah et al., 2012; Fang et al., 2012; Adam et al., 2013a).

A.5 Modular Multilevel Converter

For ease of illustration, this section uses Figure A.27(a) and Figure A.28 which show one-
phase and three-phase versions of the modular converter, with two half-bridge cells per arm
to illustrate its operating principle and modulation. For a dc link voltage of Vdc, the voltage
across each cell capacitor must be maintained at 1∕2Vdc, hence the voltage stress in each
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Figure A.26 Three-phase five-level cascaded converter with electrically isolated passive dc sources.

switching device is limited to 1∕2Vdc (for one cell capacitor). In this case, each half-bridge
cell generates two voltage levels 1∕2Vdc and 0 ( 1

N
Vdc and 0 for a converter with N cells per

arm as shown in Figure A.29). Consider the half-bridge cell in Figure A.27(b) as an example.
Voltage level 1∕2Vdc is achieved between a2 and a1 by turning on switch Sx and turning off
switch Sa; and voltage level 0 is achieved by turning off switch Sx and turning on switch Sa.
When Sx is on and ix > 0 the cell capacitor is charging, while when ix < 0 it is discharging. To
prevent a short circuit across half-bridge cells switch Sa must be operated in a complementary
manner with Sx. This means switching Sa on prevents Sx from being on and vice versa. Each
phase of the modular converter in Figure A.27 (with two cells per arm) generates three-voltage
levels 1∕2Vdc, 0 and −1∕2Vdc. Voltage level 1∕2Vdc is generated at output phase a relative to
the supply mid-point by bypassing the capacitors of the two half-bridge cells in the upper
arm, and this is achieved by turning on switches Sa1 and Sa2. Thus, in this voltage level, the
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Figure A.27 (a) One phase-leg of the modular converter with two cells per arm, and (b) one half-bridge
cell.

state-of-charge of the cell capacitors remains unaffected. Notice that in this voltage level, both
cell capacitors of the lower arm block the full dc link voltage (Balzani et al., 2006; Carpento
et al., 2006; Allebrod et al., 2008; Adam et al., 2009; Antonopoulos et al., 2009; Adam et al.,
2010a; Adam et al., 2010b; Akagi and Kitada, 2010; Angquist et al., 2010; Antonopoulos
et al., 2010; Adam et al., 2011a; Ahmed et al., 2011; Akagi, 2011a; Akagi, 2011b; Akagi
and Kitada, 2011; Angquist et al., 2011a; Angquist et al., 2011b; Barker and Kirby, 2011;
Baruschka and Mertens, 2011b; Baruschka and Mertens, 2011a; Bergna et al., 2011; Ceballos
et al., 2011a; Adam et al., 2012a; Adam et al., 2012b; Adamowicz et al., 2012; Ahmed et al.,
2012; Amankwah et al., 2012a; Amankwah et al., 2012b; Antonopoulos et al., 2012; Araque
et al., 2012; Barnklau et al., 2012; Bergna et al., 2012b; Bergna et al., 2012a; Bergna et al.,
2012c; Bergna et al., 2012d; Buschendorf et al., 2012; Casadei et al., 2012; Chao et al., 2012;
Cherix et al., 2012; Antonopoulos et al., 2013; Adam et al., 2013a; Adam et al., 2013b; Alam
and Khan, 2013; Barnklau et al., 2013; Bergna et al., 2013; Brando et al., 2013).
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Figure A.28 Three-phase modular multilevel converter with two cells per arm.

Voltage level 0 is achieved by placing one cell capacitor from the upper arm and one from
the lower arm in the power path using one of the four possible switch combinations:

(a) Turn on switches Sa1 and Sa3 with switches Sa2 and Sa4 turned off. Assume the polarities
of arm currents ia1 and ia2 in Figure A.27 are positive. This switch combination charges
capacitors C2 and C4 for ia1 > 0 and ia2 > 0, and discharges C2 and C4 for ia1 < 0 and
ia2 < 0.

(b) Turn on switches Sa1 and Sa4, with switches Sa2 and Sa3 turned off. This switch combination
charges capacitors C2 and C3 for ia1 > 0 and ia2 > 0, and discharges C2 and C3 for ia1 < 0
and ia2 < 0.

(c) Turn on switches Sa2 and Sa3, with switches Sa1 and Sa4 turned off. This switch combination
charges capacitors C1 and C4 for ia1 > 0 and ia2 > 0, and discharges C1 and C4 for ia1 < 0
and ia2 < 0.

(d) Turn on switches Sa2 and Sa4, with switches Sa1 and Sa3 turned off. This switch combination
charges capacitors C1 and C3 for ia1 > 0 and ia2 > 0, and discharges C1 and C3 for ia1 < 0
and ia2 < 0.

From the above discussions, it is clear that switch combinations that generate voltage 0 can be
exploited to maintain the voltage balance of the cell capacitors in the modular converter with
two cells per arm in Figure A.27.
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Figure A.29 Three-phase modular multilevel converter with N cells per arm.

Voltage level −1∕2Vdc is generated at output phase a relative to the supply mid-point by
turning on switches Sa3 and Sa4, while switches Sa1 and Sa2 remain off (which bypasses the
lower arm cell capacitors). Thus, the cell capacitor voltages remain unaffected. At this voltage
level, both upper arm cells block the full dc link voltage. This indicates that each arm of the
modular converter must be designed to be able to block the full dc link voltage.

The arm inductance of the modular converter must be sized sufficiently large to limit the
inrush and circulating currents between phases when there is a mismatch between the sum
of the voltage across the cell capacitors of each phase and the dc link voltage. Since the cell
capacitors are used to synthesise different voltage levels at the converter output, it must be
sized to limit the voltage ripple associated with the flow of fundamental current and some of
the dominant low-order harmonics, such the 2nd harmonic, to less than 10%.
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In general, modular multilevel converters can be controlled using all the mainstream modu-
lation strategies such as space vector modulation, selective harmonic elimination, carrier-based
sinusoidal pulse modulation, and staircase (or amplitude) modulation. However, space vector
modulation and selective harmonic elimination are not preferred because of the increased
complexity of implementation as the number of cells per arm increases. Staircase modulation
is the easiest to implement for modular converters with a large number of cells per arm.
Pulse width modulation is applicable regardless of number of cells per arm. Staircase and
pulse width modulation can be applied to modular converter on a per-phase or per-arm basis.
The per-phase approach uses one reference signal to synthesise a sinusoidal voltage at the
converter output as the conventional multilevel modulation techniques used with the NPC and
flying-capacitor converters. The per arm approach uses two complementary reference signals
for each phase (one for the upper arm and one for the lower arm (see Figure A.29). Staircase
modulation does not use carrier signals, instead it selects the number of cells to be switched
in and out of the power path in an attempt to track the sinusoidal references on a per-phase or
per-arm basis. However, in both staircase and pulse width modulation, the decision of which
cells should be switched in or out of the power path take into account the voltage magnitude (or
state-of-charge) of the cell capacitors and arm or phase currents polarities. The cell capacitors
with the lowest voltages must be switched in for positive arm currents, and those with highest
voltages must be switched in for negative arm currents. However, the actual number of cells
to be switched in and out in each sampling period varies with the voltage level needed to be
synthesised at the converter output. For a per-phase approach, the reference signal for phase
a for example is defined as va = m sin𝜔t; while in the per-arm approach, the upper and lower
arm references for phase a are defined as: va1 = 1

2
(1 − m sin𝜔t) and va2 = 1

2
(1 − m sin𝜔t).

Example A.9 Use the per-phase approach with sinusoidal pulse width modulation to plot the
key waveforms of the three-phase modular converter with the following parameters: Number
of cells per arm N = 2, cell capacitance = 2 mF, arm inductance Ldc = 3 mH, dc link voltage
Vdc = 5 kV, RL load of 10 Ω and 23.5 mH per phase. Assume a modulation index of m = 0.9
with a 2.1 kHz carrier frequency.

Solution. Figure A.30 shows the key results obtained when a modular converter with two cells
per arm is controlled using SPWM with one reference per phase, and two carriers arranged
in phase disposition (PD) with 2.1 kHz frequency. Figure A.30(a) to (d) show the phase and
line voltage waveforms, and their spectra. Observe that with SPWM and PD carriers these
voltages and their harmonic distribution are identical to that of the NPC previously discussed.
Figure A.30(e) and (f) show the converter three-phase output currents are sinusoidal despite the
fact that the arm currents are not. Observe also, that the arm currents contain a dc component,
the fundamental frequency component and low-order harmonics Figure A.30(g) shows the
cell capacitor voltages in the three phases are tightly regulated around 1∕2Vdc, exploiting the
switch combination of the voltage level 0 presented above. In this example, measurements of
the cell capacitor voltages are updated per single carrier cycle (1/2100 ≈ 476 μs) in an attempt
to reduce the switching frequency at the cells.

Example A.10 Use the per-arm approach with SPWM to plot the key waveforms of a
single-phase modular converter using the following parameters: number of cells per arm
N = 2, cell capacitance = 2 mF, arm inductance Ldc = 3 mH, dc link voltage Vdc = 5 kV, RL
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Figure A.30 Key results obtained when the modular converter with two cells per phase is controlled
using per-phase approach. (a) Phase voltage relative to the supply mid-point; (b) Line voltage; (c) Phase
voltage spectrum; (d) Line voltage spectrum; (e) Three-phase load currents; (f) Sample of the upper and
lower arm current; (g) Voltage across the cell capacitors of the three phases.

load of 10 Ω and 23.5 mH per phase. Assume modulation index m = 0.9 and 2.1 kHz carrier
frequency.

Solution. Figure A.31 shows the key results obtained when a single-phase modular converter
is controlled using SPWM on a per-arm basis (two reference signals per phase, one for each
arm). Observe that this approach produces more voltage levels per phase, and pushes all the
harmonics away from the power frequency range. In addition, it places most of the harmonic
energy around the 2nd carrier component (Figure A.31(a) and (b)). Figure A.31(c) shows that
the per arm approach produces higher quality output phase current than the per-phase approach
(a single reference signal per phase). The currents in the upper and lower arm are similar to
those obtained with the per-phase approach (Figure A.31(d)). Figure A.31(e) shows that the
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Figure A.31 Key results obtained when a single-phase modular converter is controlled on a per-arm
basis using SPWM. (a) Phase voltage relative to the supply mid-point; (b) Phase voltage spectrum; (c)
Output phase current; (d) Upper and lower arm currents; (e) Capacitor voltages.

voltage across the cell capacitors is maintained tightly around 1∕2Vdc using redundant switch
combinations of the voltage level 0 presented above.

Example A.11 Use the per-arm approach with staircase modulation to control a single-phase
modular converter with the following parameters: Number of cells N = 16, dc link voltage
Vdc = 40 kV, cell capacitance = 5 mF, arm inductance Ldc = 10 mH, RL load of 10 Ω and
23.8 mH, and 0.95 modulation index. The reference signals and capacitor voltage measure-
ments are updated at 1.8 kHz.

Solution. Figure A.32 shows the key results obtained when a single-phase modular converter
is controlled using staircase modulation, with two reference signals. Figure A.32(a) and (b)
display phase voltage and its spectrum; observe that when number of cells is sufficiently large,
staircase modulation produces a high quality output voltage as shown in Figure A.32(b), with
no significant harmonic components that would require an ac filter. Figure A.32(c) and (d) show
output phase current and arm currents. The half-bridge cell currents in Figure A.32(e) show
that converter switches operate at reduced switching frequency when staircase modulation is
used, hence lower switching losses are expected. Figure A.32 shows the voltage balance of
the cell capacitors is maintained, with all capacitor voltages regulated around 1

16
Vdc.
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Figure A.32 Key results obtained when a single-phase modular converter with 16 cell per arm is
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Figure A.33 Full-bridge modular converter with N cells per arm.

Figure A.33 shows another version of the modular converter that uses a full-bridge instead of
the half-bridge described above. Its operating principle and modulation are similar to that of
the half-bridge version. However, the use of H-bridge instead of half-bridge adds invaluable
short circuit proofing (when converter switches are turned off via gate signals, no current flows
between ac and dc side during a dc fault).
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B
Worked-out Examples

Exercise 1

Demonstrate that the average voltages (expressed in terms of the modulator signal assuming
a Fc ≥ 10Fs) generated by a three-phase VSC can be reduced to:

vvsc a = vcd

(1
3

ma1 − 1
6

mb1 − 1
6

mc1
)
=

vcd

2
ma1

vvsc b = vcd

(
−1

6
ma1 + 1

3
mb1 − 1

6
mc1
)
=

vcd

2
mb1

vvsc c = vcd

(
−1

6
ma1 − 1

6
mb1 + 1

3
mc1
)
=

vcd

2
mc1

Demonstration:
Knowing that

ma = cos(𝜔t)

mb = cos
(
𝜔t − 2

3
𝜋
)

mb = cos
(
𝜔t + 2

3
𝜋
)

and using the trigonometric identity

cos (𝛼 ± 𝛽) = cos (𝛼) cos (𝛽) ∓ sin (𝛼) sin (𝛽)

Offshore Wind Energy Generation: Control, Protection, and Integration to Electrical Systems, First Edition.
Olimpo Anaya-Lara, David Campos-Gaona, Edgar Moreno-Goytia and Grain Adam.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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For the a phase the following expression is obtained

vdc

[1
3
cos (𝜔t) − 1

6
cos
(
𝜔t − 2

3
𝜋
)
− 1

6
sin
(
𝜔t + 2

3
𝜋
)]
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3
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12
cos (𝜔t) − 1

12
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√
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12
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12
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√
3
]

=
vdc

2
cos (𝜔t) .

For the b phase the following expression is obtained

vdc
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6
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√
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4
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4
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√
3
]
.

Knowing that cos( 2
3
𝜋) = − 1

2
and sin( 2

3
𝜋) =

√
3

2
then the following expression is obtained
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For the c phase the following expression is obtained

vdc

[
−1

6
cos (𝜔t) − 1

6
cos
(
𝜔t − 2

3
𝜋
)
+ 1

3
sin
(
𝜔t + 2

3
𝜋
)]

= vdc

[
−1

6
cos (𝜔t) + 1

12
cos (𝜔t) − 1

12
sin (𝜔t)

√
3 − 1

6
cos (𝜔t) − 1

6
sin (𝜔t)

√
3
]

= vdc

[
−1

4
cos(𝜔t) − 1

4
sin(𝜔t)

√
3
]
.

Knowing that co( 2
3
𝜋) = − 1

2
and sin( 2

3
𝜋) =

√
3

2
then the following expression is obtained
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Exercise 2

A DFIG-based wind turbine with terminal voltage of Vs = (690 + j0.0)V and rotor voltage,
V′

r = (−50.43 − j7.18)V is working at 1686 rpm when subjected to a three-phase fault at time
t = 0.
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The generator parameters are (all quantities referred to the stator):

Rotor resistance, r′r = 0.001309 Ω

Stator resistance, rs = 0.001164 Ω

Rotor self reactance, X′
r = 0.9647 Ω

Stator self reactance, Xs = 0.963 Ω

Mutual reactance, Xm = 0.941 Ω

Pole pairs, pg = 2

(a) What is the transient current at the DFIG terminals immediately after the fault
happening?

First calculate the slip speed

s𝜔 = (𝜔s − pg𝜔r)∕𝜔s =

[
(2𝜋50) − (2) 1686

2𝜋
60

]
2𝜋50

= −.124

Then calculate the stator transient inductance and the rotor and stator cou-
pling factors

Xts = Xs −
X2

m

X′
r

= 0.963 − (0.941)2

.9641
= 0.04454

ks =
Lm

Ls
=

Xm

Xs
= 0.914

0.936
= 0.9491

kr =
Lm

L′
r

=
Xm

X′
r

= 0.914
0.9641

= 0.9480

Then, making use of Eq. (2.119), the following expression is obtained

||is,0
|| = √2

iXts

[||vs
|| e−t∕Ts −

[(||vs
|| krks + ||v′r|| s−1

𝜔
kr

)
ej𝜔st
]

e−t∕Tr
]

=
||||||
√

2
0.04454i

[
690e0 −

[
(690) (0.9480) (0.9491) + 50.9385e−3i (−.124)−1 (0.9480) e0

]
e0
]||||||

=
||||||
√

2
0.04454i

[690 − (620.825 + (385.536 − 54.9568i)]
|||||| = |−1744.75 − 10018.8i|

= 10169.5A
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Exercise 3

A DFIG-based wind turbine has the following parameters are (all quantities referred to the
stator):

Rotor resistance, r′r = 0.001309 Ω

Rotor self reactance, X′
r = 0.9647 Ω

Stator self reactance, Xs = 0.963 Ω

(a) What is the minimum value of the crowbar resistance needed to allow a
transient DFIG speed deviation of ±0.5 pu?.

s𝜔max =
(r′r + rcb)√(

r′r + rcb

)2 + (Xs + X′
r

)2
→ rcb = −rr + s𝜔max

√
−

X2
s + 2XsXr + X2

r

s2
𝜔max − 1

= −0.001309 + 0.5

√
− 3.716

0.25 − 1
= 1.111 Ω

Exercise 4

A 1.27 MW DFIG-based wind turbine has the following parameters (all quantities referred to
the stator):

Rotor resistance, r′r = 0.001309 Ω

Stator resistance, rs = 0.001164 Ω

Rotor reactance, X′
r = 0.9647 Ω

Stator reactance, Xs = 0.963 Ω

Mutual reactance, Xm = 0.941 Ω

ac frequency Fs = 50 Hz

Lumped inertia constant J = 3 716 063.08 kg ⋅m2

Damping coefficient Bm = 504 kNm/(rad/s)

(a) Calculate the PI controller parameters, using zero-pole cancellation, to attain
a rotor current closed-loop controller time-response of 100 ms

Rotor self inductance L′
r =

X′
r

2𝜋50
= 0.9647 Ω

314.159
= 0.003071H

Stator self inductance Ls =
Xs

2𝜋50
= 0.936 Ω

314.159
= 0.002979H

Mutual inductance Lm =
Xm

2𝜋50
= 0.941 Ω

314.159
= 0.002995H
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Knowing that the rotor current transfer function is given by

i′
dr(s)

v′dr(s)
=

i′qr(s)

v′qr(s)
=

i′r(s)

v′r(s)
= Pr(s) =

Ls

s(L′
rLs − L2

m) + r′rLs

and the rotor current controller given by

Kir(s) =
Kprs + Kir

s

then the following expression for the open loop gain controller is obtained

𝓁r(s) = Kr(s)Pr(s) =

(
KprLs

(L′
rLs − L2

m)s

) (
s +

Kir
Kpr

)
(

s +
r′rLs

(L′
rLs − L2

m)

) .

Making Kir∕Kpr = r′rLs∕(L′
rLs − L2

m) and KprLs∕(L′
rLs − L2

m) = 1
0.1

the
stable pole of the plant is cancelled with the zero of the PI controller. Set-
ting the response time of the current loop to 100 ms, the solution for the PI
constants turns to be:

Kpr =
L′

rLs − L2
m

0.1Ls
= 0.000599

Kir =
r′rLs

(L′
rLs − L2

m)

(
L′

rLs − L2
m

)
0.01Ls

=
r′r
0.1

= 0.01309.

(b) Calculate the PI controller parameters, using zero-pole cancellation, to attain
a rotor speed closed loop controller time-response of 2 s.

Knowing that the rotor speed transfer function is given by

P𝜔(s) =
𝜔r(s)

Te(s)
= − 1

J + Bm

and the rotor current controller given by

K𝜔(s) =
Kp𝜔s + Ki𝜔

s

then the following expression for the open loop gain controller is obtained

K𝜔(s)P𝜔(s) = −
(

Kp𝜔
Js

) (s +
Ki𝜔
Kp𝜔

)
(

s +
Bm

J

) .
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Making Ki𝜔∕Kp𝜔 = Bm∕J and Kp𝜔∕J = 1∕2 the stable pole of the plant is
cancelled with the zero of the PI controller. Setting the response time of the
rotor speed loop to 2 s, the solution for the PI constants turns to be:

Kp𝜔 = J
2
= 1.858031540 ⋅ 106

Ki𝜔 =
Bm

J
J
2
= 504 ⋅ 103

2
= 252 ⋅ 103.

Exercise 5

A 2 MW DFIG-based wind turbine has the following parameters:

Stator terminal voltage Vs = (690 + j0.0)V

Back-to-back dc circuit capacitance: 10 000 𝜇F

Grid side converter inductance: 0.02308 H

Grid side converter resistance: 0.0 002 308 Ω

(a) What is the value of the active damping loop to achieve an artificial time
constant of the dc voltage plant of 200 ms?

Selecting Gdc to be 0.000 242 the following expression for Eq. (2.100) is
obtained

− 3 ⋅ 690
0.01s + 3 ⋅ 690 ⋅ 0.00024154

= − 2070
0.01s + 0.5

→

⎛⎜⎜⎜⎝−
1

0.5
⋅ 2070

1
0.5

⎞⎟⎟⎟⎠
( 1

0.02s + 1

)
.

(b) Calculate the dc voltage PI controller parameters, using zero-pole cancellation,
to attain a time-response of 100 ms for the closed loop controller of the
improved dc voltage plant of section a)

Knowing that the improved dc voltage transfer function is given by

Mdc(s) = −
Pdc(s)

1 + Pdc(s)Gdc
= −

3vd

Cs + 3vdGdc

and the voltage controller is given by

Kdc(s) =
Kpdcs + Kidc

s
=

Kpdc

s

(
s +

Kidc

Kpdc

)
then the following expression for the open loop gain controller is obtained

𝓁dc(s) = Kdc(s)Mdc(s) =
(

3Kpdcvd

Cs

) (
s +

Kidc

Kpdc

)
(

s +
3vdGdc

C

) .
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Making Kidc∕Kpdc = 3vdGdc∕C and 3Kpdcvd∕C = 1∕𝜏dc the stable pole of
the plant is cancelled with the zero of the PI controller. Setting the response
time of the dc voltage controller loop to 100 ms, the solution for the PI
constants turns to be:

Kpdc =

(
C
𝜏dc

)
3vd

= 4.830 ⋅ 10−5

Kidc =
3vdGdcKpdc

C
= 0.002415.

(c) Calculate the GSC current PI controller parameters, using zero-pole cancel-
lation, to attain a GSC current closed loop controller time-response ten times
smaller than the dc voltage controller time-response calculated above.

Knowing that the GSC plant is given by

Pgsc(s) = 1
Ls + r

and the voltage controller is given by

Kgsc(s) =
Kpgscs + Kigsc

s
=

Kpgsc

s

(
s +

Kigsc

Kpgsc

)
then the following expression for the open loop gain controller is obtained

𝓁gsc(s) = Kgsc(s)Pgsc(s) =
(Kpgsc

Ls

) (s +
Ki𝜔
Kp𝜔

)
(

s + r
L

) .

Making Kigsc∕Kpgsc = r∕L and Kpgsc∕L = 1∕𝜏gsc the stable pole of the
plant is cancelled with the zero of the PI controller. Setting the response time
of the GSC current controller loop to 10 ms, the solution for the PI constants
turns to be:

Kpgsc =
(

L
𝜏gsc

)
= 2.308

Kigsc =
rKpgsc

L
= 0.02308.

Exercise 6

A 2 MW DFIG-based wind turbine has the following parameters:

Stator terminal voltage Vs = (690 + j0.0)V

Back-to-back dc circuit capacitance (C): 10 000 𝜇F
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Back-to-back dc voltage in steady state (vdc): 1200 V

Back-to-back dc voltage reference (vdc ref ): 1200 V

Back-to-back power rating: 600 kW

Grid side converter inductance (L): 0.02308 H

Grid side converter resistance (r): 0.0 002 308 Ω

(a) What is the minimum dc voltage controller bandwidth 𝛼dc min required to allow
a maximum vdc deviation of 0.9vdc ref during a sudden full power interruption
of the back-to-back converter (i.e. 600 kW)

The maximum dc voltage during surge v2
dcmax stepmust be less than:

v2
dcmax step <

[
v2

dc − (0.9vdc ref )2]⇒ v2
dcmax step < 1.19v2

dc.

Next, making use of Eq. (2.209)

𝛼dc min =
±2Pr max(

±v2
dcmax step

)
(C)

e−1𝛼dc ≥ 𝛼dc min

𝛼dc min = ±2 ⋅ 600000
1.19 ⋅ (1200)2(0.01)

e−1 = 70.02 rad.

(b) Calculate the constants of the two degrees of freedom IMC dc voltage con-
troller using the 𝛼dc min calculated on section a)

Using (2.204)

Gdc = −1
3

𝛼dcC

vd
= 1

3
70.02 ⋅ 0.01

690
= 0.000338.

Using (2.203)

Kpdc = −
𝛼dcC

3vd
= −70.02 ⋅ 0.01

3 ⋅ 690
= −0.000338

Kidc = 𝛼dcGdc = 70.02 ⋅ 0.000338 = 0.023685.

(c) Calculate the constants of the two degrees of freedom IMC grid side converter
controller using a bandwidth 10 times larger than the 𝛼dc min calculated on
section a).

Using (2.214)

Ggsc = 𝛼gscL − r = 700.2 ⋅ 0.02308 − 0.0002308 = 16.1604.

Using (2.213)

Kpgsc = 𝛼gscL = 16.1606

Kigsc =
(
r + Ggsc

)
𝛼gsc = 11315.7.
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AC cluster, 198, 199
AC submarine cables, 120
AC voltage controller, 138–140
Active power control, 135, 140
Active power reversal, 140
Active power transfer, 161
Advanced controls, 214
Advanced power components, 214
Aerodynamic loads, 194
AFC, 195
Aggregated models, 3
Array layout, 3
Asymmetric current, 175
Asymmetrical faults, 53, 58
Asynchronous connection, 155
Average modeling, 33

Back-to-back converter (B2B), 15, 16, 29, 30, 32,
35, 36, 62, 64, 68, 70, 175–177, 183,
190–192, 201, 278

Back-up protection, 173, 174, 178
B2B converter, see Back-to-back

converter
Bidirectional power, 16, 224
Bipolar, 7, 120
Black-start capability, 128
Blades, 4, 7, 113, 115
Braking resistor, 175–177
Breaker, 117, 180, 185, 197, 203, 211
Breaker failure protection, 180
Bridging Power, 204
Bus differential protections, 180
Business layer, 213

Capacitor bank, 211
Carrier-based modulation, 246
Clamping capacitor, 247, 248
Classic HVDC transmission, 122
Collection network, 156, 159, 195, 198, 200–202,

207
Collection platform, 195, 198
Collector reliability, 115
Collector system, 17, 115, 117
Communications, 213, 214, 216
Commutated converters, 123
Commutation failures, 125, 127
Commutation impedance, 127
Compressed-air storage, 206
Condition monitoring, 209–212
Conduction angle, 147
120◦-Conduction method, 224, 225, 227
180◦ Conduction method, 224–226
Congestion management, 118
Controller tuning, 44
Converter earth fault, 175
Converter short circuit, 174
Converter stations, 121, 122, 128, 140, 161, 164,

168–170, 185
Converter transformers, 127
Coupling reactor, 16, 132
Cross-Linked Poly-Ethylene, 130
Crowbar protection, 16–17, 29–30, 49, 59–62,

175, 176, 181–183, 189–191
CSC-HVDC, 122, 127, 128, 140
Current harmonics, 123, 125
Cyclic pitch control, 194
Cyclo-converter, 201
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Damping factor, 138
DC chopper, 159, 175–177
DC circuit, 29–31, 35–36, 64, 140, 176, 177, 181,

186, 187, 197, 203, 276, 277
DC collection, 197, 198, 200
DC–DC converter, 196, 199
DC fault, 185–188, 190, 191, 203, 204, 258
DC fault current blocking capabilities, 186
DC link capacitor, 97, 132
DC link voltage, 29, 92, 97–99, 105, 110, 111,

127, 128, 132, 135, 140, 156, 162, 169,
170, 176, 177, 224, 225, 228, 241, 243,
248, 249, 253, 254, 256

DC pole-to-pole, 186
DC series dynamic resistor, 177, 178
DC string, 195–197
DC transmission line fault, 185
DC voltage control, 135
Delay angle, 125
DFIG, see Doubly-Fed Induction Generator
Digital signal processing techniques, 217
Diode clamped converter, 240, 246
Disturbance rejection, 43, 44, 64, 70
Double-sided ring design, 117
Doubly-Fed Induction Generator (DFIG), 7, 11,

15–71, 105, 173, 175–177, 180, 183, 184,
188–192, 195, 200, 201, 272–274, 276

dq0 transformation, 23, 26
Drivetrain, 209
Drivetrain torque transients, 199
Dynamic frequency support, 11

Effective Short-Circuit Ratio (ESCR), 123
Efficiency, 3, 5, 7, 32, 89, 115, 118, 194, 199,

204–206, 209, 214–216
Electrical collectors, 3, 115–118
Electrical losses, 3, 113, 118, 141, 155
Electrolytic capacitors, 211
Electromechanical torque, 23, 26
Embedding sensors, 212
Emerging technologies, 193–217
Energy Management, 118, 204, 206
Energy security, 215
Energy storage systems, 204–206
ESCR, see Effective Short-Circuit Ratio
Event Analysis, 217
Extinction angle, 124–126
Extruded insulated cables, 150

FACTs, 3
Fatigue loads, 194, 195

Fault impedance
Fault propagation, 155
Fault-current limiters, 207
Fault-Ride-Through, 10, 12, 13, 17, 59–62, 148,

159–164, 167, 173, 184, 189, 192
Feeder protection, 178, 179
Feeder protection zone, 173, 178–179
Firing angle, 123, 124, 145–147
Firing pulses, 31, 32, 125, 146, 175, 185
Fixed capacitor, 144
Fixed-speed induction generators, 10, 198
Fixed-speed wind turbines, 6–7
Flux linkage, 18–21, 38, 40, 49, 78, 80, 95
Flying capacitor converter, 247–249
Flywheel-based energy storage, 205
Foundation, 3
Fourier series, 225, 226, 242
Freewheeling diode, 188
Frequency control, 11, 86, 105, 206, 216
Function layer, 213

Gas pressure protection, 180
Gas-insulated lines, 209
Gas-insulated switchgear condition, 211
Gas-insulated transformers, 208–209
Gating signals, 223, 224, 226, 227, 231, 238, 258
Gearbox, 4, 6, 8, 16, 88, 89, 115, 193, 210, 213
Generator stator earth fault, 174
Generator stator short circuit, 174
Generator thermal overload, 175
GIL, 209
Global Positioning System, 217
Gradient control
Grid Codes, 3, 12, 13, 17, 117, 161, 168, 173
Grid integration, 155–170
Grid operators, 12, 118, 214
Grid-side converter, 16, 45, 69, 100, 104, 156, 157
Grid-side converter control, 69, 104, 157
GTO, 29, 120, 128, 175

Harmonic components, 128, 129, 256
Harmonic currents, 7
Harmonic impedances, 232
Harmonics filters, 130
High-frequency carrier, 230, 231
High-frequency current transformers, 210
High-temperature superconducting cables, 208
High-voltage alternating current, 118
High-voltage submarine cables, 202
High-voltage transformer, 180, 187
Homopolar, 121
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HTS, 208
HVAC transmission, 118–120, 155, 159–161
HVDC transmission, 120–124, 128, 130, 155,

156, 166, 186, 197, 200, 201
Hybrid connection, 161, 163–165
Hydrodynamic load, 3

IGBT, 29–33, 120, 128, 129, 175, 176, 185, 188,
203, 204, 212, 224

IMC control, 63, 64, 66–70
Impedance relay, 178, 179
Induction generator, 6, 7, 15, 27, 100, 101, 102,

104, 105, 198, 199
Inertia response, 11
Inverter, 123–126, 132, 134, 140, 177, 206

Laplace-transfer function, 138
LCC-HVDC, 123–125, 127, 149, 150
Line-commutated current-source converters, 122
Line-commuted converter, 123
Load mitigation, 193
Low switching loss, 230, 244
Low-pass filter, 33, 63, 230

Maintenance, 117, 164, 207–209, 215, 216
Market balancing, 215
Market operator, 212
Mechanical system, 27–28, 38, 39
Mercury-arc valves, 122
Modular converter, 249–258
Modular multilevel converter, 249–258
Modulation index, 135, 225, 228, 229, 231–234,

238, 239, 240, 243, 248, 254–256
Modulation method, 230
Monopolar, 120
Motor drives, 177
Multi-level converter, 129
Multi-terminal, 121, 127, 140, 141, 200, 203
Multi-terminal HVDC, 121, 142, 164, 166, 168,

189, 200
Multi-terminal VSC-HVDC, 140, 141, 164, 167,

168, 170
Multi-variable control, 193

Natural frequency, 138

Offshore substation, 118, 141, 143, 144, 201, 202,
205

Offshore wind turbine power capacity, 7–8
Onshore substation, 120
Operating point, 15, 125

Operational flexibility, 215
Over/under frequency, 175
Over/under voltage, 175
Overcurrent protection, 126

Parallel DC cluster, 199
Park transformation, 23, 134, 135
Permanent magnet generators, 91, 195, 199, 201
Phase voltage spectrum, 228, 229, 232, 234, 240,

243, 245, 249, 255–257
Phase-Locked Loop, 135
Phase-to-phase fault, 55–56
Phasor diagram, 82, 161, 163
Phasor measurement unit, 217
PI control, 36, 39, 41, 43, 45, 193
Pitch control, 193, 194
Pole-to-earth fault, 187–188
Power electronic protections, 175
Power electronics condition monitoring, 211–213
Power factor control, 7, 161
Power flow reversal, 127
Power oscillation damping, 107, 145
Power output efficiency, 3
Power quality, 7, 10, 113, 149, 204, 206, 214
Power system frequency, 11
12-Pulse thyristor configuration, 123
Pulse width modulation (PWM), 33, 89, 128–130,

135, 225, 230, 231, 244, 246, 254
Pumped-hydro storage, 206
PWM, see Pulse width modulation

Reactive power, 7, 10, 12, 15–17, 35, 36, 39, 40,
59, 86, 93, 94, 98, 99, 117, 122, 124,
127–129, 135, 148, 149, 157, 161, 164,
165, 199, 201, 209

Reactive power compensation, 7, 10, 92, 120,
122, 127, 128, 144, 146, 147, 149, 155

Reactive power control, 7, 10, 118, 135
Rectifier, 29, 87, 89, 92, 122, 123, 125, 126, 131,

132, 134, 140, 175, 177, 197, 199, 206
Reliability, 115, 121, 140, 141, 149, 194, 199,

205, 208–210, 212, 214, 215
Resistance, 17, 18, 22, 29, 33, 45, 78, 87, 104,

130, 132, 159, 175, 177, 186–188, 206,
208, 212, 248

Ripple, 148, 212, 253
Robust control, 70
Rotor currents, 16, 17, 29, 36, 41, 42, 48, 58, 66,

189, 190
Rotor speed, 10, 11, 23, 27, 36, 38, 39, 44, 46, 57,

58, 61, 65, 104, 190, 192, 275, 276
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Rotor-side converter (RSC), 16, 17, 29, 30, 36,
41, 43, 49, 50, 59–62, 68, 175, 176, 181,
183, 184, 189, 190

RSC, see Rotor-side converter

SCADA, see Supervisory Control and Data
Acquisition

SCR, see Short circuit ratio
Security, 12, 117, 164, 215
Selective harmonic elimination, 225–230,

242–244, 246, 254
Series DC cluster, 199–200
Shaft damping constant, 28
Shaft stiffness, 28
SHE, 225, 230, 242, 244, 245
Short circuit current, 129, 178, 186, 187
Short circuit ratio (SCR), 122, 123, 127
Short-circuit level, 123
Shunt susceptance, 144
Single-phase-to-ground fault, 54
Sinusoidal pulse width modulation, 225,

230–233, 244–247, 254
Six-pulse bridge, 123
Smart grid conceptual model, 213
Smart grid elements, 213
Smart grids, 213, 215
Smart sensing, 215
SMES, 206
Smoothing reactor, 129, 130
Space vector modulation, 225, 233–240, 242, 254
Squirrel-cage induction generator, 6, 10, 100,

195, 201
Stability, 10, 63, 70, 71, 85, 124, 140, 146, 147,

185, 189, 203, 216, 217
STATCOM, 147–149, 155, 161, 164
State estimation, 217
Static VAr Compensator (SVC), 7, 118, 120,

144–148, 155, 161
Submarine cable, 118, 120, 150, 151, 155, 202,

208, 209
Subsea cables, 150, 151, 155
Subsea connectors, 207
Subsea substations, 207
Substation protection, 180
Super-capacitors, 205
Superconducting fault-current limiters, 207
Superconducting magnetic energy storage, 206
Supergrid, 8, 9
Supervisory Control and Data Acquisition

(SCADA), 209

SVC, see Static VAr Compensator
Switching angle, 225, 228, 229, 243
Switching device, 29, 175, 212, 224, 225, 240,

244, 250
Switching frequency, 128, 129, 231, 238, 240,

245, 248, 249, 254, 256, 257
Switching losses, 201, 230, 244, 256
Synchronized phasor measurements, 217
Synchronous compensators, 127
Synchronous connection, 155, 161
Synchronous generator, 10, 73, 74, 76–80, 82–84,

86, 87, 89, 90, 92–94, 96
Synchrophasors, 217

TCR, see Thyristor-controlled reactor
Three-level converter, 129, 196
Thyristorbridge, 123
Thyristor commutation, 127
Thyristor valves, 122, 146
Thyristor-based converter, 122, 149
Thyristor-controlled reactor (TCR), 144–147
Thyristor-switched capacitor (TSC), 144–146
Time delay, 43, 178, 180
Tower, 3, 7, 8, 17, 115, 193, 194
Transformer, 4, 6, 15, 17, 115, 118, 120, 125,

129, 140, 143, 147, 175, 180, 187, 195,
196, 197, 198, 201, 202, 210, 211

Transformer differential protection, 180
Transformer earth fault, 175
Transformer short circuit, 175
Transformer tank, 210
Transient DC currents, 189
Transmission cables, 115, 197
Transmission System Operator, 10–12
Transmission technology, 118, 119
TSC, see Thyristor-switched capacitor
Turbine control, 3, 193, 200
Turbine speed, 16, 89, 177, 198, 200
Turbine string, 117, 197
Turbine technology, 1, 117
Two-degrees-of-freedom internal model, 64
Two-level converter, 129, 223, 231, 234–236,

242, 244

Ultra-capacitors, 205

Variable diameter rotors, 194
Variable frequency, 198, 201
Variable generation, 215
Variable-speed wind turbines, 6, 7, 10, 11, 15
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VCO, see Voltage-controlled oscillator
VDCOL, 125
Vector control, 93–96, 99, 100, 135
Virtual Power Plant (VPP), 216
Voltage collection cables, 202
Voltage control, 7, 10, 86, 123, 135, 141, 144,

145, 148
Voltage depressions, 10, 159, 161
Voltage dips, 51–54, 56, 60, 180, 181
Voltage regulation equipment, 117
Voltage source converter (VSC), 33, 35, 120,

128–132, 135, 140, 147, 148, 166, 187,
203, 223–258

Voltage stability monitoring, 217
Voltage-controlled oscillator (VCO), 125, 126
VPP, see Virtual Power Plant
VSC, see Voltage source converter
VSC-HVDC, 128–132, 134–136, 140, 141, 150,

151, 155–161, 164, 165, 167–170,
184–187, 189, 191, 200, 201–203

Wind Farm Cluster, 118
Wind farm collection network, 159
Wind farm collector, 116
Wind farm sites, 3
Wind farm size, 115, 143
Wind generator protection zone, 173–175
Wind power capacity, 1
Wind power forecasting, 118
Wind power reserve, 118
Wind turbines, 1, 3–13, 15, 17, 88, 89,

92, 105, 113–115, 117, 118, 120,
156, 164, 173, 175–178, 193, 202,
212

Wind turbine components, 115
Wind turbine concepts, 3, 6
Wind turbine transformer, 178

XLPE, 130, 150, 186, 209, 210

Zero-sequence, 23
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