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Preface
The stimulus for this book is the rapid expansion worldwide of wind energy
systems and the implications that this has for power system operation and
control. Rapidly evolving wind turbine technology and the widespread use
of advanced power electronic converters call for more detailed and accurate
modelling of the various components involved in wind energy systems and
their controllers. As wind turbine technology differs significantly from that
employed by conventional generating plants based on synchronous generators,
the dynamic characteristics of the electrical power network may be drastically
changed and hence the requirements for network control and operation may
also be different. In addition, new Grid Code regulations for connection of
large wind farms now impose the requirement that wind farms should be
able to contribute to network support and operation as do conventional gen-
eration plants based on synchronous generators. To address these challenges
good knowledge of wind generation dynamic models, control capabilities and
interaction with the power system becomes critical.

The book aims to provide a basic understanding of modelling of wind gen-
eration systems, including both the mechanical and electrical systems, and to
examine the control philosophies and schemes that enable the reliable, secure
and cost-effective operation of these generation systems. The book is intended
for later year undergraduate and post-graduate students interested in under-
standing the modelling and control of large wind turbine generators, as well
as practising engineers and those responsible for grid integration. It starts with
a review of the principles of operation, modelling and control of the common
wind generation systems used and then moves on to discuss grid compatibility
and the influence of wind turbines on power system operation and stability.

Chapter 1 provides an overview of the current status of wind energy around
the world and introduces the most commonly used wind turbine configurations.
Typical converter topologies and pulse-width modulation control techniques
used in wind generation systems are presented in Chapter 2. Chapter 3 intro-
duces fundamental knowledge for the mathematical modelling of synchronous
machines and their representation for transient stability studies. Chapters 4 to



xiv Preface

6 present the mathematical modelling of fixed-speed and variable-speed wind
turbines, introducing typical control methodologies. Dynamic performance
under small and large network disturbances is illustrated through various case
studies. Different representations of shaft and blade dynamics are explained in
Chapter 7 to illustrate how structural dynamics affect the performance of the
wind turbine during electrical transients. The interaction between bulk wind
farm generation and conventional generation and its influence on network
dynamic characteristics are explained in Chapter 8. Time response simulation
and eigenvalue analysis are used to establish basic transient and dynamic sta-
bility characteristics. This then leads into Chapter 9 where more advanced
control strategies for variable-speed wind turbines are addressed such as the
inclusion of a power system stabiliser. Enabling technologies for wind farm
integration are discussed in Chapter 10 and finally Chapter 11 presents differ-
ent ways in which the wind turbine can be controlled for system contingencies.

The text presented in this book draws together material on modelling and
control of wind turbines from many sources, e.g. graduate courses that the
authors have taught over many years at universities in the UK, USA, Sri Lanka
and Mexico, 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 Future Network Technologies and the
DECC-funded UK SEDG. Through these programmes the authors have had the
chance to interact closely with industrial partners (utilities, power electronic
equipment manufacturers and wind farm developers) and get useful points of
view on the needs and priorities of the wind energy sector concerning wind tur-
bine generator dynamic modelling and control. The authors would like to thank
Prof. Jim McDonald and Prof. Goran Strbac, co-directors of the UK SEDG.
Thanks are also given to Dr. Nolan Caliao and Mr. Piyadanai Pachanapan
who assisted in the preparation of drawings, to Dr. Gustavo Quinonez-Varela
who provided input into the operation of fixed-speed wind turbines, and to
Ms Rose King who provided useful material for Chapter 10. Special thanks
go to Dr. Ramtharan Gnanasambandapillai who gave permission to include
material from his PhD thesis in Chapter 7.

Olimpo Anaya-Lara
Nick Jenkins
Janaka Ekanayake
Phill Cartwright
Mike Hughes
2009
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1
Electricity Generation
from Wind Energy

There is now general acceptance that the burning of fossil fuels is having
a significant influence on the global climate. Effective mitigation of climate
change will require deep reductions in greenhouse gas emissions, with UK
estimates of a 60–80% cut being necessary by 2050 (Stern Review, UK HM
Treasury, 2006). The electricity system is viewed as being easier to transfer
to low-carbon energy sources than more challenging sectors of the economy
such as surface and air transport and domestic heating. Hence the use of
cost-effective and reliable low-carbon electricity generation sources, in addi-
tion to demand-side measures, is becoming an important objective of energy
policy in many countries (EWEA, 2006; AWEA, 2007).

Over the past few years, wind energy has shown the fastest rate of growth of
any form of electricity generation with its development stimulated by concerns
of national policy makers over climate change, energy diversity and security
of supply.

Figure 1.1 shows the global cumulative wind power capacity worldwide
(GWEC, 2006). In this figure, the ‘Reference’ scenario is based on the projec-
tion in the 2004 World Energy Outlook report from the International Energy
Agency (IEA). This projects the growth of all renewables including wind
power, up to 2030. The ‘Moderate’ scenario takes into account all policy
measures to support renewable energy either under way or planned world-
wide. The ‘Advanced’ scenario makes the assumption that all policy options
are in favour of wind power, and the political will is there to carry them out.

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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GLOBAL CUMULATIVE CAPACITY [GW] AND ELECTRICITY GENERATION [TWh]
Year 2005 2010 2020 2030 2040 2050

Reference [GW] 59.08 112.82 230.66 363.76 482.76 577.26
[TWh] 124 247 566 892 1,269 1,517

Moderate [GW] 59.08 136.54 560.45 1,128.71 1,399.13 1,556.90
[TWh] 124 299 1,375 2,768 3,677 4,092

Advanced [GW] 59.08 153.76 1,072.93 2,106.66 2,616.21 3,010.30
[TWh] 124 337 2,632 5,167 6,875 7,911

Figure 1.1 Global cumulative wind power capacity (GWEC, 2006)

1.1 Wind Farms

Numerous wind farm projects are being constructed around the globe with
both offshore and onshore developments in Europe and primarily large onshore
developments in North America. Usually, sites are preselected based on gen-
eral information of wind speeds provided by a wind atlas, which is then
validated with local measurements. The local wind resource is monitored for
1 year, or more, before the project is approved and the wind turbines installed.

Onshore turbine installations are frequently in upland terrain to exploit the
higher wind speeds. However, wind farm permitting and siting onshore can
be difficult as high wind-speed sites are often of high visual amenity value
and environmentally sensitive.

Offshore development, particularly of larger wind farms, generally takes
place more than 5 km from land to reduce environmental impact. The advan-
tages of offshore wind farms include reduced visual intrusion and acoustic
noise impact and also lower wind turbulence with higher average wind speeds.
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Table 1.1 Wind turbine applications (Elliot, 2002)

Small (�10 kW) Intermediate (10–500 kW) Large (500 kW–5 MW)

• Homes (grid-connected)
• Farms
• Autonomous remote applica-

tions (e.g. battery charging,
water pumping, telecom sites)

• Village power
• Hybrid systems
• Distributed

power

• Wind power plants
• Distributed power
• Onshore and offshore

wind generation

The obvious disadvantages are the higher costs of constructing and operating
wind turbines offshore, and the longer power cables that must be used to
connect the wind farm to the terrestrial power grid.

In general, the areas of good wind energy resource are found far from pop-
ulation centres and new transmission circuits are needed to connect the wind
farms into the main power grid. For example, it is estimated that in Germany,
approximately 1400 km of additional high-voltage and extra-high-voltage lines
will be required over the next 10 years to connect new wind farms (Deutsche
Energie-Agentur GmbH, 2005).

Smaller wind turbines may also be used for rural electrification with appli-
cations including village power systems and stand-alone wind systems for
hospitals, homes and community centres (Elliot, 2002).

Table 1.1 illustrates typical wind turbine ratings according to their appli-
cation.

1.2 Wind Energy-generating Systems

Wind energy technology has evolved rapidly over the last three decades
(Figure 1.2) with increasing rotor diameters and the use of sophisticated power
electronics to allow operation at variable rotor speed.

1.2.1 Wind Turbines

Wind turbines produce electricity by using the power of the wind to drive an
electrical generator. Wind passes over the blades, generating lift and exert-
ing a turning force. The rotating blades turn a shaft inside the nacelle, which
goes into a gearbox. The gearbox increases the rotational speed to that which
is appropriate for the generator, which uses magnetic fields to convert the
rotational energy into electrical energy. The power output goes to a trans-
former, which converts the electricity from the generator at around 700 V to
the appropriate voltage for the power collection system, typically 33 kV.

A wind turbine extracts kinetic energy from the swept area of the blades
(Figure 1.3). The power in the airflow is given by (Manwell et al., 2002;
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Figure 1.2 Evolution of wind turbine dimensions

WIND

Figure 1.3 Horizontal axis wind turbine

Burton et al., 2001):

Pair = 1

2
ρAν3 (1.1)

where
ρ = air density (approximately 1.225 kg m−3)

A = swept area of rotor, m2

ν = upwind free wind speed, m s−1.

Although Eq. (1.1) gives the power available in the wind the power trans-
ferred to the wind turbine rotor is reduced by the power coefficient, Cp:

Cp = Pwind turbine

Pair
(1.2)

Pwind turbine = CpPair = Cp × 1

2
ρAν3 (1.3)
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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 reality, 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

ν
(1.4)

where
ω = rotational speed of rotor
R = radius to tip of rotor
ν = upwind free wind speed, m s−1.

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 1.4 shows that the maximum power coefficient is only achieved at a
single tip-speed ratio and for a fixed rotational speed of the wind turbine this
only occurs at a single wind speed. Hence, 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 and is generally

0
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Figure 1.4 Illustration of power coefficient/tip-speed ratio curve, Cp/λ
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Figure 1.5 Power curve for a 2 MW wind turbine

measured using 10 min average data. An example of a power curve is given
in Figure 1.5.

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 (rated
power is generally the maximum power output of the electrical generator).

• 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).

Below the cut-in speed, of about 5 m s−1, the wind turbine remains shut
down as the speed of the wind is too low for useful energy production. Then,
once in operation, the power output increases following a broadly cubic rela-
tionship with wind speed (although modified by the variation in Cp) until
rated wind speed is reached. 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 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
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maximum energy extraction with controlling the mechanical loads (and hence
the capital cost) of the turbine. For a mean annual site wind speed Vm of
8 m s−1 typical values will be approximately (Fox et al., 2007):

• cut-in wind speed: 5 m s−1, 0.6 Vm

• rated wind speed: 12–14 m s−1, 1.5–1.75 Vm

• cut-out wind speed: 25 m s−1, 3Vm.

Power curves for existing machines can normally be obtained from the tur-
bine manufacturer. They are found by field measurements, where an anemome-
ter is placed on a mast reasonably close to the wind turbine, not on the turbine
itself or too close to it, since the turbine may create turbulence and make wind
speed measurements unreliable.

1.2.2 Wind Turbine Architectures

There are a large number of choices of architecture available to the designer
of a wind turbine and, over the years, most of these have been explored
(Ackermann, 2005; Heier, 2006). However, commercial designs for electricity
generation have now converged to horizontal axis, three-bladed, upwind tur-
bines. The largest machines tend to operate at variable speed whereas smaller,
simpler turbines are of fixed speed.

Modern electricity-generating wind turbines now use three-bladed upwind
rotors, although two-bladed, and even one-bladed, rotors were used in earlier
commercial turbines. Reducing the number of blades means that the rotor has
to operate at a higher rotational speed in order to extract the wind energy
passing through the rotor disk. Although a high rotor speed is attractive in
that it reduces the gearbox ratio required, a high blade tip speed leads to
increased aerodynamic noise and increased blade drag losses. Most impor-
tantly, three-bladed rotors are visually more pleasing than other designs and
so these are now always used on large electricity-generating turbines.

1.2.2.1 Fixed-speed Wind Turbines

Fixed-speed wind turbines are electrically fairly simple devices consisting
of an aerodynamic rotor driving a low-speed shaft, a gearbox, a high-speed
shaft and an induction (sometimes known as asynchronous) generator. From
the electrical system viewpoint they are perhaps best considered as large fan
drives with torque applied to the low-speed shaft from the wind flow.

Figure 1.6 illustrates the configuration of a fixed-speed wind turbine
(Holdsworth et al., 2003; Akhmatov, 2007). It consists of a squirrel-cage
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Squirrel-cage 
induction generator
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starter

Capacitor 
bank

Turbine 
 transformer

Figure 1.6 Schematic of a fixed-speed wind turbine

induction generator coupled to the power system through a turbine trans-
former. The generator operating slip changes slightly as the operating power
level changes and the rotational speed is therefore not entirely constant.
However, because the operating slip variation is generally less than 1%, this
type of wind generation is normally referred to as fixed speed.

Squirrel-cage induction machines consume reactive power and so it is con-
ventional to provide power factor correction capacitors at each wind turbine.
The function of the soft-starter unit is to build up the magnetic flux slowly
and so minimize transient currents during energization of the generator. Also,
by applying the network voltage slowly to the generator, once energized, it
brings the drive train slowly to its operating rotational speed.

1.2.2.2 Variable-speed Wind Turbines

As the size of wind turbines has become larger, the technology has switched
from fixed speed to variable speed. The drivers behind these developments
are mainly the ability to comply with Grid Code connection requirements
and the reduction in mechanical loads achieved with variable-speed operation.
Currently the most common variable-speed wind turbine configurations are as
follows:

• doubly fed induction generator (DFIG) wind turbine
• fully rated converter (FRC) wind turbine based on a synchronous or

induction generator.

Doubly Fed Induction Generator (DFIG) Wind Turbine
A typical configuration of a DFIG wind turbine is shown schematically
in Figure 1.7. It uses a wound-rotor induction generator with slip rings to
take current into or out of the rotor winding and variable-speed operation is
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Wound rotor
induction generator
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Crowbar

Figure 1.7 Typical configuration of a DFIG wind turbine

obtained by injecting a controllable voltage into the rotor at slip frequency
(Müller et al., 2002; Holdsworth et al., 2003). The rotor winding is fed
through a variable-frequency power converter, typically based on two
AC/DC IGBT-based voltage source converters (VSCs), linked by a DC bus.
The power converter decouples the network electrical frequency from the
rotor mechanical frequency, enabling variable-speed operation of the wind
turbine. The generator and converters are protected by voltage limits and an
over-current ‘crowbar’.

A DFIG system can deliver power to the grid through the stator and rotor,
while the rotor can also absorb power. This depends on the rotational speed
of the generator. If the generator operates above synchronous speed, power
will be delivered from the rotor through the converters to the network, and
if the generator operates below synchronous speed, then the rotor will absorb
power from the network through the converters.

Fully Rated Converter (FRC) Wind Turbine
The typical configuration of a fully rated converter wind turbine is shown in
Figure 1.8. This type of turbine may or may not include a gearbox and a
wide range of electrical generator types can be employed, for example, induc-
tion, wound-rotor synchronous or permanent magnet synchronous. As all of
the power from the turbine goes through the power converters, the dynamic
operation of the electrical generator is effectively isolated from the power grid
(Akhmatov et al., 2003; Heier, 2006). The electrical frequency of the gener-
ator may vary as the wind speed changes, while the grid frequency remains
unchanged, thus allowing variable-speed operation of the wind turbine.
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Power converter

Induction/Synchronous
generator

Figure 1.8 Typical configuration of a fully rated converter-connected wind turbine

The power converters can be arranged in various ways. Whereas the
generator-side converter (GSC) can be a diode rectifier or a PWM voltage
source converter (VSC), the network-side converter (NSC) is typically a
PWM VSC. The strategy to control the operation of the generator and
the power flows to the network depends very much on the type of power
converter arrangement employed. The network-side converter can be arranged
to maintain the DC bus voltage constant with torque applied to the generator
controlled from the generator-side converter. Alternatively, the control phi-
losophy can be reversed. Active power is transmitted through the converters
with very little energy stored in the DC link capacitor. Hence the torque
applied to the generator can be controlled by the network-side converter.
Each converter is able to generate or absorb reactive power independently.

1.3 Wind Generators Compared with Conventional Power Plant

There are significant differences between wind power and conventional syn-
chronous central generation (Slootweg, 2003):

• Wind turbines employ different, often converter-based, generating systems
compared with those used in conventional power plants.

• The prime mover of wind turbines, 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 generation interacts differently with the net-
work and wind generation may have both local and system-wide impacts on the
operation of the power system. Local impacts occur in the electrical vicinity of
a wind turbine or wind farm, and can be attributed to a specific turbine or farm.
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System-wide impacts, on the other hand, affect the behaviour of the power
system as a whole. They are an inherent consequence of the utilization of wind
power and cannot be attributed to individual turbines or farms (UCTE, 2004).

1.3.1 Local Impacts

Locally, wind power has an impact on the following aspects of the power
system:

• circuit power flows and busbar voltages
• protection schemes, fault currents, and switchgear rating
• power quality

– harmonic voltage distortion
– voltage flicker.

The first two topics are always investigated when connecting any new gen-
erator and are not specific to wind power. Harmonic voltage distortion is of
particular interest when power electronic converters are employed to inter-
face wind generation units to the network whereas voltage flicker is more
significant for large, fixed-speed wind turbines on weak distribution circuits.

1.3.1.1 Circuit Power Flows and Busbar Voltages

The way in which wind turbines affect locally the circuit active and reac-
tive power flows and busbar voltages depends on whether fixed-speed or
variable-speed turbines are used. The operating condition of a squirrel-cage
induction generator, used in fixed-speed turbines, is dictated by the mechanical
input power and the voltage at the generator terminals. This type of gener-
ator cannot control busbar voltages by itself controlling the reactive power
exchange with the network. Additional reactive power compensation equip-
ment, often fixed shunt-connected capacitors, is normally fitted. Variable-speed
turbines have, in principle, the capability of varying the reactive power that
they exchange with the grid to affect their terminal voltage. In practice, this
capability depends to a large extent on the rating and the controllers of the
power electronic converters.

1.3.1.2 Protection Schemes, Fault Currents and Switchgear Rating

The contribution of wind turbines to network fault current also depends on
the generator technology employed. Fixed-speed turbines, in common with
all directly connected spinning plant, contribute to network fault currents.
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However, as they use induction generators, they contribute only sub-transient
fault current (lasting less than, say, 200 ms) to balanced three-phase faults but
can supply sustained fault current to unbalanced faults. They rely on sequential
tripping (over/under-voltage, over/under-frequency and loss of mains) protec-
tion schemes to detect when conventional over-current protection has isolated
a faulty section of the network to which they are connected.

Variable-speed DFIG wind turbines also contribute to network fault currents
with the control system of the power electronic converters detecting the fault
very quickly. Due to the sensitivity of the power electronics to over-currents,
this type of wind turbine may be quickly disconnected from the network and
the crowbar activated to short-circuit the rotor windings of the wound-rotor
induction generator, unless special precautions are taken to ensure Grid Code
compliance.

Fully rated converter-connected wind turbines generally do not contribute
significantly to network fault current because the network-side converter is
not sized to supply sustained over-currents. Again, this wind turbine type may
also disconnect quickly in the case of a fault, if the Grid Codes do not require
a Fault Ride Through capability.

The behaviour of power converter-connected wind turbines during network
faults depends on the design of the power converters and the settings of their
control systems. There are as yet no agreed international standards for either
the fault contribution performance required of converter-connected generators
or how such generators should be represented in transient stability or fault
calculator simulation programs. A conservative design approach is to assume
that such generators do contribute fault current when rating switchgear and
other plant, but not to rely on such fault currents for protection operation.

1.3.1.3 Power Quality

Two local effects of wind power on power quality may be considered, voltage
harmonic distortion and flicker. Harmonic distortion is mainly associated with
variable-speed wind turbines because these contain power electronic convert-
ers, which are an important source of high-frequency harmonic currents. It is
increasingly of concern in large offshore wind farms, where the very extensive
cable networks can lead to harmonic resonances and high harmonic currents
caused by existing harmonic voltages already present on the power system or
by the wind turbine converters.

In fixed-speed wind turbines, wind fluctuations are directly translated into
output power fluctuations because there is no energy buffer between the
mechanical input and the electrical output. Depending on the strength of the
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grid connection, the resulting power fluctuations can result in grid voltage
fluctuations, which can cause unwanted and annoying fluctuations in electric
light bulb brightness. This problem is referred to as ‘flicker’. In general, flicker
problems do not occur with variable-speed turbines, because in these turbines
wind speed fluctuations are not directly translated into output power fluctua-
tions. The stored energy of the spinning mass of the rotor acts as an energy
buffer.

1.3.2 System-wide Impacts

In addition to the local impacts, wind power also has a number of system-wide
impacts as it affects the following (Slootweg, 2003; UCTE, 2004):

• power system dynamics and stability
• reactive power and voltage support
• frequency support.

1.3.2.1 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 net-
work 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, they absorb reactive power, depress-
ing the network voltage. If the voltage does not recover quickly enough, the
wind turbines continue to accelerate and to consume large amounts of reactive
power. This eventually leads to voltage and rotor speed instability. In contrast
to synchronous generators, the exciters of which increase reactive power out-
put during low network voltages and thus support voltage recovery after a
fault, squirrel-cage induction generators tend to impede voltage recovery.

With variable-speed wind turbines, the sensitivity of the power electronics
to over-currents caused by network voltage depressions can have serious con-
sequences 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 rel-
atively small voltage reductions, a voltage drop over a wide geographic area
can lead to a large generation deficit. Such a voltage drop could be caused,
for instance, by a fault in the transmission grid. To prevent this, grid compa-
nies and transmission system operators require that wind turbines have a Fault
Ride Through capability and are able to 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.
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1.3.2.2 Reactive Power and Voltage Support

The voltage on a transmission network is determined mainly by the inter-
action of reactive power flows with the reactive inductance of the network.
Fixed-speed induction generators absorb reactive power to maintain their mag-
netic 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
voltage of the network is to reduce the reactive power drawn from the network
by the use of shunt compensators.

Variable-speed wind turbines have the capability of reactive power control
and may be able to support the voltage of the network to which they are
connected. However, individual control of wind turbines may not be able to
control the voltage at the point of connection, especially because the wind
farm network is predominantly capacitive (a cable network).

On many occasions, the reactive power and voltage control at the point of
connection of the wind farm is achieved by using reactive power compensa-
tion equipment such as static var compensators (SVCs) or static synchronous
compensators (STATCOMs).

1.3.2.3 Frequency Support

To provide frequency support from a generation unit, the generator power
must increase or decrease as the system frequency changes. Hence, 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.

1.4 Grid Code Regulations for the Integration 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. 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
system. The additional services that a power plant should provide are normally
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Figure 1.9 Typical shape of continuous and reduced output regions (after Great Britain and
Ireland Grid Codes; ESB National Grid, 2008; National Grid, 2008)

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. The grid connection requirements differ from country to country
and may differ from region to region. They have many common features but
some of the requirements are subtly different, reflecting the characteristics of
the individual grids.

As a mandatory requirement, the levels and time period of the output power
of a generating plant should be maintained within the specified values of
grid frequency and grid voltage as specified in Grid Codes. Typically, this
requirement is defined as shown in Figure 1.9, 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 1.10
shows the operational regions as specified in the Great Britain and Ireland
Grid Codes.

Almost all Grid Codes now impose the requirement that wind farms should
be able to provide primary frequency response. The capability profile typically
specifies the minimum required level of response, the frequency deviation at
which it should be activated and time to respond.
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Ireland Grid Codes; ESB National Grid, 2008; National Grid, 2008)

Traditionally, wind turbine generators were tripped off once the voltage
at their terminals reduced to a specified level. However, with the penetra-
tion of wind generation increasing, Grid Codes now generally demand Fault
Ride Through capability for wind turbines connected to transmission networks.
Figure 1.11 shows a plot illustrating the general shape of voltage tolerance
that most grid operators demand. When reduced system voltage occurs fol-
lowing 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 shown in
Figure 1.11. Grid Codes are under continual review and, as the level of wind
power increases, are likely to become mode demanding.
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2
Power Electronics for Wind
Turbines

Power electronic systems are frequently used for electrical power conversion at
a wind turbine generator level, wind farm level or both. Within the wind turbine
generator, power electronic converters are used to control the steady-state and
dynamic active and reactive power flows to and from the electrical generator
(Figure 2.1a).

Variable-speed wind turbines decouple the rotational speed from the grid fre-
quency through a power electronic interface. Variable-speed operation can be
achieved by using any suitable combination of generator, synchronous or asyn-
chronous, and a power electronic interface. The commonly used variable-speed
configurations are the fully rated converter (FRC) wind turbine, which may
use synchronous or asynchronous generators, and the doubly fed induction
generator (DFIG) wind turbine. In FRC wind turbines, the power electronic
interface is connected to the stator of the generator. In DFIG wind turbines,
the power electronic interface is connected between the stator and the rotor,
and allows variable-speed operation of the wind turbine by injecting a variable
voltage into the rotor at slip frequency.

In many cases, the electrical networks to which wind farms are connected
are ‘weak’, with high source impedances. The output of a wind farm changes
constantly with wind conditions and so causes variations in the voltage at
the point of connection. This can be compensated by proper control of the
power electronic converters of the wind turbine generators, within the rating
and operating capability of the wind turbine generator and the converters.
In addition, a power electronic reactive power compensator such as a static
var compensator (SVC) or a static compensator (STATCOM) can be con-
nected to the wind farm point of connection with the grid to supply reactive

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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power locally and thus improve the voltage profile at that point (Figure 2.1b).
A reactive power compensator can also be used to improve the stability of
the network to which the wind farm is connected. Effective voltage control
through reactive power compensation facilitates the connection of medium-
and large-sized wind turbines to ‘weak’ networks.

For large wind farms, high-voltage direct current (HVDC) power electronic
converters may be employed to control bulk active power transfer through the
DC link with independent control of reactive power both at the wind farm and
to the network, as shown in Figure 2.1c.

2.1 Soft-starter for FSIG Wind Turbines

A soft-starter unit is used with FSIG wind turbines (Figure 1.6) to build up
the magnetic flux slowly and so minimize transient currents during energiza-
tion. The soft-starter consists of six thyristors, two per phase connected in
anti-parallel, as shown in Figure 2.2a. An RC snubber circuit is connected in
series across the thyristors to control the rate of change of voltage across the
thyristors. A thyristor is latched in the on-state by a positive firing pulse sup-
plied to the gate terminal with respect to the cathode, but must be turned off
by natural commutation, that is, by reverse current flow in the power circuit.
Therefore, an external controller is required to generate the on firing pulses
to the gates (ThF and ThR). Automatic transition to the off-state occurs when
the device current reaches zero.

To operate in current limiting mode, delayed firing pulses (ThFa to ThRc)

are generated with increasing conduction period for each thyristor, as shown
in Figure 2.2b. In this way, the phase current is gradually increased to the
rated current. When the rated current is reached, the soft-starter is by-passed
by the contactor.

The firing pulse generator for the soft-starter is shown in Figure 2.3. A
phase-locked loop (PLL) is used to lock the firing pulses to the three-phase
line voltages (A, B and C). This block returns an array of six saw-tooth phase
signals separated 60◦ in phase to one another. The firing pulses are generated
by comparing the saw-tooth waveforms with the defined firing characteristic
(which is an increasing DC level).

2.2 Voltage Source Converters (VSCs)

2.2.1 The Two-level VSC

The two-level VSC is widely used in variable-speed drives and variable-speed
wind turbine applications. The main advantages of the two-level VSC include
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its simplicity, proven technology and the possibility of building redundancy
into the string of series-connected switching devices, usually insulated gate
bipolar transistors (IGBTs). The two-level VSC allows the IGBTs to be con-
nected in series, depending on the voltage rating of the device available and
the supply voltage required. The basic principle of a single-phase, two-level
VSC is shown in Figure 2.4, where it can be seen that the output waveform
has two levels, +VDC and −VDC. Therefore, each switch string must be rated
for the full direct voltage, VDC. Due to the large capacitance of the DC side
of the converter, the DC voltage, VDC, is more or less constant and thus the
converter is known as a voltage source converter.

Three single-phase, two-level voltage source converters can be connected
to the same capacitor to form a three-phase converter. This converter power
circuit arrangement is often called the six-pulse converter configuration
(Figure 2.5). In this circuit, the switches in one leg are switched alternatively

0
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sa1
sa1
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sa2

o a
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−Vdc

Figure 2.4 Fundamental principles of a single-phase, two-level converter
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Figure 2.5 Three-phase, two-level voltage source converter

with a small dead time to avoid both conducting simultaneously. Therefore,
one switching function is enough to control both switches in a leg.

There are a number of different switching strategies for VSCs (Mohan
et al., 1995; Boost and Ziogas, 1988; Holtz, 1992). These include square-wave
operation, carrier-based pulse-width modulation (CB-PWM) techniques such
as switching frequency optimal PWM (SFO-PWM), sinusoidal regular sam-
pled PWM (RS-PWM), non-regular sampled PWM (NRS-PWM), selective
harmonic elimination PWM (SHEM), space vector PWM (SV-PWM) and
hysteresis switching techniques.

2.2.2 Square-wave Operation

In this technique (Figure 2.6), each switch conducts for almost 180◦. No two
switches in the same leg conduct simultaneously. Six patterns exist for one out-
put cycle and the rate of sequencing these patterns specifies the bridge output
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Figure 2.6 Three-phase output for fundamental frequency modulation
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frequency. The six conducting switching patterns during six distinct intervals
[marked as (1) to (6) in Figure 2.6] are Sc1Sb2Sa1, Sb2Sa1Sc2, Sa1Sc2Sb1,

Sc2Sb1Sa2, Sb1Sa2Sc1 and Sa2Sc1Sb2.
With fundamental frequency switching, the switching losses are low (since

switching losses are proportional to the switching frequency), but the harmonic
content of the output waveforms is relatively high. The output voltage contains
harmonics of the order (6k ± 1), where k is an integer.

2.2.3 Carrier-based PWM (CB-PWM)

This is the classical PWM where a reference signal, Vref, which varies sinu-
soidally, is compared with a fixed-frequency triangular carrier waveform, Vtri,
to create a switching pattern. If the single-phase two-level circuit of Figure 2.4
is considered with the waveforms shown in Figure 2.7, then Sa1 is ON when
Vref > Vtri. Sa2 is ON when Vref < Vtri. In general:

Sa1 =
{

1 Vref >Vtri

0 Vref < Vtri
(2.1)

Sa2 =
{

1 Vref < Vtri

0 Vref >Vtri
(2.2)

where ‘1’ denotes the switch state ON and ‘0’ denotes the switch state OFF.
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Figure 2.7 Reference voltage, Vref, and the carrier waveform, Vtri
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The amplitude modulation ratio, ma, is defined as the ratio of the reference
signal to the carrier signal:

ma = V̂ref

V̂tri

(2.3)

where the ‘hat’, ‘ ˆ ’, represents peak values.
The frequency modulation ratio, mf, is defined as the ratio of the carrier

frequency, ftri, to the reference signal frequency, fref:

mf = ftri

fref
(2.4)

It can be estimated from the waveforms in Figure 2.7 that ma = 0.8 and
mf = 15.

The PWM switching pattern and the Fourier spectrum of this output wave-
form are shown in Figure 2.8.

If ma is increased beyond unity (ma > 1.0), then the fundamental voltage
does not vary linearly. This condition is termed over-modulation (Mohan
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Figure 2.9 Over-modulation shown for a single-phase, two-level VSC

et al., 1995). As ma is increased beyond 3.24, the output waveform degenerates
into a square waveform (Figure 2.9).

This PWM switching strategy provides good results in terms of harmonic
distortion, possibly eliminating the requirement for passive harmonic filtering
but the switching losses are increased over square-wave modulation.

2.2.4 Switching Frequency Optimal PWM (SFO-PWM)

Higher utilization of the DC link can be achieved by using reference
waveforms other than pure sinusoidal waveforms.

2.2.4.1 Trapezoidal Modulating Function

The reference signal is a trapezoidal function (Figure 2.10), which increases
the ratio of the fundamental component of the maximum phase voltage to the
DC supply voltage. This then reduces the ratings required for the converter
elements and decreases the turn-on losses of the converter elements. However,
the lower-order harmonic content of the output waveform is increased (Holtz,
1992; Taniguchi et al., 1994).
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Voltage (pu)

Time (s)

Figure 2.10 Trapezoidal modulating function

2.2.4.2 Third Harmonic Modulating Function

As shown in Figure 2.11 a third harmonic may be added to the reference
sinusoidal waveform to increase the output fundamental frequency voltage
and to allow an increase in ma (Mohan et al., 1995; Holtz, 1992).

2.2.5 Regular and Non-regular Sampled PWM (RS-PWM and
NRS-PWM)

In CB-PWM methods, a reference signal, Vref, whose waveform is required to
be reproduced in the output waveform, is imposed on the carrier wave signal
Vtri. As described by Bowes (1975), the equations describing the CB-PWM are
not suitable for digital implementation. The need to implement PWM within
digital or microprocessor-based systems led to the development of regular
sampled (RS-PWM) and non-regular sampled (NRS-PWM) techniques.

In the RS-PWM, the reference signal is sampled at equidistant time instants
(Ts). Figure 2.12 shows an example where two samples per carrier cycle are
generated. The pulse width of the RS-PWM signal is modulated based on
the magnitude of the samples h1 and h2. Several variations of the RS-PWM
modulation technique can be found in the literature namely, ‘single-edge’,

Voltage (pu)

Time (s)

Figure 2.11 Harmonic modulating function
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PWM
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t

2nd sample
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h1 h2

Figure 2.12 Regular sampling

‘symmetrically double-edge’ or ‘asymmetrically double-edge’ modulation
(Bowes, 1975; Bowes and Lai, 1997).

In the ‘non-regular sampling’ or ‘natural sampling’ technique, the modu-
lation time instants are not equidistant but are dependent on the modulation
process.

2.2.6 Selective Harmonic Elimination PWM (SHEM)

This switching technique was described by Patel and Hoft (1973), where addi-
tional switching events are used. The values of the firing angle, αk, are derived
to eliminate particular harmonics. Figure 2.13 shows a periodic waveform from
a two-level converter with an arbitrary number of chops per half cycle. Assum-
ing that this periodic waveform has half-wave odd symmetry and the angle
corresponding to the chop π/2 is αk then from Fourier analysis:

Vao =
∞∑

n=1

bn sin(nωt) (2.5)

where

bn = 2

π

∫ π

0
Vao(ωt) sin(nωt)d(ωt)

= VDC

π




∫ α1

0
sin(nωt)d(ωt) −

∫ α2

α1

sin(nωt)d(ωt)

−
∫ π−α1

π−α2

sin(nωt)d(ωt) +
∫ π

π−α1

sin(nωt)d(ωt)


 (2.6)
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a2

a1

p-a2

p-a1

Figure 2.13 Two-level VSC with an arbitrary number of chops per half cycle

The integration given in Eq. (2.6) can be written as

bn = 4VDC

πn

[
1 + 2

k∑
i=1

(−1)i cos(nαi)

]
(2.7)

for odd n.
By introducing k number of chops per half cycle into the converter output

voltage (Figure 2.13), any k number of harmonics can be eliminated from
the output voltage. The angles corresponding to the k chops can be found
by equating bn = 0 for the k harmonics to be eliminated and solving those k

simultaneous equations for αi (for i = 1 to k). As an example, if two chops
were used with angles α1 = 16.3◦ and α2 = 22.1◦, the fifth and seventh har-
monics can be eliminated from the output voltage waveform. However, there
may be practical limitations in implementing this strategy (computational time
and practically achievable firing angles). Hence a ‘harmonic optimization’
method has been proposed in (Buja and Indri, 1977) where a broader number
of harmonics are adjusted to minimize the approximate RMS harmonic current
of an induction motor.

2.2.7 Voltage Space Vector Switching (SV-PWM)

Another method of obtaining a pulse width modulation is based on space vector
representation of the switching voltages in the αβ plane as described by (Van
der Broeck et al, 1988; Lindberg, 1990). This method has the advantage of
being easier to implement than other PWM techniques and achieves similar
results to regular sampled sinusoidal PWM with third harmonic added to the
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reference waveform. Therefore, the harmonic content of the output waveform
is lower than that for an equivalent CB-PWM. A single rotating vector can
be used to represent three-phase voltages. This vector is called the voltage
space vector which generally rotates in a two-dimension plane. In this case,
two stationary perpendicular axis, α and β, are used to represent the voltage
space vector.

For a two-level converter using the space vector PWM switching strategy,
the switching vectors are defined by the states of the converter switches as
shown in Figure 2.14. Three switching legs, each having two states ON or
OFF, allow the converter to produce (23 = 8) eight possible switching states
(Figure 2.15).

In the SV-PWM technique, the sequence of the switching vectors is selected
in such a way that only one leg is switched to move from one switching
vector to the next. This switching sequence is achieved by arranging the
adjacent active vectors and two-null vectors (Boost and Ziogas, 1988; Holtz,
1992). The switching times of the switching vectors are calculated by equating
volt-second integrals between the required voltage vector and the switching
vectors. Figure 2.16 shows an example for the calculation of switching times,
when the required voltage vector is in the first sector.

The required voltage vector Vs is generated by using the adjacent active
switching vectors V1, V2 and the null vectors V0 and V7. The times t0 and

Sa Sb Sc vao vbo vco Switching
vector

0 0 0 −VDC −VDC −VDC V0

1 0 0 +VDC −VDC −VDC V1

1 1 0 +VDC −VDC −VDC V2

0 1 0 −VDC +VDC

+VDC

−VDC V3

0 1 1 −VDC +VDC +VDC V4

0 0 1 −VDC −VDC +VDC V5

1 0 1 +VDC −VDC +VDC V6

1 1 1 +VDC +VDC +VDC V7

Sa Sb Sc

VDC

VDC

a

b

c

o

Figure 2.14 Switching status of a six-pulse converter switches
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Figure 2.15 Switching vector positions for two-level SVPWM
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Figure 2.16 Phasor diagram and basic equations for switching time calculation

t7 represent the switching duration of the null vectors V0 and V7 and t1 and
t2 represent that for the active vectors V1 and V2. In a conventional space
vector technique, the null vector switching times are chosen in such a way
that t0 = t7. The magnitude of the required voltage vector is assumed to be
constant during the switching period, Ts.

The switching duration of each vector is given by the following equations:

t1 = Ts

√
6Vα − Vβ/

√
2

2VDC
(2.8)

t2 = TsVβ√
2VDC

(2.9)

and

t0 = t7 = Ts − t1 − t2

2
(2.10)
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2.2.8 Hysteresis Switching

In this technique, the required converter output current is compared with the
actual converter output current within a specified hysteresis band. If the actual
current is more positive than the upper hysteresis level, then the converter is
switched such that the current is reduced and vice versa (Brod and Novotny,
1985). Figure 2.17 shows the converter output current waveform for hysteresis
switching.

One advantage of this control is its ease of implementation. However, this
technique requires sufficient DC-link voltage to force the current in the desired
direction. In addition, the converter switching frequency is influenced by sev-
eral factors: ripple current magnitude, smoothing reactance, DC-link voltage
and instantaneous grid voltage.

2.3 Application of VSCs for Variable-speed Systems

As discussed in Section 1.2, wind turbines use power electronic converters for
variable-speed operation. Table 2.1 summarizes the application of VSCs for
different generator configurations.

Required
waveform

Actual
waveform

Amount of
hysteresis

Sa1 on Sa2 ON

Sa2

Sa1

iactual

Converter
switching leg

Figure 2.17 Hysteresis converter current control

Table 2.1 Generators and power electronics in wind turbine applications

Generator Power electronic conversion used

DFIG Back-to-back VSCs connected to the rotor
Permanent magnet synchronous

generator-based FRC
Diode bridge-VSC or back-to-back VSCs

connected to the armature
Wound rotor synchronous

generator-based FRC
Diode bridge-VSC or back-to-back VSCs

connected to the armature and field
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To the
generator To the

grid

Figure 2.18 VSC with a three-phase diode bridge (this topology normally involves the use
of a chopper)

2.3.1 VSC with a Diode Bridge

Figure 2.18 shows an arrangement of a VSC with a three-phase diode bridge.
In this configuration, power can only flow from the generator to the grid.
The generated AC voltage and current (and thus power) is converted into DC
using the diode bridge and then inverted back to 50 Hz AC using the VSC.
This arrangement decouples the wind turbine from the AC grid, thus allowing
variable-speed operation of the wind turbine. The VSC is generally controlled
to maintain the DC link capacitor at a constant voltage. This will ensure the
power transfer between the DC link and the grid (if incoming power is not
transferred to the grid, then the DC link voltage will increase). In wind turbine
applications, the DC link may include a series inductor to form a filter with
the capacitor to minimize the DC ripple, and a DC chopper to protect the DC
link from over-voltages (in the case of an AC side fault).

2.3.2 Back-to-Back VSCs

The back-to-back VSC is a bi-directional power converter consisting of two
voltage source converters as shown in Figure 2.19.

The IGBTs on the generator-side VSC are controlled using a PWM technique
(usually based on SVPWM). In variable-speed wind turbines, the frequency
of the reference sinusoidal waveform (Vref in Figure 2.7) is locked to the fre-
quency of the generated voltage. Therefore, the frequency of the output voltage
of the VSC contains a component at the frequency of the generated voltage,
referred to as the fundamental and also higher-order harmonics. The magni-
tude of the VSC output voltage can be controlled by changing the amplitude
modulation index and the phase angle can be controlled by controlling the
phase angle of Vref with respect to the generated voltage.
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To the
generator

To the
grid

Figure 2.19 Back-to-back VSCs

In order to describe the operation of the VSC connected to the generator, it is
assumed that the VSC produces a sinusoidal waveform (higher-order harmonic
components are neglected). As the wind turbine generator can be represented
by a voltage behind a reactance (Kundur, 1994), the generator-side connection
of the VSC can be represented by the equivalent circuit shown in Figure 2.20,
where VG is the magnitude of the generated voltage, VVSC is the magnitude
of the VSC output voltage, δ is the phase angle between these two voltages
and XG is the equivalent generator reactance.

VG ∠ 0° VVSC ∠ d
jXG

I

SG = PG + jQG

Wind
turbine

generator

VSC output
voltage

VVSC

jXGI

VG

I

f

d

(a)

(b)

Figure 2.20 Active and reactive power transfer between the generator and the VSC. (a)
Equivalent circuit diagram; (b) phasor diagram (Kundur, 1994)
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The active power, PG, and reactive power, QG, transferred from the gener-
ator to the VSC are defined as follows (Kundur, 1994):

PG = VGVVSC

XG
sin δ (2.11)

QG = V 2
G

XG
− VGVVSC

XG
cos δ (2.12)

If the load angle δ is assumed to be small, then sin δ ≈ δ and cos δ ≈ 1. Hence
Eqs (2.11) and (2.12) can be simplified to

PG = VGVVSC

XG
δ (2.13)

QG = VG

(
VG − VVSC

XG

)
(2.14)

From Eqs (2.13) and (2.14), it is seen that the active power transfer depends
mainly on the load angle δ and the reactive power transfer depends mainly
on the difference in voltage magnitudes. As VVSC and δ can be controlled
independently of the generator voltage, the VSC control facilitates control of
the magnitude and the direction of the active and reactive power flow between
the generator and the DC link. Similarly, as the other VSC is connected to the
grid via a reactor or via a transformer, the power transfer between that VSC
and the grid can also be described using the same principle.

Even though the active and reactive power transfers can be controlled by
controlling VVSC and δ, in practice to control the power transfer other param-
eters may be used. For example, by maintaining the DC link voltage constant,
it is possible to make sure that the generated power is transferred to the grid.

The main advantages of using back-to-back VSCs include the following: (a)
it is a well-established technology and has been used in machine drive-based
applications for many years; (b) many manufacturers produce components
especially designed for this type of converter; and (c) the decoupling of the
two VSCs through a capacitor allows separate control of the two converters.
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3
Modelling of Synchronous
Generators

3.1 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. The arma-
ture has a concentrated three-phase winding as shown in Figure 3.1. The field
winding carries direct current and produces a magnetic field which rotates with
the rotor. The rotor of a low-speed generator, such as a hydro-turbine, has a
non-uniform air-gap with a concentrated field winding as shown in Figure 3.1
and is referred to as a salient-pole generator. The rotor of a high-speed genera-
tor, used with steam and gas turbines, has a uniform air-gap with a distributed
field winding and is referred to as a round-rotor (cylindrical pole) generator.

Even though in this chapter the dynamic equations are derived for a
salient-pole generator, they are equally true for a round-rotor generator. Both
produce a sinusoidal magnetic field in the air-gap. In the case of a salient-pole
generator, the shape of the poles is formed to obtain a sinusoidal air-gap flux.
In the case of round-rotor generators, the rotor windings are distributed over
two-thirds of the rotor surface and the flux produced by them aggregates into
a sinusoidal shape. Further, stator windings are also arranged to help produce
a sinusoidal voltage waveform.

Hence, for modelling purposes, the only difference is in the parameter values
due to the different physical constructions.

3.2 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 3.2). When

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
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 2009 John Wiley & Sons, Ltd
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Figure 3.1 Schematic diagram of a three-phase synchronous generator
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Figure 3.2 Schematic diagram of a three-phase synchronous generator (Kundur, 1994)

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 and three voltages, which are displaced by 120◦ (in time), are
induced 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 and the resultant magnetic field in the air-gap is the
combination of the magnetic fields produced by the stator currents (referred to
as the stator magnetic field, φs) and the magnetic field produced by the field
winding (referred to as the rotor magnetic field, φr). For simplicity of analysis,
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Figure 3.3 Three phase currents in the stator windings a–a′, b–b′ and c–c′

these two magnetic fields are considered separately and superposition is used
to obtain the resultant air-gap magnetic field.

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
winding is N , 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, NIm,1 along the axis of phase a (see Figure 3.2). Similarly, the
currents in phases b and c produce two components of the stator magnetic field,
φb and φc, whose magnitudes are proportional to the number of ampere-turns,
NIm/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 currents in phases a and b produce two magnetic fields
whose magnitudes are proportional to the number of ampere-turns, NIm/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, NIm, along the axis of phase c. The resultant stator magnetic
field at t = t1 is then shifted by π/3 and is 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.

1 Flux density, B, is related to field intensity, H , by (Hindmarsh and Renfrew, 1996)

B = µ × H = µ × I × N

l

where l is the length of the magnetic circuit.
On multiplying both sides by the cross-sectional area, A:

φ = B × A = µ × I × N

l
× A = I × N × µ × A

l
= I × N × �

where � is the reciprocal of the reluctance of the magnetic circuit.
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Figure 3.4 Stator magnetic field due to currents in three-phase windings

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 3NIm/2.

A component of the stator magnetic field, φs, will link 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 sum of these magnetic fields. The
components which are not contributing to the air-gap magnetic field are called
leakage fluxes.

3.3 Coil Representation of the Synchronous Generator

It may be seen that with balanced three-phase currents, the three stator wind-
ings can be replaced by a single coil aligned with the axis of phase a, which
carries a current of 3Im/2 and rotates at synchronous speed. This representation
is often used for steady-state studies of electrical machines. Under dynamic
conditions, as the currents in the three-phase windings change in magnitude
and phase, the position of the resultant stator field vector changes and the
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Figure 3.5 Three-phase to two-phase transformation: (a) three-coil representation; (b)
two-coil representation

single-coil representation is no longer suitable. Therefore, for dynamic studies
the electrical machine model is based on a two-phase representation.

Consider three coils, a, b and c, each carrying direct currents Im cos 0 = Im,
Im cos(0 − 2π/3) = −Im/2 and Im cos(0 − 4π/3) = −Im/2,2 respectively,
They rotate at a speed ωs as shown in Figure 3.5a. The resultant magnetic
field produced by three-phase windings will be proportional to 3NIm/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

(Figure 3.5). 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 (3.1) and (3.2) are
obtained:

φd = φs cos θ (3.1)

φq = −φs sin θ (3.2)

2 In the figure, the three coils are placed such that each coil 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.
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Figure 3.6 Two-coil representation of the synchronous generator

If the number of turns in the two-phase windings is N ′, the corresponding
current relationships can be derived from Eqs (3.1) and (3.2) as

N ′id = 3

2
NIm cos θ (3.3)

N ′iq = −3

2
NIm sin θ (3.4)

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

2/3 (Fitzgerald
et al., 1992; Kundur, 1994; Krause et al., 2002). In this book, N/N ′ is selected
as

√
2/3.3

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.

3.4 Generator Equations in the dq Frame

Before deriving the generator equations for the synchronous machine, consider
two mutually coupled stationary coils:

v1 v2

i2i1

coil 1 coil 2

3 When N/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 N/N ′ = 3/2 is used instead, then the dq transformation is said to be amplitude-invariant.
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The flux associated with coil 1 may be expressed as (Krause et al., 2002)

φ1 = φl1 + φm1 + φm2 (3.5)

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
(3.6)

where r1 is the resistance of the coil 1, N1 is the number of turns in coil 1
and ψ1 is the flux linkage4 with coil 1.

For modelling purposes, it is convenient to express flux linkage in terms of
inductance and currents. From Eqs (3.5) and (3.6), the flux linking with coil 1
can be written as (Krause et al., 2002)

ψ1 = Ll1 × i1 + Lm × i1 + Lm × i2 (3.7)

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. The generator stator and rotor equations in the dq reference
frame, where the d axis is oriented 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
Table 3.1 (Kundur, 1994; Krause et al., 2002). When deriving these equations
it was assumed that the three-phase currents are balanced.

The voltage equations Eqs (3.8) and (3.9) are very similar to the voltage
equation Eq. (3.6) 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.

4 Flux linkage = number of turns × flux (ψ = N × φ).
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Table 3.1 Synchronous generator equations in the dq domain

Stator voltage equations: Stator flux equations:

vds = −rsids − ωsψqs + d

dt
ψds (3.8)

vqs = −rsiqs + ωsψds + d

dt
ψqs (3.9)

ψds = −Llsids + Lmd(−ids + if) (3.10)

ψqs = −Llsiqs + Lmq(−iqs) (3.11)

Rotor voltage equations: Rotor flux equations:

vf = rfif + d

dt
ψf (3.12) ψf = Llfif + Lmd(−ids + if) (3.13)

In order to obtain a per unit (pu) representation of the voltage equations,
consider Eq. (3.8). Dividing Eq. (3.8) by the base value of impedance, Zb,
given by Zb = Vb

Ib
= ωbLb:

vds

Zb
= − rs

Zb
ids − ωsψqs

Zb
+ 1

Zb

d

dt
ψds

vds

Vb
= − rs

Zb

ids

Ib
− ωs

ωb

ψqs

IbLb
+ 1

ωb

d

dt

ψds

IbLb

(3.14)

As the base value of the flux linkage is given by ψb = LbIb, Eq. (3.14) can
be represented by

vds = −rsids − ωsψqs + 1

ωb

d

dt
ψds (3.15)

with pu quantities represented by an upper bar.

Table 3.2 Synchronous generator equations in the dq domain (in pu)

Stator voltage equations: Stator flux equations:

vds = −rsids − ωsψqs + 1

ωb

d

dt
ψds (3.16)

vqs = −rsiqs + ωsψds + 1

ωb

d

dt
ψqs (3.17)

ψds = −Llsids + Lmd(−ids + if) (3.18)

ψqs = −Llsiqs + Lmq(−iqs) (3.19)

Rotor voltage equations: Rotor flux equations:

vf = r fif + 1

ωb

d

dt
ψ f (3.20) ψ f = Llfif + Lmd(−ids + if) (3.21)



Modelling of Synchronous Generators 47

In Eq. (3.15), all quantities are in pu except time, which is in seconds and
base angular frequency, which is in radians per second. Similarly, all the other
equations in Table 3.1 are represented by pu quantities as shown in Table 3.2.

When the synchronous generator carries unbalanced currents, the zero
sequence current component, i0s, should also be considered. Under such
conditions, in addition to the equations given in Table 3.2, the following
equations should also be considered:

v0s = −rsi0s + 1

ωb

d

dt
ψ0s (3.22)

ψ0s = −Llsi0s (3.23)

3.4.1 Generator Electromagnetic Torque

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

Te = ψds · iqs − ψqs · ids (3.24)

3.5 Steady-state Operation

Under steady-state conditions, the d/dt terms in Eqs (3.16), (3.17) and (3.20)
are equal to zero. With Ld = Lls + Lmd, Lq = Lls + Lmq and Lf = Llf + Lmd ,
Eqs (3.16)–(3.21) can be reduced as given in Table 3.3.

Table 3.3 Synchronous generator reduced equations in the dq domain (in pu)

Stator voltage equations: Stator flux equations:

vds = −rsids − ωsψqs (3.25)

vqs = −rsiqs + ωsψds (3.26)

ψds = −Ldsids + Lmd if (3.27)

ψqs = −Lqsiqs (3.28)

Rotor voltage equations: Rotor flux equations:

vf = r fif (3.29) ψ f = Llif − Lmd ids (3.30)

Substituting for flux terms in Eqs (3.25) and (3.26) from Eqs (3.27) and
(3.28), the following two equations can be obtained:

vds = −r sids + ωsLqsiqs = −rsids + Xqsiqs (3.31)
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vqs = −rsiqs − ωsLdsids + ωsLmdif = −rsiqs − Xdsids + ωsLmd if (3.32)

where Xqs = ωsLqs and Xds = ωsLds .
From Eq. (3.29), if in Eq. (3.32) can be replaced by vf/r f and with the

definition of Efd = ωsLmdvf/r f, we obtain

vqs = −rsiqs − Xdsids + Efd (3.33)

The armature terminal voltage is expressed as Et = vds + jvqs and from
Eqs (3.31) and (3.33), the following steady-state equation of the synchronous
machine can be obtained:

Et = vds + jvqs = −r s(ids + j iqs) + (Xqsiqs − jXdsids) + jEf d (3.34)

If saliency is neglected, Xqs = Xds = Xs and, with I t = ids + j iqs Eq.
(3.34) can be reduced to

Et = −rsI t + Xs(iqs − j ids) + jEfd

= −rsI t + Xs(−j 2iqs − j ids) + jEfd

= −(rs + jXs)I t + jEfd

(3.35)

Equation (3.35) defines the steady-state equation of the synchronous
machine and can be represented by the phasor diagram shown in Figure 3.7a
and the equivalent circuit shown in Figure 3.7b.

(b)(a)

EtEfd

rs

Et
It

δ

q axis

Efd

d axis

ItXs

Itrsωs

Xs

Figure 3.7 Phasor diagram and the equivalent circuit for steady-state operation
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3.6 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.
In the case of salient-pole generators, damper bars are set into the pole faces
as shown in Figure 3.8a. Even though discontinuous end-rings are shown in
the figure, in some machines a continuous end-ring exists which links poles
thus providing a further and major path for q axis damper current flow. In
the case of cylindrical-pole generators, the coil wedges shown in Figure 3.8b
are connected together by end-rings to form damping circuits. However, for
clarity the end rings are not shown in the figure.

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. In the case of an unsymmetrical fault on the network
to which the synchronous machine is connected, the air-gap flux would have
two components, positive sequence (flux due to current in the direction of
rotation) and negative sequence (flux due to currents in the reverse direction
of rotation). The opposing directions of rotor and negative sequence flux give
a high relative speed and hence a large torque contribution.

The currents in the damper windings interact with the negative sequence
air-gap flux and produce a counteracting torque which reduces the accelerating
torque, thus limiting the rate of increase of the machine speed.

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;

(b)(a)
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d-axis

q-axis

ikQ

ikQ
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Figure 3.8 Damper windings and circulating current paths: (a) for a salient-pole generator;
(b) for a cylindrical-pole generator
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whereas the circulating damping current between two pole faces forms the q

axis damping current (Figure 3.8). 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 are summarized in
Table 3.4.

The stator voltage equations Eqs (3.36) and (3.37) and the rotor voltage
equations Eqs (3.40)–(3.43) are written in terms of currents and flux linkages.
The flux linkages and the currents are related and both cannot be independent.

vqs

vds

ikq2

ikq1

iqs

ikd idsifd

vfd

Rotor

Stator

Figure 3.9 Stator and rotor circuits of a synchronous generator

Table 3.4 Synchronous generator equations in the dq domain including damper windings

Stator voltage equations: Stator flux equations:

vds = −rsids − ωsψqs + 1

ωb

d

dt
ψds (3.36)

vqs = −rsiqs + ωsψds + 1

ωb

d

dt
ψqs (3.37)

ψds = −Llsids + ψmd (3.38)

ψqs = −Llsiqs + ψmq (3.39)

(continued overleaf)
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Table 3.4 (continued)

Rotor voltage equations: Rotor flux equations:

vfd = r fd ifd + 1

ωb

d

dt
ψ fd (3.40)

vkd = rkd ikd + 1

ωb

d

dt
ψkd (3.41)

vkq1 = rkq1ikq1 + 1

ωb

d

dt
ψkq1 (3.42)

vkq2 = rkq2ikq2 + 1

ωb

d

dt
ψkq2 (3.43)

ψ fd = L ifd + ψmd (3.44)

ψkd = Llkd ikd + ψmd (3.45)

ψkq1 = Llkq1ikq1 + ψmq (3.46)

ψkq2 = Llkq2ikq2 + ψmq (3.47)

where

ψmd = Lmd(−ids + ifd + ikd )

ψmq = Lmq(−iqs + ikq1 + ikq2)

3.7 Non-reduced Order Model

The currents in terms of flux linkages are obtained from Eqs (3.38) and (3.39)
and Eqs (3.44)–(3.47) and given as follows:

ids = − 1

Lls
(ψds − ψmd) (3.48)

iqs = − 1

Lls
(ψqs − ψmq) (3.49)

ifd = 1

Llfd
(ψ fd − ψmd) (3.50)

ikd = 1

Llkd

(ψkd − ψmd) (3.51)

ikq1 = 1

Llkq1
(ψkq1 − ψmq) (3.52)

ikq2 = 1

Llkq2
(ψkq2 − ψmq) (3.53)

The non-reduced order model of the synchronous generator includes stator
transients and rotor transients as well as the damper windings. The following
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differential equations are directly derived from Eqs (3.36), (3.37), (3.49)
and (3.50):

d

dt
ψds = ωb

[
vds + ωsψqs + rs

Lls
(ψmd − ψds)

]
(3.54)

d

dt
ψqs = ωb

[
vqs − ωsψds + rs

Lls
(ψmq − ψqs)

]
(3.55)

The rotor dynamic equations, with two damper windings in the q axis and
one in the d axis, are as follows [from Eqs (3.40)–(3.43) and (3.50)–(3.53)]:

d

dt
ψ fd = ωb

[
r fd

Lmd

exfd + r fd

Llfd
(ψmd − ψ fd)

]
(3.56)

d

dt
ψkd = ωb

[
vkd + rkd

Llkd

(ψmd − ψkd)

]
(3.57)

d

dt
ψkq1 = ωb

[
vkq1 + rkq1

Llkq1
(ψmq − ψkq1)

]
(3.58)

d

dt
ψkq2 = ωb

[
vkq2 + rkq2

Llkq2
(ψmq − ψkq2)

]
(3.59)

The excitation dynamics of the generator are given by Eq. (3.56) 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:

d

dt
ψ0s = ωb

(
v0s − rs

Lls
ψ0s

)
(3.60)

3.8 Reduced-order Model

A reduced-order model may be obtained by neglecting the stator transients in
Eqs (3.54), (3.55) and (3.60) as follows:

ψds = 1

ωs

[
vqs + rs

Lls
(ψmq − ψqs)

]
(3.61)

ψqs = − 1

ωs

[
vds + rs

Lls
(ψmd − ψds)

]
(3.62)

ψ0s = Lls

rs
v0s (3.63)
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3.9 Control of Large Synchronous Generators

A large power system consists of a number of generators and loads connected
through transmission and distribution circuits. Loads connected to the power
system have different characteristics and vary continuously 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 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,
namely reactive power/voltage control and active power/frequency control.

3.9.1 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

Electric power

Excitation
control Generator

Prime mover
control

Field

Current

Shaft power

Voltage
Speed

Generating unit
control

System level
signals

Figure 3.10 Synchronous generator control (Kundur, 1994)
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Figure 3.11 Block diagram of an excitation control system

within their capabilities. A block diagram of an excitation system is shown in
Figure 3.11.

3.9.1.1 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.

3.9.1.2 Exciter

The purpose of an exciter is to supply an adjustable direct current to the
main generator field winding. The exciter may be a DC generator on small
set sizes. On larger sets, commutation problems prohibit the use of DC gen-
erators 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 via slip rings.

The necessity of employing slip rings and avoiding the associated mainte-
nance requirement can be removed by employing brushless-excitation systems.
Here the AC generator has its field mounted on the stator and its three-phase
output on the rotor. This permits the rectifier to be mounted on the common
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exciter-generator shaft and enables a direct connection to the generator field
to be made and thus avoids the necessity of employing slip rings.

3.9.1.3 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.

3.9.1.4 Power System Stabilizer

The basic function of the power system stabilizer (PSS) is to add damping
to the generator rotor oscillations by controlling its excitation. The commonly
used auxiliary stabilizing signals to control the excitation are shaft speed,
terminal frequency and power.

3.9.2 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, which causes
them to decelerate. The resulting decrease 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% change in the
generator power output. At the 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 that 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 a block diagram in Figure 3.12 and the droop characteristic is shown
graphically in Figure 3.13. By changing the load reference set point, Pref, the
generator governor characteristics (Figure 3.13) can be set to give the reference
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Figure 3.12 Speed governor system (Wood and Wollenberg, 1996)
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Figure 3.13 Droop characteristic

frequency, f0 (50 or 60 Hz), at any desired unit output. In other words, it shifts
the characteristic vertically.
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4
Fixed-speed Induction Generator
(FSIG)-based Wind Turbines

4.1 Induction Machine Construction

Figure 4.1 shows a schematic diagram of the cross-section of a three-phase
induction machine with one pair of field poles.

The stator consists of three-phase windings, as, bs and cs, distributed 120◦

apart in space. The rotor circuits have three distributed windings, ar , br and
cr . The angle θ is given as the angle by which the axis of the phase ar rotor
winding leads the axis of phase as stator winding in the direction of rotation
and ωr is the rotor angular velocity in electrical radians per second. The angular
velocity of the stator field in electrical radians per second is represented by ωs.

When balanced three-phase currents flow through the stator windings, a field
rotating at synchronous speed, ωs, is generated. The synchronous speed, ωs

(rad s−1), is expressed as1

ωs = 4πfs

pf
(4.1)

where fs (Hz) is the frequency of the stator currents and pf is the number of
poles. If there is relative motion between the stator field and the rotor, voltages
of frequency fr (Hz) are induced in the rotor windings. The frequency fr is
equal to the slip frequency sfs, where the slip, s, is given by

s = ωs − ωr

ωs
(4.2)

1 Generally represented as 120fs
pf

in rev min−1.

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd



58 Wind Energy Generation: Modelling and Control

wr

q

as ′

as

arbs ′

bs
br

br ′
cs ′

cr′

cr

cs

br axis

bs axis

cr axis

cs axis

as axis

ar axis
ar ′

Stator winding

Rotor winding

Air gap

Figure 4.1 Schematic diagram of a three-phase induction machine (Kundur, 1994)

and ωr (rad s−1) is the rotor speed. The slip is positive if the rotor runs below
the synchronous speed and negative if it runs above the synchronous speed
(Kundur, 1994; Krause et al., 2002).

The rotor of an induction machine may be one of two types: the squirrel-cage
rotor and the wound rotor.

4.1.1 Squirrel-cage Rotor

The rotor of a squirrel-cage machine carries a winding consisting of a series set
of bars in the rotor slots which are short-circuited by end rings at each end of
the rotor. In use, the squirrel cage adopts the current pattern and pole distribu-
tion of the stator, enabling a basic rotor to be used for machines with differing
pole numbers. However, for analysis purposes a squirrel-cage rotor may be
treated as a symmetrical, short circuited star-connected three-phase winding.

4.1.2 Wound Rotor

The rotor of a wound-rotor machine carries a three-phase distributed winding
with the same number of poles as the stator. This winding is usually star
connected with the ends of the winding brought out to three slip-rings, enabling
external circuits to be added to the rotor for control purposes.

4.2 Steady-state Characteristics

Figure 4.2 shows the steady-state, per-phase, equivalent circuit of the induction
machine with all quantities in this circuit referred to the stator (using motor
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Figure 4.2 Single-phase equivalent circuit of an induction machine (Kundur, 1994; Fox
et al., 2007)

convention) (Fox et al., 2007). In this figure Xs = ωsLs is the stator leakage
reactance, Xr = ωsLr is the rotor leakage reactance and Xm = ωsLm is the
magnetizing reactance. The terminal voltage, Vs, stator current, Is, and rotor
current, Ir, are per-phase RMS quantities.

The power transferred across the air-gap to the rotor (of one phase) is

Pair-gap = rr

s
Ir

2 (4.3)

The torque developed by the machine (three-phase) is given by

Te = 3
pf

2

rr

sωs
Ir

2 (4.4)

where ωs = 2πfs. As can be seen in Eq. (4.4), the torque is slip dependent. For
simple analysis of torque–slip relationships, the equivalent circuit of Figure 4.2
may be simplified by moving the magnetizing reactance to the terminals as
shown in Figure 4.3. From this figure, the rotor current is

Ir = V s(
rs + rr

s

)
+ j (Xs + Xr)

(4.5)
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Figure 4.3 Equivalent circuit suitable for evaluating simple torque–slip relationships
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Then from Eq. (4.4), the torque is

Te = 3
pf

2

(
rr

sωs

)
Vs

2(
rs + rr

s

)2
+ (Xs + Xr)2

(4.6)

From Eq. (4.6) a typical relationship between torque and slip is shown in
Figure 4.4. At standstill the speed is zero and the slip, s, is equal to 1 per unit
(pu). Between zero and synchronous speed, the machine performs as a motor.
Beyond synchronous speed, the machine performs as a generator.

Figure 4.5 shows the effect of varying the rotor resistance, rr, on the torque
of the induction machine (Fox et al., 2007). A low rotor resistance is required
to achieve high efficiency under normal operating conditions, but a high rotor
resistance is required to produce high slip.

One way of controlling the rotor resistance (and therefore the slip and speed
of the generator), is to use a wound rotor connected to external variable resis-
tors through brushes and slip-rings. The rotor resistance is then adjusted by
means of electronic equipment.
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Figure 4.4 Typical torque–slip characteristic of an induction machine
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4.2.1 Variations in Generator Terminal Voltage

When an induction generator experiences a voltage sag on the network, the
generator speed increases. Therefore, if the generator is not disconnected from
the network in an appropriate time, it can accelerate to an unstable condition.
Figure 4.6a and b show the steady-state torque–slip curves when the induction
generator experiences a terminal voltage reduction (Fox et al., 2007). Follow-
ing a voltage drop, the machine moves to point Y, at which point the machine
speeds up because the mechanical torque is higher than the electrical torque.
It is then possible that the machine could move to point Z, which can lead to
an unstable condition (point Z is beyond the ‘pull-out’ torque and the speed
increases continually).

4.3 FSIG Configurations for Wind Generation

The typical configuration of a FSIG wind turbine using a squirrel-cage
induction generator is shown in Figure 1.6 (Holdsworth et al., 2003). In a
squirrel-cage induction generator, the slip (and hence the rotor speed) vary
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terminal voltage (Fox et al., 2007)

with the amount of power generated. However, these rotor speed variations
are very small (1–2%) and therefore it is normally referred to as constant-
speed or fixed-speed wind turbine.

The generator typically operates at 690 V (line–line) and transmits power via
vertical pendant cables to a switchboard and local transformer usually located
in the tower base. As induction generators always consume reactive power,
capacitor banks are employed to provide the reactive power consumption of the
FSIG and improve the power factor. An anti-parallel thyristor soft-start unit is
used to energize the generator once its operating speed is reached. The function
of the soft-start unit (as described in Chapter 2) is to build up the magnetic
flux slowly and hence minimize transient currents during energization of the
generator (Fox et al., 2007).

4.3.1 Two-speed Operation

Wind turbine rotors develop their peak efficiency at one particular tip-speed
ratio. Energy capture can be increased by varying the rotational speed with the
wind speed so that the turbine is always running at optimum tip-speed ratio.
Alternatively, a slightly reduced improvement can be obtained by running the
turbine at one of two fixed speeds so that the tip-speed ratio is closer to the
optimum than with a single fixed speed (Burton et al., 2001).

Two-speed operation is relatively expensive to implement if separate gen-
erators are used for each speed of turbine rotation. Either generators with
differing numbers of poles may be connected to gearbox output shafts rotating
at the same speed or generators with the same number of poles are connected
to output shafts rotating at different speeds. The rating of the generator for
low-speed operation would normally be much less than the turbine rating.
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The development of induction generators with two sets of windings allows
the number of poles within a single generator to be varied by connecting
them together in different ways, a technique known as pole amplitude mod-
ulation (PAM) (Eastham and Balchin 1975; Rajaraman, 1977). Alternatively,
two independent windings may be placed on the same stator. Generators of
this type are available which can be switched between four- and six-pole
operation, giving a speed ratio of 1.5. With the correct selection of the two
operating speeds, this ratio produces a significant increase in energy capture
and reduces the rotor tip speed at low wind speeds, when environmental noise
constraints are most onerous.

4.3.2 Variable-slip Operation

The variable-slip generator is essentially an induction generator with a vari-
able resistor in series with the rotor circuit, controlled by a high-frequency
semiconductor switch as shown in Figure 4.7. Below rated wind speed and
power, this acts just like a conventional fixed-speed induction generator. Above
rated, however, control of the resistance effectively allows the air-gap torque
to be controlled and the slip speed to vary, so that behaviour is then similar
to that of a variable-speed system. A speed range of about 10% is typical
with a consequent energy loss of 10% in the additional resistor (Burton et al.,
2001).

Slip-rings can be avoided by mounting the variable resistors and control
circuitry on the generator rotor. An advantage of mounting these externally
via slip-rings is that it is then easier to dissipate the extra heat which is
generated above rated and which may otherwise be a limiting factor at large
sizes. In some configurations, all control functions are executed by means of
fibre-optic circuits (Thiringer et al., 2003).

Soft
starter

Capacitor bank

Gear
box

p1/p2

Figure 4.7 Configuration for variable-slip operation
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4.3.3 Reactive Power Compensation Equipment

The induction machine needs reactive power to build up the magnetic field. It
is known that reactive power does not contribute to direct energy conversion.
The current associated with it, the reactive current, however, causes losses
in the supply and in the machine. The higher the reactive current content in
the overall current, the lower is the power factor cos φ. Since the induction
machine is not ‘excited’ like the synchronous machine, it takes the reactive
power from the grid.

Figure 4.8 shows the variation of the reactive power absorbed by the
induction generator with slip. Two cases are considered, where the induction
machine is connected to a strong network (fault level of 3600 MVA) and to a
weak network (fault level of 360 MVA) through a transmission line having an
X/R ratio of 10. It can be seen from the figure that as the slip or the power
generation increases, the amount of reactive power absorbed by the generator
also increases. Due to the large amount of reactive power drawn from the
network, the voltage across the transmission line drops. The voltage at the
point of connection with the network decreases as the slip increases.

4.4 Induction Machine Modelling

As shown in Figure 4.1, the stator of the induction machine carries three-phase
windings and is connected to a three-phase voltage source. The windings
produce a magnetic field rotating at synchronous speed. As in the case of
the synchronous machine, this equivalent rotating magnetic field can be
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represented by two coils, one on the d axis and the other on the q axis, which
rotate at the synchronous speed of the supply voltage. Once the stator mag-
netic field cuts the rotor conductors, three-phase voltages of slip frequency sfs

are induced on the rotor. As the rotor conductors are normally short-circuited,
three-phase currents at slip frequency flow on the rotor. These currents also
produce a rotating magnetic field which is rotating at slip speed (ωs − ωr =
sωs) with respect to the rotor. A viewer standing on the Earth sees that the rotor
magnetic field also rotates at the synchronous speed (sωs + ωr = ωs). There-
fore, the rotor magnetic field can also be represented by two perpendicular
coils with respect to the stator d and q axes, which are rotating at the syn-
chronous speed of the supply. In the synchronous reference frame, all the coils
are then stationary and thus inductances are constant. Now the machine voltage
and flux equations can be expressed in dq components as shown in Table 4.1.

4.4.1 FSIG Model as a Voltage Behind a Transient Reactance

A conventional modelling technique in power systems is to represent the FSIG
by a simple voltage behind a transient reactance equivalent circuit. The stator
voltage is expressed in terms of a voltage behind a transient reactance by
substituting the stator fluxes ψds and ψqs [Eqs (4.11) and (4.12)] in the stator
voltage equations Eqs (4.7) and (4.8) as follows:

vds = −r sids − ωs(−Lssiqs + Lmiqr) + 1

ωb

d

dt
(−Lssids + Lmidr) (4.15)

vqs = −r siqs + ωs(−Lssids + Lmidr) + 1

ωb

d

dt
(−Lssiqs + Lmiqr) (4.16)

Table 4.1 Induction machine equations in dq coordinates (in per unit)

Voltage equations: Flux equations:

vds = −rsids − ωsψqs + 1

ωb

d

dt
ψds (4.7)

vqs = −rsiqs + ωsψds + 1

ωb

d

dt
ψqs (4.8)

vdr = r ridr − sωsψqr + 1

ωb

d

dt
ψdr (4.9)

vqr = rr iqr + sωsψdr + 1

ωb

d

dt
ψqr (4.10)

ψds = −Lssids + Lmidr (4.11)

ψqs = −Lssiqs + Lmiqr (4.12)

ψdr = Lrridr − Lmids (4.13)

ψqr = Lrriqr − Lmiqs (4.14)
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From the rotor flux equations Eqs (4.13) and (4.14), expressions are derived
for the rotor currents, idr and iqr and substituted in Eqs (4.15) and (4.16).
Thus, the dq components of the stator voltage are expressed as a function of
the voltage behind a transient reactance by

vds = −rsids + X
′
iqs + ed − X

′

ωs

d

dt
ids + 1

ωs

d

dt
eq (4.17)2

vqs = −rsiqs − X
′
ids + eq − X

′

ωs

d

dt
iqs − 1

ωs

d

dt
ed (4.18)2

where ed and eq are the dq components of the voltage behind a transient
reactance defined as

ed = −ωsLm

Lrr
ψqr (4.19)

eq = ωsLm

Lrr
ψdr (4.20)

and X
′

is the transient or short-circuit reactance of the induction machine:

X
′ = ωs

(
Lss − Lm

2

Lrr

)
(4.21)

The stator currents as a function of the voltage behind a transient reactance
can be derived directly from the stator voltages given by Eqs (4.17) and (4.18)
as follows:

d

dt
ids = ωs

X
′

(
−r sids + X

′
iqs + ed − vds + 1

ωs

d

dt
eq

)
(4.22)

d

dt
iqs = ωs

X
′

(
−r siqs − X

′
ids + eq − vqs − 1

ωs

d

dt
ed

)
(4.23)

The equation of the voltage behind a transient reactance is derived from
the rotor voltage and flux equations. From the rotor flux equations Eqs (4.13)
and (4.14), expressions are obtained for the rotor currents, idr and iqr, and
substituted in the rotor voltage equations Eqs (4.9) and (4.10):

vdr = r r

(
ψdr + Lmids

Lrr

)
− s ωsψqr + 1

ωb

d

dt
ψdr (4.24)

2 ωs in rad s−1.
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vqr = r r

(
ψqr + Lmiqs

Lrr

)
+ s ωsψdr + 1

ωb

d

dt
ψqr (4.25)

From Eqs (4.19) and (4.20), expressions are derived for the rotor fluxes, ψdr
and ψqr, in terms of ed and eq , respectively, and substituted in Eqs (4.24) and
(4.25) to obtain the derivatives of the voltage behind a transient reactance:

ded

dt
= −ωb

T 0
[ed − (X − X

′
)iqs] + sωseq − ωs

Lm

Lrr
vqr (4.26)

deq

dt
= −ωb

T 0
[eq + (X − X

′
)ids] − sωsed + ωs

Lm

Lrr
vdr (4.27)

where

T 0 = Lrr

r r
= Lr + Lm

r r
(4.28)

and

X = ωsLss (4.29)

For a fixed-speed induction generator, vdr = vqr = 0.
The per unit reactance X is defined as the open-circuit reactance. The con-

stant T 0 is the per unit transient open-circuit time constant of the induction
machine and in this form it is expressed in radians. The reduced order equations
presented above are also applicable with time t and the time constant T 0

expressed in seconds. The rotor current equations are derived by rearranging
the expressions for ed and eq in terms of the rotor fluxes ψdr and ψqr and
substituting those in Eqs (4.13) and (4.14) as follows:

idr = ψdr − Lmids

Lrr
= 1

ωsLm
eq + Lm

Lrr
ids (4.30)

iqr = ψqr + Lmiqs

Lrr
= − 1

ωsLm
ed + Lm

Lrr
iqs (4.31)

4.4.1.1 Rotor Mechanics Equation

To complete the FSIG dynamic model, the differential equations describing the
electric voltage and current components of the machine need to be combined
with a rotor mechanics equation. This equation is of major importance in power
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system stability analysis as it describes the effect of any mismatch between the
electromagnetic torque and the mechanical torque of the machine. The rotor
mechanics equation of the FSIG is given as

J
d

dt
ωr = Tm − Te (4.32)

where Tm (Nm) is the mechanical torque, Te (Nm) is the electromagnetic
torque and J (kgm2) is the combined moment of inertia of generator and
turbine.

Equation (4.32) can be normalized in terms of the per unit inertia constant,
H , defined as the kinetic energy in watts seconds at rated speed divided by
Sbase. Using ωs to denote rated angular velocity in mechanical radians per
second, the inertia constant is (Kundur, 1994)

H = Jωs
2

2Sbase
(4.33)

The moment of inertia J in terms of H is

J = 2H

ωs
2
Sbase (4.34)

Substituting Eq. (4.34) in Eq. (4.32) and rearranging terms yields

2H

ωs
2
Sbase

d

dt
ωr = Tm − Te (4.35)

2H
d

dt

(
ωr

ωs

)
= Tm − Te

Sbase/ωs
(4.36)

Considering that Tbase = Sbase/ωs the rotor mechanics equation in per unit
notation is

d

dt
ωr = 1

2H
(T m − T e) (4.37)3

where the electromagnetic torque, Te, in per unit is calculated as

T e = edids + eqiqs

ωs
(4.38)

The complete fifth-order model of the FSIG is summarized in Table 4.2.

3 It is worth noting that in pu power and torque are equal and therefore Eq. (4.37) can also be represented
as Eq. (8.6) in Chapter 8.
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For representation of the FSIG in power system stability studies, it is an
accepted practice to reduce the mathematical model to a third-order form
(Tande, 2003). The differential terms representing the stator transients are
then neglected. Neglecting these corresponds to ignoring the DC component
in the stator transient current. This simplification is useful for large system
modelling to ensure compatibility with the models representing other sys-
tem components, particularly the transmission network. The simplification to
derive the third-order model of the FSIG is achieved straightforwardly from
the stator voltage equation given by Eqs (4.17) and (4.18). After neglecting
the differential terms in these equations, we obtain

vds = −rsids + X
′
iqs + ed (4.39)

vqs = −rsiqs − X
′
ids + eq (4.40)

With the stator transients neglected, the FSIG third-order model can be sum-
marized as shown in Table 4.3.

4.5 Dynamic Performance of FSIG Wind Turbines

4.5.1 Small Disturbances

The dynamic performance of an FSIG wind turbine is illustrated using the
two-machine network shown in Figure 4.9. In this network the FSIG is con-
nected to an infinite bus through the impedances of the turbine transformer

Table 4.3 FSIG third-order model

Stator voltage: Stator current:

vds = −rsids + X
′
iqs + ed ids = 1(

r2
s + X

′2) [(ed − vds)rs + (eq − vqs)X
′
]

vqs = −rsiqs − X
′
ids + eq iqs = 1(

r2
s + X

′2) [(eq − vqs)r s − (ed − vds)X
′
]

Voltage behind a transient reactance: Rotor mechanics equation:

d

dt
ed = − 1

T0
[ed − (X − X

′
)iqs] + sωseq

d

dt
ωr = 1

2H
(T m − T e)

d

dt
eq = − 1

T0
[eq + (X − X

′
)ids] − sωsed T e = edids + eqiqs

ωs
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Figure 4.9 Connection of the FSIG-based wind turbine to an infinite bus

and a single transmission line. Capacitive compensation is provided on the
generator terminals.

4.5.1.1 Step Change in Mechanical Torque Input

To illustrate the performance of the FSIG wind turbine in this situation, a
decrease of 20% in the mechanical input torque, Tm, is applied at t = 1 s.
Figure 4.10 shows the terminal voltage, Vsmag, electrical torque, Te, and slip,
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Figure 4.10 FSIG responses for a 20% decrease in the mechanical torque input Tm at
t = 1 s
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s, of the FSIG. The electrical torque output of the FSIG follows the new torque
reference after a short transient period. It is seen that the speed of the FSIG also
decreases as the mechanical input torque decreases. However, as the FSIG is
provided with no mechanical or electrical control, it is observed that the vari-
ations in the input torque influence the profile of the terminal voltage, Vsmag.

4.5.1.2 Step Change in the Infinite Bus Voltage

A variation in the voltage of the network to which the FSIG wind turbine is
connected has a significant impact on the performance of the generator and
even transient failures may be encountered due to system voltage collapse,
which causes induction generators runaway. Two cases are illustrated where
the voltage of the infinite bus, Vinf, is reduced first 20% and then 60% below
the nominal operating level. In both cases the voltage dip is sustained for a
period of 500 ms.

The FSIG responses when Vinf is reduced by 20% are shown in Figure 4.11.
As Vinf drops the electrical torque of the generator, Te, decreases but recovers
to its initial value. However, the generator continually accelerates while the
voltage is low. When the infinite bus voltage is re-established to the nominal
value after 500 ms, the system recovers the initial operating conditions after
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Figure 4.11 FSIG responses for a 20% decrease in Vinf applied at t = 1 s for a period of
500 ms
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Figure 4.12 FSIG responses for a 60% decrease in Vinf applied at t = 1 s for a period of
500 ms

a short transient period has elapsed. Although the generator’s torque recovers
normal operation during the voltage dip, the generator will eventually runway
if the voltage dip is sustained for a longer period of time.

Figure 4.12 shows the FSIG responses for a 60% decrease in Vinf. In this situ-
ation, the generator is unable to continue to operate and is unstable even when
the infinite bus voltage is re-established to the nominal value after 500 ms.
As in this case the voltage drop at the generator terminals is significant, the
rotor continues to accelerate, in which case the reactive power consumption
is higher and therefore the generator voltage fails to recover.

4.5.2 Performance During Network Faults

To illustrate the response of the FSIG wind turbine to large power system
disturbances, the simple network model of Figure 4.9 is used. A three-phase
balanced fault is applied at t = 1 s at the high-voltage terminals of the FSIG
transformer (Point A). The FSIG wind turbine is studied using both third-
and fifth-order models. Figure 4.13 shows the FSIG responses (terminal volt-
age, Vsmag, and electrical torque, Te) obtained with both third- and fifth-order
models with a fault clearance time of 140 ms. During the fault the generator
overspeeds and the terminal voltage starts to reduce further as more reactive
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power is being absorbed by the generator. However, when the fault is cleared
the generator and the network recover stability.

The responses in Figure 4.13 also illustrate the significance of neglecting the
stator transients in the reduced third-order model. When the stator transients
are neglected, the FSIG responses contain only the fundamental frequency
component. Figure 4.14 shows the dq components of the stator current where
the oscillations due to the stator transients are observed in the fifth-order model
responses (Figure 4.14a). These oscillations are also present in the responses
of the terminal voltage and torque of the generator as shown in Figure 4.15a.

A critical factor that limits the operation of an FSIG is the maximum fault
clearance time that the generator can withstand before going into instability
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a fault applied at t = 1 s and cleared after 140 ms. (a) Fifth-order model; (b) third-order
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the system loses stability, as illustrated in Figure 4.16.
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5
Doubly Fed Induction Generator
(DFIG)-based Wind Turbines

5.1 Typical DFIG Configuration

A typical configuration of a DFIG wind turbine is shown in Figure 1.7.
It uses a wound-rotor induction generator with slip-rings to transmit cur-
rent between the converter and the rotor windings and variable-speed oper-
ation is obtained by injecting a controllable voltage into the rotor at the
desired slip frequency (Holdsworth et al., 2003). The rotor winding is fed
through a variable-frequency power converter, typically based on two AC/DC
IGBT-based voltage source converters (VSCs), linked through a DC bus. The
variable-frequency rotor supply from the converter enables the rotor mechan-
ical speed to be decoupled from the synchronous frequency of the electrical
network, thereby allowing variable-speed operation of the wind turbine. The
generator and converters are protected by voltage limits and an over-current
‘crowbar’.

A DFIG wind turbine can transmit power to the network through both
the generator stator and the converters. When the generator operates in
super-synchronous mode, power will be delivered from the rotor through the
converters to the network, and when the generator operates in sub-synchronous
mode, the rotor will absorb power from the network through the converters.
These two modes of operation are illustrated in Figure 5.1, where ωs is the syn-
chronous speed of the stator field and ωr is the rotor speed (Fox et al., 2007).

5.2 Steady-state Characteristics

The steady-state performance can be described using the Steinmetz per phase
equivalent circuit model shown in Figure 5.2, where motor convention is used

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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Figure 5.1 (a) Super-synchronous and (b) sub-synchronous operation of the DFIG wind
turbine (Fox et al., 2007)
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Figure 5.2 DFIG equivalent circuit with injected rotor voltage
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Figure 5.3 DFIG equivalent circuit with injected rotor voltage

(Hindmarsh, 1995). In this figure, vs and vr are the stator and rotor voltages,
is and ir are the stator and rotor currents, rs and rr are the stator and rotor
resistances (per phase), Xs and Xr are the stator and rotor leakage reactances,
Xm is the magnetizing reactance and s is the slip.

The equivalent circuit of Figure 5.2 can be simplified by transferring the
magnetising branch to the terminals, as shown in Figure 5.3.

The torque–slip curves for the DFIG can be calculated from the approximate
equivalent circuit model using the following equations (Hindmarsh, 1995). The
rotor current can be calculated from

Ir = Vs − (
Vr
s

)
(
rs + rr

s

) + j (Xs + Xr)
(5.1)
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The electrical torque, Te, of the machine, which equates to the power balance
across the stator to rotor gap, can be calculated from

Te =
(
Ir

2 rr

s

)
+ Pr

s
(5.2)

where the power supplied or absorbed by the controllable-source injecting volt-
age into the rotor circuit, that is, the rotor active power, Pr, can be calculated
from

Pr = Vr

s
Ir cos θ; Pr = Re

(
Vr

s
I∗

r

)
(5.3)

Figure 5.4 shows the torque–slip characteristics of the DFIG with in-phase
(Vqr) and out-of-phase (Vdr) components of the rotor voltage with respect to
the stator voltage.

An example where rotor injection is used to drive the machine into sub- and
super-synchronous speeds is given in Figure 5.5. With a negative injected volt-
age vr, the speed of the machine will increase to super-synchronous operation
as shown by curve 1. To reduce the speed of the machine to sub-synchronous
operation, a positive voltage vr is applied; the torque–slip characteristic for
this case is illustrated by curve 2.

The DFIG operating in super synchronous speed (point A in Figure 5.5)
will deliver power from the rotor through the converters to the network. At
sub synchronous speed (point B in Figure 5.5) the DFIG rotor absorbs active
power through the converters.
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Figure 5.4 Torque–slip characteristic for the FSIG and DFIG. (a) With in-phase rotor
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Figure 5.6 DFIG power relationships (Fox et al., 2007)

5.2.1 Active Power Relationships in the Steady State

Figure 5.6 shows the steady-state relationship between mechanical power and
rotor and stator electrical active powers in a DFIG system (Fox, et al., 2007).
In this figure, Pm is the mechanical power delivered by the turbine, Pr is
the power delivered by the rotor to the converter, Pair-gap is the power at the
generator air-gap, Ps is the power delivered by the stator and Pg is the total
power generated (by the stator plus the converter) and delivered to the grid.

If the stator losses are neglected, then

Pair-gap = Ps (5.4)

and neglecting rotor losses

Pair-gap = Pm − Pr (5.5)
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Combining Eqs (5.4) and (5.5), the stator power, Ps, can be expressed as

Ps = Pm − Pr (5.6)

Equation (5.6) can be expressed in terms of the generator torque, T , as

T ωs = T ωr − Pr (5.7)

where Ps = T ωs and Pm = T ωr. Rearranging terms in Eq (5.7):

Pr = −T (ωs − ωr) (5.8)

Then the stator and rotor powers can be related through the slip s as

Pr = −sT ωs = −sPs (5.9)

Combining Eqs (5.6) and (5.9), the mechanical power, Pm, can be expressed as

Pm = Ps + Pr

= Ps − sPs

= (1 − s)Ps

(5.10)

and the total power delivered to the grid, Pg, is then given by

Pg = Ps + Pr (5.11)

The controllable range of s determines the size of the converters for the
DFIG. Mechanical and other restrictions limit the maximum slip and a practical
speed range may be between 0.7 and 1.2 pu.

5.2.2 Vector Diagram of Operating Conditions

Figure 5.7 shows the vector diagram of operating conditions for the DFIG
(operating in super synchronous mode) (Anaya-Lara et al., 2006). This vector
diagram provides an understanding of the way in which the machine is con-
trolled and it can be readily employed for control design purposes. The bold
font notation is used to represent a vector. E g is the voltage behind the tran-
sient reactance vector (internally generated voltage) whose magnitude depends
on the magnitude of the rotor flux vector, ψ r. Although ψ r is dependent on the
generator stator and rotor currents, it can also be manipulated by adjustment
of the rotor voltage vector, V r.
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Figure 5.7 Vector diagram of the DFIG operating conditions

Combining Eqs (4.26) and (4.27), the equation for the internal voltage, E g,
may be expressed in vector form as

d

dt
E g = −ωb

T 0
[E g − j (X − X

′
)Is] + jsωsE g − jωs

Lm

Lrr
V r (5.12)

where E g = ed + jeq, Is = ids + j iqs and Vr = vdr + jvqr . In the steady
state, dE g/dt = 0, so that

0 = − 1

ωsT 0
[E g − j (X − X

′
)Is] + jsE g − j

Lm

Lrr
V r (5.13)

In Eq. (5.13), for normal operating values of s (where the DFIG rotor speed
is distinct from the synchronous value), the term having the divider ωsT 0 is
small compared with the final two terms, so that Eq. (5.13) is reduced to the
approximate relationship

sE g ≈ Lm

Lrr
V r; Lm

Lrr
= 0.975 (2 MW DFIG) (5.14)

In Eq. (5.14), as the term Lm/Lrr has a value close to unity (for a 2 MW
DFIG wind turbine – see data in Appendix D; for other machine models,
this value may differ), the rotor voltage vector V r is given approximately as
Vr ≈ sEg. Hence, since the magnitude of the internal voltage, |E g|, varies
only slightly, the magnitude of the rotor voltage is approximately proportional
to the slip magnitude. Further, for sub-synchronous operation where slip, s, is
positive, V r is approximately in-phase with the internal voltage vector E g and
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for super-synchronous operation, where s is negative, the two voltage vectors
are approximately in anti-phase (Figure 5.7).

The angle δg in Figure 5.7, which defines the position of the internally
generated voltage vector, E g, with respect to the stator voltage, V s, (and
hence the q axis of the reference frame), is determined by the power output of
the generator. Since the internally generated voltage vector, E g, is orthogonal
to the rotor flux vector, ψ r, the angle between the rotor flux vector, ψ r, and
the d axis of the reference frame is also given by δg.

5.3 Control for Optimum Wind Power Extraction

Dynamic control of the DFIG is provided through the power converter, which
permits variable-speed operation of the wind turbine by decoupling the power
system electrical frequency and the rotor mechanical speed (Ekanayake et al.,
2003). One control scheme, implemented by a number of manufacturers and
modelled in this chapter, uses the rotor-side converter to provide torque control
together with terminal voltage or power factor (PF) control for the overall
system, while the network-side converter controls the DC link voltage. In some
applications, the network-side converter is used to provide reactive power.
In the DFIG control strategies presented in this chapter, the network-side
converter is used to maintain the DC bus voltage and to provide a path for
rotor power to and from the AC system at unity power factor (Peña et al.,
1996; Holdsworth et al., 2003).

The aim of the control strategy is to extract maximum power from the wind.
A typical wind turbine characteristic with the optimal power extraction–speed
curve plotted to intersect the Cp max points for each wind speed is shown
in Figure 5.8a. The curve Popt defines the maximum energy capture and the
control objective is to keep the turbine on this curve as the wind speed varies.
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Figure 5.8 Wind turbine characteristic for maximum power extraction
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The curve Popt is defined by (Peña et al., 1996; Holdsworth et al., 2003)

Popt = Koptωr
3 (5.15)

or

Topt = Koptωr
2 (5.16)

where Topt is the optimal torque of the machine and Kopt is a constant obtained
from the aerodynamic performance of the wind turbine (usually provided by
the manufacturer). The complete generator torque–speed characteristic, which
is applied for the controller model is shown in Figure 5.8b. For optimal power
extraction, the torque–speed curve is characterized by Eq. (5.16). This is
between points B and C. Within this operating range, during low to medium
wind speeds, the maximum possible energy can then be extracted from the
turbine.

Due to power converter ratings, it is not practical to maintain optimum
power extraction over all wind speeds. Therefore, for very low wind speeds
the model operates at almost constant rotational speed (A–B). The rotational
speed is also often limited by aerodynamic noise constraints, at which point the
controller allows the torque to increase, at essentially constant speed (C–D)
until rated torque. If the wind speed increases further to exceed the turbine
torque rating, the control objective follows D–E, where the electromagnetic
torque is constant. When the system reaches point E, pitch regulation takes
over from the torque control to limit aerodynamic input power. For very high
wind speeds, the pitch control will regulate the input power until the wind
speed shutdown limit is reached.

5.4 Control Strategies for a DFIG

5.4.1 Current-mode Control (PVdq)

This technique is often used for the electrical control of the DFIG (Peña
et al., 1996). The rotor current is split into two orthogonal components, d

and q. The q component of the current is used to regulate the torque and
the d component is used to regulate power factor or terminal voltage. For
convenience, this controller is termed PVdq control in this book.

5.4.1.1 Torque Control Scheme

The purpose of the torque controller is to modify the electromagnetic torque
of the generator according to wind speed variations and drive the system
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to the required operating point reference. Given a rotor speed measurement,
the reference torque provided by the wind turbine characteristic for maximum
power extraction (Figure 5.8b) is manipulated to generate a reference value for
the rotor current in the q axis, iqrref . The rotor voltage vqr required to operate
at the reference torque set point is obtained through a PI controller and the
summation of a compensation term to minimize cross-coupling between speed
and voltage control loops.

Using the expressions for the voltage behind a transient reactance, ed and
eq [Eqs (4.19) and (4.20)] and rotor flux equations [Eqs (4.13) and (4.14)],
the torque [given in Eq. (4.38)] can be expressed as

T e = Lm(idriqs − iqrids) (5.17)

From Eq. (4.7), neglecting the stator resistance and stator transients and sub-
stituting for ψqs from Eq. (4.12), then

vds = −ωs(−Lssiqs + Lmiqr) (5.18)

From this equation, an expression is obtained for iqs:

iqs = 1

ωsLss
vds + Lm

Lss
iqr (5.19)

Due to the stator flux oriented (SFO) reference frame used, the d-axis com-
ponent of the stator voltage vds = 0 and Eq. (5.19) can be reduced to

iqs = Lm

Lss
iqr (5.20)

Now, from Eq. (4.8), neglecting the stator resistance and stator transients
and then substituting ψds from Eq. (4.11), we obtain

vqs = ωs(−Lssids + Lmidr) (5.21)

From Eq. (5.21), ids can be expressed as

ids = − 1

ωsLss
vqs + Lm

Lss
idr (5.22)

Now, substitution of Eqs (5.20) and (5.22) in Eq. (5.17) gives

T e = Lm

[
idr

(
Lm

Lss
iqr

)
− iqr

(
− 1

ωsLss
vqs + Lm

Lss
idr

)]
(5.23)
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Figure 5.9 DFIG torque control strategy

After simplifying Eq. (5.23), the reference for iqr to obtain the desired optimal
torque is expressed as

iqrref = ωsLss

Lmvqs
T sp (5.24)

where T sp stands for the optimal torque set point provided from the
torque–speed characteristic for maximum power extraction. A block diagram
of this control scheme is shown in Figure 5.9. Although the over-bar notation
to identify per unit quantities has been omitted, all the variables shown in the
block diagram are in per unit.

The difference in the rotor current, iqr, from the reference value, iqrref , forms
the error signal that is processed by the PI compensator to produce the rotor
voltage, v′

qr. To obtain the required value of the rotor voltage in the q-axis,
vqr, a compensation term is added to the PI compensator to minimize the
cross-coupling between torque and voltage control loops.

From Eq. (4.10), neglecting the transient term and substituting for ψdr from
Eq. (4.13), then

vqr = r riqr + sωs(Lrridr − Lmids) (5.25)

By substituting for ids from Eq. (5.22) into Eq. (5.25), the following equation
can be obtained:

vqr = r riqr + sωs

(
Lrr − Lm

2

Lss

)
idr − Lm

ωsLss
vqs (5.26)

The expression for the compensation term is given by the second and third
terms on the right-hand of Eq. (5.26).
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5.4.1.2 Voltage Control Scheme

The strategy for voltage control is typically designed to provide terminal volt-
age or power factor control using the rotor-side converter. Although reactive
power injection can also be obtained from the network-side converter, for
DFIG voltage control schemes the rotor-side converter is likely to be pre-
ferred to the network-side converter. The reactive power through the rotor,
Qr, is given as

Qr = Im[VrI∗
r ] (5.27)

and then, when Qr is referred to the stator:

Q′
r = Im

[
VrI∗

r

s

]
(5.28)

As shown by Eq. (5.28), the reactive power injection through the rotor
circuit is effectively amplified by a factor of 1/s. This is the main reason
why the rotor-side converter is the preferred option to provide the machine
requirements for reactive power.

The control action for terminal voltage or power factor control is derived as
follows (Holdsworth et al., 2003). Consider the total grid (stator) side reactive
power in per unit given by

Qs = Qgrid = Im(vsi
∗
s ) = vqsids − vdsiqs (5.29)

As a result of the SFO reference frame used to develop the mathemati-
cal model of the DFIG, the d-axis component of the stator voltage vds = 0.
Using the stator flux equations, the stator current in the d-axis, ids, can be
expressed as

ids = − 1

Lss
ψds + Lm

Lss
idr (5.30)

Substituting Eq. (5.30) in Eq. (5.29):

Qgrid = vqs

(
− 1

Lss
ψds + Lm

Lss
idr

)
(5.31)

From the stator voltage equation and neglecting the stator resistance, the
flux linkage ψds can be expressed as

ψds = vqs

ωs
(5.32)
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Substituting Eq. (5.32) in Eq. (5.31) gives

Qgrid = − vqs
2

ωsLss
+ Lmvqs

Lss
idr (5.33)

The rotor current component idr is divided into a generator magnetizing
component idr_m and a component for controlling reactive power flow (or
terminal voltage) with the connecting network idr_g. The total reactive power
is also divided into Qmag and Qgen. Hence Eq. (5.33) can be now expressed as

Qgrid = Qmag + Qgen = − vqs
2

ωsLss
+ Lmvqs

Lss
(idr_m + idr_g) (5.34)

from which

Qmag = − vqs
2

ωsLss
+ Lmvqs

Lss
idr_m (5.35)

To compensate for the no-load reactive power absorbed by the machine,
Qmag must equate to zero. To obtain this, from Eq. (5.35) the value of idr_m

is controlled to equal

idr_m = vqs

ωsLm
(5.36)

As the terminal voltage will increase or decrease when more or less reactive
power is delivered to the grid, the voltage control should fulfil the following
requirements: (i) the reactive power consumed by the DFIG should be compen-
sated by idr_m and (ii) if the terminal voltage is too low or too high compared
with the reference value then idr_g should be adjusted appropriately.

A block diagram of the DFIG terminal voltage controller is shown in
Figure 5.10. The required rotor voltage in the d-axis, vdr, is obtained through
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Figure 5.10 DFIG terminal voltage control strategy (the control gain Kvc is adjusted to
improve terminal voltage or power factor performance)
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the output of a PI controller, v′
dr, minus a compensation term to eliminate

cross-coupling between control loops. In this case, the compensation term is
derived from the equation of the rotor voltage in the d-axis. All variables
shown in Figure 5.10 are in per unit.

The operation of the rotor-side converter with regard to the terminal voltage
or power factor control is entirely dependent upon the requirements or the
preferred operation of the system. If the rotor current is required to be kept to
a minimum, such that idrref = 0, the current drawn by the machine to maintain
the field flux will be provided by the d-axis component of the stator current,
ids. Therefore, the voltage at the terminals will be reduced resulting from the
reactive power absorbed by the machine. To implement this strategy, the rotor
current reference, shown in Figure 5.10, should be set to zero, i.e. idrref = 0. If
the rotor voltage, vdr, obtained from the rotor-side converter is used to control
the DFIG terminal voltage/power factor and to maintain a constant machine
field flux, the magnitude of the rotor current, idr, will not be zero. Then, as
shown previously, the d-axis component of the rotor current reference value is
split into a part that magnetizes the generator, idr_m, which effectively controls
the power factor of the machine, and a part that determines the net reactive
power exchange with the grid, idr_g.

5.4.2 Rotor Flux Magnitude and Angle Control

This control methodology exercises control over the generator terminal voltage
and power output by adjusting the magnitude and angle of the rotor flux vector
(Hughes et al., 2005; Anaya-Lara et al., 2006). This strategy has the advantage
of providing low interaction between the power and voltage control loop and
enhanced system damping and voltage recovery following faults. The structure
of the flux magnitude and angle controller (FMAC) is illustrated in Figure 5.11.
It comprises two distinct loops, one to control the terminal voltage and the
other to control the power output of the generator. Since the DFIG internal
voltage vector, E g, is directly related to the rotor flux vector, ψ r, either of
these vectors can be employed as control vector. In the following discussion
and examples, E g has been selected as control vector.

5.4.2.1 Voltage Control

In the voltage control loop, the difference in the magnitude of the terminal
voltage, Vs, from its desired reference value, Vsref , forms an error signal that
is processed via the AVR compensator to produce the reference value for the
magnitude of the DFIG internal voltage vector, |E g|ref.
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Figure 5.11 Block diagram of the FMAC controller

5.4.2.2 Power Control

In the power control loop, the reference set point value, Peref , is determined by
the wind turbine power–speed characteristic for maximum power extraction
from the prevailing wind velocity (Müller et al., 2002). The difference in the
generator power, Pe, from the reference set point value, Peref , forms the basic
error signal that is processed by the compensator to produce the reference
value for the angular position of the control vector, δgref , with respect to the
stator voltage vector.

Both the voltage and power control loops employ PI controllers, with the
provision of additional lead–lag compensation in the case of the voltage loop
to ensure suitable margins of loop stability.

Controller A employs the reference signals, |E g|ref and δgref , to provide the
magnitude and angle of the rotor voltage vector, V r. PI control with additional
lead–lag compensation is employed to provide appropriate speed of response
and stability margins in the individual loops.

The rotor voltage vector, V r, is then transformed from its polar coordinates
to rectangular dq coordinates vdr and vqr and used by the PWM generators
to control the switching operation of the rotor-side converter. Typical control
parameters and transfer functions can be found in Appendix D.

5.5 Dynamic Performance Assessment

The operation and dynamic characteristics of the DFIG with current-mode
control (PVdq) are assessed using the simple circuit shown in Figure 5.12,
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Figure 5.12 Network model used to assess the performance of a DFIG with the
current-mode controller

where the DFIG is connected to an infinite bus through the impedances of
the turbine transformer, XT, and the transmission line, XL. A four-pole 2 MW
DFIG represented by a third-order model is used in this case.

5.5.1 Small Disturbances

In the following examples, small step changes in the mechanical input torque
and small variations in the torque and voltage set points of the DFIG controller
are considered.

5.5.1.1 Step Change in Mechanical Torque Input

This example illustrates an operating condition where the available aerody-
namic power reduces due to a decrease in the wind speed. For this test, the
mechanical input torque applied to the wind turbine is decreased by 20%
at t = 1 s (Figure 5.13). The DFIG operates initially in super synchronous
mode with a slip of s = −0.2 pu. The mechanical torque corresponding to
this rotor speed is Tm = 0.8064 pu. (obtained from the turbine characteristic for
maximum power extraction). The DFIG responses for this scenario are shown
in Figure 5.14.

vqrTsp
Te

ω

Torque
Controller

Tm = 0.8064

∆T = 0.1614

Tm = 0.645

(Tm−Te)
1

2H
dω
dt

=

Figure 5.13 Step change in the mechanical torque input
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Figure 5.14 DFIG responses for a 20% decrease in the mechanical torque input at t = 1 s
(initial torque Tm = Te = 0.8064 pu). New slip, s = −0.0706 pu. New torque, Tm = Te =
0.645 pu

In Figure 5.14, Vsmag is the terminal voltage of the DFIG and Te is the torque
output. When the mechanical torque is reduced at t = 1 s, the torque output of
the generator also reduces until a new operating condition is reached at approx-
imately t = 30 s. In this new operating point, the slip equals s = −0.0706 pu
and the electrical torque settles at Te = 0.645 pu to match the mechanical input
torque. In this case, the large lumped turbine, shaft and generator rotor inertia
dominates the dynamic control performance of the DFIG.

Although the torque of the generator is significantly modified, the impact
that this change has on the generator terminal voltage, Vsmag, is minimal.

5.5.1.2 Step Change in the Torque Reference Value

This example illustrates the case where the operating point of the generator
is adjusted in the event of small disturbances in the power network such as
light load variations. The mechanical torque input applied to the wind turbine
is kept constant and a small step change is applied at t = 1 s in the torque
reference, Tsp, of the torque control loop (Figure 5.15).

At t = 1 s, the torque set point is increased by 20% (which corresponds to
an increase of 0.16 pu). The DFIG is initially operating in super synchronous
mode with a slip of s = −0.2 pu and Te = 0.8064. The responses for this
operation are shown in Figure 5.16. When the electrical torque reference is
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Figure 5.16 DFIG responses for a 20% increase (disturbance) in the torque reference
value Tsp

increased at t = 1 s, a mismatch between mechanical and electrical torque
is developed and therefore the DFIG slows. Initially, the electrical torque
output increases sharply due to the action of the torque controller, which tries
to follow the new torque reference value. However, as the mechanical torque
input (aerodynamic power) is held fixed, the torque controller adjusts the speed
of the generator to provide a torque set point, Tsp, which added to the 20%
increase provides a new torque reference, Tsp mod, that matches the mechanical
torque input of Te = 0.8064 pu as shown in Figure 5.17. The slip settles at
s = −0.706 pu, which agrees with the previous example (Figure 5.14).
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Figure 5.17 Torque set point input to the DFIG controller. A 20% increase (disturbance)
is applied in the torque reference value at t = 1 s

5.5.1.3 Step Change in the Voltage Reference Value

In this example, a step increase is applied in the voltage reference value of the
voltage control loop at t = 1 s and removed after 4 s. The DFIG responses are
shown in Figure 5.18, where the correct performance of the voltage controller
is observed.

5.5.2 Performance During Network Faults

In the following example, a balanced three-phase fault (short-circuit) is applied
at the high-voltage terminals of the DFIG transformer (point A in Figure 5.12).
The fault is applied at t = 1 s and cleared after 150 ms. The results are shown
without crowbar protection. The converter is assumed to be sufficiently robust
to provide all the demands of the DFIG controller during transient operation
(i.e. the converters withstand the fault current developed in the experiment).

The responses of the DFIG terminal voltage, Vsmag, electrical torque, Te, and
slip, s, are shown in Figure 5.19. Due to the fault, the electrical torque of the
generator falls to zero and therefore the machine starts to speed up. During the
fault, the terminal voltage drops to approximately 0.45 pu (retained voltage).
When the fault is cleared after 150 ms, the system recovers stability and the
voltage recovers the pre-fault state with a fast and smooth response.
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Figure 5.20 DFIG responses for a fault applied at t = 1 s with a fault clearance time of
150 ms. Vsmag = 0.45 pu; Irmag = 3.15 pu. Crowbar protection is not in operation

Figure 5.20 shows a snapshot (0.9–1.3 s) of the terminal voltage and rotor
current, Irmag, at the instant of the fault. As the crowbar protection is not
in operation, the rotor current increases freely up to a value of approximately
Irmag = 3.15 pu. Without crowbar protection, the maximum value that the rotor
current can reach during the fault is then just limited by the DFIG and power
network parameters.

References

Anaya-Lara, O., Hughes, F. M., Jenkins, N. and Strbac, G. (2006) Rotor flux
magnitude and angle control strategy for doubly fed induction generators,
Wind Energy, 9 (5), 479–495.

Ekanayake, J. B., Holdsworth, L., Wu, X. and Jenkins, N. (2003) Dynamic
modelling of doubly fed induction generator wind turbines, IEEE Transac-
tions on Power Systems, 18 (2), 803–809.

Fox, B., Flynn, D., Bryans, L., Jenkins, N., Milborrow, D., OMalley, M.,
Watson, R. and Anaya-Lara, O. (2007) Wind Power Integration: Connect and
System Operational Aspects”, IET Power and Energy Series, Vol. 50, Insti-
tution of Engineering and Technology, Stevenage, ISBN 10: 0863414494.

Hindmarsh, J. (1995) Electrical Machines and Their Applications, 4th edn,
Butterworth-Heinemann, Oxford.



Doubly Fed Induction Generator (DFIG)-based Wind Turbines 97

Holdsworth, L., Wu, X., Ekanayake, J. B. and Jenkins, N. (2003) Comparison
of fixed speed and doubly-fed induction wind turbines during power system
disturbances, IEE Proceedings Generation, Transmission and Distribution,
150 (3), 343–352.

Hughes, F. M., Anaya-Lara, O., Jenkins, N. and Strbac, G. (2005) Control of
DFIG-based wind generation for power network support, IEEE Transactions
on Power Systems, 20 (4), 1958–1966.

Müller, S., Deicke, M. and De Doncker, R. W. (2002) Doubly fed induction
generator systems for wind turbines, IEEE Industry Applications Magazine,
8 (3), 26–33.

Peña, R., Clare, J. C. and Asher, G. M. (1996) Doubly fed induction gen-
erator using back-to-back PWM converters and its application to variable
speed wind-energy generation, IEE Proceedings Electrical Power Applica-
tions, 143 (3), 231–241.





6
Fully Rated Converter-based
(FRC) Wind Turbines

In order to fulfil present Grid Code requirements, wind turbine manufacturers
have been considering induction or synchronous generators with fully
rated voltage source converters to give full-power, converter-controlled,
variable-speed operation. This chapter describes the main components and
features of these technologies and presents results from recent studies
conducted on their dynamic modelling and control design.

The typical configuration of a fully rated converter-based (FRC) wind tur-
bine is shown in Figure 1.8. This type of wind turbine may or may not 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 effec-
tively isolated from the power network (Fox et al., 2007). Hence the electrical
frequency of the generator may vary as the wind speed changes, while the net-
work frequency remains unchanged, permitting variable-speed operation. The
rating of the power converter in this wind turbine corresponds to the rated
power of the generator.

The power converter can be arranged in various ways. While 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.

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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6.1 FRC Synchronous Generator-based (FRC-SG) Wind
Turbine

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 oper-
ation 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 (typically a single-stage gearbox with low ratio),
then a smaller generator with a smaller number of poles can be employed
(Akhmatov et al., 2003).

6.1.1 Direct-driven Wind Turbine Generators

Today, almost all wind turbines rated at a few kilowatts or more use standard
(four pole) generators 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 6.1 (Grauers, 1996).

There are two main reasons for using direct-driven generators in wind tur-
bine systems. Direct-driven generators are favoured for some applications due
to reduction in losses in the drive train and less noise (Grauers, 1996).

The most important 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

Generator
32 rpm

Gear
1:47

Generator
1500 rpm

(a) (b)

Figure 6.1 Drive trains of (a) a conventional wind turbine and (b) one with a direct-drive
generator (Grauers, 1996)
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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 tur-
bine 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. To decrease the weight of the rotor and stator
yokes and to keep the end-winding losses small, direct-driven generators are
also usually designed with a small pole pitch.

6.1.2 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 by means of either a current-carrying
winding or permanent magnets (PMs). The wound-rotor synchronous machine
has a very desirable feature compared with its PM counterpart, namely an
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 rotors 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.

Wound rotors are heavier than PM rotors and typically bulkier (particularly
in short pole-pitch synchronous generators). Also, electrically excited syn-
chronous 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 on
increasing the number of poles.

6.1.3 Permanent Magnet Synchronous Generator

PM excitation avoids the field current supply or reactive power compensa-
tion facilities needed by wound-rotor synchronous generators and induction
generators and it also removes the need for slip rings (Chen and Spooner,
1998). Figure 6.2 shows the arrangement with an uncontrolled diode-based
rectifier as the generator-side converter. A DC booster is used to stabilize the
DC link voltage whereas the network-side converter (PWM-VSC) controls the
operation of the generator. The PWM-VSC can be controlled using load-angle
techniques or current controllers developed in a voltage-oriented dq reference
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Figure 6.2 Permanent magnet synchronous generator with diode rectifier

frame. The power reference is defined by the maximum power–speed charac-
teristic shown in Figure 5.8 with speed and power limits.

The topology with a permanent magnet synchronous generator and a power
converter system consisting of two back-to-back voltage source converters
is illustrated in Figure 6.3. 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.

Generator
control

Grid

PWM-VSC

DC link voltage 
control

PM
synchronous

generator PWM-VSC

Figure 6.3 Permanent magnet synchronous generator with two back-to-back voltage source
converters
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6.1.4 Wind Turbine Control and Dynamic Performance Assessment

Control over the power converter system can be exercised with different
schemes. The generator-side converter can be controlled using load angle
control techniques or using vector control. The network-side converter is com-
monly controlled using load angle control techniques.

6.1.4.1 Generator-side Converter Control and Dynamic Performance

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

Load Angle Control Technique
The load angle control strategy employs steady-state power flow equations
(Kundur, 1994; Fox et al., 2007) to determine the transfer of active and reactive
power between the generator and the DC link. With reference to Figure 6.4,
Eg is the magnitude of the generator internal voltage, Xg the synchronous
reactance, Vt 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 (6.1)

Q = Eg
2 − EgVt cos αg

Xg
(6.2)

Eg

jXg

Ig Vt

Eg

Vt

XgIg

Vt

ag

ag

Figure 6.4 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 (6.1) and (6.2) can be simplified to

P = EgVt

Xg
αg (6.3)

Q = Eg
2 − EgVt

Xg
(6.4)

From Eqs (6.3) and (6.4), it can be 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 terminal of the generator-side converter are
calculated using Eqs (6.3) and (6.4) as

αg = Pgref
Xg

EgVt
(6.5)

Vt = Eg − Qgref
Xg

Eg
(6.6)

where Pgref is the reference value of the active power that needs to be trans-
ferred 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 (Figure 5.8) for a given generator speed, ωr. As the generator has per-
manent magnets, it does not require a magnetizing current through the stator,
hence 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 6.5.

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.

Dynamic Performance Assessment The performance of the load angle control
strategy is illustrated using steady-state, reduced order and non-reduced order
models of the synchronous generator to explore the influence that generator
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Figure 6.5 Load angle control of the generator-side converter

stator and rotor transients have on control performance. The test system used
for the simulations is that shown in Figure 6.5, where the wind turbine is
connected to an infinite busbar with parameters given in Appendix D. The
mechanical structure of the turbine is represented by a single-mass model and
ideal operation of the voltage source converters is assumed.

A step change increase in the mechanical torque input from 60 × 103 to
80 × 103 N m is applied at 10 s and then it is decreased back to the initial value
(60 × 103 N m) at 20 s. The electromagnetic torques of the non-reduced order,
reduced order and steady-state generator models are given in Figure 6.6. It can
be seen that the load angle control tracks satisfactorily the torque reference
with the three models of the synchronous generator. The responses of the
electrical speed and load angle are also given in Figure 6.6.

Since the steady-state model neglects the stator and rotor transients,
the responses obtained with this model reach the final value more rapidly
(Figure 6.6). Although both reduced and non-reduced order models in general
give similar responses, a significant difference can be seen in the stator
current, ids (Figure 6.7), where current oscillations due to the stator transients
appear in the response obtained with the non-reduced order model. These
current oscillations are damped out by the damper windings in the generator
rotor and are only present during the transient period.

The frequency of the current oscillations observed in the non-reduced order
model corresponds to the operating electrical frequency of the generator. For
this particular example, the frequency of oscillation is approximately 41.2 Hz,
which agrees with the generator electrical frequency, namely 2π × 41.2 =
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Figure 6.7 Response of the d axis stator current with reduced and non-reduced order models
of the synchronous generator

258.9 rad s−1, during the time interval shown in Figure 6.7. As the power
converter decouples the generator from the network, these oscillations are not
transferred to the network. Consequently, the reduced order model may be
used as an appropriate representation of the synchronous generator when the
load angle control strategy is employed and the overall performance of the
variable-speed wind turbine on the power system is the main concern.

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).
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For the vector control idsref is set to zero and iqsref is derived from Eq. (3.24).
From Eqs (3.24) and (3.27) with ids = 0, the following can be obtained:

Te = ψdsiqs (6.7)

ψds = Lmdif (6.8)

Defining Lmdif = ψf d and substituting for ψds from Eq. (6.8) into Eq. (6.7):

Te = ψ fd iqs (6.9)

From Eq. (6.9) for a given torque reference T sp:

iqsref = T sp

ψ fd

(6.10)

Once the reference currents, iqsref and idsref , have been determined by the
controller, the corresponding voltage magnitudes can be calculated from Eqs
(3.31) and (3.33) as

vds = −rsids + Xqsiqs (6.11)

vqs = −rsiqs − Xdsids + Efd (6.12)

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 (6.11)
and (6.12). Additional terms are included to eliminate the cross-coupling effect
as shown in Figure 6.8.

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 6.9.
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Figure 6.8 Control loops in the vector control strategy. (a) Magnetizing control loop
(d axis); (b) torque control loop (q axis)
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Figure 6.9 Vector control of the generator-side converter

The torque control is exercised in the q axis and the magnetization of the
generators is controlled in the d axis. The reference value of the stator current
in the q axis, iqsref , is calculated from Eq. (6.10) 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,
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 the error between these two
signals is processed by a PI controller. The reference idsref may be assumed
to be zero for the permanent magnet synchronous generator.

Dynamic Performance Assessment The performance of the vector control
strategy is illustrated using the non-reduced order model of the synchronous
generator. A step increase in the torque input from 60 × 103 to 80 × 103 N m
is applied at 10 s and at 20 s the torque input is decreased from 80 × 103 back
to 60 × 103 N m. The responses of the rotor speed, active power and stator q

axis current are shown in Figure 6.10.
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Figure 6.10 Rotor speed (electrical), active power and stator current responses obtained
with the vector control strategy for step changes in input torque with non-reduced order
generator model

It can be seen that the rotor speed (electrical) and active power achieve
the new steady state faster with the vector control strategy than with the load
angle control strategy. In the case of the vector control strategy, the transient
observed in the responses is associated with the mechanical dynamics of
the turbine rather than with electrical transients. The stator current in the q

axis increases from 500 to 663 A, which is proportional to the input torque
variation.

In the vector control strategy, the controller uses the measured stator cur-
rents as feedback signals. For the implementation of this control strategy,
the generator model usually includes the stator transients. To demonstrate the
importance of the stator transients in the vector control, performance results
are shown using the reduced order model of the synchronous generator where
the stator transients are neglected. The responses of the torque and rotor speed
obtained with both the non-reduced order and reduced order models are shown
in Figure 6.11. The results in this figure show that the reduced order model
response is oscillatory, in contrast to that obtained with the non-reduced order
model. This shows that in order to use the vector control technique it may be
necessary to use a non-reduced representation of the synchronous generator to
avoid inaccuracies such as those shown during the transient period when the
reduced order model was employed.
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6.1.4.2 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 of Figure 6.12. This figure illustrates the power
balance at the DC link, which is expressed as

PC = Pg − Pnet (6.13)

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.

CVDC

Pg Pnet

PC+

−
Generator

output power
Power

transmitted to the
network

Figure 6.12 Power flow in the DC link
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The power flow through the capacitor is given as

PC = VDCIDC

= VDCC
dVDC

dt
(6.14)

From this equation, the DC link voltage, VDC, is determined as follows:

PC = VDCC
dVDC

dt
= C

2
× 2 × VDC

dVDC

dt

= C

2

dVDC
2

dt
(6.15)

Rearranging Eq. (6.15) and integrating both sides of the equation:

VDC
2 = 2

C

∫
PCdt (6.16)

then

VDC =
√

2

C

∫
PCdt (6.17)

By substituting PC in Eq. (6.17) using Eq. (6.13), 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 (6.18)

Equation (6.18) 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, with the desired DC link voltage
reference, VDCref . The error between these two signals is processed by a PI
controller, the output of which provides the reference active power Pnetref , as
shown in Figure 6.13. 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.
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Figure 6.13 Calculation of the active power reference, Pnetref (suitable for simulation pur-
poses)

6.1.4.3 Network-side Converter Control and Dynamic Performance
Assessment

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 allow the exchange of reactive
power between the converter and the network as required by the application
specifications.

Load Angle Control Technique
A methodology used 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 = PnetrefXnet

VVSCVnet
(6.19)

VVSC = Vnet + QnetrefXnet

VVSC
; Qnetref = 0 (6.20)

From Eqs (6.19) and (6.20), the magnitude of the network-side converter
voltage 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
(6.21)

δ = f (Pnetref, Vnet) = sin−1
(

PnetrefXnet

3VVSCVnet

)
(6.22)
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Figure 6.14 Control of active and reactive power by load angle and magnitude control

The second-order quadratic equation Eq. (6.21) needs to be solved to deter-
mine the value of VVSC, where only one solution is appropriate. Figure 6.14
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.

Vector Control Strategy
A block diagram of the vector control of the network-side converter is shown
in Figure 6.15. The DC link voltage is maintained by controlling the q axis
current and the network terminal voltage 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.

6.2 FRC Induction Generator-based (FRC-IG) Wind Turbine

6.2.1 Steady-state Performance

As shown in Figure 1.8, the fully rated converter induction generator-based
(FRC-IG) wind turbine is allowed to operate at variable frequency. In order to
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Figure 6.15 Network-side converter control in the dq frame

obtain the steady-state performance of the FRC-IG wind turbine, the machine is
represented by the steady-state equivalent circuit given in Chapter 4. However,
the reactances were calculated using the machine inductance and the operating
frequency. The performance characteristics of the FRC-IG wind turbine for
different operating frequencies is shown in Figure 6.16.

In order to follow the maximum power extraction curve shown in Figure
5.8, the generator speed should vary with the wind speed. This is achieved by
varying the operating frequency of the induction generator by changing the
control signal of the PWM network-side converter. For lower wind speeds, the
generator operates at a lower frequency and at higher wind speeds it operates
at a higher frequency. As the wind speed varies, the mechanical input, and thus
the output power, of the generator increases and, as shown in Figure 6.16b,
the reactive power absorbed by the generator remains more or less constant.
This requires the slip, which is shown in Figure 6.16a, to be varied with the
wind speed. As the maximum speed of operation was limited to 1.2 pu, the
upper operating frequency should be limited at 1.2 pu.

6.2.2 Control of the FRC-IG Wind Turbine

The rotor flux oriented control was used in the generator-side converter con-
troller. Figure 6.17 shows the vector diagram representing the operating con-
ditions of an induction generator in a reference frame fixed to the rotor flux
(thus ψqr = 0). As shown in Figure 6.17, the rotor flux is aligned with the
d axis which rotates at the synchronous speed ω (Vas, 1990; Krause et al.,
2002).
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Figure 6.17 Vector diagram representation of the operating conditions of an induction
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From Eq. (4.14), ψqr = Lrriqr − Lmiqs = 0; therefore, the rotor current iqr is

iqr = Lm

Lrr
iqs (6.23)

Using the expressions for the dq voltages behind a transient reactance ed

and eq [from Eqs (4.19) and (4.20)], the electromagnetic torque, T e [given in
Eq. (4.38)] is calculated as

T e = Lm

Lrr
(−ψqrids + ψdriqs) = Lm

Lrr
ψdriqs (6.24)

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 (4.9) and (4.10)] can be simplified
to

vdr = Rridr = 0 (6.25)

vqr = Rriqr + sωψdr = 0 (6.26)

From Eq. (6.26), the slip speed can be obtained as

sω = −Rriqr

ψdr

(6.27)

Substituting Eq. (6.25) into Eq. (4.13), ψdr is obtained as

ψdr = −Lmids (6.28)

Substituting Eq. (6.28) into Eqs (6.24) and (6.27), the electromagnetic torque
and slip speed can be rewritten as

T e = −Lm
2

Lrr
idsiqs (6.29)

s ω = Rr

Lm

iqr

ids
(6.30)

Substituting Eq. (6.23) into Eq. (6.30):

sω = Rr

Lrr

iqs

ids
(6.31)
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With idr = 0, Eq. (4.11) reduces to

ψds = −Lssids (6.32)

Substituting Eq. (6.23) into Eq. (4.12), the following equation was obtained:

ψqs = −Lssiqs + Lm
Lm

Lrr
iqs = −

(
Lss − Lm

2

Lrr

)
iqs = −L′ iqs (6.33)

where L′ = Lss − (Lm
2
/Lrr). Substituting ψds and ψqs from Eqs (6.32) and

(6.33) into Eqs (4.7) and (4.8), the stator voltages in the steady state are
given by

vds = −Rsids + ωL′ iqs (6.34)

vqs = −Rsiqs − ωLssids (6.35)

The stator voltage vds includes the voltage ωL′ iqs and vqs includes the
voltage −ωLssids. These terms give the cross-coupling of the dq axes voltages
with qd 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, ωL′ iqs and −ωLssids

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 6.18.

In the flux control loop, the reference d axis stator current iref
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 defined in Figure 5.8 and Eq. (6.29). This is compared with its actual
value and the error signal 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 6.18, the generator terminal frequency was controlled
by adding the rotor speed and the slip speed given in Eq. (6.31).

The ratio of the stator reactance to the stator resistance for a larger induction
machine is much higher than that of a smaller 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
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induction machine). Therefore, the PI controllers defined by Eqs. (6.34) and
(6.35) can be simplified to

vds = ωL′ iqs (6.36)

vqs = −ωLssids (6.37)

Hence two PI controllers can be simplified as shown in Figure 6.19 without
the decoupling terms.

The network-side controller was controlled as described in Section 6.1.4.3.

vds
refiqs

iqs
vqs

refids

ids
PI

P

Flux control loop

Torque control loop

Figure 6.19 Simplified generator controller
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Figure 6.20 FRC-IG responses for a 100% increase and decrease in the mechanical torque
input

6.2.3 Performance Characteristics of the FRC-IG Wind Turbine

The behaviour of the FRC-IG wind turbine was explored with step changes in
the mechanical input torque. In this simulation, the mechanical input torque
was increased from 0.3 to 0.6 pu at t = 60 s. Figure 6.20 illustrates the electri-
cal torque, rotor speed and frequency of the FRC-IG. As shown, the electrical
torque output of the FRC-IG follows the new torque reference after a short
transient period.

References

Akhmatov, V., Nielsen, A. H. and Pedersen, J. K. (2003) Variable-speed wind
turbines with multi-pole synchronous permanent magnet generators. Part I.
Modelling in dynamic simulation tools, Wind Engineering, 27, 531–548.

Chen, Z. and Spooner, E. (1998) Grid interface options for variable-speed
permanent-magnet generators, IEE Proceedings Electric Power Application,
145 (4), 273–283.

Fox, B., Flynn, D., Bryans, L., Jenkins, N., Milborrow, D., O’Malley, M., Wat-
son, R. and Anaya-Lara, O. (2007) Wind Power Integration: Connection and
System Operational Aspects, IET Power and Energy Series 50, Institution
of Engineering and Technology, Stevenage, ISBN 10: 0863414494.



120 Wind Energy Generation: Modelling and Control

Grauers, A. (1996) Design of direct driven permanent magnet generators for
wind turbines, PhD Thesis, Chalmers University of Technology, Rep. No.
292 L.

Krause, P. C., Wasynczuk, O. and Shudhoff, S. D. (2002) Analysis of Electric
Machinery and Drive Systems, 2nd edn, Wiley-IEEE Press, New York.

Kundur, P. (1994) Power System Stability and Control, McGraw-Hill, New
York, ISBN 0-07-035958-X.

Vas, P. (1990) Vector Control of AC Machines, Oxford University Press, New
York.



7
Influence of Rotor Dynamics
on Wind Turbine Operation

New designs of wind turbines continue to increase in rotor size in order to
extract more power from wind. As the rotor diameters increase, the flexibility
of the rotor structure increases as well as the influence of the mechanical drive
train on the electrical performance of the wind turbine. When the length of
the rotor blades increases, the frequencies of the torque oscillations reduce
and these oscillations may then interact with the low-frequency modes of the
electrical network.

In smaller FSIG wind turbines, the induction generator acts as an effective
damper, which helps to reduce the magnitude of the torque oscillations. How-
ever, it has been reported that these oscillations are still significant and must
be taken into account when analysing the dynamic performance of FSIG wind
turbines for transient stability (Akhmatov, 2003).

In variable-speed DFIG wind turbines, which operate at a defined torque,
the damping contribution of the generator is low because the torque no longer
varies rapidly as a function of the rotor speed. Also, active damping techniques
are often used to stabilize the mechanical systems of large variable-speed
wind turbines (Burton et al., 2001). Recently, power system stabilizers (PSSs)
have been proposed to enable DFIG wind turbines to contribute positively to
network damping (Hughes et al., 2005). If any of the frequencies of mechanical
vibration of the rotor structure lies within the bandwidth of the PSS, then
resonance or adverse control loop interactions may arise, which will affect
the performance of both the mechanical and electrical systems of the wind
turbine.

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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A number of authors have addressed the representation of wind turbines in
large power system studies. Papathanassiou and Papadopoulos (1999), Akhma-
tov (2002) and Ackermann (2005) discussed a two-mass model which takes
into account the shaft flexibility but neglects the dynamics of the blades. In
the work of Papathanassiou and Papadopoulos (2001), the blade dynamics are
included by representing the individual blades by masses connected to the
hub via springs. However, the order of their model is high as it consists of
six masses and five springs.

High-order representations of the structural dynamics may not be suitable
for large power system simulation studies. An alternative approach is to use
a reduced multi-mass model to represent the rotor structural dynamics with
appropriate accuracy. A three-mass model may be used to represent shaft and
blade dynamics, but this can be simplified further into an effective two-mass
model that gives an accurate representation of the dominant lower frequency
component of the rotor structure (Ramtharan, 2008). It should be noted that
from the power system viewpoint the lowest frequency mode (associated with
the blades) is of most relevance and hence an effective two-mass model incor-
porating this mode is then appropriate.

7.1 Blade Bending Dynamics

The torsional flexibility of the shaft and the bending flexibility of the blades
both contribute to the wind turbine torque oscillations. The torsional oscilla-
tions of the shaft can be represented using a simple model as explained by
Papathanassiou and Papadopoulos (1999), Akhmatov (2002) and Ackermann
(2005). However, the representation of the blades is not straightforward due
to the non-uniform distribution of their mass, stiffness and twist angle. For
simplicity, these physical properties can be assumed to be uniform in order
to analyse the dominant vibration mode of the blades (Eggleston and Stod-
dard, 1987). If a more accurate representation of the dynamic properties of the
blades is required, then finite element techniques may be employed (Géradin
and Rixen, 1997; Bossanyi, 2003).

The bending modes of a blade are defined in two orthogonal planes: (i)
out-of-plane, which describes the motion of the blade perpendicular to the
rotor plane and (ii) in-plane, which describes the motion of the blade in the
rotor plane (Johnson, 1980). As the motion of the out-of-plane modes is normal
to the direction of rotation of the rotor, it does not directly couple to the drive
train and therefore it is not necessary to include it in the representation of the
drive train dynamics. However, some of the in-plane modes directly couple to
the drive train.
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In the in-plane bending mode, there are two asymmetric modes and one sym-
metric mode of vibration. The asymmetric modes do not couple with the drive
train and therefore may be neglected. In the symmetric mode, all the blades
oscillate in unison with one another with respect to the hub (Figure 7.1a).

7.2 Derivation of Three-mass Model

This is illustrated in Figure 7.1, where the blade bending dynamics illus-
trated in Figure 7.1a are represented as a simple torsional system as shown
in Figure 7.1b. Since the blade bending occurs at a distance from the joint
between the blade and the hub, the blade can be split into two parts, OA
and AB. The rigid blade sections OA1, OA2 and OA3 are collected into the
hub and have an inertia J2 and the rest of the blade sections A1B1, A2B2
and A3B3 are collected as a ring flywheel with inertia J1 about the shaft.
The inertias J1 and J2 are connected via three springs, which represent the
flexibility of individual blades.

By simplifying the rotor mode to two inertias connected via springs
(Figure 7.1b), the drive train of the turbine can be represented by a three-mass
model as shown in Figure 7.2, where J1 represents the inertia of the flexible
blade section, J2 represents the combined inertia of the hub and the rigid
blade section, J3 is the generator inertia, K1 is the effective blade stiffness
and K2 represents the shaft stiffness (resultant stiffness of both the low- and
high-speed shafts). The generator inertia J3, the shaft stiffness K2 and the
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Figure 7.1 Equivalent blade inertia and stiffness of the in-plane rotor symmetric mode. (a)
in-plane rotor symmetric bending mode; (b) equivalent torsional representation
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Figure 7.2 Three-mass model of drive train including blade and shaft flexibilities

rotor total inertia J1 + J2 are known variables. Therefore, two more equations
are necessary to determine all five parameters of this three-mass model.

The equations describing the two- and three-mass models are given in
Table 7.1 (Tse et al., 1963; Thomson, 1993; Harris, 1996). The two frequencies
of vibration in Eq. (7.4), f1 and f2, can be obtained by conducting a spectral
analysis of the low-speed shaft torque (through simulation) or by physical
measurements.

7.2.1 Example: 300 kW FSIG Wind Turbine

In this example, the three-mass model for a 300 kW FSIG wind turbine is
calculated (the wind turbine data are given in Appendix D). The known param-
eters of the rotor are J3 = 0.102 × 106 kgm2, J1 + J3 = 0.129 × 106 kgm2 and
K2 = 5.6 × 107 N m rad−1. All these parameters are referred to the low-speed
shaft. A time domain simulation was carried out using the Garrad Hassan wind
turbine simulation program GH BLADED.

In order to identify the frequencies of vibration of the rotor, the rotor was
excited by applying a voltage sag of 20% (80% retained voltage) to the gen-
erator at 5 s with a duration of 200 ms. Figure 7.3a shows the response of the
low-speed shaft torque during the voltage sag and the corresponding frequency
spectrum is given in Figure 7.3b. Substituting the spectral peak frequen-
cies shown in Figure 7.3b in Eq. (7.4) gives the three-mass model parame-
ters: J1 = 0.111 × 106, J2 = 0.018 × 106, J3 = 0.102 × 106,K1 = 2.1 × 107

and K2 = 5.6 × 107. From this example, it can be noticed that the effective
flexibility of the blade, K1, is 0.4 times smaller than the flexibility of the
shaft, K2, that is, the blade flexibility is much more important than that of the
shaft.
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Table 7.1 Equations of the two- and three-mass models used to represent the rotor
structural dynamics

Two-mass model Three-mass model

K

J2

J1
q2

q1

K1

J2
K2

J3

J1 q3

q2

q1

Dynamic equations: Dynamic equations:

J1
d2

dt2
θ1 = −K(θ1 − θ2)

J2
d2

dt2
θ2 = −K(θ2 − θ1)

(7.1)

J1
d2

dt2
θ1 = −K1(θ1 − θ2)

J2
d2

dt2
θ2 = −K2(θ2 − θ1) − K2(θ2 − θ3)

J3
d2

dt2
θ3 = −K2(θ3 − θ2)

(7.2)

Natural frequency of vibration: Natural frequencies of vibration:

f = 1

2π

√√√√ K(
1
J1

+ 1
J2

)−1 (7.3) f1 = 1

2π

(
−b

2
−

√
b2 − 4c

2

) 1
2

f2 = 1

2π

(
−b

2
+

√
b2 − 4c

2

) 1
2

(7.4)

Magnitude of oscillation: Magnitudes of oscillations:

θ1

θ2
= −J1

J2
(7.5)

θ1

θ2
= K1

(K1 − J1ω2)

θ2

θ3
= (K2 − J3ω

2)

K2

(7.6)

b = −
[
K1

(
1

J1
+ 1

J2

)
+ K2

(
1

J2
+ 1

J3

)]
; c = K1K2

J1 + J2 + J3

J1J2J3

However, representation of both shaft and blade flexibilities increases the
order of the model, which may not be desirable in large power system studies.
In addition, for power system dynamic studies the frequency that is likely to
be most significant is the lowest frequency component, which in this particu-
lar example is 2.7 Hz. Hence an effective two-mass model, which takes into
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Figure 7.3 300 kW FSIG-based wind turbine. Variation of the low-speed shaft torque and its
harmonic spectrum during a 20% terminal voltage drop. (a) Low-speed shaft torque variation;
(b) FFT of low-speed shaft torque

account both shaft and blades flexibilities but that only represents the dominant
low-frequency component of the rotor structure, is derived.

7.3 Effective Two-mass Model

The three-mass model shown in Figure 7.2 has two coupled modes with fre-
quencies f1 and f2. If the blade flexibility is neglected (making K1 = ∞), a
two-mass model would have a natural frequency of vibration fshaft as illus-
trated schematically by the frequency spectrum in Figure 7.4.

Similarly, if the shaft flexibility is neglected (making K2 = ∞), the
two-mass model would have a natural frequency of vibration fblade. As can
be seen in Figure 7.4, neither of these assumptions gives the true dominant
frequency of vibration of the rotor dynamics, f1, as obtained from the more
detailed three-mass model. The frequency component f2 (11.0 Hz) in the

(2.7Hz) (11Hz)

f1 f2fblade fshaft

J ′2J ′1

K ′

Frequency

Three massEffective two mass
Magnitude

Figure 7.4 Frequency components of multi-mass system: f1 and f2, frequency components
of coupled modes in the three-mass model; fshaft, two-mass model with shaft flexibility only;
fblade, two-mass model with blade flexibility only
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three-mass model is higher than the low-frequency modes of oscillation in
the electrical system (Kundur, 1994) and so it may be neglected for many
power system studies. Hence an effective two-mass model can be derived
which represents only the lower frequency component f1 (2.7 Hz) of the
three-mass model.

Using again the example given for the FSIG wind turbine, three equations
are required to find the parameters J ′

1, J
′
2 and K ′. These equations are obtained

as follows.
The total moment of inertia of the turbine is given as

J ′
1 + J ′

2 = Jtotal = 0.231 × 106 kg m2 (7.7)

The lowest frequency component of the rotor was 2.7 Hz; considering the
natural frequency of vibration of the two-mass model in Table 7.1 [Eq (7.3)]
gives

f1 = 1

2π

√
K ′

(1/J ′
1 + 1/J ′

2)
−1

= 2.7 Hz (7.8)

For the final equation, the magnitude ratio of the oscillation of the effective
two- and the three-mass models [from Eqs (7.5) and (7.6) in Table 7.1] are
used:

θ ′
1

θ ′
2

= −J ′
1

J ′
2

= θ1

θ3
= K1(K2 − J3 ω2)

K2(K1 − J1 ω2)
= −0.92 (7.9)

Solving Eqs (7.7)–(7.9) gives the effective two-mass model parameters
as J ′

1 = 0.111 × 106, J ′
2 = 0.12 × 106 and K ′ = 1.66 × 107. The effective

two-mass model was represented in GH BLADED by making the rotor blades
rigid and the shaft stiffness was changed from 5.6 × 107 to 1.66 × 107 N m
rad−1 (from the actual shaft stiffness to the effective two-mass model shaft
stiffness).

Figure 7.5 shows the responses of the low-speed shaft torque of the 300
kW FSIG wind turbine during a voltage sag of 20% (80% retained voltage),
with full representation of the rotor dynamics and with the effective two-mass
model. For this study, the generator rotor electrical transients were included
and the stator transients were neglected. The voltage disturbance was applied
at the generator terminals at 5 s with a duration of 200 ms.

It can be seen in Figure 7.5 that the effective two-mass model representation
gives a similar response (if only the lowest frequency component is considered)
to that of the model with full representation of the rotor structural dynamics.
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Figure 7.5 Variation of the low-speed shaft torque with full rotor dynamic representation
and effective two-mass model

In order to see the performance of the two-mass model with only the shaft
dynamics, the shaft stiffness was brought back to 5.6 × 107 from 1.66 × 107

N m rad−1 (from effective two-mass model stiffness to actual shaft stiffness)
while keeping the blades rigid. The low-speed shaft response of the FSIG
for this case is shown in Figure 7.6. The two-mass model (considering only
the shaft flexibility) represents the frequency component fshaft instead of the
dominant frequency f1 (see Figure 7.4). The response of a single-mass model
is also shown in Figure 7.6. It can be seen that the response of a two-mass
model considering only shaft flexibility is closer to the single-mass model than
to the model with full rotor dynamics representation.

7.4 Assessment of FSIG and DFIG Wind Turbine Performance

The performance of FSIG and DFIG wind turbines during electrical faults in
the network was assessed using the following model representations of the
rotor structural dynamics: (i) single-mass model, (ii) two-mass model with
only shaft flexibility while keeping the blades rigid, (iii) effective two-mass
model to represent the lowest frequency of vibration of the rotor structure and
(iv) full representation of the rotor structural dynamics.

The responses obtained for the FSIG wind turbine are shown in Figures 7.7
and 7.8. An electrical fault is applied at 5 s with a duration of 200 ms. Due to
the fault, the voltage at the terminals of the wind turbine drops to 80% of the
nominal voltage (20% retained voltage). The low-speed shaft torque response
is shown in Figure 7.7 and the rotor current response is given in Figure 7.8. It



Influence of Rotor Dynamics on Wind Turbine Operation 129

5 5.5 6 6.5 7 7.5 8
45

50

55

60

65

70

75

Time [s]

T
or

qu
e 

[N
m

]
full rotor dynamics
2-mass (shaft only)
single mass

Figure 7.6 Variation of the low-speed shaft torque with full rotor dynamic representation,
two-mass model with only shaft dynamics and a single-mass model
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Figure 7.7 Variation of low-speed shaft torque of 300 kW FSIG during an 80% voltage
drop (20% retained voltage) due to a fault in the network, with different model representations
of the rotor structural dynamics

can be observed that the low-frequency component obtained with the effective
two-mass model is very similar to that obtained with the full representation
of the rotor structure. It can also be seen that the two-mass model considering
only the shaft flexibility does not agree well with the actual response of the
turbine.

In the DFIG case, the wind turbine was controlled using the current-mode
control strategy described by Ekanayake et al. (2003) and Holdsworth et al.
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Figure 7.8 Variation of rotor current of 300 kW FSIG during an 80% voltage drop (20%
retained voltage) due to a fault in the network, with different model representations of the
rotor structural dynamics

(2003) to extract maximum power from wind (for the prevailing wind veloc-
ity) while operating at unity power factor. A crowbar protection system was
implemented to protect the DFIG converter during the fault. For the studies
presented, normal converter operation takes place for rotor current magnitudes
less than 2.5 kA (1.5 rated value). For rotor currents greater than 2.5 kA, the
crowbar acts to short-circuit the rotor through an external resistor.

The studies were conducted by applying a three-phase fault (with a clearance
time of 200 ms), which caused a voltage drop at the DFIG terminals of 85%
(15% retained voltage). As in the FSIG case, different models were used
to represent the rotor structural dynamics of the DFIG wind turbine. The
responses obtained for a 2 MW DFIG wind turbine are shown in Figures 7.9
and 7.10. Figure 7.9 shows the variation of the low-speed shaft torque and
Figure 7.10 shows the variation of the rotor current of the DFIG where the
satisfactory operation of the crowbar protection can also be observed.

The representation of the DFIG with the effective two-mass model gives
the lowest frequency component of the rotor structure as expected. It can be
seen that the response obtained with the two-mass model considering only the
shaft flexibility differs significantly from the actual response of the turbine.

The fault studies conducted with FSIG and DFIG wind turbines show that
the torque oscillations of a two-mass model with only the shaft flexibilities
represented are more benign than those obtained with the effective two-mass
model. The two-mass model with representation of only shaft flexibilities may
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Figure 7.9 Variation of the low-speed shaft torque of 2 MW DFIG during a fault (85%
voltage drop).
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Figure 7.10 Variation of rotor current of 2 MW DFIG during a fault (85% voltage drop).

therefore not be appropriate for power system transient stability studies as
some torque oscillations, which may interact with the electrical system, are
not fully taken into account.

For DFIG control design, the three-mass model may be useful to help iden-
tify possible control loop interaction problems. Once a satisfactory control
scheme has been designed, then a reduced order model can be employed for
power system analysis depending on the specific dynamics of interest.
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8
Influence of Wind Farms on
Network Dynamic Performance

A power network is rarely in a steady operating condition, with the load
varying as both industrial and domestic consumers switch equipment on and
off and, with renewables, a further variable component is introduced on the
generation side.

Consumer load and renewable generation vary on a seasonal and daily
basis and are influenced by weather conditions and a host of other things.
Predictable variations can be accommodated by forecasting demand and gen-
eration capability to ensure that appropriate levels of generation are available.
The unpredictable elements need to be accommodated by the controllers of
the network and the generators. In addition, severe disturbances can result due
to equipment failure and due to faults on the transmission and distribution net-
works. Since a power network is continually being subjected to disturbances,
it is essential that it can accommodate these disturbances and can operate in a
stable manner over the required range of operation and maintain the expected
quality of supply to the consumers (Vittal, 2000).

Power system stability has many aspects, but attention will be confined here
to dynamic stability, transient stability and voltage stability considerations
(IEEE/CIGRE, 2004).

8.1 Dynamic Stability and its Assessment

In the power systems context, dynamic stability refers to the ability of a
power network to maintain an operating condition in the presence of small
disturbances. If a small disturbance results in conditions moving irrevocably

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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away from the original operating point, then the system is classed as being
dynamically unstable (Kundur, 1994).

Although a power network is a complex, nonlinear system, by confining
attention to small variations about a particular steady-state operating point,
the nonlinear equations representing the system can be linearized. Once the
system model is available in linearized form, dynamic stability can be assessed
using any of the well-developed analysis techniques of linear algebra.

The most widely used approach is eigenvalue analysis (Wong et al, 1988;
Grund et al, 1993). The system equations are arranged in state–space form
and the eigenvalues are calculated from the system state matrix. If all of the
eigenvalues lie in the left half of the complex plane, then the system is stable.
If any of the eigenvalues lie in the right half of the complex plane, then the
system is unstable.

Purely real eigenvalues denote aperiodic modes, i.e. modes that grow or
decay exponentially with time. For stability, all modes must decay so that all
real eigenvalues must be negative and reside in the left half of the complex
plane. Complex eigenvalues occur in complex conjugate pairs and indicate
an oscillatory mode of behaviour. The value of the imaginary part indicates
the frequency of oscillation and the real part gives the exponential growth
rate of the magnitude of the oscillations. For the oscillations to decay as time
progresses, the real part of a complex eigenvalue must be negative. Hence,
for stability all eigenvalues need to have negative real parts and hence reside
in the left half of the complex plane.

A very simple and brief treatment of state–space modelling, linearization of
nonlinear state equations and eigenvalue analysis is provided in Appendices
A–C.

8.2 Dynamic Characteristics of Synchronous Generation

The major dynamic features that constrain the operational capabilities of a
power network are dictated by the requirement that all the synchronous gen-
erators directly connected to the network must operate in synchronism with
each other. Hence network stability limitations are mainly imposed by the
interaction characteristics of its synchronous generation. The generators of
wind farms, whether FSIG, DFIG or FRC based, operate asynchronously
with respect to the network frequency, so that although they do influence
the behaviour of mixed generation networks, stability considerations remain
essentially linked with the synchronous generation of the network. As a con-



Influence of Wind Farms on Network Dynamic Performance 137

sequence of this, prior to looking into the influence of wind generation on
dynamic stability and performance, it is important to give some coverage of
the basic dynamic characteristics of conventional synchronous generation and
how these impact on network dynamic behaviour.

8.3 A Synchronizing Power and Damping Power Model of a
Synchronous Generator

A simple model of a synchronous generator that can usefully be employed in
the study and explanation of generator dynamic behaviour under oscillatory
network operating conditions is one based on the concept of synchronizing
power and damping power (DeMello and Concordia, 1969). Under oscillatory
conditions, the model simply relates the variations in the power output of
the generator to the variations in its rotor angle at a specified frequency of
concern. The power output response, Pe, is separated into two components,
one in phase with oscillations in the rotor angle, δr and the other in phase
with oscillations in the rotor speed, ωr.

Let the transfer function, gg(s), represent the dynamic relationship between
rotor angle variations and electrical power variations of the generator, taking
into account the control loops of the generator and the influence of the network
load. Then,

Pe(s) = gg(s)δr(s) (8.1)

For oscillations in rotor angle of frequency, ωosc, the above can be
re-expressed as

Pe(jωosc) = gg(jωosc)δr(jωosc)

= (Re + jXe)δr(jωosc) (8.2)

where Re is the real part of gg(jωosc) and jXe is its imaginary part.
Since ωr = d(δr)/dt for δr in radians and ωr in radians per second,

for sinusoidal oscillations in rotor angle defined by δr = δm sin(ωosct)

d

dt
δr = ωoscδm cos(ωosct) = ωoscδm sin

(
ωosct + π

2

)
(8.3)

Hence rotor speed, ωr, is phase displaced by π/2 rad from rotor angle, δr,
so that in vectorial form

ωr = jωoscδr (8.4)
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From Eqs (8.2) and (8.4), the expression for the power–angle relationship
can be rewritten (ignoring the operator jωosc for convenience) as

Pe = Csδr + jCdωr = Pes + jPed (8.5)

where Pes = Csδr and Ped = Cdωr.
The power response has therefore been split into two components, a synchro-

nizing power component, Pes, that is in phase with rotor angle oscillations
and a damping power component, Ped, that is in phase with rotor speed
oscillations.

Cs(= Re) is the synchronizing power coefficient and Cd(= Xe/ωosc) for
ωr in radians per second [or by Cd(= 2πf Xe/ωosc) for ωr in per unit (pu)
speed] is the damping power coefficient.

Hence, for the study of generator behaviour under oscillatory conditions,
the generator inertia relationships can be expressed as

d

dt
ωr = 1

2H
(Pm − Pe) (8.6)

d

dt
δr = 2πf ωr (8.7)

(with δr in radians and ωr in pu speed), where Pe = Csδr + jCdωr.
The synchronizing and damping power model is shown in block diagram

form in Figure 8.1.
The block diagram provides a very simple second-order equivalent repre-

sentation of the generator behaviour at the oscillation frequency of concern,

∑
∆Pm

∆wr

∆dr

∆Pe

Cd Cs

+ −

1

2Hs

2π f
s

∑
+

+

Figure 8.1 Simplified synchronizing and damping torque model of a synchronous generator
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ωosc, and gives rise to the following relationship:

δ = πf

H

1(
s2 + Cd

2H
s + πf Cs

H

)Pm = πf

H

1

(s2 + 2ξs + ω2
osc)

Pm (8.8)

The natural oscillation frequency, ωosc, is given by ωosc = √
(πf Cs/H)

and is therefore dependent on the inertia constant, H , frequency, f , and the
synchronizing power coefficient, Cs.

The equivalent damping factor, ξ , is given by ξ = Cd/4H and is also depen-
dent on the inertia constant, H , and on the damping power coefficient, Cd.

Synchronous generators are designed for efficient operation and have low
leakage and resistance losses and without the damping circuits, built into both
the d axis and the q axis of the rotor, would possess little in the way of natural
damping.

Currents flow in the damper circuits only under transient conditions. When
the generator is operating under steady conditions, that is, with the rotor speed
equal to the speed of rotation of the stator flux, the damper circuits do not
cut the magnetic flux and therefore have zero current flow. However, when
network oscillations or rotor speed oscillations are in evidence, the damper
circuits of the rotor have relative motion with respect to the generator magnetic
flux. As a consequence of the rotor speed being different from the stator flux
speed, flux cutting occurs and in each damper circuit an emf is generated and
current flows. Power is dissipated in the resistance of the circuit so that the
energy of oscillation is reduced and damping of the oscillations is provided.

8.4 Influence of Automatic Voltage Regulator on Damping

The automatic voltage regulator (AVR) of a synchronous generator has two
major functions. One is to maintain the generator terminal voltage close to its
desired operating level as generator loading conditions change (DeMello and
Concordia, 1969; Kundur, 1994). The other is to aid voltage recovery following
a severe disturbance, such as a three-phase short-circuit on the network that
is isolated via switchgear operation. While voltage control capability is very
much dependent on the type of excitation system employed, all AVR excitation
control schemes have to comply with Grid Code requirements in terms of basic
performance.

Under oscillatory conditions, the currents in the generator damper windings
are influenced by both the rotor speed oscillations and the changes in excitation
voltage caused by the action of the AVR. The AVR therefore has an influence
on damping and unfortunately it serves to reduce the natural damping of the



140 Wind Energy Generation: Modelling and Control

generator. Although a full analysis of excitation control influence on damping
is complex, the basic mechanism that causes the negative damping effect can
be outlined as follows.

When the rotor angle increases, the generator stator current increases and
the magnitude of the generator terminal voltage decreases due to the increased
voltage drop across the generator reactance. The reduction in magnitude of the
terminal voltage is sensed by the AVR, which causes the excitation system to
increase the field voltage of the generator to produce an increase in the d axis
flux and thereby an increase in the magnitude of the terminal voltage. Neither
the excitation voltage nor the generator flux can be increased instantaneously,
so that under oscillatory conditions the rotor flux variations lag the excitation
voltage variations and hence the variations in rotor angle. In addition to its
influence on terminal voltage, the flux increase also produces an increase
in the generator torque and output power. Due to AVR action, therefore, a
variation in generator power is produced that lags the oscillations in the rotor
angle. The power variation under oscillatory conditions due to AVR control
is shown vectorially in Figure 8.2. It can be seen that AVR action gives rise
to a positive power component that is in phase with rotor angle oscillations,
indicating a contribution that increases the synchronizing power. In addition,
due to the lag between excitation voltage changes and flux changes, the AVR
action also gives rise to a power component that is in anti-phase with rotor
speed oscillations, indicating a negative contribution to generator damping.

The lag associated with the power variations can be reduced by the use of
fast response excitation systems and by introducing a field current feedback
signal into the excitation control loop that helps to reduce the effective time
constant of the generator field. A suitably compensated, fast response excita-
tion control scheme can help to reduce the negative damping introduced by
AVR control to a minimal level.

Synchronizing
torque

component

∆Pd

∆Ps

∆Pe

∆w

∆d

j

Negative damping
torque component

Lag

Figure 8.2 Vector diagram showing negative damping influence of an AVR
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8.5 Influence on Damping of Generator Operating Conditions

Generator damping is dependent on the operating condition of the generator.
The q axis damper circuits provide the main source of rotor damping and
although the field and the d axis damper circuits do contribute to damping,
their contribution tends to be significantly less.

The vector diagram in Figure 8.3 shows, in a simplified manner, the location
of the generator flux with respect to the damper windings for a loaded operating
condition. For very low values of leakage flux, the generator stator and rotor
flux are approximately equal to one another and can be referred to simply as
the generator flux, ψ . In cutting the stator windings, this rotating flux generates
the stator voltage, Et , and the per unit values of the magnitudes of flux and
terminal voltage are effectively equal. When rotor speed oscillations occur,
the q axis damper cuts the d axis component of the flux, ψd , and the d axis
damper cuts the q axis component of the flux, ψq , so that emf is generated
and current flows in the damper circuits.

The damping influence can be looked at from a power or a torque viewpoint.
In the former, the current flow through the resistances of the damper circuits
can be considered to dissipate the energy of the oscillation. In the latter,
the interaction of the currents in the damper circuits with the respective flux
components produces torques that are essentially in phase with rotor speed
oscillations and consequently are damping torques.

In the vector diagram in Figure 8.3, the rotor angle, δr, is the angle between
the d axis of the rotor and the flux, ψ , which is also the angle between the
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Figure 8.3 Flux cutting of generator damper windings
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vectors Efd and Et. At low values of the rotor angle, δr, the generator flux,
ψ , aligns closely with the d axis of the rotor, making the direct axis flux,
ψd , very much greater than the quadrature axis flux, ψq . The emf generated
in the q axis damper, due to rotor oscillations, is therefore very much greater
than that generated in the d axis damper and this, coupled with the fact that
the resistance of the q axis damper is much less than that of the d axis
damper, leads to a much greater current flow in the q axis damper circuit and
consequently a much greater value of damping torque (and damping power
dissipation).

As the rotor angle, δr, increases, the d axis component of the flux, ψd ,
becomes smaller and the q axis component, ψq , becomes larger. Hence the
emf generated in the q axis damper is reduced as the rotor angle is increased
and the emf in the d axis is increased. However, due to the higher resistance
of the d axis damper circuit, the increase in the d axis damper current does
not compensate completely for the decrease in the q axis damper current and
as a consequence the total damping torque is reduced. Generator damping
therefore reduces as the rotor angle increases.

The operating rotor angle, δr, increases as the generator power out-
put increases. For a round-rotor generator with synchronous reactances
Xd = Xq = Xs, the rotor angle, δr, is given by

δr = sin−1 PeXs

EfdEt
(8.9)

Consequently, since an increase in power output is accompanied by an increase
in the operating rotor angle, the damping torque provided by the rotor damper
circuits decreases as the generator power increases. As can be seen from
Figure 8.4, if the field voltage is kept constant, the rotor angle change is
greater than in the case where high-gain AVR control is employed.

With constant field voltage, as the rotor angle increases the terminal voltage
magnitude reduces, but with AVR control the terminal voltage magnitude is
held approximately constant by increasing the magnitude of the field voltage.
The lower rotor angle values with AVR control help to offset to a certain
extent the negative damping introduced by the AVR control action.

The generator power factor also has an influence on the rotor angle value.
For a fixed value of generator power output, the power factor is shifted from
lagging to leading by reducing the generator field voltage. From Figure 8.5,
this can be seen to result in an increase in rotor angle. Hence, for a given
power output, the damping provided for lagging power factors is higher than
that for leading power factors. With AVR control, the power factor is adjusted
by changing the terminal voltage reference set point.



Influence of Wind Farms on Network Dynamic Performance 143

q2
q2 q1q1

d2

d2

d1d1

Efd2

Efd2 Efd1

Efd Et

Efd1

Et2 Et2 Et1dr2

dr2

dr1

dr1

Et1

V1 V1

Constant AVR, i,e. ≈ constant

Figure 8.4 Change in rotor angle with increase in power output

q1

I1

d1

d2

V1

I2

q2

Efd2

Efd1

Et1

Et2

Figure 8.5 Vector diagram for leading and lagging power factors

8.6 Influence of Turbine Governor on Generator Operation

When the load on a power network increases, the increase in the load torques
on the turbines leads to a reduction in the speed of the generators and hence
a decrease in the network frequency. The governors of the turbines of gener-
ators allocated for frequency regulation duty sense the decrease in speed and
increase the mechanical power outputs to enable the generators to supply the
new level of the network load.

A schematic diagram showing the turbine–governor loop incorporated into
the simplified synchronizing and damping torque model of the generator
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Figure 8.6 Governor–generator block diagram

is provided in Figure 8.6. When generator rotor oscillations occur, the
action of the turbine governor, in response to the changes in speed, ωr,
results in oscillatory variations in mechanical power, Pm. Theoretically,
if the governor–turbine system could provide an instantaneous response in
mechanical power following speed changes, then under oscillatory conditions
the turbine mechanical power oscillations would be in phase with the speed
variations and, consequently, contribute directly to generator damping. In
practice, the dynamic response of the governor loop of a steam turbine is
relatively slow and the lags of the governor system and turbine produce a
significant phase lag in response to rotor speed oscillations. Generally, for
rotor oscillations in the local mode frequency region, the phase lag, ϕ, of the
governor power loop is greater than 90◦.

In Figure 8.7, the phasor vector of mechanical power is split into two compo-
nents, a synchronizing power component in phase with rotor angle oscillations
and a damping power component in phase with rotor speed oscillations. When
the phase lag, ϕ, is greater than 90◦, the damping power component can be
seen to be negative, that is, in anti-phase with speed oscillations and therefore
contributing negative damping.

At the lower frequencies corresponding to inter-area oscillations, the gov-
ernor phase lag is lower and, if less than 90◦, the component of mechanical
power in phase with speed will be positive and the governor will contribute
positive damping.

Although a gas turbine has a much faster response than a steam turbine, the
governor system of a gas turbine is purposely made slow to restrict demands on
turbine output change, with the result that the combined phase lag of governor
and turbine is similar to that of the steam turbine case. Consequently, the
governor control of a gas turbine also introduces similar damping contributions
under network oscillatory conditions.
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Figure 8.7 Vector diagram showing the negative damping contribution of the governor

In the case of a hydro turbine, the power response of the governor control
loop is very slow. At network oscillation frequencies, the attenuation intro-
duced by the slow response elements of the governor loop is so great that the
turbine power output response can be considered negligible. A hydro turbine
therefore has a negligible influence on network damping.

8.7 Transient Stability

A power network is a nonlinear system, so that although stability under small
disturbance conditions is essential and well-damped response characteristics
are highly desirable, these two items alone are not sufficient to ensure accept-
able operation when large disturbances occur.

Following a large disturbance, such as a three-phase short-circuit on a
transmission line that is quickly cleared by the action of the protection, the
synchronous generators of the network must remain in synchronism with one
another. The time taken for the protection system to isolate the faulted line via
switchgear operation is specified by the Grid Code. For transmission system
faults this is typically 80 ms, but for distribution networks the clearance time
may be significantly longer. If the fault disturbance results in loss of synchro-
nism, that is, pole slipping between generators, then the system is considered to
be ‘transiently unstable’. In terms of the definition of asymptotic stability, the
system is not strictly unstable since after a period of pole slipping synchronous
operation could be re-achieved. However, the huge current, voltage and power
swings that accompany pole slipping do not constitute acceptable operation
and could result in failure of the equipment if the offending generation were
not tripped.

The fundamental characteristics of generator transient behaviour following a
network fault can most easily be appreciated by considering a single machine
feeding an infinite busbar load, as shown in Figure 8.8. The fault takes the
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Figure 8.8 Single machine – infinite bus bar system

form of a three-phase short-circuit on the transformer end of one of the lines
connecting the generator to the infinite busbar. The fault is isolated by opening
the switchgear of the faulted line.

The power-angle characteristics of the pre- and post-fault system are shown
in Figure 8.9. Starting from initial steady operating conditions (point A), con-
sider the result of a three-phase short-circuit occurring on the line close to the
transformer terminals.

During the ‘fault-on’ period, the generator power output (and therefore the
load torque on the turbine) is reduced to zero. For simplicity, turbine governor
action will be presumed to be sufficiently slow to permit the mechanical torque
of the turbine to be considered constant. Hence, during the fault-on period,
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Figure 8.9 Pre- and post-fault generator power angle characteristics
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the set accelerates and both the generator speed and load angle with respect
to the infinite busbar increase in value.

Once the fault has been isolated, the generator can again feed power to the
network and at fault clearance the operating point is that of B. Provided that
the generator load torque is greater than the turbine driving torque, the set
will start to decelerate. Throughout the period where the generator speed is
greater than the synchronous value of the infinite busbar, the load angle will
continue to increase. Provided that the load angle reaches a maximum value
(point C) that is less than the critical value shown in Figure 8.9, the set will
continue to decelerate and be driven back towards the new operating point D.
If the load angle reaches the critical value and the speed is still higher than the
synchronous value, then the set will continue to accelerate and synchronism
will be lost. Pole slipping then occurs.

8.8 Voltage Stability

This generally is concerned with the ability of the system to accept additional
load without voltage collapse. Generally, as load power increases, the current
in the line feeding the load increases, creating an increase in the voltage drop
across the line and a lower voltage at the load connection point.

In the network shown in Figure 8.10, where the line is purely inductive (of
reactance jX) and the load is purely resistive, as additional resistive elements
are added to the load the voltage–power characteristic has the form shown in
Figure 8.11.

The maximum power that can be transmitted occurs when the resistance
of the load R is equal to the reactance of the line. Beyond this, any further

Load
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G = 1 R

Real power 
Load

Reactance jX

Input
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Figure 8.10 Resistive load fed via a purely reactive power line
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Figure 8.11 Voltage–power characteristic of a resistive load supplied via a reactive line

addition of resistive elements to the load results in a net reduction in the total
load power supplied.

If, however, the load elements are resistive but have a constant power char-
acteristic, any further attempt to increase the load beyond the maximum value
defined by PL = V 2/2X will result in increased current demands that will
cause voltage collapse. Operation of the system is normally maintained well
away from such critical situations, but abnormal operating conditions can lead
to the risk of voltage collapse.

Voltage problems are more common under transient conditions and tend to
be due to excess reactive power demand. If, for example, a fault on the network
leads to a sustained reduction in voltage levels, then the driving torques of the
induction motors on the network will be reduced. This leads to a reduction
in speed (i.e. an increase in slip) and an initial increase in the motor driving
torque. If, however, the slip reaches the value corresponding to the maximum
torque level available and this is less than the motor mechanical load torque,
then the motor speed will collapse and the higher slip value will increase
its reactive power demand and result in a further reduction in its terminal
voltage. When large blocks of motors are involved, if the offending motors
are not tripped then voltage collapse of the local network could result.

In the case of induction generators, as found on FSIG wind farms, if a fault
on the network leads to a sustained reduction in voltage levels, the reduction
in generator terminal voltage again leads to a reduction in generator torque
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levels and the power that can be transmitted to the network. When the wind
turbine torque exceeds the load torque of the generator, the generator will
accelerate, and if the speed corresponding to the maximum torque value is
surpassed, then the set will suffer run-away and the increased reactive power
demand, caused by the higher level of super-synchronous slip, will give rise to
a further reduction in voltage levels and could again lead to voltage collapse
on the local network if appropriate trip action is not carried out.

8.9 Generic Test Network

The generic network model used to demonstrate the influence of wind gener-
ation on network dynamic behaviour and transient performance is presented
in Figure 8.12 (Anaya-Lara et al., 2004). The generator and network data are
chosen to be representative of a projected UK operating scenario with a large
wind generation component sited on the northern Scotland network.

The model is implemented on Simulink, which enables dynamic stability to
be assessed via eigenvalue analysis and transient performance to be assessed
via the simulation of behaviour following a three-phase fault on the network.

Generator 3 is a steam turbine-driven synchronous generator provided with
governor and excitation control. It is chosen to be representative of the main
England–Wales network and has a rating of 21 000 MVA. Generator 1 is also
a steam turbine-driven, synchronous generator provided with governor and
excitation control. It is chosen to be representative of the southern Scotland
network and has a rating of 2800 MVA. Generator 2 is chosen to represent a
projected wind generation situation on the northern Scotland network and has
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(England-Wales)

Load L1

Bus 1 Bus 4 Bus 2

Bus 3

X1 X2

X3

Load
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X11
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X21

Line 1 Line 2

Line 3

Figure 8.12 Generic network model
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a rating of 2400 MVA. This generator can be a fixed speed induction generator
(FSIG), a doubly fed induction generator (DFIG) or fully rated converter (FRC)
employing an induction generator. Whereas generator 1 is closely coupled to
the central busbar 4, generator 2 represents remote generation and the line to
busbar 4 has a reactance of X22 = 0.1337 pu in comparison with line reactance
X12 = 0.01 pu, both with respect to the system base of 1000 MVA.

When an FSIG is used, capacitive compensation is provided on the generator
terminals in order to supply the reactive power demand of the FSIG while
maintaining the desired voltage profile for the network. In the DFIG case, two
distinct forms of control scheme are dealt with. The first controller, termed
the PVdq scheme (current-based control scheme), controls terminal voltage
via the manipulation of the d axis component of the DFIG rotor voltage and
controls torque (or power) via the manipulation of the q axis component of
rotor voltage. The second is called the flux magnitude and angle controller
(FMAC) scheme. Here the magnitude of the rotor voltage is manipulated
to control the terminal voltage magnitude and the phase angle of the rotor
voltage is manipulated to control the power output. The latter provides lower
interaction control than the PVdq scheme and lends itself more readily to the
provision of network support, particularly with respect to voltage control and
system damping. The FRC wind farm employs the control scheme introduced
in Chapter 6.

In addition, the generation of the northern Scotland network can be provided
by conventional synchronous generation having the same control provision as
modelled for generators 1 and 3. This situation is used to provide a baseline
case against which the influence of wind generation on the network dynamics
can be evaluated. Basic generator and network data employed are provided in
Appendix D.

8.10 Influence of Generation Type on Network Dynamic
Stability

Eigenvalue results will now be presented with the object of showing how
network dynamic performance is influenced as the wind generation component
is increased (Anaya-Lara et al., 2006). In the generic network in Figure 8.12,
the installed generation capacity of generator 2 is increased in steps of 20%
up to the maximum capacity considered of 2400 MVA. In addition to the wind
generation situations, that where generator 2 is a synchronous generator is also
included for comparative purposes.



Influence of Wind Farms on Network Dynamic Performance 151

8.10.1 Generator 2 – Synchronous Generator

The eigenvalue locus shown in Figure 8.13 for the case where generator 2
represents conventional synchronous generation assumes that all three syn-
chronous generators have basic AVR control. When synchronous generator 2
has low capacity the system is stable, with the dominant network eigenvalue
(corresponding to a local mode frequency) lying in the left-half plane.

As the capacity of generator 2 is increased, the frequency of the oscillatory
mode is seen to decrease, indicating a reduction in the synchronizing power
coefficients of generators 1 and 2. At lower frequencies, the damper circuits
have lower generated voltages and lower currents and as a consequence their
damping contribution decreases. At higher generation levels, the damping of
the generator is insufficient to overcome the negative damping contributions
of the governor and AVR and the oscillatory mode becomes unstable. Even for
an installed capacity for generator 2 of 960 MVA, at a power level of 850 MW,
the network is dynamically unstable.
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Figure 8.13 Influence of MVA rating of various type of generation (generator 2) on network
damping (dominant eigenvalues)
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8.10.2 Generator 2 – FSIG-based Wind Farm

When generator 2 is an FSIG-based wind farm, it can be seen from Figure 8.13
that at higher levels of wind generation dynamic stability actually improves.
The response of the induction generator to system oscillations is to inject
output current variations into the network that serve to increase current flow in
the damper circuits of synchronous generator 1 and thereby provide increased
damping.

8.10.3 Generator 2 – DFIG-based Wind Farm (PVdq Control)

With the DFIG-based wind generation employing the PVdq controller, the
location of the dominant eigenvalue in the complex plane varies only slightly
as the wind generation capacity is increased. As can be seen in the time
responses of Figure 8.23, under network oscillatory conditions the power
swings of the DFIG are approximately in anti-phase with those of synchronous
generator 1. This reduces the phase angle variations of the voltage at the cen-
tral busbar (bus 4) and this serves to reduce the variation in the synchronizing
power coefficient of generator 1. As the mode frequency varies only slightly,
the damping provided by generator 1 remains approximately constant.

8.10.4 Generator 2 – DFIG-based Wind Farm (FMAC Control)

When generator 2 is a DFIG with FMAC control, Figure 8.13 shows that the
dominant eigenvalue is shifted progressively to the left in the complex plane
as generation capacity is increased. Hence, unlike the PVdq scheme, with
the FMAC scheme a positive contribution to the damping of synchronous
generator 1 is made. This indicates that the control strategy adopted for a
DFIG plays a significant role in the damping capability that can be provided.

8.10.5 Generator 2 – FRC-based Wind Farm

When generator 2 represents FRC-based wind generation, Figure 8.14 shows
that as the capacity of the wind generation is increased, the mode frequency
and the damping of the network are reduced. Unlike the cases with the other
forms of wind generation, dynamic stability is lost well before the full capacity
of 2400 MVA is reached.

Figure 8.14 indicates that with the FRC generation, network damping is
slightly better than that for the synchronous generator case, where both gen-
erators 1 and 2 contribute negative damping at the higher generation capacity
levels of generator 2. In general, by aiming for constant voltage and power
output, the control of the FRC generation tends to render it dynamically
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Figure 8.14 Influence of MVA rating of generator 2 on network dominant eigenvalues

neutral. As the capacity of the FRC generation is increased, the power trans-
mitted to the main system increases, leading to an increased load angle for
generator 1 and a reduction in its effective synchronizing power coefficient.
This results in a reduction in the mode frequency and at lower oscillatory fre-
quencies the voltages generated in the damper circuits are smaller, resulting
in a reduction in their damping contribution.

8.11 Dynamic Interaction of Wind Farms with the Network

8.11.1 FSIG Influence on Network Damping

The concept of synchronizing torque and damping torque can also be used
to reveal the interactive mechanism that enables a FSIG to provide a positive
contribution to network damping.

The analysis to help explain the damping contribution will be based on the
generic network of Figure 8.12. The busbar voltages of the network can be
defined in terms of magnitude and their phase angle with respect to the system
busbar, namely E1∠δ1, E2∠δ2, E3∠δ3 (δ3 = 0) and E4∠δ4. For simplicity, the
magnitudes of the bus voltages will be considered to be constant so that the
power variations through the lines are dependent solely on the phase changes
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of the voltages. It will also be assumed that under oscillatory conditions, the
rate of change of the phase of the terminal voltage of generator 1 is directly
dependent on the variation in its rotor speed. The turbine power output of each
generator is taken to be constant.

Given the assumptions in the previous paragraph, the transmitted powers
through lines 1, 2 and 3 are, respectively

Pe1 = E1E4

X1
sin(δ1 − δ4) (8.10)

Pe2 = E2E4

X2
sin(δ2 − δ4) (8.11)

Pe3 = E3E4

X3
sin δ4 (8.12)

For small variations, these can be converted to the form

Pe1 = K1(δ1 − δ4);Pe2 = K2(δ2 − δ4);Pe3 = K3δ4 (8.13)

where

K1 = E1E4

X1
cos(δ10 − δ40) (8.14)

K2 = E2E4

X1
cos(δ20 − δ40) (8.15)

K3 = E3E4

X3
cos δ40 (8.16)

Since

Pe3 = Pe1 + Pe2 (8.17)

the relationship between the phases is given by

δ4 = K1

KT
δ1 + K2

KT
δ2 (8.18)

where KT = K1 + K2 + K3.
In order to establish the basic interaction characteristics and identify how

the dynamic behaviour of the FSIG influences the damping characteristics of
synchronous generator 1, the result of a small increase in the rotor angle of
generator 1 will be considered.
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An increase in the rotor angle of generator 1 will produce an increase in
phase angle, δ1. The consequent increase in power flow through line 1, Pe1,
will result in an increased power flow through line 3 that will increase the
phase angle, δ4, of the central busbar voltage with respect to the main system
busbar. This increase in δ4 will result in a reduction in the phase angle between
the terminal voltage of generator 2 and the central busbar, (δ2 − δ4) and will
result in a reduction in the power flow in line 2 and hence a reduction in
the power output of generator 2. Since the turbine power remains constant,
this reduction in generator load power will result in the rotor accelerating, as
dictated by the mechanics equation

ω2r = 1

2H2s
(Pm2 − Pe2) (8.19)

which for small deviations and constant mechanical power reduces to

ω2r(s) = 1

2H2s
(−Pe2) (8.20)

This change in induction generator speed changes the slip value and results in
a further change in the power output of generator 2.

The relationship between power output and slip can be approximated by
Pe2 ≈ −(E2

2/Rr)s. In per unit (pu) terms, slip s = ωs − ω2r, so that s =
ωs − ω2r. For small variations, therefore,

Pe2 ≈ −E2
2

Rr
(ωs − ω2r) = Ks(ωs − ω2r) (8.21)

It can be seen that slip is influenced by changes in the stator supply frequency.
Since the rate of change of the phase, δ2, of the terminal voltage represents a
change in the stator frequency, this also has an influence on the slip and the
power changes generated.

The stator frequency change (in pu) is given by

ω2s = s

2πf
δ2 (8.22)

A simplified model of the FSIG, which enables its power response, Pe2, to
a change in the phase of the central busbar, δ4, to be determined, is given
in block diagram form in Figure 8.15.

The incorporation of this model within the network model relating power
and angles gives rise to the block diagram in Figure 8.16. This enables the
FSIG contribution to the dynamic power variations of generator 1, Pe1, in
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Figure 8.16 Simplified model for determining the interaction of FSIG generator 1 with the
synchronous generator 2 of the generic network

response to oscillations in the phase of the terminal voltage of generator 1,
δ1, to be determined.

For the assessment of damping contribution under oscillatory conditions, the
behaviour of the model can be assessed in terms of its response at a specified
oscillation frequency, ωosc.

It should be noted that under oscillatory conditions, Eq. (8.20) can be
re-expressed as

ω2r = j

2H2ωosc
Pe2 (8.23)

This indicates that in vector form rotor speed, ω2r, leads generator power,
Pe2, by 90◦.
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Also, for network oscillations at frequency ωosc, the stator frequency changes
are given by

ω2s = jωosc

2πf
δ2 (8.24)

Making use of these relationships, at the specified frequency of concern, the
dynamic model can be reduced to an algebraic set of equations. Solving the
resulting equations for network oscillations of frequency ωosc = 6 rad s−1, for
the parameter values K1 = 16.66,K2 = 5.235,K3 = 5,Ks = 100,H = 3.5 s
and f = 50 Hz gives the following relationships for the power and phase
angle variations:

Pe1 = (3.4320 + j0.1806)δ1;
Pe2 = (0.5383 − j0.2348)δ1;
Pe3 = (3.9704 − j0.0542)δ1

δ4 = (0.7941 − j0.0108)δ1;
δ2 = (0.8969 − j0.0557)δ1

The interactive relationships can be better appreciated by representing them
pictorially in terms of the vector diagram in Figure 8.17. It should be noted that
the vectors in the figure are not drawn to scale and are merely representative.
In Figure 8.17, vector δ1 represents the oscillations in the phase angle of the
terminal voltage of generator 1 and is drawn on the real axis.

Since the rate of change of the phase angle variations of the terminal volt-
age is directly dependent on the variation in the synchronous generator rotor
speed, under oscillatory conditions the rotor speed vector, ω1, leads the
phase angle vector, δ1, by 90◦ and therefore lies on the imaginary axis.
The directions of the power vectors Pe1 and Pe2 are given from the angle
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Figure 8.17 Vector diagram showing damping power influence of an FSIG
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differences (δ1 − δ4) and (δ2 − δ4), respectively. The magnitude of the
power vector Pe2 is dependent on the variations in slip and power vector
Pe3 is given by the sum of the power vectors Pe1 and Pe2. Power vector
Pe1 can be seen to have a positive component, Pe1ω, in the direction of the
rotor speed vector, ω1. Hence, due to the presence of induction generator
2, synchronous generator 1 is provided with a component of electrical power
that is in phase with its own rotor speed, indicating that the FSIG increases
the damping of the synchronous generator when system oscillations occur.

8.11.2 DFIG Influence on Network Damping

The way in which a DFIG influences system damping can be again explained
by making use of the concept of synchronizing torque and damping torque.
The case where the DFIG of the generic network employs the FMAC control
scheme will be used. In order to simplify the analysis, it will be assumed again
that the magnitudes of the busbar voltages are constant so that power variations
in the transmission lines are a function solely of phase angle variations.

Although the DFIG responds to variations in slip in a similar way to the
FSIG, slip variation has a much smaller influence on the power variations
than in the FSIG case. This is due to the fact that the constant, Ks, relating
changes in output power to changes in slip is very much smaller in the case
of the DFIG. A DFIG, with an operating value of slip of s0 = −0.1, gives
rise to a value of Ks ≈ 10. In comparison, an FSIG having a typical operating
slip value of s0 = −0.01, has a value of Ks ≈ 100. With a DFIG, the major
influence on power output variations in response to network oscillations is the
power loop of the controller.

In the DFIG, control over the voltage and power output is achieved by
manipulation of the rotor voltage magnitude and its phase angle. Changes in
Vr produce changes in the voltage behind transient reactance, Eg, generated
in the stator and this influences the terminal voltage and power output of the
DFIG. The response in Eg to changes in Vr is very rapid as can be deduced
from the following DFIG equation [Eq. (5.12)]:

dEg

dt
= − 1

T0
[Eg − j (X − X′)Is] + jsωsEg − jωs

Lm

Lrr
Vr (8.25)

The equations of the dynamic model of a DFIG are given in Chapter 4, which
deals with FSIGs [Eqs (4.26) and (4.27)]. The above represents the vector form
of the equation, rather than the individual d and q axis components.
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Figure 8.18 FMAC power control loop

In Eq. (8.25), T0 = 2.5 s and since ωs = 2πf , the right-hand side of the
equation is dominated by the last two terms. Very rapid response in Eg to
changes in Vr is provided, so that for the purpose of damping analysis it can
be assumed that Eg ≈ (Lm/sLrr)Vr.

Consequently, in order to simplify analysis, it will be assumed that phase
angle changes, δr, in the rotor voltage, Vr, produce instantaneous changes in
the phase angle, δg, of Eg, the voltage behind transient reactance.

The power control loop of the FMAC scheme introduced in Chapter 5 in
Figure 5.11 is shown in Figure 8.18.

The integral terms of the PI elements of the power loop have a rela-
tively small influence on the controller output at network oscillatory frequen-
cies and can be ignored for simplicity. Hence, for the damping analysis, the
transfer functions of the power loop are approximated as kpp + (kip/s) ≈
Kp; . . . kpa + (kia/s) ≈ Kand ga(s) = 1/(1 + sT ). Further, as indicated ear-
lier, the phase of the voltage behind transient reactance, δg, can be approxi-
mated by δg ≈ δr, the phase of the rotor voltage.

The power output of the generator due to controller action can be calculated
as

Pea = EgE2

X′ sin(δg − δ2) (8.26)

where X′ is the transient reactance of the DFIG, giving

Pea = EgE2

X′ cos(δg0 − δ20)(δg − δ2) = Kg(δg − δ2) (8.27)

As in the FSIG case, the power change due to slip variation is given by

Peb = Ks(ωs − ωr) (8.28)

with ω2s = (s/2πf )δ2 and ω2r = (1/2H2s)Pe2.
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The power loop controller is simplified to

δd = −kpPe2

δr = K

1 + sT
(δd − δr)

δg = δr

(8.29)

The combined contribution to power change due control and slip influences is
given by Pe2 = Pea + Peb.

The simplified DFIG model with the FMAC scheme is shown in Figure 8.19.
This model can be incorporated as the induction generator model in the

block diagram of Figure 8.16, to enable the DFIG contribution to the dynamic
power variations of generator 1, Pe1, due to variations in phase angle, δ1,
to be determined.

For the assessment of the damping contribution under oscillatory conditions,
the behaviour of the model can be assessed in terms of its response at the
oscillation frequency of concern, ωosc, where the dynamic model reduces to a
set of algebraic relationships.

For a frequency of oscillation ωosc = 6 rad s−1 and with the parameter val-
ues K1 = 16.66,K2 = 5.235,K3 = 5,Ks = 10,H = 3.5 s, f = 50 Hz, Kp =
0.48,K = 6, T = 0.6666 and Kg = 12.66. the solution of the model equations
gives the following power and phase angle relationships

Pe1 = (4.7031 + j0.2815)δ1;
Pe2 = (−1.1140 − j0.3660)δ1;
Pe3 = (3.5891 − j0.0845)δ1

δ4 = (0.7178 − j0.0169)δ1;
δ2 = (0.5050 − j0.0868)δ1

∑ ∑ ∑1
1+ sT

K

∑
2pf

s −1

2Hs

K2

1
∑

∆d4

∆d2

∆Pe2

∆dd
∆dg

∆dr

∆w2s ∆w2r

−Kp

−Ks

Kg

−

−

Figure 8.19 Simplified block diagram of a DFIG with FMAC control
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∆Pe2 = K2 (∆d2 − ∆d4)

∆Pe3 = K3∆d4

∆Pe1w

Figure 8.20 Vector diagram showing damping power influence of a DFIG

The positive imaginary component of Pe1 indicates that the DFIG con-
tributes a component of power to synchronous generator 1 that is in phase
with its rotor speed oscillations. Consequently, generator 1 is provided with
an increase in its damping when network oscillations occur. The relationships
between the powers and the phase angles are portrayed in the vector diagram
in Figure 8.20. It should be noted that the vectors in the figure are not drawn
to scale and are merely representative.

The major control contribution to damping is the lag term introduced into
the power loop of the FMAC controller. Without the lag the Pe2 vector
would align closely with the negative real axis and little damping contribution
would be achieved.

Although the model employed to represent the network and generator is
fairly crude, it does contain the major elements that influence damping and
does help illuminate the way in which induction generators contribute to net-
work damping.

8.12 Influence of Wind Generation on Network Transient
Performance

A consideration of system behaviour following a three-phase short-circuit on
the network close to the transformer of generator 1 is used to demonstrate
the influence that the various types of generation have on network transient
performance.

8.12.1 Generator 2 – Synchronous Generator

The responses shown as full lines in Figure 8.21 are for the case where only
generators 1 and 3 are present on the network. It can be seen that generator 1
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0 MVA (full lines) and 480 MVA (dashed lines)

remains in synchronism with the main system generator after fault clearance
but the system damping is low.

When synchronous generator 2, of capacity 480 MVA, is introduced, fol-
lowing fault clearance synchronism is lost, with generators 1 and 2 remaining
in synchronism with each other but losing synchronism with the main sys-
tem generator 3. For the first few seconds after fault clearance the generator
responses are oscillatory and, shortly after 4 s have elapsed, the rotor angles of
both generators 1 and 2 increase continuously, indicating loss of synchronism
and the resulting pole slipping gives rise to the higher frequency oscillations
seen in the voltage and power responses.

The very poor post-fault behaviour is unacceptable and improved damping
and transient performance need to be sought by the introduction of additional
excitation control in the form of a power system stabilizer. This will be covered
in the following chapter.

8.12.2 Generator 2 – FSIG Wind Farm

Although the eigenvalue analysis indicates that the network is dynamically
stable for all generation capacities over the range 0–2400 MVA, the responses
in Figure 8.22 show that, even for a generation capacity as low as 1440 MVA,
fault ride-through is not achieved. In this case, the terminal voltage of the
FSIG generator 2 fails to recover sufficiently following fault clearance, so that
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Figure 8.22 Fault near generator 1. Generator 2 is an FSIG wind farm of capacity 960 MVA
(full lines) and 1440 MVA (dashed lines)

the maximum electrical torque level achievable is less than the wind turbine
mechanical driving torque, and this leads to a further increase in the generator
speed. As the slip becomes more negative, the reactive power demand of the
generator increases and the increased current taken leads to a further reduction
in the magnitude of the terminal voltage. The voltage collapses to less than
0.40 pu and the power transmitted to less than 10% of the initial value. These
responses demonstrate a ‘voltage instability’ situation.

When the generating capacity is reduced to 960 MVA, following fault clear-
ance the voltage recovery is sufficient to provide a generator load torque
greater than that of the turbine mechanical driving torque. This enables the
generator to decelerate and remain within the operating slip region and provide
acceptable fault ride-through capability.

8.12.3 Generator 2 – DFIG Wind Farm

Figure 8.23 displays the post-fault performance when generator 2 is provided
by DFIG wind farms. The performance when control is provided by the PVdq
control scheme is compared with that when FMAC control is employed.

It can be seen that, for both types of control scheme, PVdq and FMAC,
generators 1 and 3 remain in synchronism with one another following the
fault, even with the maximum installed capacity of the DFIG wind gener-
ation (2400 MVA). This demonstrates the good fault ride-through capability
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of DFIG wind generation. The FMAC control case is seen to provide better
post-fault damping, as was to be expected from the eigenvalue analysis.

8.12.4 Generator 2 – FRC Wind Farm

The eigenvalue analysis of the previous section showed that for an installed
generation capacity of 1440 MVA and above, the network was dynamically
unstable. The fault studies are therefore presented for the dynamically sta-
ble case of 960 MVA of installed FRC wind generation. The responses in
Figure 8.24 show that the network synchronous generators retain synchronism
following the fault, but the network damping is low. The swings in power and
voltage indicate that additional system damping is required and the way that
this can be achieved is covered in the following chapter.

References

Anaya-Lara, O., Hughes, F. M. and Jenkins, N. (2004) Generic network model
for wind farm control scheme design and performance assessment, in Pro-
ceedings of EWEC 2004 (European Wind Energy Conference), London.

Anaya-Lara, O., Hughes, F. M., Jenkins, N. and Strbac, G. (2006) Influence
of wind farms on power system dynamic and transient stability, Wind Engi-
neering, 30 (2), 107–127.

DeMello, F. P. and Concordia, C. (1969) Concepts of synchronous machine
stability as effected by excitation control, IEEE Transactions on Power
Apparatus and Systems, PAS-88, 316–329.

Grund, C. E., Paserba, J. J., Hauer, J. F. and Nilsson, S. (1993) Comparison of
prony and eigenanalysis for power system control design, IEEE Transactions
on Power Systems, 8 (3), 964–971.

IEEE/CIGRE Joint Task Force on Stability Terms and Definitions (2004) Def-
inition and classification of power system stability, IEEE Transactions on
Power Systems, 19 (2), 1387–1401.

Kundur, P. (1994) Power System Stability and Control, McGraw-Hill, New
York, ISBN 0-07-035958-X.

Vittal, V. (2000) Consequence and impact of electric utility industry restruc-
turing on transient stability and small-signal stability analysis, Proceedings
of the IEEE, 88 (2), 196–207.

Wong, D. Y., Rogers, G. J., Porretta, B. and Kundur, P. (1988) Eigenvalue
analysis of very large power systems, IEEE Transactions on Power Systems,
PWRS-3 (2), 472–480.





9
Power Systems Stabilizers
and Network Damping
Capability of Wind Farms

9.1 A Power System Stabilizer for a Synchronous Generator

9.1.1 Requirements and Function

The power system stabilizer (PSS) of a synchronous generator improves gen-
erator damping by manipulating its field voltage so that, in response to system
oscillations, generator electrical power variations are produced that are in phase
with rotor speed oscillations (Larsen and Swann, 1981; Kundur et al., 1989).

The PSS can employ as its input signal any variable that responds to network
oscillations. The output of the PSS, upss, is normally added to the reference
set-point of the AVR excitation control loop as shown in Figure 9.1 (DeMello
and Concordia, 1969; Kundur, 1994). The most commonly employed input
signals are rotor speed and generator electrical power.

If, for the oscillation frequency of concern, ωosc, the phase lag of the auto-
matic voltage regulator, the excitation system and the generator, between the
voltage reference set-point and electrical power output is θeg, then, for the case
where the input signal of the PSS is generator rotor speed, ω, by designing the
PSS such that, at frequency ωosc it provides a phase lead of θeg between its
input signal, ω, and its output, upss, the PSS will cause variations in electrical
power to be generated that are in phase with rotor speed oscillations. The
designed PSS control loop will then enable the excitation control to contribute
directly to generator damping.

The generator response between field variations and power variations
changes with the operating conditions and the network load. In addition,

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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Figure 9.1 Generator excitation control with PSS

the frequency of the network oscillations also varies with the generator and
network operating situation and a damping contribution needs to be provided
over a frequency band that covers both local and inter-area oscillation
frequencies. The phase compensation provided by the PSS needs to be
designed so that a positive contribution to damping is provided across the
foreseen bandwidth and range of operation. The phase lag of the combined
transfer function of the AVR, excitation system and generator [geg(s) in
Figure 9.1], is considerably higher in the local mode frequency region than
at the lower frequencies of inter-area mode oscillations. The phase lead
compensator needs to be designed so that as the frequency of oscillation falls,
the phase lead also falls to roughly match the fall in phase lag of geg(s).

In terms of the vector diagram in Figure 9.2, it can readily be deduced that
if the phase lead is lower than optimum, then, in addition to contributing to
damping, the PSS will produce a negative contribution to synchronizing power.
If the phase lead provided by the PSS is greater than the optimum value, then
a positive contribution to synchronizing power is provided (Gibbard, 1988).

Turbine power variations due to governor action are normally sufficiently
slow for the assumption of constant mechanical power to be made, so that
under oscillatory conditions, the electrical power, Pe, lags speed by 90◦, as
shown in Figure 9.2. Hence, when electrical power is used as the input signal
to the PSS, a negative gain is employed (effectively providing an input signal,
−Pe, that leads speed by +90◦) and phase lag compensation (of π/2 − θeg)

is required. This time, as the frequency of the oscillation of concern falls and
the phase lag of geg(s) falls, the compensator needs to be designed so that its
phase lag increases and maintains the combined lag of the compensator and
geg(s) at approximately 90◦.
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Figure 9.2 Vector diagram showing PSS compensator requirements

It should be pointed out that with synchronous generator excitation control,
since both the AVR and the PSS exercise control by the manipulation of the
same variable, namely the excitation voltage, independent control over both
voltage and damping is not possible. Although a PSS can improve damping
and extend the operating region of a synchronous generator, this is achieved at
the expense of voltage control and leads to slower voltage recovery following
network faults.

9.1.2 Synchronous Generator PSS and its Performance
Contributions

9.1.2.1 Influence on Damping

The generic network introduced in the previous chapter will be used to demon-
strate the influence that a PSS of a synchronous generator has on network
dynamic performance and damping via eigenvalue analysis (Grund et al.,
1993). Figure 9.3 shows how the introduction of a PSS (based on an electri-
cal power signal) into the excitation control of generator 1 improves network
damping.

The generation capacity of generator 1 is 2800 MVA and operation is shown
for the cases where the capacity of synchronous generator 2 is increased in
steps of 20% from 0 to a maximum capacity of 2400 MVA (with the power
range increasing from 0 to 2160 MW). Increasing the capacity of generator 2
has a considerable influence on network damping both with and without the
PSS on generator 1. Although the PSS greatly improves damping at lower
generating capacities of generator 2, for the full capacity of 2400 MVA the
network is still seen to be unstable even with PSS control on generator 1.
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Figure 9.3 Influence of generator 1 PSS on network damping (dominant eigenvalues)

Figure 9.4 shows the loci of the dominant eigenvalues for the cases where
PSS control is on (a) only generator 1, (b) only generator 2 and (c) on both
generators 1 and 2. It can be seen that PSS control is needed on both generators
1 and 2 for dynamic stability to be preserved over the full capacity range of
generator 2.

9.1.2.2 Influence on Transient Performance

The generic test network introduced in the previous chapter and shown in
Figure 8.12 is again employed to demonstrate transient behaviour. A three-
phase fault of duration 80 ms is applied on line 1 close to the transformer
terminals of generator 1.

The eigenvalue plots in Figure 9.3 show that for the low-capacity situation
of 480 MVA for generator 2, the network is stable without PSS control but has
very low damping. The transient responses in Figure 9.5 show that, for this
situation, following the fault both generators 1 and 2 lose synchronism with
the main system and pole slipping occurs.

When a PSS is included in the excitation control of generator 1, follow-
ing the fault the generators remain in synchronism and fault ride-through is
achieved.
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Figure 9.6 Post-fault performance with generator 2 capacity 960 MVA, showing the influ-
ence of PSSs on generators 1 and 2. PSS on generator 1 only (dashed lines); PSS on both
generators 1 and 2 (full lines)

When the capacity of generator 2 is increased to 960 MVA (Figure 9.6),
even with the PSS on generator 1, both generators lose synchronism with the
main system following the fault. The inclusion of PSSs on both generators 1
and 2 is necessary for fault ride-through to be achieved.

It can be seen that the inclusion of PSSs not only improves system damp-
ing but also helps to extend transient stability margins. However, when the
capacity of generator 2 is increased further to 1440 MVA, synchronism is
lost following fault clearance. The responses indicate that the generic test
network with only synchronous generation employed is very demanding on
synchronous generator excitation control.

9.2 A Power System Stabilizer for a DFIG

9.2.1 Requirements and Function

In the previous chapter, a simplified version of the generic test network
was used to show how power variations of FSIG- and DFIG-based wind
farms influence the behaviour and damping of the synchronous generation on
the local network. In the DFIG case, the damping contribution can be aug-
mented considerably by adding to the basic scheme an auxiliary PSS loop that,
under oscillatory network conditions, serves to inject power variations into the
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Figure 9.7 FMAC scheme of a DFIG with the PSS introduced at the power loop reference

network that stimulate additional damping power in the network synchronous
generators (Hughes et al., 2005, 2006).

The input signal to the PSS, theoretically, can be any local variable of the
DFIG that responds to network oscillations, such as rotor speed, slip or stator
electrical power. The output signal from the PSS, upss, can be introduced
into the basic control scheme by adding it to the reference set-point of the
power control loop as shown in Figure 9.7. As in the case of the PSS of a
synchronous generator, the PSS of a DFIG consists of a wash-out term to
eliminate steady-state offset and a phase shift compensator to provide the PSS
output with the required phase relationship to improve damping.

The control requirement of a PSS for the DFIG of the generic network will
now be assessed by making use of the concept of synchronizing power and
damping power. The block diagram in Figure 9.8 shows the simplified model
of a DFIG of the previous chapter when a PSS, based on a stator electrical
power signal, is included.

In the simplified DFIG model with FMAC control introduced in Chapter 8,
the power loop transfer function gp(s) can be expressed as

gp(s) = KpK
′

1 + T ′s
(9.1)

where K ′ = K/(1 + K) and T ′ = T/(1 + K).
It is known that for the DFIG to contribute to network damping under

oscillatory conditions, it is necessary for it to inject power oscillations into the
network that engender power variations in the synchronous generators that are
in phase with their rotor speed oscillations. In Chapter 8, it was shown that for
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Figure 9.8 Simplified block diagram of a DFIG with a stator power-based PSS incorporated

this to take place the power variations of the DFIG must have a component of
power that is in anti-phase with the rotor speed variations of the synchronous
generation.

When the FMAC control is employed on the DFIG, the lag term included
in the power loop ensures that a small but positive damping contribution
is achieved. In terms of the generic network example, the vector diagram
portrayed in Figure 9.9 indicates that if the PSS control serves to amplify
the power vector, Pe2 and rotate it in an anticlockwise direction then the
DFIG contribution to network damping will be increased. The component of
the power vector, Pe2ω, in the direction of the negative imaginary axis is
increased and as a consequence the component of the power vector of generator
1 in the direction of the positive imaginary axis, Pe1ω, also is increased.
From the synchronous generator viewpoint, this represents an increase in the
component of power in phase with its rotor speed oscillations, ω1, and hence
an increase in damping power.

The following analysis is based on the simplified model of the DFIG and
the generic network representation developed in the previous chapter.

In order to simplify the analysis, it will be assumed that the changes in
power of the DFIG due to slip variations are sufficiently small to be ignored,
that is, Ks = 0.

Then, from the simplified DFIG block diagram for the basic control scheme
without the PSS, Pe2 is given by

Pe2 = Kg[−gp(s)Pe2 − δ2] (9.2)
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and from the network relationships, Pe2 is also given by

Pe2 = K2[δ2 − δ4] (9.3)

Hence, for the situation without the PSS, the relationship between generator
power, Pe2, and phase angle, δ4, can be expressed as[

1

Kg
+ 1

K2
+ gp(s)

]
Pe2 = −δ4 (9.4)

If at oscillation frequency ωosc the lag transfer function gp(s) can be
expressed as

gp(jωosc) = A − jB (9.5)

then letting

C = A + 1

Kg
+ 1

K2
(9.6)
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gives

Pe2 = −1

C − jB
δ4 = −C − jB

C2 + B2
δ4 (9.7)

It has already been pointed out that to provide a contribution to damping,
the power vector, Pe2, needs to have a component that aligns with the speed
variation, −ω1 (which is given by −jδ1). As phase vector δ4 aligns
closely with phase vector δ1, this indicates that in Eq. (9.7) coefficient B

should be positive and, with the FMAC scheme, since gp(s) is a lag transfer
function, this is the case. Inspection of Eq. (9.7) indicates that in order to
improve the damping of generator 1, the PSS should aim to increase coefficient
B and reduce coefficient C. In terms of the vector diagram in Figure 9.9,
this implies that the PSS should amplify vector Pe2 and rotate it in an
anticlockwise direction.

When a PSS based on a stator power input signal Pe2 having the
transfer function gpss(s) is introduced, the DFIG relationship of Eq. (9.4)
becomes {

1

Kg
+ 1

K2
+ gp(s)[1 − gpss(s)]

}
Pe2 = −δ4 (9.8)

If the transfer function gpss(s) is chosen to provide a phase lead characteristic
such that, at the oscillation frequency of concern, the lead provided is greater
than the lag of gp(s), then at frequency, ωosc, the transfer function product
gpss(s) · gp(s) can be expressed as

gpss(jωosc) · gp(jωosc) = (Aps + jBps) (9.9)

where both Aps and Bps are positive. Then Eq. (9.8) takes the form[
1

Kg
+ 1

K2
+ A − jB − (Aps + jBps)

]
Pe2 = −δ4 (9.10)

Setting

Cp = 1

Kg
+ 1

K2
+ A − Aps (9.11)

and

Bp = B + Bps (9.12)
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the expression for power variation, Pe2 in terms of phase angle, δ4,
becomes

Pe2 = −1

Cp − jBp
δ4 = −Cp − jBp

C2
p + B2

p
δ4 (9.13)

It can be seen that Aps serves to reduce the coefficient Cp and Bps serves to
increase the coefficient Bp. Consequently, the negative imaginary component
of Pe2 becomes greater in magnitude and since the phase angle δ4 aligns
fairly closely with the phase angle δ1 of generator 1, this results in an
increase in the component of power variation, Pe1, of generator 1 that is in
phase with its rotor speed oscillations.

In the analysis in the preceding section, a simplified representation of the
generic network and DFIG was developed. The full generic network model was
reduced to a level that included only the most influential basic dynamic mech-
anisms and interactions that influence network damping. The model was aimed
at providing a simple basis for explaining the influence of DFIG and PSS on
network dynamic behaviour and as such is not appropriate for detailed con-
troller design purposes. Since the PSS influences dynamic modes not included in
the simplified model, while forcing the eigenvalue pair associated with network
mode oscillations significantly to the left in the complex plane, it also forces
eigenvalues associated with other dynamic modes to the right. Consequently, a
design based on the simplified model may well have an adverse and undesirable
influence over dynamic modes ignored in the model. A more comprehensive
system model needs to be employed in order to obtain a fuller indication of the
overall influence of the PSS being designed. The scope of the simple model is
therefore limited, but it can be used to establish basic design requirements.

As the DFIG improves network damping by enhancing the damping of
the synchronous generation, its influence is indirect and an indirect design
approach is favoured. Eigenvalue-based methods can readily accommodate
comprehensive representations of the DFIG, its controller and the network
and can be employed to design a PSS compensator that shifts the eigenvalues
associated with network oscillations to desired locations while maintaining
other system eigenvalues at acceptable locations in the complex plane.

A PSS based on stator power as an input signal, employing a phase lead
compensator having the transfer function form and parameters given below
was designed using an eigenvalue based approach.

gpss = Kps
sT

1 + sT

(1 + sTb)
2

(1 + sTa)2
(9.14)

where Kps = 1.0, T = 2.0 s, Ta = 0.05 s and Tb = 0.12 s.



178 Wind Energy Generation: Modelling and Control

The way in which this PSS modifies the power and phase angle relationships
of the simplified DFIG and generic network will now be considered.

Under oscillatory conditions, with a frequency of oscillation of ωosc =
6 rad s−1 and with the DFIG parameters K1 = 16.66,K2 = 5.235,K3 = 5,

Ks = 10,H = 3.5 s, f = 50 Hz, Kp = 0.48,K = 6, T = 0.6666 s and Kg =
12.66, the following power and phase angle relationships exist for the generic
network when the basic FMAC control scheme is employed on the DFIG:

Pe1 = (4.7031 + j0.2815)δ1;
Pe2 = (−1.1140 − j0.3660)δ1;
Pe3 = (3.5891 − j0.0845)δ1

δ4 = (0.7178 − j0.0169)δ1;
δ2 = (0.5050 − j0.0868)δ1

When the designed PSS is incorporated, the relationships change to the fol-
lowing:

Pe1 = (4.5574 + j1.5902)δ1;
Pe2 = (−0.9247 − j2.0672)δ1;
Pe3 = (3.6327 − j0.4770)δ1

δ4 = (0.7266 − j0.0954)δ1;
δ2 = (0.5499 − j0.4903)δ1

A considerable increase is produced in the imaginary component of the
Pe1/δ1 relationship, indicating that a significant contribution to network
damping is achieved.

Also, when the calculated values of the network power and angle relation-
ships are presented in vector diagram form as depicted in Figure 9.9, it can
be seen that the desired vector manipulations have been achieved.

9.2.2 DFIG-PSS and its Performance Contributions

9.2.2.1 Influence on Damping

The generic network, for the case where generator 2 is a DFIG with FMAC
control, will now be used to demonstrate the influence and capability of a PSS
auxiliary control loop. The PSS is based on stator power as an input signal
with the PSS output applied at the reference set point of the DFIG power
control loop. The PSS compensator transfer function and parameters are those
presented in the previous section.

The influence of increasing the PSS gain from zero to its design value is
shown in Figure 9.10. The operating situation considered is that for 2400 MVA
of DFIG generation operating at a nominal slip value of s = −0.1. It can be
seen that as the gain is increased, the dominant eigenvalue, associated with
network mode oscillations is shifted progressively to the left. Although a
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Figure 9.10 DFIG–FMAC control: influence of PSS gain on dominant eigenvalue. Capacity
of generator 2 is 2400 MVA, s0 = −0.1 pu

further increase in gain above Kps = 1.0 would push this eigenvalue further
to left of the complex plane, this design value was chosen as it provided good
damping without compromising the location of other system modes over the
operating range of the DFIG.

Figure 9.11 shows how the contribution to network damping is influenced
as the DFIG generation capacity is increased. The DFIG generation has PSS
control and operates at a slip value of s = −0.1 pu. As would be expected,
the greater the installed capacity of DFIG generation, the greater is its relative
damping influence on the synchronous generation of the local system.

Figure 9.12 shows how the operating slip value influences the damping
power contribution of the DFIG PSS control. The case where the DFIG
generation capacity is 2400 MVA is considered. As operation changes from
super-synchronous to sub-synchronous slip values, that is, the operating speed
of the DFIG decreases, the damping contribution is reduced. With a DFIG, at
higher wind velocities and hence higher available wind power levels, higher
operating speeds are employed to maximize the power transfer efficiency of the
turbine. Consequently, at lower values of DFIG speed, the DFIG power out-
put is lower and the influence of its manipulation by the PSS on synchronous
generator damping is less.
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9.2.2.2 Influence on Transient Performance

The generic test network will again be employed to demonstrate the influence
of the PSS on transient performance. The situation where generator 2 repre-
sents 2400 MVA of DFIG generation with the availability of PSS control is
considered. A three-phase fault of duration 80 ms is applied on line 1 close to
the transformer terminals of generator 1.

In Figure 9.13, the dotted responses correspond to the case of the DFIG
without the PSS, operating at a slip value of s = −0.1 pu. It can be seen that
although fault ride-through is comfortably achieved, power oscillations persist
beyond the 5 s period of the displayed response.

The full-line responses in Figure 9.13 correspond to the situation with PSS
control included and these demonstrate that a considerable improvement is
provided in the damping of the post-fault power transient of the synchronous
generator. This damping improvement is achieved at the expense of increased
power variation from the DFIG but with negligible change in the voltage
recovery.

It should be pointed out that fault ride-through was not achieved for the
synchronous generator case at the power level considered.

Synchronous generator 1 DFIG gen 2, 2400 MVA, s = −0.1
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Figure 9.13 Influence of the PSS of a DFIG on post-fault performance. Super-synchronous
operation with slip s = −0.1 pu. Dotted lines, without PSS; full lines, with PSS
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Synchronous generator 1 DFIG gen 2, 2400 MVA, s = −0.1
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Figure 9.14 Influence of the PSS of a DFIG on post-fault performance. Sub-synchronous
operation with slip s = 0.1 pu. Dotted lines, without PSS; full lines, with PSS

Figure 9.14 shows the equivalent case when a sub-synchronous operating
slip of s = 0.1 pu is involved. The inclusion of the PSS again greatly improves
the damping of the post-fault power transient of the synchronous generator.
The damping of the power transient is in fact very similar to that for the
s = −0.1 pu case, even though the operating power level is significantly lower.
Over the initial portion of the post-fault period, signal levels are high and the
limits of the PSS controller restrict the magnitude of its output. Consequently,
over this period, the output of the PSS for the s = 0.1 pu case is almost
identical with that for the s = −0.1 pu case, so that the variations in DFIG
power output due to the PSS and the resulting influence over the synchronous
generator response are also very similar.

9.3 A Power System Stabilizer for an FRC Wind Farm

9.3.1 Requirements and Functions

A fully-rated converter (FRC)-based wind farm employing tight, fast-acting
control over voltage and power does not contribute to network damping under
oscillatory conditions. Under normal operating conditions, the magnitude of
the terminal voltage is kept essentially constant and although the power output
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will vary depending on the wind conditions, the aim of power control is to
maintain wind farm operating conditions at desired levels and no attempt is
made to provide network support by way of damping.

If an FRC wind farm is required to contribute to network damping, then
additional control, in the form of a PSS, needs to be incorporated into the
converter control scheme.

The generic network can again be employed to demonstrate the absence of
a damping contribution when control is aimed solely at maintaining generator
and converter conditions and the form that an auxiliary PSS loop should take
if a contribution to network damping is to be provided.

Consider the FRC operating under constant turbine power conditions, with
fast, tight control that maintains constant values of generator output voltage and
power. As before, the voltages of all the network busbars will be considered
to be constant, so that power variations in the lines are solely functions of the
phase changes of the busbar voltages.

When rotor oscillations occur on synchronous generator 1, the power oscil-
lations produced will cause oscillatory variations in the phase, δ4, of the
voltage of busbar 4. The control of the FRC will maintain the output power
of FRC generator 2 at a constant value, so that Pe2 = 0. Since Pe2 =
K2(δ2 − δ4), this infers that δ2 = δ4.

The control action of the grid-side converter results in the phase of the
terminal voltage of the FRC being adjusted to match the changes in the phase
of busbar 4 and, with the difference between the phases of the voltages at
either end of the line remaining constant, the power flow in line 2 remains
constant.

In terms of the line relationships Pe1 = K1(δ1 − δ4) and Pe3 =
K3δ4 and taking the idealized case where Pe2 = 0,Pe3 = Pe1 +
Pe2 = Pe1 giving

δ4 = K1

K1 + K3
δ1 (9.15)

then with K1 = 16.66,K2 = 5.235 and K3 = 5 this gives

δ4 = δ2 = 0.7692δ1 (9.16)

so that Pe1 = 3.846δ1 = Pe3.
In terms of the vector diagram in Figure 9.15, vector Pe1 aligns with

vector δ1, so that a component in the direction of the vector ω1 does not
exist and therefore no contribution to damping is provided.
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Figure 9.15 Vector diagram for the generic network showing how the PSS of an FRC can
improve the damping of generator 1

In order to provide a contribution to damping, a suitable PSS input signal
needs to be found that enables the FRC to respond to network oscillations.
As the FRC control scheme aims to maintain constant output conditions, local
variables such as voltage magnitude, current magnitude and power output have
a negligible response to network oscillations, so that these variables exclude
themselves as possible PSS input signals. A network signal is required that
responds under oscillatory conditions and the variation in network frequency
provides such a signal.

How a PSS based on a network frequency signal can enable an FRC genera-
tor to provide a network damping contribution can again be demonstrated using
the simplified form of the generic network. In terms of the simplified generic
network, a measure of network frequency is given by the rate of change of
phase of the voltage of the central busbar, that is, d(δ4)/dt (or in the Laplace
domain, sδ4). If the PSS is considered to have the simple transfer function
form gpss(s) = −Kps, then the power output variation of FRC generator 2 is
given by

Pe2 = −Kpssδ4 (9.17)

and since Pe2 = K2(δ2 − δ4), this gives

δ2 =
(

1 − Kps

K2
s

)
δ4 (9.18)
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For the network, Pe1 + Pe2 = Pe3, that is,

K1(δ1 − δ4) + K2(δ2 − δ4) = K3δ4 (9.19)

giving

K1δ1 + K2δ2 = (K1 + K2 + K3)δ4 = KTδ4 (9.20)

so that

K1δ1 = KTδ4 − K2δ2 = [(KT − K2) + sKps]δ4 (9.21)

For network oscillations of frequency ωosc, s = jωosc giving

δ4 = K1

[(KT − K2) + jωoscKps]
δ1 = (A − jB)δ1 (9.22)

where

A = K1(KT − K2)

C
(9.23)

B = K1ωoscKps

C
(9.24)

with

C = (KT − K2)
2 + (ωosckps)

2 (9.25)

The power variation of synchronous generator 1 is given by

Pe1 = K1(δ1 − δ4) = K1(1 − A + jB)δ1 (9.26)

For a positive value of PSS gain Kps, the coefficient B is positive and hence
the coefficient K1B of the imaginary term, jK1B, of the power expression of
Eq. (9.26) is also positive. Since jδ1 defines the direction of the rotor speed
vector, ω1, of synchronous generator 1, a positive value of K1B indicates
that generator 1 has a power variation component that is in phase with its rotor
speed oscillations. Hence, due to the introduction of the PSS into the control
scheme of the FRC generation, the damping of the synchronous generator 1 is
increased at the network mode frequency and the level of damping increases
as the gain Kps is increased.



186 Wind Energy Generation: Modelling and Control

For the case where Kps = 0.35 and with K1 = 16.66, K2 = 5.235 and
K3 = 5, the following relationships exist for the simplified model:

Pe1 = (4.5574 + j1.5902)δ1;
Pe2 = (−0.9247 − j2.0672)δ1;
Pe3 = (3.6327 − j0.4770)δ1

δ4 = (0.7266 − j0.0954)δ1;
δ2 = (0.5499 − j0.4903)δ1

The relationships can again be depicted in vector diagram form, as shown
in Figure 9.15, where the situations both with and without the PSS are
portrayed.

9.3.2 FRC–PSS and its Performance Contributions

As the previous analysis indicated, a power system stabilizer based on a net-
work frequency signal requires little in the way of phase compensation. A PSS
was designed for the FRC of the generic network having the form

upss = −Kps
1 + sTb

1 + sTa
f (9.27)

where Kps = 0.35, Ta = 0.085 and Tb = 0.75, and the frequency variation f

was obtained via a differentiator and filter:

f = s

(1 + sTf1)(1 + sTf2)
δ4 (9.28)

where Tf1 = 0.05 and Tf2 = 0.01.
The PSS input signal, upss, is added to both the output power reference set

point of the grid-side converter and the generator power reference set point of
the generator-side converter. By manipulating the power demands of the grid
side and generator-side converters in unison, the effect of the PSS demands
on the converter DC voltage is minimized.

9.3.2.1 Influence on Damping

The way in which increasing the gain, Kps, of the PSS influences the domi-
nant (local mode) eigenvalue is shown in Figure 9.16. The operating situation
considered is that where generator 1 represents 2800 MVA of synchronous
generation and generator 2 represents 2400 MVA of FRC-based wind genera-
tion.

Without the PSS (Kps = 0), the dominant eigenvalue lies in the right half
of the complex plane, indicating that the network is dynamically unstable. As
the gain, Kps, is increased, the dominant eigenvalue is shifted progressively
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Figure 9.16 Influence of FRC–PSS gain, Kps, on the dominant (local mode) eigenvalue

to the left, indicating that the damping torque of synchronous generator 1 is
increased. The imaginary value, associated with the frequency of the oscilla-
tory mode, increases with increase in gain, showing that an increase in the
synchronizing torque of generator 1 is also produced. A further increase in
the gain above the design value of 0.35 can push the eigenvalue significantly
further to the left of the complex plane.

In designing the PSS, the gain value needs to be chosen to cater for the large
disturbance conditions that occur following network faults, and also to provide
a damping contribution. The greater the PSS gain, the greater is the impact of
the PSS on the DC voltage level of the converters. The gain value of 0.35 was
chosen so that for the fault disturbances considered for the generic network,
the DC voltage of the converters did not change by more than ±10% from its
nominal operating value. If greater damping and, consequently, a higher gain
value for the PSS are required, a measure needs to be put in place to control
the DC voltage variation within specified limits.

Figure 9.17 shows how the PSS damping provision is influenced by the
FRC installed generation capacity and the operating power level. The PSS
employed is that defined by Eqs (9.27) and (9.28). As the FRC generation
capacity is increased, its capability to contribute to network damping via PSS
control is increased. Figure 9.17 also shows that, at a given level of installed
capacity, the FRC contribution to damping via PSS control increases as the
operating power level of the generation increases.
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Figure 9.17 Influence of FRC generation capacity and operating power level on PSS damp-
ing contribution

9.3.2.2 Influence on Transient Performance

The generic test network is employed to demonstrate the influence that FRC
generation with PSS control has on network transient performance. The result
of the occurrence of a three-phase short-circuit on line 1, of duration 80 ms,
close to the terminals of the transformer of generator 1 is simulated. The PSS
introduced in the previous section is employed on the FRC.

Figure 9.18 shows the case where generator 1 represents 2800 MVA of
synchronous generation having AVR control only and generator 2 represents
2400 MVA of FRC generation with PSS control. In addition to providing fault
ride-through, very good damping is provided for the synchronous generator.
This is in great contrast to the situation without PSS control on the FRC
generation in the previous chapter, where fault ride-through was only achieved
for an FRC generation capacity of 960 MVA.

Figure 9.19 provides a comparison of the contributions to network per-
formance of the respective PSS control of FRC generation and synchronous
generation. The case considered is that where generator 1 represents 2400 MVA
of synchronous generation and generator 2 represents 1960 MVA of FRC gen-
eration. In Figure 9.19, the full-line responses correspond to the case where
PSS control is on the FRC generation with the synchronous generation having
only AVR control. The dotted-line responses correspond to the case where
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Figure 9.18 Network post-fault performance when FRC generation with PSS control is
employed
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Figure 9.20 Compatibility of FRC–PSS with synchronous generator PSS. Full lines, FRC
with PSS and synchronous generator with AVR only; dotted lines, FRC and synchronous
generator with PSS

the FRC is without its PSS control and the synchronous generation has a PSS
added to the basic AVR control. Compared with the case with PSS control only
on synchronous generator 1, that with PSS control only on the FRC generation
is seen to provide better performance for both generator 1 and generator 2 for
the fault considered. Generator 1 is provided with better damping of power
oscillations and shows better post-fault voltage recovery. In addition, the FRC
generation, despite its PSS generating greater swings in output power, P2e,
has smaller deviations in both the terminal voltage magnitude, E2mag, and the
voltage of the DC link, VDC.

A comparison could not be carried out for the capacity levels correspond-
ing to Figure 9.18 since, with 2800 MVA of synchronous generation and
2400 MVA of FRC generation, fault ride-through was not achieved when PSS
control was employed only on synchronous generator 1. A major reason for
the poorer performance when a PSS is included only on the synchronous gen-
erator 1 is that, as generator 1 is closer to the fault, the signal level of its PSS
is very high and controller limits consequently reduce its effectiveness and
ability to contribute to generator performance.

The compatibility of the PSS control of FRC generation with the PSS control
of synchronous generation is demonstrated by the responses in Figure 9.20.
The case considered is again that with 2800 MVA of synchronous generation
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and 2400 MVA of FRC generation. The full-line responses are those corre-
sponding to the situation where the FRC generation has PSS control and
the dotted lines correspond to the situation where both synchronous and FRC
generation have their respective PSSs in operation. Adding the PSS to the syn-
chronous generation leads to a sharing of the damping power provision and
reduced power swings are observed for both synchronous and FRC generation
even though the damping level is increased.
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10
The Integration of Wind Farms
into the Power System

In Europe, many future wind farms will be offshore, thus demanding power
flow over highly capacitive cable networks. Further, the distance from the
wind farm to the grid connection point is increasing. In the USA, India and
China, transmission schemes from wind farms in excess of several hundred
kilometres are being proposed. For transmitting bulk power over long distances
or over capacitive networks, the developers and the system operators are facing
a number of technical challenges. HVDC transmission and FACTS devices are
being recognized as important possible enabling technologies.

10.1 Reactive Power Compensation

Early wind generators tended to use FSIGs, which consume reactive power and
have limited controllability of real power (Holdsworth et al., 2003). Because
the Grid Connection Codes impose technical requirements, for example fault
ride-through and also active and reactive power control capability, wind gen-
erator manufacturers have developed new systems, such as DFIGs and FRCs,
which can meet these requirements. However, in order to satisfy the Grid
Connection Code requirements at the grid connection point, wind farms may
require the support of reactive power compensation devices such as SVCs
and/or STATCOMs (Miller, 1982; Hingorani and Gyugyi, 2000; Acha et al.,
2001). The SVC/STATCOM can react to changes in the AC voltage within a
few power frequency cycles and can thus eliminate the need for rapid switching
of capacitor banks or transformer tap-changer operations. The rapid response of
the SVC/STATCOM can also reduce the voltage drop experienced by the wind
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farm during remote AC system faults, thus increasing the fault ride-through
capability of the wind farm.

10.1.1 Static Var Compensator (SVC)

Reactive power compensation can be achieved with a variety of shunt devices.
The simplest method is to connect a capacitor in parallel with the circuit.
In many cases, it is connected to the output of the individual wind turbine
generator via a circuit breaker or contactor and switched in and out when
required. For the entire wind farm, a variable capacitance can be obtained
by using a thyristor-controlled reactor (TCR) together with a fixed capacitor
(FC) or by using a thyristor-switched capacitor (TSC). The TCR–FC gives
smooth variation of capacitive reactive power support, whereas the TSC gives
capacitive reactive power support in steps (Miller, 1982).

The basic elements of a TCR are a reactor in series with a bidirectional
thyristor pair as shown in Figure 10.1a. The thyristors conduct on alternative
half-cycles of the supply frequency. The current flow in the inductor, L, is
controlled by adjusting the conduction interval of the back-to-back connected
thyristors. This is achieved by delaying the closure of the thyristor switch by an
angle α, which is referred to as the firing angle, in each half-cycle with respect
to the voltage zero. When α = 90◦, the current is essentially reactive and
sinusoidal. Partial conduction is obtained with firing angles between 90◦ and
180◦. Outside the control range, when the thyristor is continuously conducting,
the TCR behaves simply as a linear reactor. It is important to note that the TCR
current always lags the voltage, so that reactive power can only be absorbed.
However, the TCR compensator can be biased by a fixed capacitor, C, as
shown in Figure 10.1b, so that its overall power factor can either be lagging or
leading. The voltage–current characteristic of a TCR is shown in Figure 10.2.

In three-phase applications, the basic TCR elements are connected in
delta through a transformer. The transformer is necessary for matching
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L L

C

(a) (b)

Figure 10.1 Thyristor-controlled reactor without and with a fixed capacitor
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Figure 10.2 Voltage–current characteristic of a TCR scheme

the mains voltage to the thyristor valve voltage. This arrangement elim-
inates third-harmonic components produced by partial conduction of the
thyristors. Further elimination of harmonics can be achieved by using two
delta-connected TCRs of equal rating fed from two secondary windings of
the step-down transformer, one connected in star and the other in delta. This
forms a 12-pulse TCR. Moreover, the harmonics in the line current can be
reduced by replacing the fixed capacitors, associated with reactive power
generation, with a filter network. The filter can be designed to draw the
same fundamental current as the fixed capacitors at the system frequency and
provide low-impedance shunt paths at harmonic frequencies.

The basic elements of a TSC are a capacitor in series with a bidirectional
thyristor pair and a small reactor. The purpose of the reactor is to limit switch-
ing transients, to damp inrush currents and to form a filter for current harmonics
coming from the power system. In three-phase applications, the basic TSC
elements are connected in delta. The susceptance (1/reactance) is adjusted by
controlling the number of parallel capacitors connected in shunt. Each capaci-
tor always conducts for an integral number of half cycles. The total susceptance
thus varies in a stepwise manner. The single-line diagram of the TSC scheme
is shown in Figure 10.3.

The output characteristic of a TSC is discontinuous and determined by the
rating and number of parallel-connected units. A smooth output characteristic
can be obtained by employing a number of TSC arms where capacitance is
set in binary manner (C1 = C,C2 = 2C,C3 = 4C, . . .) with TCR elements as
shown in Figure 10.4.

10.1.2 Static Synchronous Compensator (STATCOM)

A STATCOM is a voltage source converter (VSC)-based device, with the
voltage source behind a reactor (Figure 10.5). The voltage source is created
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Figure 10.3 Single line diagram of a thyristor-switched capacitor (TSC)
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Figure 10.4 SVC using binary switched capacitors and switched reactors
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Figure 10.5 STATCOM arrangement. (a) STATCOM connection; (b) vector diagram



The Integration of Wind Farms into the Power System 197

from a DC capacitor and therefore a STATCOM has very little real power
capability. However, its real power capability can be increased if a suitable
energy storage device is connected across the DC capacitor.

The reactive power at the terminals of the STATCOM depends on the ampli-
tude of the voltage source. For example, if the terminal voltage of the VSC
is higher than the AC voltage at the point of connection, the STATCOM gen-
erates reactive current; on the other hand, when the amplitude of the voltage
source is lower than the AC voltage, it absorbs reactive power.

The response time of a STATCOM is shorter than that of an SVC, mainly due
to the fast switching times provided by the IGBTs of the voltage source con-
verter. The STATCOM also provides better reactive power support at low AC
voltages than an SVC, since the reactive power from a STATCOM decreases
linearly with the AC voltage (as the current can be maintained at the rated
value even down to low AC voltage).

10.1.3 STATCOM and FSIG Stability

The STATCOM providing voltage control and a fault ride-through solution is
demonstrated in this example by a simple model of a fixed-speed wind farm
with STATCOM (Wu et al., 2002). The case study and arrangement for the
STATCOM are shown in Figure 10.6. The wind farm model consists of 30 × 2
MW FSIG, stall-regulated wind turbines. The short-circuit ratio (network short
circuit level without wind farm connected/rating of wind farm) at the point
of connection (PoC) of the wind farm is 10. For the simulation, it is assumed
that the 132 kV network is subjected to a three-phase fault along one of the
parallel circuits, of 150 ms duration at 2 s.

Without the STATCOM, the voltage at the point of connection does not
recover to the pre-fault voltage after the clearance of the fault (Figure 10.7).
However, when the STATCOM is set in operation, the wind farm is able to

Grid

SCL = 
700 MVA 
X/R = 10

Wind Farm 
Substation

STATCOM

±30 MVAr

132 kV 132 kV

11 kV

60 MW 
Wind Farm

0.69 kVL1

L2

20 km two overhead lines, 258 mm2

R = 0.068 Ω /km, X = 0.404 Ω /km

Figure 10.6 A large FSIG-based wind farm connected to the system with a STATCOM
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Figure 10.7 System voltage without STATCOM (Cartwright et al., 2004)

ride through the fault as shown by the responses in Figure 10.8. During the
fault, the reactive power supplied by the STATCOM is decreased due to the
voltage drop (Figure 10.8b). After the fault, the STATCOM supplies reactive
power to the wind farm and compensates its requirements for reactive power
in order to ride through the fault.

10.2 HVAC Connections

HVAC will be used for most offshore wind farm applications with a connection
distance of less than ∼50 km, where it will provide the simplest and most
economic connection method. Beyond a certain distance, the capacitive cable
current will approach the current rating of the cable and transmission of power
by means of AC is no longer economic (Sobrink et al., 2007).

At a connection distance in excess of 50 km, it is likely that reactive power
compensation will be required in order to keep the AC voltage amplitude
within the connection agreement requirements. At the transmission link end,
additional reactive power compensation may be required if the AC network is
relatively weak at this point, for example if the short-circuit level at the PoC
is less than three times the rating of the wind farm.

10.3 HVDC Connections

HVDC transmission may be the only feasible option for connection of an
offshore wind farm when the power levels are high and the cable distance is
long. HVDC offers the following advantages (particularly in those schemes
with cable connections) (Kimbark, 1971; Hammons et al., 2000):
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Figure 10.8 STATCOM in operation: (a) voltage (RMS) at PoC; (b) reactive power supplied
by the STATCOM (Cartwright et al., 2004)

• Wind farm and receiving grid networks are decoupled by the asynchronous
connection, such that faults are not transferred between the two networks.

• DC transmission is not affected by cable charging currents.
• A pair of DC cables (currently used in LCC–HVDC schemes) can carry up

to 1200 MW.
• The cable power loss is lower than for an equivalent AC cable scheme.

There are two different HVDC transmission technologies: line-commutated
converter HVDC (LCC–HVDC) using thyristors and voltage source con-
verter HVDC (VSC–HVDC) using IGBTs (Wright et al., 2003). Further,
multi-terminal HVDC schemes are also under consideration for offshore wind
farm integration (Lu and Ooi, 2003).
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Table 10.1 Capital costs for different transmission systems

Transmission Total System Total System Total System
Distance (km) Cost, HVAC Cost, LCC Cost, VSC

(£m) (£m) (£m)

50 276 318 222
100 530 440 334
150 784 563 446
200 1,037 685 557
250 1,538 808 669
300 2,433 930 781
350 2,835 1,053 893
400 3,638 1,175 1,005

Table 10.1 shows costs associated with three options, HVAC, LCC–HVDC
and VSC–HVDC, for a 1 GW offshore wind farm connection to the shore.
The total cost of the installation was calculated using a cost model for each
component involved in the system (cables, transformers, converter station,
etc.) (Lundberg, 2003; Lazaridis, 2005). Costs for additional equipment such
as the offshore platform required and the electrical power collection system
for the wind farm were not considered.

From Table 10.1, it can be seen that all of the transmission systems begin
at approximately the same cost, but (due to the cost of the cables) the cost of
HVAC soon increases much more quickly than that of either of the HVDC sys-
tems. VSC–HVDC has the lowest capital cost of all the systems. However, the
above analysis does not include the offshore platform that would be required
by all the transmission systems. This platform would particularly affect the
cost of LCC–HVDC as this transmission technology requires a large area for
the converter station, which would lead to large, heavy and costly offshore
platform.

10.3.1 LCC–HVDC

LCC–HVDC (Figure 10.9) can be used at very high power levels, with sub-
marine cables suitable for up to 1200 MW (higher if parallel cables are used)
being available. The reliability of LCC–HVDC has been demonstrated in
over more than 30 years of service experience and the technology has lower
power losses than VSC transmission. However, it is necessary to provide a
commutation voltage in order for the LCC–HVDC converter to work. This
commutation voltage has traditionally been supplied by synchronous genera-
tors or compensators in the AC network.
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Figure 10.9 LCC–HVDC scheme with wind farm connection

With LCC – HVDC converters, current and power control is achieved by
means of phase-angle firing control of the converters. To allow normal rectifier
and inverter operation, as a rule the short-circuit level of the AC grid at the
converter station should be at least 3 times the rated power of the DC link.
Up to now the converter stations of an LCC – HVDC scheme have always
been installed onshore.

In the event of a fault in the AC system close to the onshore terminal,
power transmission will be interrupted until the fault has been cleared. After
clearing the fault, the DC link may need 100–150 ms to return to full-power
operation. However, the inertia of the wind generators can be used to store
the wind energy during the transient interruption and the fault ride-through
capability of the wind farm can be significantly improved. In order to permit
fault recovery, the HVDC control scheme and that of the wind farm need to
be closely coordinated.

10.3.2 VSC–HVDC

Many of the advantages described above for the LCC–HVDC scheme also
apply to an VSC–HVDC scheme, in particular the asynchronous nature of the
interconnection and the controllability of the power flow on the interconnec-
tor. The voltage source converter provides the following additional technical
characteristics:

• It is self-commutating and does not require an external voltage source for its
operation. Therefore, a synchronous generator or compensator is not needed
at the offshore terminal in order to support the transmission of power.

• The reactive power flow can be independently controlled at each AC net-
work. Therefore, AC harmonic filters and reactive power banks are not
required to be varied as the load on the VSC transmission scheme changes.
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• Reactive power control is independent of the active power control.
• There is no occurrence of commutation failure as a result of disturbances

in the AC voltage.

These features make VSC–HVDC transmission attractive for the connec-
tion of offshore wind farms. Power may be transmitted to the wind farm at
times of little or no wind and the AC voltage at either end can be controlled.
However, VSC transmission does have higher power losses compared with
an LCC–HVDC system. Further, its fault current contribution depends on the
rating of the switches in the converters. For example, a thyristor (used in
LCC–HVDC) can provide a short-term current (during the time of the fault)
of 2–3 times its rated current, whereas the short-term current rating of an
IGBT (used in VSC-HVDC) is more or less equal to its rating.

Figure 10.10 shows a typical arrangement of a wind farm connection using a
point-to-point VSC–HVDC. The maximum power rating for a single converter
at the end of 2005 was 330 MW, but up to 500 MW has been stated to be
possible and several such systems may be used in parallel.

When an AC network fault occurs, the DC link voltages of the VSC–HVDC
scheme will rise rapidly because the grid-side converters of the VSC–HVDC
scheme are prevented from transmitting all the active power coming from the
wind farm. Therefore, in order to maintain the DC link voltage below the
upper limit, the excess power has to be dissipated or the power generated by
the wind turbines has to be reduced. In order to dissipate the excess power,
a chopper resistor is normally proposed (Akhmatov et al., 2003; Ramtharan
et al., 2007). The method that can be used to reduce the power generated by
the wind turbines depends on the turbine technology used. However, at the
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Figure 10.10 VSC–HVDC transmission scheme for wind farm application
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turbine level the wind power has to be spilled using pitch control or has to be
stored as kinetic energy in the rotating mass by increasing the rotor speed.

10.3.3 Multi-terminal HVDC

Multi-terminal HVDC technology has yet to be implemented widely, but it will
permit the connection of multiple wind farms to a single DC circuit and/or mul-
tiple grid connections to the same DC circuit, as shown in Figure 10.11. Either
LCC–HVDC, VSC–HVDC or hybrid technology could be employed in a
multi-terminal configuration. In the case of LCC–HVDC-based multi-terminal
systems, the converters are connected in series (Jovcic, 2008), whereas in the
case of VSC–HVDC-based multi-terminal systems, the converters are con-
nected in parallel (Figure 10.11) (Lu and Ooi, 2003).

There are basically two different control approaches that have been proposed
for multi-terminal HVDC:

• Master–slave: One of the VSCs is responsible for controlling the DC bus
voltage and the other VSCs follow a given power reference point which can
be constant or assigned by the master converter. In the event of a failure
on the main converter, another converter can take over the HVDC voltage
control.

• Coordinated control: The VSCs control the DC bus voltage and power
transfer in a coordinated manner. The HVDC voltage control can employ,
for example, the droop-based technique where each converter has a given
linear relationship between HVDC voltage and extracted power. Complex
coordinated systems can be implemented with the use of communications,

Onshore
AC

Off-shore wind

Figure 10.11 Multi-terminal wind farm based on HVDC–VSC technology
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taking into account the different voltages and currents in the HVDC grid
and seeking the optimum operating point for the overall system.

10.3.4 HVDC Transmission – Opportunities and Challenges

The technology required to embed HVDC schemes in an AC network is avail-
able today. However, there are a number of technical and economic challenges
to be overcome in order to make HVDC transmission a viable option for wind
farm connections and integration (Andersen, 2006).

10.3.4.1 Cost and Value of HVDC

The market for HVDC has traditionally been relatively small and there are
very few manufacturers capable of providing such systems. With few projects
realized, the benefits of mass production are not available and economic costs
are not similar to those for conventional AC substation equipment of a similar
rating.

10.3.4.2 Losses and Energy Unavailability

The power loss in an HVDC converter station is higher than that in an AC
substation, because of the conversion from AC to DC and the harmonics pro-
duced by this process. However, the power loss in an HVDC transmission line
can be 50–70% of that in an equivalent HVAC transmission line. Therefore,
for large distances, an HVDC solution may have lower losses.

Energy unavailability is the amount of energy produced by the wind farm
that cannot be transmitted to the onshore grid. This could be due to unex-
pected faults on the transmission system or to planned maintenance. By using
figures for the likelihood of faults or maintenance on each component in a
transmission system – typically averages of failures/required maintenance in
installed components – a value for the energy unavailability can be calculated
for each component (Lazaridis, 2005).

10.3.4.3 Transmission Cost

The transmission cost is the cost required to deliver a unit (kWh) of energy
from the wind farm to the onshore grid. The energy delivered from the wind
farm is calculated using the following equation:

ED = EP × (1 − L) × (1 − U) (10.1)

where ED = energy delivered (MWh), EP = energy produced (MWh), L =
losses (%) and U = unavailability (%)
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The analysis then assumed that a loan would be required to pay for the
initial investment and from this the annual instalments for this loan could be
calculated using

R = Investment × r(1 + r)N

(1 + r)N − 1
(10.2)

where R = annual loan instalments (£m), Investment = initial investment in
the system (£m), r = loan interest rate (%), assumed to be 3%, and N = wind
farm lifetime (years), assumed to be 30 years. From this, the cost of energy
transmission can then be calculated from

Costtrans = R

ED
× 1

1 − p
(10.3)

where Costtrans = cost of energy transmission [£(kWh)−1] and p =
transmission system owner’s profit (%), assumed to be 3%.

Figure 10.12 shows the transmission the cost for HVAC and HVDC up to
1000 km (Prentice, 2007).

These results show the unsuitability of HVAC as a means to transmit power
from offshore wind farms that are located further than 50 km offshore. This is
mainly due to losses which increase significantly with increased transmission
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distance. It is also easy to understand the transmission cost trends for both of
the HVDC systems. VSC–HVDC is cheaper over shorter distances, but then,
due to larger losses than LCC–HVDC, after 600 km LCC–HVDC becomes
the most economic option.

10.3.4.4 Integration of an HVDC Scheme in an AC Network

Today, integration of an HVDC terminal into an AC system requires special-
ist engineering. The large AC harmonic filters, particularly for LCC–HVDC,
can cause significant over-voltages during fault recovery, if the AC network
strength is relatively weak. However, HVDC may result in improved perfor-
mance during and after faults in the AC network and the performance can
be optimized to suit particular network requirements through control system
design.

The dynamic and transient performance of an HVDC scheme can be
improved by the incorporation of dynamic reactive power capability. This
capability is already available with VSC–HVDC transmission and could be
added to LCC–HVDC, either through new circuit topologies and control
algorithms or by the addition of new components, such as shunt or series
reactive power compensation.

10.3.4.5 DC Side Faults

In a large point-to-point HVDC scheme, any fault on the DC side leads to
shutting down of the connection until the fault is cleared and the system is
restored. With multi-terminal HVDC networks, it is possible to take a section
out of service during a converter or cable fault and leave the remaining system
in operation. However, HVDC circuit breakers can be difficult to source and
are likely to be expensive. There have been advances in HVDC circuit breaker
technology in the recent past (Meyer et al., 2005), but these have not yet
become common industrial practice.

10.3.4.6 Stability of Network with Multi-terminal HVDC

If multiple HVDC schemes (which are point-to-point or multi-terminal) are
to be used within a network, then the issue of interaction between these
HVDC schemes would become increasingly important. Commutation failures,
which are typically caused by voltage dips or sudden AC voltage phase-angle
changes, could be caused by disturbances on another HVDC scheme and inter-
action between schemes could potentially cause instability, unless appropriate
steps are taken. The problems are not insurmountable, as shown in several
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examples where HVDC converters terminate electrically close to each other
and where good performance has been experienced. However, it is recom-
mended that such systems are thoroughly modelled for specific scenarios.

It should be noted that VSC transmission does not suffer from commutation
failures and is therefore not likely to suffer from instability, even if several
HVDC schemes terminate in close proximity to each other.

10.4 Example of the Design of a Submarine Network

10.4.1 Beatrice Offshore Wind Farm

The proposed Beatrice offshore wind farm (OWF) is to be located 25 km off
the coast of Scotland in the Moray Firth area (Figure 10.13). The wind turbines
are to be placed approximately 5 km from the Beatrice Alpha oil platform in
deep water (Beatrice wind, 2008).

There are currently two 5 MW prototype wind turbines installed in the area
and it is proposed that this demonstration project be expanded to form the
1 GW Beatrice OWF. The connection to shore of this wind farm is very
challenging as the onshore grid nearest to Beatrice is fairly weak and the
circuits between Scotland and England (where most of the demand is) are
already overloaded.

Figure 10.13 Location of the Beatrice offshore wind farm (Beatrice wind, 2008)



208 Wind Energy Generation: Modelling and Control

10.4.2 Onshore Grid Connection Points

To allow analysis of the onshore grid and to compare the effects of the dif-
ferent transmission types, onshore grid connection points had to be chosen
(Prentice, 2007). Clearly, new substations could be constructed to allow for
the connection of an OWF. However, a cost-effective method is to connect to
existing substations and upgrade them if required. As the network in the North
of Scotland is weak and the interconnectors between Scotland and England
are already overloaded, an offshore transmission system was considered. It
was proposed to connect the offshore network into points considerably further
south of Beatrice. The offshore transmission network not only transfers power
from Beatrice but also displaces some of the power that is currently transferred
to England through the onshore network, thus relieving stresses on the latter.

10.4.2.1 Outline of Proposed Connection Points

Given the requirements above, six points on the East coast of the UK were
selected in the study. The points selected are listed below along with a descrip-
tion and justification for selecting the connection point:

1. Torness 400 kV substation area. The Torness substation connects directly
to Eccles, which is the Scottish end of one of the main Scotland–England
interconnectors.

2. Blyth 275 kV circuit. Blyth has the advantage of having high-voltage cir-
cuits in addition to being near large load centres. Also, there are currently
two offshore wind generators off the coast at Blyth. If this wind farm were
to be expanded, there may be possibilities of connecting this wind farm to
the same HVDC link as would be used for the Beatrice OWF.

3. Hawthorne Pit. 400/275 kV. Again, this circuit is very near to a large load
centre (Newcastle) and is also easily within the vicinity of high-voltage
circuitry.

4. Grimsby West. This area holds a large density of 400 kV circuits. There are
good opportunities for further transmission to the south and there is also a
relatively large demand for power in this area.

A map showing these locations is given Figure 10.14. The thick black lines
represent the connection points detailed above. It should be noted that the lines
shown on the diagram are merely there to highlight the connection points and
are not representative of possible cable routes.

The distances from each of these connection points to the Beatrice OWF
are given in Table 10.2. Each of these points was then analysed to ensure the
suitability for the connection of additional generation in the area.
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Figure 10.14 Location of points analysed for connection of the Beatrice offshore wind
farm. The thick black lines represent the connection points detailed above

Table 10.2 Distances from the Beatrice
site to substations

Substation Distance to Beatrice (km)

Torness 300
Blyth 400
Hawthorne Pit 485
Grimsby West 670
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The most suitable point for the connection of an offshore wind farm will be
the optimal balance between the technical performance of the onshore grid and
the financial and technical performance of the offshore transmission system.
The onshore grid should be able to transmit the additional generation with
little or no upgrades to either the transmission network or any plant involved
(transformers, protection systems, etc.). A high demand within the vicinity of
the connection point is also desirable as this would mean that the power could
be used as soon as it comes onshore without further transmission/distribution
being necessary. The capital cost of the transmission system should be as low
as possible and the cost of energy transmission should also be low.

10.4.3 Technical Analysis

To analyse each of the connection points, an area of the grid around the actual
connection substation was selected for analysis. The area was selected by
determining a large substation which would represent an infinite grid connec-
tion point and had a large number of connections. It was assumed that if the
local transmission system could transmit the power to these large substations,
the power could be distributed without further strain on the grid. This techni-
cal analysis takes into account demands on grid supply points (GSPs) near the
connection point and will check to ensure that there is a reasonable amount
of additional capacity on the lines leading from connection point to a large
substation. The analysis must also ensure that the N − 1 security criterion, is
met. Figure 10.15 shows the example for Torness.
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10.4.3.1 Analysis of Transmission Lines

To analyse the additional capacity of the transmission lines, data for the ratings
of each transmission line and the peak power flow along them were taken from
the NGC 2006 Seven Year Statement (SYS) for the year 2006–2007 (National
Grid, 2006). For the calculations, the transmission lines were assumed to be
loaded to 75% of the circuit rating. Hence the maximum continuous loading
was given as 75% of the maximum continuous circuit rating:

Loadingmax = 0.75 × Ratingmax (MVA) (10.4)

The peak winter power flow along each of the lines is given in MW in the SYS.
To convert this value into MVA, a power factor (pf) of 0.97 was assumed:

Demandpeak MVA = Demandpeak MW

pf
(10.5)

The additional capacity of each line could then be calculated by taking the
maximum continuous load and subtracting the peak winter power flow. This
then gives an additional power rating (in MVA) that could be sent along the
transmission line:

Additional capacity = Loadingmax − Demandpeak MV A (10.6)

From this analysis, it can be determined whether the 1000 MW of power
from Beatrice can be transferred from the connection point or if reinforcements
are required to allow this to be done. Table 10.3 shows the example for Torness.

10.4.3.2 Grid Supply Point (GSP) Demand

Values for the GSP demand were provided in the SYS. These values repre-
sented the demand on the transmission system from the connected distribution
system at a certain substation. It was assumed that the power from Beatrice
would be used to supply any demand at the grid supply points. Values are
given in MW in the SYS and again the power factor was assumed to be 0.97.
Table 10.4 gives the GSP demand in the Torness case.

10.4.3.3 The N – 1 Criterion

In this section, each of the areas are inspected to ensure they are capable of
transmitting the supplied power. Table 10.5 shows the area being considered
and details what piece of equipment has been removed to allow the analysis
of the N – 1 criterion.
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Table 10.3 Distances from Beatrice site to substations (Torness case)

From To Ratingmax Loadingmax Demandpeak Demandpeak Additional
(MVA) (MVA) (MW) (MVA) capacity on-line

(MVA)

TORN SMEA 1250 937.5 −134 138.1 799.4
SMEA 1130 847.5 164 169.1 678.4
ECCL 1250 937.5 484 499.0 438.5
ECCL 1250 937.5 484 499.0 438.5

SMEA STHA 1390 1042.5 164 169.1 873.4
ECCL STWB 1390 1042.5 660 680.4 362.1

STWB 1390 1042.5 655 675.3 367.2
STHA HAKB 2010 1507.5 806 830.9 676.6

WISH 762 571.5 107 110.3 461.2
LINM 1380 1035.0 410 422.7 612.3

KILS STHA 1390 1042.5 92.1 94.9 947.6
INKI STHA 1390 1042.5 316 325.8 716.7

Table 10.4 GSP demand (Torness case)

Substation name Demand at GSP(MW) Demand at GSP (MVA)

Torness 0 –
Eccles 28.4 29.3
Smeaton 0 –
Strathaven 54 55.7

Table 10.5 Analysis of N – 1 criterion

Substation Equipment removed Result

Torness TORN–ECCL double circuit Failure. Insufficient capacity to
transfer power

Blyth BLYT–TYNE double circuit Failure. Insufficient capacity to
transfer power

Hawthorne Pit HAWP–NORT circuit Sufficient capacity to withstand
connection

Grimsby West KEAD–CREB double circuit Sufficient capacity to withstand
connection

10.4.4 Cost Analysis

The total cost of installation of the transmission system, by calculating the
costs of the individual components and then calculating the total cost of the
transmission system was determined.
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10.4.5 Recommended Point of Connection

From the analyses above, it was possible to determine the optimum point
of connection for the Beatrice OWF following the methodology shown in
Figure 10.16. This methodology was used to produce the results shown in
Table 10.6.

From these results, it is clear that the optimum connection point (determined
in the study from the points analysed) was Hawthorne Pit. This connection
point is the nearest connection point to Beatrice that is technically suitable
to cope with the connection of new generation. This means that no upgrades
would be required to the onshore grid and the cables would be as short as
possible, leading to the lowest transmission system capital costs.

Investigate wind farm 
and location

Choose possible onshore 
connection points for the 

transmission system

Technical analysis of the 
suitability of the connection 

points

Cost analysis of transmission 
system/onshore upgrades 

required to grid

Has an optimum 
connection point 

been found?

Project Complete

No

Yes

Figure 10.16 Methodology to determine the recommended point of connection
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Table 10.6 Results of the study of the connection points

Substation Additional GSP Capital cost (£m) Transmission cost
capacity demand [£ (kW h)−1]

HVAC HVDC HVDC HVAC LCC VSC
LCC VSC HVDC HVDC

Torness Deficit Low 2427.98 930.29 781.08 0.0531 0.0169 0.0157
Blyth Low Medium 3231.58 1175.26 1004.77 0.0769 0.0214 0.0205
Hawthorne Pit Medium High 3914.64 1383.48 1194.90 0.1008 0.0253 0.0248
Grimsby West High High 5401.30 1836.67 1608.72 0.1691 0.0339 0.0345
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11
Wind Turbine Control for
System Contingencies

11.1 Contribution of Wind Generation to Frequency Regulation

With the projected increase in wind generation, a potential concern for trans-
mission system operators is the capability of wind farms to provide dynamic
frequency support in the event of sudden changes in power network frequency
(Eltra, 2004; E.ON Netz, 2006; National Grid, 2008).

11.1.1 Frequency Control

In any electrical power system, the active power generated and consumed has
to be balanced in real time (on a second-by-second basis). Any disturbance to
this balance causes a deviation of the system frequency. With an increase in
demand, the system frequency will decrease and for a decrease in the demand
the system frequency will increase. In many countries, the frequency delivered
to consumers is maintained to within closer than ±1% of the declared value.
For example, the system frequency of the England and Wales network under
normal conditions is maintained at 50 Hz within operational limits of ±0.2 Hz
(Figure 11.1). This is achieved by operating the generators on a governor
droop, normally around 4% and classified as the continuous service of the
generator. However, if there is a sudden change in generation or load, the
system frequency is allowed to deviate up to +0.5 Hz and −0.8 Hz.

In the event of a sudden failure in generation or connection of a large
load, the system frequency starts to drop (region OX in Figure 11.1) at a rate
mainly determined by the total angular momentum of the system (addition of

Wind Energy Generation: Modelling and Control Olimpo Anaya-Lara, Nick Jenkins,
Janaka Ekanayake, Phill Cartwright and Mike Hughes
 2009 John Wiley & Sons, Ltd
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Figure 11.1 Frequency control in England and Wales (Erinmez et al., 1999)

the angular momentum of all generators and spinning loads connected to the
system). For the occasions when the frequency drops by more than 0.2 Hz,
generation plants are contracted to provide additional frequency response.
These response duties are classified as occasional services and have two parts,
namely primary response and secondary response. In the UK, the primary and
secondary response are defined as the additional active power that can be
delivered from a generating unit that is available at 10 and 30 s, respectively,
after an event and that can be sustained for 20 s to 30 min, respectively. Pri-
mary response is provided by an automatic droop control loop and generators
increase their output depending on the dead band of their governor and time
lag of their prime mover (e.g. that of the boiler drum in steam units). Sec-
ondary response is the restoration of the frequency back to its nominal value
using a slow supplementary control loop. These services are illustrated in
Figure 11.1.

11.1.2 Wind Turbine Inertia

An 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 to decelerate. 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.

At any speed ω, the kinetic energy, Ek, in the rotating machine mass is
given by the following equation:

Ek = 1

2
Jω2 (11.1)
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If ω changes, then the power that is extracted is given by

P = dEk

dt
= 1

2
J × 2ω

dω

dt
= Jω

dω

dt
(11.2)

From Eq. (4.34), J = 2SbaseH/ω2
s , hence from Eq. (11.2):

P

Sbase
= 2H

ω

ωs

d(ω/ωs)

dt
(11.3)

P = 2Hω
dω

dt
(11.4)

Figure 11.2 shows the change in speed and electrical output power of a
FSIG for a frequency step of 1 Hz. Commercial fixed-speed wind turbines
rated above 1 MW have inertia constants, H , typically in the range of 3 to 5 s
which illustrates the potential of wind turbines to contribute to fast frequency
response.

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 predetermined curve against rotor speed. This is decoupled from the power
system frequency so there is no contribution to the system inertia. Figure 11.3
shows the change in speed and electrical output power for a frequency step
of 1 Hz.

11.1.3 Fast Primary Response

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 so, the
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frequency may drop very rapidly during the period OX in Figure 11.1. There-
fore, it is important to reinstate the effect of the machine inertia of 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.

As shown in Figure 11.4, two loops can be added to the DFIG or FRC
current-mode controller to obtain fast primary response. One loop is pro-
portional to the rate of change of frequency which represents the torque
component given in Eq. (11.4) (P /ω) and the other loop is fed through a
washout term in proportion to a change in frequency.

Figure 11.5 shows the performance of the DFIG for a frequency drop with
and without the second loop of Figure 11.4.

A block diagram of the FMAC plus auxiliary loop to obtain fast frequency
response is shown in Figure 11.6. The operation of the auxiliary loop is as
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follows. When a loss of system generation occurs, the resulting fall in network
frequency is measured and processed by the ‘shaping function’ block to gen-
erate a desired reference value, sliptref, for the auxiliary slip control loop. The
reference signal, sliptref, defines the transient variation in slip that is desired to
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release rotor stored energy from the DFIG over the first few seconds following
the loss of network generation. This differs from the approach adopted in the
previous section with the current-mode controller, which employs a dfs/dt

term. The reference signal, sliptref, is obtained by passing the input network
frequency signal initially through a washout element (to eliminate steady-state
contribution) and then through a shaping element to provide the required tran-
sient profile for the slip reference set-point over the critical period whilst the
frequency is low (Anaya-Lara et al., 2006).

The reference value is kept within limits to ensure that for the speed reduc-
tion demanded the turbine rotor is not driven into aerodynamic stall. The DFIG
slip signal is also processed through a washout element. The error signal is
processed through a simple lead–lag compensator to produce the output of the
auxiliary loop, δig2, which serves to increase the demanded value of δDfigref

.
The resulting increase in flux angle produces an increase in generator torque
and a consequent reduction in rotor speed. The rotor speed is driven down to
follow the transient swing in the reference value and is returned to the original
value when the steady conditions are once again achieved.

The three-bus generic network model shown in Figure 8.12 was used to
demonstrate the fast frequency support given by FMAC controller with and
without the auxiliary loop and shown in Figure 11.7.

11.1.4 Slow Primary Response

To provide slow primary or secondary response from a generator, the generator
power must increase or decrease with system frequency changes. Hence in
order to respond to sustained low frequency, it is necessary to de-load the
wind turbine leaving a margin for power increase.

11.1.4.1 Pitch Angle Control

Both FSIG and DFIG wind turbines can be de-loaded using a pitch angle
power production control strategy. Using a conventional power production
control strategy of pitch-to-feather the blade, the pitch angle is progressively
reduced with the wind speed in order to maintain the rated output power
(Ekanayake et al., 2003; Holdsworth et al., 2004a). Therefore, above rated
power, if the pitch angle is controlled such that a fraction of the power that
could be extracted from wind is ‘spilled’, this leaves a margin for additional
loading of the wind turbine and hence the possibility to provide slow primary
response.

Below rated power, the pitch of the blades is typically fixed at an optimum
value, normally around −2◦. However, in some variable-speed turbines the
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pitch angle may be varied over a range of values for maximizing energy cap-
ture in light winds. This ensures that the rotor can extract the maximum avail-
able power from the prevailing wind speed. By changing the controlled-rotor
pitch angle, it is possible to de-load the wind turbine. Figure 11.8 illustrates
the effect of changing the pitch angle from −2◦ to +2◦ on the power extracted
by the machine. It should be noted that, in comparison with the DFIG wind
turbine, the changes in pitch angle affect the output power more dramatically
on the FSIG wind turbine due to the rotor speed being fixed typically within
1% of synchronous.

For example, a FSIG wind turbine at a wind speed of 12 m s−1 operates at
point X for a pitch angle of +2◦ and at point Y for a pitch angle of −2◦.
In the case of a DFIG wind turbine, if the electronic controller operates so
as to extract maximum power from the wind, the machine operates on the
optimal power extraction line OA. For a wind speed of 12 m s−1 the DFIG
wind turbine operates at point P for a pitch angle of +2◦ and at point Q for
a pitch angle of −2◦.
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Figure 11.9 shows the effect of varying the minimum pitch angle for wind
speeds below rated and the power production control reference point (Preference)

for wind speeds above rated speed. The figure shows that above rated wind
speed, the power production controller reference power can be regulated to
produce de-loading of 400 kW. Below rated wind speed, changing the pitch
angle from −2◦ to +2◦ can offer de-loading of up to 400 kW. It should be
noted that for wind speeds above rated, the pitch angle will be substantially
larger than +2◦.
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Figure 11.10 Operating regions for a pitch angle controller

The conventional power production controller for a pitch-regulated wind
turbine operates in two regions, as shown in Figure 11.10. For both FSIG
and DFIG wind turbines operating above rated output power (region A), the
controller employs the pitch-to-feather power production control strategy to
maintain the rated output power. For the FSIG wind turbine, the controller
will operate below rated output power (region B) at a minimum pitch angle as
specified by the control limits. For the DFIG wind turbine, the power electronic
controller dominates the operation for region B. Below rated output power,
the variable-speed wind turbine is controlled to operate on the predetermined
torque–speed curve, which ensures maximum power extraction.

The same modified pitch angle controller for frequency response can be
used for both FSIG and DFIG wind turbines. The control action can again be
defined in the two regions as shown in Figure 11.10. In region A, the existing
pitch-to-feather strategy is modified to implement the regulation of Preference

required for low- and high-frequency response. In region B, the minimum pitch
angle control limit is regulated for frequency response. However, for the DFIG
wind turbine this control strategy operates in parallel with the power electronic
controller. A block diagram of the pitch angle controller for frequency response
is shown in Figure 11.11. Two droop controllers shown in Figure 11.11 are
illustrated in Figure 11.12.

11.1.4.2 Electronic Control for DFIG Wind Turbines

If the rotor speed is changed so as to operate the machine off the optimal
power extraction curve, then de-loading can be achieved using the electronic
controller. Figure 11.13a shows how 10% de-loading can be achieved on
the generator speed–power curve (for example, point Y to Z at 10 m s−1).
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However, as the machine controller is based on the generator speed–torque
curve, the same set of curves is transformed to the torque–speed plane as
shown in Figure 11.13b (that is, from curve OAB to PQB) (Ekanayake et al.,
2003).

The torque–speed characteristic used for the DFIG wind turbine controller
shown in Figure 5.8 (OAB in Figure 11.13b) can be replaced by the char-
acteristic corresponding to 90% power extraction (PQB in Figure 11.13b) to
obtain frequency response from the DFIG wind turbine. When the machine
is de-loaded in this way, for a given wind speed the operating speed of
the machine will be less than the speed corresponding to the 100% power
case. The maximum de-loading possible when using the electronic control is
approximately 90% of the rated power. For greater de-loading, pitch control
is necessary.
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Figure 11.14 shows how the electronic controller may be used for frequency
response. In this case, the machine should be de-loaded by modifying the
set point torque curve (to PQB in Figure 11.13b) and then a droop on the
electromagnetic torque can be added to the set-point torque to control the
output of the machine.

The operation of this controller can be explained using Figure 11.13a. For
example, assume that the wind turbine operates at point Z with de-loading to
90%. If the frequency drops, then the set-point torque initially decreases. As
the mechanical torque on the shaft is constant, the wind turbine accelerates,
hence the rotor speed increases towards point Y, giving 100% power output.
On the other hand, if the frequency increases, then the reverse takes place,
moving the operating point towards X.
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11.2 Fault Ride-through (FRT)

11.2.1 FSIGs

A technique based on fast pitching of wind turbine blades, where the mechan-
ical input torque is reduced throughout the duration of a power system distur-
bance, was presented by Holdsworth et al. (2004b) and Le and Islam (2008).
A block diagram of the proposed ‘fast-pitching’ control strategy is shown in
Figure 11.15. The ‘fast pitching’ is initiated by a fault flag.

The proposed ‘fast-pitching’ blade angle pitch controller operates in two
modes:

• During normal operation, a standard power production control (PPC) strat-
egy of pitch-to-feather is applied for power extraction (Burton et al., 2001).
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Figure 11.15 Fast-pitching scheme
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• During abnormal operation, a speed control ‘fast-pitching’ strategy is
applied. It increases the pitch angle subjected to a maximum rate, thus
spilling the input mechanical power. Holdsworth et al. (2004b) proposed
the rate of change of kinetic energy of the generator rotor as the fault
flag.

11.2.2 DFIGs

The voltage at the terminals of a DFIG wind turbine drops significantly when
a fault occurs in the power system, thus causing the electric power output of
the generator to be greatly reduced. The mechanical input power is almost
constant through the short duration of the fault and therefore the excess power
(a) goes through the converters, thus increasing rotor currents, and (b) causes
the machine to accelerate, thus storing kinetic energy in the rotating mass.
The FRT capability of DFIG wind turbines may impose design challenges,
especially in terms of:

• Protection of converters against over current and overvoltages. In order
to protect the converters, a crowbar is normally employed. The crowbar
triggers when the rotor current exceeds a threshold, thus short-circuiting the
rotor of the DFIG.

• Minimizing the stresses on the mechanical shaft during the network distur-
bances.

• Minimizing or eliminating the reactive current absorption from the network
during and after recovering from the fault.

One of the commonly employed mechanisms for fault ride-through (FRT)
is based on a crowbar (Morren and Haan, 2005; Hansen and Michalke, 2007;
Erlich et al., 2007; Liu et al., 2008). When the crowbar is triggered, the
DFIG behaves as a fixed-speed induction generator with an increased rotor
resistance. The insertion of the rotor resistance shifts the speed at which the
pull-out torque occurs into higher speeds and reduces the amount of reactive
power absorption. Both these aid the stability of the generator under a system
fault.

Different types of crowbars are employed for a DFIG, namely:

1. Soft crowbar
When the rotor fault current reaches the crowbar current limit, the crowbar,
commonly referred to as a soft crowbar, short-circuits the rotor terminals
through a high-energy dissipation resistor to reduce the rotor fault current
and simultaneously opens the terminals of the rotor side converter. Once
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Figure 11.16 Chopper arrangement

the rotor fault current has been reduced to an acceptable level, the crowbar
by-passes the dissipating resistor and reconnects the rotor side converter
to re-establish control over the generator. The soft crowbar performs this
operation repeatedly for the duration of the fault.

2. Single-shot crowbar
In this case, the crowbar performs only one operation during the fault,
where it by-passes the rotor circuits to the dissipating resistor and keeps
this state during the fault.

3. Active crowbar
Instead of a passive crowbar, an active crowbar can be used to aid the DFIG
wind turbine FRT. An active crowbar is essentially a controllable resistor
controlled by an IGBT switch. A DC chopper as shown in Figure 11.16
can be used as an active crowbar. During a fault, when the rotor current
exceeds a certain limit, the IGBTs will be blocked. However, the current
continues to flow into the DC link through the freewheeling diodes leading
to an increase in the DC link voltage. To keep the DC link voltage below
the upper threshold, the chopper is switched ON.

11.2.2.1 DFIG FRT Performance with Soft Crowbar

Figure 11.17 shows a snapshot of the terminal voltage and rotor current during
the fault where the operation of the soft crowbar is seen in detail. The crowbar
current limit is set to Ir max = 3.0 pu. The on and off operation of the soft
crowbar can be observed as a chattering in the voltage and torque responses
during the fault.

A snapshot of the terminal voltage and rotor current during the fault with
single-shot crowbar is shown in Figure 11.18. When the crowbar current limit
is reached, the crowbar by-passes the rotor circuit through the dissipating
resistor and as a result the rotor fault current decreases gradually during the
fault. When the single-shot crowbar is used, the DFIG may become unstable
if the fault is sustained for a longer time due to the lack of control.
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11.2.3 FRCs

In order to assess the dynamic performance of the network-side converter in
the event of faults, the test system illustrated in Figure 11.19 is used. Here,
the network-side converter controls the active and reactive power flows to the
grid where an inductive reactance Xs is connected between the converter and
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the turbine terminals. The turbine is then connected to a transformer and then
to the network through a double line circuit.

In the event of a network fault, the DC link voltage rises rapidly because the
network-side converter cannot transfer all the active power coming from the
generator. Therefore, a chopper resistor protection system is used to dissipate
the excessive energy in the DC link (Figure 11.20) (Conroy and Watson,
2007; Ramtharan, 2008). The DC link is short-circuited through the resistor
RDC when the DC link voltage exceeds the maximum limit. The voltage across
the capacitor is determined by considering the power balance at the DC link
and given by:

vDC
2 = 2

C

∫
(pGE − pRDC − pGR)dt (11.5)

Therefore, the DC link dynamics are represented as shown in Figure 11.20b.
Another approach for FRT of an FRC wind turbine is de-loading the gen-

erator. This will reduce the power transferred from the wind turbine to the
DC link. Therefore, the excess power is stored as kinetic energy in the rotat-
ing mass, thus increasing the wind turbine speed. The FRC wind turbine is
de-loaded by multiplying the torque reference by a quantity which is propor-
tional to the DC capacitor voltage as shown in Figure 11.21. When the DC
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capacitor voltage is above a threshold, the reference torque is multiplied by
a fractional value, thus reducing the power extracted by the generator-side
converter.

Figure 11.22 shows the performance of the controller shown in Figure 11.21
for a three-phase short-circuit fault of 200 ms duration.

11.2.4 VSC–HVDC with FSIG Wind Farm

Figure 11.23 shows an FSIG wind farm connected through a VSC–HVDC
link. In normal operation, the offshore converter is controlled to maintain the
voltage and frequency of the wind farm network at its nominal values. The
onshore converter is controlled to regulate the DC link voltage. This ensures
that the energy collected from the offshore converter is transmitted to the
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onshore AC network. The onshore converter also provides reactive power
support to the grid.

During a terrestrial system fault, the onshore converter is unable to deliver
active power to the grid. The DC link voltage increases rapidly and this would
cause the HVDC link to trip on overvoltage. Therefore, real power from the
wind farm has to be reduced to control the DC link voltage. This can be
achieved by increasing the rotor speed, which allows increasing wind energy
to be stored as kinetic energy in the rotating inertia of the wind turbine rotors
during a fault. For a fixed-speed induction machine, the rotational speed can
be increased by reducing the electromagnetic torque. In the steady state, the
electromagnetic torque of a FSIG is given by Eq. (4.6). From this equation,
it is clear that the electromagnetic torque can be reduced either by reducing
the terminal voltage or by increasing the synchronous speed by raising the
frequency of the offshore network (Xu et al., 2007; Arulampalam et al., 2008).

11.2.5 FRC Wind Turbines Connected Via a VSC–HVDC

An FRC wind farm connected to the AC system through a VSC–HVDC as
shown in Figure 11.24 was considered. The network-side HVDC converter
maintains the HVDC link voltage close to the specified reference level by
adjusting the active power transmitted to the AC network to match that
received from the wind farm-side HVDC converter. The wind farm-side
HVDC converter maintains the voltage and frequency of the wind farm AC
network.
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Figure 11.24 Fully rated converter wind farm connected through a VSC HVDC

During a fault in the AC network, the HVDC link voltage increases rapidly.
Therefore, in order to maintain the HVDC link voltage below its upper limit,
the wind farm output power has to be reduced. The following three methods
are considered for reducing the wind farm power output.

11.2.5.1 Rapid De-loading a Fully Rated Converter Wind Turbine

FRC wind turbines can be de-loaded in two different ways to facilitate
HVDC fault ride-through. One way is to reduce the generator torques via
generator-side converter control. An alternative is to block the output power
via the wind turbines’ HVDC-side converter control through setting the active
power current components to zero.

De-loading Via the Generator Controller
Figure 11.25 shows how the HVDC de-loading droop is incorporated into the
wind turbine de-loading droop already shown in Figure 11.21. The scheme

Tsp

ωr

vdc

vdc−HVDC

HVDC de-loading droop

Wind turbine
de-loading droop

Generator torque controller

Figure 11.25 De-loading a fully rated converter wind turbine via generator controller
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ensures that the torque set point is directly reduced when the HVDC link
voltage increases beyond its threshold value.

De-loading Via Wind Turbine HVDC Converter Side Controller
In Figure 11.26, the HVDC de-loading droop introduces a multiplying factor
into the wind turbine HVDC converter-side active power current controller.
When the HVDC link voltage increases beyond its threshold value, the wind
turbines’ HVDC converter-side active power current is reduced to block the
wind turbine output power. Reducing the power at the wind turbine HVDC
converter-side converter increases the wind turbine DC link voltage and in
turn activates the wind turbine de-loading controller.

De-loading the FRC wind turbines via the wind turbine generator controllers
or via the wind turbine network-side controllers ultimately increases the rotor
speed and converts the aerodynamic power into kinetic energy.

It was assumed that an ideal communication medium is available between
the offshore HVDC converter and every wind turbine to dispatch the
de-loading signals. Modern wind farms use fast communication circuits such
as fibre optics for the SCADA system; however, the availability of such
communication links for fault ride-through remains a question. Therefore, in
practice there may be some delay in sending the de-loading signals (due to
the unavailability of communication channel) to each wind turbine.

11.2.5.2 Emulated Short-circuiting of the Wind Farm Side HVDC
Converter

The difficulties in relying on dedicated control signals from HVDC link to
de-load individual turbines when an AC fault occurs can be avoided by adopt-
ing an alternative approach. The location of the AC fault can be effectively
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transferred to the wind farm side by reducing the voltage at the wind farm
side-HVDC converter terminal.

When an AC fault occurs, the increase in HVDC link voltage is detected to
adjust the amplitude modulation index of the wind farm-side HVDC converter.
Figure 11.27 shows the emulated short-circuit protection controller incorpo-
rated into the sinusoidal PWM of the wind farm side HVDC converter. The
de-loading droop gain, acting on the HVDC link voltage, is multiplied by the
reference wind farm-side HVDC converter voltage. As the HDVC link volt-
age increases during a network-side fault, the de-loading controller reduces
the amplitude modulation index and then the terminal voltage of the wind
farm-side HVDC converter is effectively reduced. Therefore, the wind farm
sees an apparent fault in the wind farm network when there is, in fact, a fault
in the main AC network.

11.2.5.3 Chopper Resistor on the HVDC Link

An alternative approach to maintaining the HVDC link voltage below the
upper limit during an AC network fault is to dissipate the excess power as
heat. A chopper resistor may be used on the HVDC link to dissipate the wind
farm input power during an AC network fault.
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Appendix A
State–Space Concepts
and Models

State–space concepts in dynamic systems can readily be demonstrated in
terms of a simple example. Consider the simple electrical network shown
in Figure A.1, which consists of an inductor, L, a resistor, R, a capacitor, C,
and a voltage source, e.

In terms of current i, the network equation can be expressed as

L
di

dt
+ Ri + 1

C

∫
idt = e

or in terms of capacitor charge, q, since i = dq/dt :

L
d2q

dt2
+ R

dq

dt
+ 1

C
q = e

This second-order differential equation can be solved analytically to deter-
mine i or q as a function of time. For a complex system, however, a high-order
differential equation would be obtained, for which an analytical solution would
not be feasible. It is therefore, desirable to convert a high-order differential
equation into a standard and more convenient form to facilitate analysis and
solution.

This can be achieved by making use of Moigno’s auxiliary variable method,
which enables a single nth-order differential equation to be converted into n
first-order differential equations.

In terms of the circuit example concerned (Figure A.1), we can set

q = x1 and
dq

dt
= x2
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C

RL

e
i

Figure A.1 Simple electrical LRC network

giving

L
dx2

dt
+ Rx2 + 1

C
x1 = e

and
dx1

dt
= x2

Separating the derivative terms on the left-hand side and defining u= e

enables these equations to be written in the standard first-order form as
follows:

dx1

dt
= x2

dx2

dt
= − 1

LC
x1 − R

L
x2 + 1

L
u

If x1 and x2 are known, then the precise condition or ‘state’ of the system is
known. Consequently, x1 and x2 are referred to as the system ‘state variables’
and the equations themselves as the system ‘state equations’.

A dynamic system is one which consists totally or, in part, of energy storage
elements, and since energy cannot change instantaneously it is these elements
which cause the system variables to be time dependent and require the system
to be modelled in terms of differential equations. Also, the order n of a dynamic
system, that is, the number of first-order differential equations required to rep-
resent it, is determined by the number of independent energy storage elements
in the system. This fact can readily be demonstrated by deriving the equations
of the simple network (Figure A.1) from energy concepts instead of network
theory.

In the circuit in Figure A.1, we have two energy storage elements, the
inductor and the capacitor. The circuit stored energy, E, is given by

E = 1

2
Li2 + 1

2

1

C
q2
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Of the other two circuit elements, the voltage source injects power, whereas
the resistor dissipates power. The circuit power P is given by

P = ei − Ri2

Power is also given by the rate of change of energy:

dE

dt
= Li

di

dt
+ 1

C
q

dq

dt

Since

P = dE

dt

ei − Ri2 = Li
di

dt
+ 1

C
q

dq

dt

Noting that dq/dt = i and dividing throughout by i leads to the network
equation:

e = L
di

dt
+ Ri + 1

C
q

In general, each independent energy storage element will have associated
with it an independent system variable. Consequently, from a power balance
approach to equation derivation, on differentiating stored energy, that is, form-
ing dE/dt , the number of differentiated system variables will be given by the
number of independent energy storage elements. The number of first-order dif-
ferential equations in the resulting model, therefore, will also be determined
by the number of independent energy storage elements.

The number of state variables associated with a state–space model of a
dynamic system is given by the number of independent energy storage ele-
ments in the system.

Vectors

Before defining what is meant by a state vector let us consider the general
definition of a vector with the aid of Figure A.2.

A vector can, therefore, be defined as an ordered set of numbers. This puts
no limit on dimensionality. In general:

x = (x1, x2, . . . , xn) or x =




x1

x2
...

xn
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j

i

x
x2

x2

x1

x1

x3

( x1, x2 )

( x1, x2, x3 )

j

i

x

k

Algebraically:
x = x1i + x2j
Vector x has 2 components and can be 
represented by an ordered set ( x1, x2 )

Algebraically:
x = x1i + x2j + x3k
Vector x has 3 components and can be 
represented by an ordered set ( x1, x2 , x3)

(a) (b) 

Figure A.2 Definition of a vector. (a) Two dimensions; (b) three dimensions

where x is an n-dimensional vector in n-dimensional space and can be defined
in terms of a row or column vector.

Matrix Form of State Equations

The previously defined state equations, since they are linear, can be manipu-
lated into the very convenient and standard matrix form, as shown below.

The relationship between the system inputs and states can be written as

[
ẋ1

ẋ2

]
=


 0 1

− 1

LC
−R

L


 [

x1

x2

]
+


 0

1

L


 [u]

and the relationship between the system states and the output can be written as

[y] =
[

1

C
0

] [
x1

x2

]

The above equations have the general form

ẋ = Ax + Bu

y = Cx

where
x = [x1, x2, . . . , xn]T is the state vector of order n;
u = [u1, u2, . . . , ur ]T is the input vector of order r;
y = [y1, y2, . . . , ym]T is the output vector of order m;
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and
A is an n × n state matrix;
B is an n × r input matrix;
C is an m × n output matrix.

Matrix Operations

Active

With this type of operation (Figure A.3), vectors are changed into new vectors,
for example y = Bx; matrix B changes vector x into vector y.

Let B =
[

0 1
−4 2

]

and if

x =
[

x1

x2

]
=

[
1
1

]

then

y = Bx =
[

0 1
−4 2

] [
1
1

]
=

[
1

−2

]

In terms of a dynamic system model, ẋ = Ax; matrix A changes vector x
into vector ẋ (Figure A.4).

x2

x1

x
(1,1)

y = (1, −2)

Figure A.3 Vector representation
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x

x2

x1

x.

Figure A.4 Matrix changes on a vector

x x

Vectors e1 and e2 form basis 1;

x2e2

x2u2

x1u1

x1e1

e2 u2

u1e1

x = x1e1 + x2e2

Vectors u1 and u2 form basis 2
x = x1u1 + x2u2

Figure A.5 Same vector expressed in two different ways

Passive

In this case, a matrix merely changes the description of some object from an
‘old’ description to a ‘new’ description.

Passive operators are used for changes of basis (Figure A.5). Both bases
map out the same two-dimensional state space involved.

The relationship between coordinates in basis 1 to coordinates in basis 2 is
given by a passive operator as follows:

[
x1

x2

]
= [T]

[
x1

x2

]

Basis

A basis of a vector space is any coordinate set which generates the space
(Figure A.6).

Consider now how the coordinates of x with respect to the basis frame
defined by axes e1 and e2 are related to the coordinates of the same vector
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x2u2

x1u1

x2e2

x1e1

u2
u1

v1

v2

e1

e2

x

Figure A.6 Basis of a vector space

when expressed with respect to the basis frame defined by axes u1 and u2:

x = x1e1 + x2e2 and x = x1u1 + x2u2

Let us find out how new coordinates x1 and x2 are related to x1 and x2.
Introduce a reciprocal set of vectors v1 and v2 such that

vt
1u1 = 1 and vt

1u2 = 0

vt
2u1 = 0 and vt

2u2 = 1

that is, vector v1 is orthogonal to u2 and vector v2 is orthogonal to u1:

[
vt

1 · · ·
vt

2 · · ·

] [
u1 u2
...

...

]
=

[
1 0
0 1

]

VU = I; V = U−1

New basis frame axes u1 and u2 can be expressed in terms of old basis axes
e1 and e2:

u1 = u11e1 + u12e2; u1 =
[

u11

u12

]

u2 = u21e1 + u22e2; u2 =
[

u21

u22

]
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Hence [
vt

1 · · ·
vt

2 · · ·

]
=

[
u1 u2
...

...

]−1

=
[

u11 u21

u12 u22

]−1

=
[

v11 v12

v21 v22

]

that is,

vt
1 = [v11 v12]

v1 =
[

v11

v12

]

To obtain new coordinates x1 and x2:

vt
1x = vt

1[x1u1 + x2u2] = x1

vt
2x = vt

2[x1u1 + x2u2] = x2

that is,

[
x1

x2

]
=

[
vt

1 · · ·
vt

2 · · ·

] [
x1

x2

]

x = Vx

Matrix V is a passive operator.



Appendix B
Introduction to Eigenvalues
and Eigenvectors

Consider the dynamic system
ẋ = Ax

where

A =
[

0 1
−2 −3

]

Compute dx = Axdt as vector x traverses a unit circle (Figure B.1).
It is found that for two directions of vector x, vector dx points directly at

the origin, that is, x and dx are in the same direction. The effect of operator
A is simply to make dx a scalar multiple of x. In the special case

Aµ = λµ

λ is the scalar multiplier (eigenvalue) and µ is the special vector (eigenvector).
Calculation of ẋ = Ax as x moves around the unit circle:

1. xt = [0 1]; ẋ =
[

0 1
−2 −3

] [
0
1

]
=

[
1

−3

]

2. xt = 1√
2

[1 1];
[

ẋ1

ẋ2

]
=

[
0 1

−2 −3

] [
1

−1

]
1√
2

= 1√
2

[
1

−5

]

3. xt = [1 0];
[

ẋ1

ẋ2

]
=

[
0 1

−2 −3

] [
1
0

]
=

[
0

−2

]
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x2

x1

xA

xB

dxA = AxAdt

dxB

Figure B.1 Unit circle

4. xt = [1 −1]
1√
2
;

[
ẋ1

ẋ2

]
=

[
0 1

−2 −3

] [
1

−1

]
1√
2

=
[ −1

+1

]
1√
2

5. xt = [1 − 2]
1√
5
;

[
ẋ1

ẋ2

]
=

[
0 1

−2 −3

] [
1

−2

]
1√
5

=
[ −2

+4

]
1√
5

6. xt = [0 − 1];
[

ẋ1

ẋ2

]
=

[
0 1

−2 −3

] [
0

−1

]
=

[ −1
+3

]

Eigenvalues and Eigenvectors

The dynamic properties of our simple system ẋ = Ax can be much more
readily observed and analysed if instead of using the original basis we choose
as basis the eigenvectors of the system.

Let
x = Vx

that is,
x = V−1x = Ux
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Now,
ẋ = Ax
ẋ = Vẋ = VAx = VAUx

Consider the matrix VAU. If matrix U is comprised of columns of eigen-
vectors, that is,

U =
[

u1 u2
...

...

]
=

[
u11 u21

u12 u22

]

Then, as demonstrated for each eigenvector.

Aui = λiui

Therefore,

VAU =
[

vt
1 · · ·

vt
2 · · ·

]
[A]

[
u1 u2
...

...

]
=

[
vt

1 · · ·
vt

2 · · ·

][
λ1u1 λ2u2

...
...

]

=
[

λ1 0
0 λ2

]
= � since vt

1u1 = 1, vt
1u2 = 0, etc.

Hence, [
ẋ1

ẋ2

]
=

[
λ1 0
0 λ2

] [
x1

x2

]

Stability

When a model of a dynamic system is expressed with respect to an eigenvector
basis frame, its state matrix is diagonal in form:[

ẋ1

ẋ2

]
=

[
λ1 0
0 λ2

] [
x1

x2

]

Consequently, the state equations are independent of each other, that is,

dx1

dt
= x1 and

dx2

dt
= x2

The time response solutions, from initial conditions x1(0) and x2(0), are
therefore

x1(t) = x1(0)eλ1t

x2(t) = x2(0)eλ2t
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It can be seen that the stability of a linear system is determined by its eigen-
values.

If the real part of any eigenvalue λi is positive, then the associated mode
xi(t) will approach infinite magnitude as t → ∞.

Calculation of Eigenvalues and Eigenvectors

The system equation is
ẋ = Ax

If ui are system eigenvectors and λi are system eigenvalues, then

Aui = λiui

so that
Aui − λiui = 0

Hence [A − λiI]ui = 0
The above can only be true (for non-zero ui) if

det [A − λiI] = 0

(so that [A − λiI]−1 does not exist).
The system eigenvalues are determined by solving the above polynomial

equation in λ.
Consider the simple system where

A =
[

0 1
−2 −3

]
Then

A − λI =
[

0 1
−2 −3

]
−

[
λ 0
0 λ

]
=

[ −λ 1
−2 (−3 − λ)

]

det [A − λI] = λ(λ + 3) + 2 = λ2 + 3λ + 2 = (λ + 1)(λ + 2)

Eigenvalues are given as solutions when det[A − λI] = 0, that is, λ1 = −1
and λ2 = −2, matrix A in fact is representative of a simple LRC network
(Figure B.2).

[
ẋ1

ẋ2

]
=


 0 1

− 1

LC
−R

L


 ; 1

LC
= 2,

R

L
= 3
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C

R

L

Figure B.2 Simple LRC network

Calculation of Eigenvectors

These are calculated from Aui = λui

First, consider λ1 = −1:

Aui = λiui or (A − λiI)ui = 0[
0 1

−2 −3

]
− (−1)

[
1 0
0 1

] [
u11

u12

]
=

[
1 1

−2 −2

] [
u11

u12

]
=

[
0
0

]

that is
u11 + u12 = 0; u11 = −u12

Let u11 = 1, then u12 = −1. Hence

ui =
[

1
−1

]

Second, consider another eigenvalue, λ2 = −2:[
0 1

−2 −3

]
− (−2)

[
1 0
0 1

] [
u21

u22

]
=

[
2 1

−2 −1

] [
u21

u22

]

=
[

0
0

]
2u21 + u22 = 0

that is,

u2 =
[

1
−2

]

NB. If u is an eigenvector, then so is (αu) for any α.
Now,

U =
[

u1 u2
...

...

]
=

[
1 1

−1 −2

]
: matrix of eigenvectors
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V = U−1 =
[

2 1
−1 −1

]
=

[
vt

1 · · ·
vt

2 . . .

]

v1 =
[

2
1

]
; v2 =

[ −1
−1

]

As a check on the solution, if

� = VAU

then
V−1�U−1 = V−1VAUU−1 = A

Form:

U�V =
[

1 1
−1 −2

] [ −1 0
0 −2

] [
2 1

−1 −1

]

=
[

0 1
−2 −3

]
= A



Appendix C
Linearization of State Equations

In general, state equations are of the form

dxi

dt
= fi(x1, x2, . . . , xn) i = 1, 2, . . . , n

At a singular point (or equilibrium point):

dx

dt
= 0

If the singular point is xt = ct = [c1, c2, . . . , cn], then

fi(c1, c2, . . . , cn) = 0 for i = 1, 2, . . . , n

The behaviour of the system in the vicinity of the singular point is required
(Figure C.1).

The state equations can now be re-expressed in terms of the small deviations
about the singular point to give

dxi

dt
= d

dt
(ci + yi) = fi(c1 + y1, c2 + y2, . . . , cn + yn)

These can be expanded in terms of a Taylor series to give

d

dt
(ci + yi) = fi(c1, c2, . . . , cn) +

n∑
r=1

∂fi

∂xr

yr +
n∑

r=1

n∑
s=1

∂2fi

∂xr∂xs

yrys + · · ·

Now, fi(c1, c2, . . . , cn = 0) by definition of the singular point. Hence, by
choosing the deviation vector y to be sufficiently small, the second-order term
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c

y
x

If y is a small deviation from the
singular point at c.
Then

x = c + y

Figure C.1 Behaviour in the vicinity of a singular point

and higher order terms become insignificant in the Taylor expansion. The state
equations can then be approximated as

d

dt
(xi) = d

dt
(yi) ≈

n∑
r=1

∂fi

∂xr

yr for i = 1, 2, . . . , n

and a set of linear state equations has been achieved.

Example

Consider the nonlinear system having the state equations

dx1

dt
= −x1 + x2

4 = f1

dx2

dt
= 2x1 − 3x2 + x4

1 = f2

A singular point exists at the origin, since when x1 = 0, x2 = 0 both dx1/dt

and dx2/dt are zero.
Prior to assessing stability in the vicinity of the origin, the nonlinear

equations need to be linearized:

∂f1

∂x1
= −1; ∂f1

∂x2
= 4x2

3

∂f2

∂x1
= 2 − 4x1

3; ∂f2

∂x2
= −3

At the singular point x1 = x2 = 0, hence

∂f1

∂x1
= −1; ∂f1

∂x2
= 0

∂f2

∂x1
= 2; ∂f2

∂x2
= −3
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giving the linearized model in the region of the singular point as[
ẏ1

ẏ2

]
=

[ −1 0
2 −3

] [
y1

y2

]
→ ẏ = Ay

Stability can be determined from the eigenvalues of these linearized
equations. If any eigenvalues have positive real parts, then the system is
unstable. and if all eigenvalues have negative real parts, then it is stable.

det(λI − A) = 0 =
∣∣∣∣
[

λ + 1 0
−2 λ + 3

]∣∣∣∣ = 0

det = (λ + 1)(λ + 3) = 0

hence
λ1 = −1, λ2 = −3

Both roots have negative real parts, therefore the system is stable in the vicinity
of the singular point at the origin.





Appendix D
Generic Network Model
Parameters

In the responses included in Chapters 8 and 9, the generator, excitation sys-
tems, turbine and governor systems are identical.

Parameters (on base of machine rating) of Generator 1 and
Generator 3

Xd = 2.13,X′
d = 0.308,X′′

d = 0.234

Xq = 2.07,X′
q = 0.906,X′′

q = 0.234,XP = 0.17

T ′
d0 = 6.0857 s, T ′′

d0 = 0.0526 s, T ′
q0 = 1.653 s

T ′′
q0 = 0.3538 s,H = 3.84 s

Excitation Control System (Generator 1 and Generator 3)

This is shown in Figure D.1.

Steam Turbine and Governor Parameters (Generator 1 and
Generator 3)

These are shown in Figure D.2.
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k1

E1ref

E1mag

+
Σ

1

− +
Σ

1 + sT1

1 + sTf1

1 + sTg1

1 + sTf1

1 + sTg1 1 + sTct

1 + sT2

1 + sTvt

1 + sT1
1 + sT2

Anti-
Windup
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Rmx
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1

1 + sT5

1

s
kL lm1 kL lm1

−

1 ki
s+ kbcu Π kcnv Σ

Xcom
Emn

Emx

kfbk

E1fd

I1fd

E1mag

Σ
−

+

k1 = 200, kfbk = 0.5655, ki = 0.001, kbcu = 3.78, kcnv = 9.27

Xcom = 0.1273, T1 = 0.3 s, T2 = 6.0 s, T3 = 0.4 s, T4 = 1.4 s

T5 = 0.015 s, Tct = 0.025 s, Tfi = 0.13 s, Tgi = 1.4 s, Tf1 = 1.3 s

Tg1 = 0.6 s, Tvt = 0.013 s

Figure D.1 Excitation control system

1 + sT1g

1 + sT1r

1 + sT1hp

k1 1

Actuator Turbine

w1ref

P1max

1w

P1m

0

k1hp

k1ip

k1ip

1

1 + sT1ip

1

1 + sT1lp

1

+
+
+

Σ
−

+

k1 = 25, T1g = 0.15 s, T1hp = 0.3 s, T1r = 6 s, T1ip = 0.35 s, T1lp = 0.4 s

k1hp = 0.3, kip = 0.3, klp = 0.4 

Figure D.2 Steam turbine and governor parameters
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FSIG and DFIG Parameters (on Base of Machine Rating)

Rs = 0.00488, Rr = 0.00549,Xls = 0.09241

Xlr = 0.09955,Xlm = 3.95279,H = 3.5 s

Generic Network Parameters

X11 = 0.14 (on base of generator 1 rating)

X21 = 0.137 (on base of generator 2 rating)

X12 = 0.01,X22 = 0.1337,X3 = 0.2 (on base Sb = 1000 MVA)

DFIG Parameters (on Base of Machine Rating, Sb = 700 MVA)
Chapter 5

Rs = 0.00488, Rr = 0.00549, Xls = 0.09241

Xlr = 0.09955, Xlm = 3.95279, H = 3.5 s

Converter power rating 25% of DFIG

Nominal slip range ±20%
Control Parameters and Transfer Functions for the FMAC Controller

Voltage loop: kpv = 5; kiv = 0.5; gv(s) = 1 + 0.024s

1 + 0.004s
· 1 + 0.035s

1 + 0.05s
Power loop: kpp = 0.4; kip = 0.05; Tf = 1 s

Wash-out time constant T = 5 s

Controller A: gm(s)= ga(s)=
(

1 + 0.4s

1 + 2s

)
; kpm = kpa = 1.2; kim = kia = 0.01

Generator Parameters Used for the Simulation Chapter 6

Rating: 2 MVA

Line-to-line voltage: 966 V

Poles: 64

Rated frequency: 50 Hz

Total moment of inertia of generator and turbine: 7.5 × 103 kgm2

Parameters: rs = 0.00234 �, Xls = 0.1478 �, Xq = 0.6017 �, Xd =
0.6017 �, rfd = 0.0005 �, Xlfd = 0.2523 �, rkq2 = 0.01675 �,
Xlkq2 = 0.1267 �, rkd = 0.01736 �, Xlkd = 0.1970 �, rkq1 and Xlkq1 not
present
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DC Link Parameters

Reference DC link voltage VDC−ref: 1000 V

Capacitor C: 10 mF

FSIG Turbine Parameters Chapter 7

Rotor diameter: 35 m

Number of blades: 3

Blade inertia about shaft: 42 604 kg m2

Hub inertia about shaft: 1500 kg m2

Total rotor inertia: 129 312 kg m2

Gearbox ratio: 32:1

Squirrel cage induction generator:
Ratings: 300 kW

Generator inertia: 100 kg m2

Line-to-line voltage: 415 V

Poles: 4

Rated frequency: 50 Hz

Parameters: rs = 0.004 �, rr = 0.0032 �, Xls = 0.0383 �, Xlr = 0.0772 �,
Xm = 1.56 �

DFIG Turbine Parameters

Rotor diameter: 75 m

Number of blades: 3

Blade inertia about shaft: 1.419 × 106 kg m2

Hub inertia about shaft: 12 000 kg m2

Total rotor inertia: 4.268 × 106 kg m2

Gearbox ratio: 84.15:1

Doubly fed induction generator:
Ratings: 2 MW

Generator inertia: 130 kg m2

Lint-to-line voltage: 690 V
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Poles: 4

Rated frequency: 50 Hz

Parameters: rs = 0.001164 �, rr = 0.00131 �, Xls = 0.022 �,
Xlr = 0.0237 �, Xm = 0.941 �





Index
Acoustic noise, 2
Active power, 10, 21, 36

control, 14, 202
Air density, 4

stream, 5
Air-gap, 39, 40
Ampere-turns, 41
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